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SUMMARY

Readthrough into the 3’ untranslated region (3’ UTR) of the mRNA results in the production of aberrant proteins.
Metazoans efficiently clear readthrough proteins, but the underlying mechanisms remain unknown. Here, we
show in Caenorhabditis elegans and mammalian cells that readthrough proteins are targeted by a coupled,
two-level quality control pathway involving the BAG6 chaperone complex and the ribosome-collision-sensing
protein GCN1. Readthrough proteins with hydrophobic C-terminal extensions (CTEs) are recognized by SGTA-
BAG6 and ubiquitylated by RNF126 for proteasomal degradation. Additionally, cotranslational mMRNA decay
initiated by GCN1 and CCR4/NOT limits the accumulation of readthrough products. Unexpectedly, selective
ribosome profiling uncovered a general role of GCN1 in regulating translation dynamics when ribosomes
collide at nonoptimal codons, enriched in 3' UTRs, transmembrane proteins, and collagens. GCN1 dysfunction
increasingly perturbs these protein classes during aging, resulting in mMRNA and proteome imbalance. Our re-

sults define GCN1 as a key factor acting during translation in maintaining protein homeostasis.

INTRODUCTION

Eukaryotic cells invest in extensive protein quality control machin-
eries to ensure translational fidelity and prevent the accumulation
of aberrant, potentially toxic proteins. Multiple transcriptional and
translational surveillance mechanisms operate to maintain protein
homeostasis (“proteostasis”) and reduce the burden on down-
stream machineries of molecular chaperones and degradation
systems.”? A decline in proteostasis capacity, accompanied by
a decrease in translation fidelity and efficiency,*® is a major hall-
mark of aging and age-related diseases.®™®

A significant source of aberrant proteins arises when transla-
tional termination fails at stop codons, producing polypeptides
with C-terminal extensions (CTEs) encoded by 3’ untranslated re-
gions (3’ UTRs) of mRNAs. Readthrough is pervasive,’ with fre-
quencies varying from <1% to over 10%,'° posing a sizable prob-
lem. Moreover, stop codon readthrough increases with aging,
particularly in neurons."" Translation through 3' UTRs into poly(A)
tails of mMRNAs generates ribosome-stalled nascent chains that
activate the ribosome quality control (RQC) pathway.'®'® The
RQC complex recognizes translation of non-stop proteins facili-
tating their ubiquitylation for proteasomal degradation. Concomi-
tantly, the non-stop mMRNAs are degraded by non-stop decay
involving the exosome.'*'° However, readthrough typically does
not reach the poly(A) sequence, as most transcripts contain addi-
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tional termination codons in the 3' UTR before the poly(A) tail.
These nascent polypeptides are therefore not RQC substrates.
Depending on the mRNA, readthrough can add hundreds of
amino acids to the nascent chain. Several pathologies result
from late frameshifts or stop codon mutations resulting in proteins
with 3’ UTR-encoded CTEs. These aberrant proteins are either
dysfunctional or may form toxic aggregates.'®'®

Metazoans limit toxic CTE production by efficiently clearing
readthrough proteins, especially when their 3' UTRs encode hy-
drophobic sequences.'® Proteolysis by the proteasome and
lysosome has been implicated in degrading readthrough prod-
ucts.'®2%21 Other studies suggested that ribosome queuing and
translation inhibition limits CTE protein production.”®?® Thus, the
underlying clearance mechanisms and machineries involved in
translation readthrough mitigation remain uncharacterized.

Here, we investigated the fate of aberrant readthrough pro-
teins in Caenorhabditis elegans (C. elegans) and mammalian
cells. We found that readthrough proteins carrying hydrophobic
CTEs are cleared similarly to mistargeted tail anchored (TA)
membrane proteins.”*?> The Bcl-2-associated athanogene 6
(BAG6) chaperone complex recognizes readthrough proteins,
then the E3 ligase RNF126 ubiquitylates them to enable protea-
somal degradation. Our experiments further revealed that read-
through mRNAs are also efficiently degraded, defining a two-
tiered quality control mechanism. We identified the ribosome
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Figure 1. Stop codon readthrough proteins
are unstable and recruit specific protein
quality control machinery

(A) Expression of readthrough reporter protein in
C. elegans muscle cells. Left: reporter constructs
YFP-UTR, allowing readthrough into the unc-54
UTR, and YFP-STOP used as control. Right:
fluorescence microscopy images of animals ex-
pressing these proteins. White boxes indicate
head region (magnified and contrast adjusted)
(exposure 4ms). Arrow heads point to inclusions of
YFP-UTR.

(B) Immunoblot analysis of lysates from adult
worms expressing YFP-UTR and YFP-STOP using
anti-GFP antibody, revealing the destabilization
of YFP-UTR. a-Tubulin served as loading control
(n=3).

Head region

&Qk &62 (C) Fluorescence microscopy images of wild-type
B Q,\) Q'% c (WT) and Arpn-10 worms expressing YFP-UTR
« « Arpn-10(ok1865) (exposure 100 ms).
(D) Volcano plot representation of label-free pro-
s | YFP teome analysis of YFP pull-down fractions from
worm lysates as in (B). Components of the BAG6
YFP complex, proteasomes, TRiC/CCT chaperonin,
“ increased contrast and molecular chaperones, including sHSPs and
HSP-1, are significantly enriched on YFP-UTR.
S e | O-Tubulin Selected proteins are annotated. See also Fig-
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binding protein GCN1 (general control non-derepressible protein
1) to be critical in recruiting the CCR4/NOT complex for mRNA
decay. GCN1 was initially shown to sense uncharged tRNAs at
the ribosome A-site upon amino acid starvation, resulting in
elF2a phosphorylation via GCN2 kinase®® and global downregu-
lation of translation as part of the integrated stress response
(ISR).?” More recently, this function was linked to GCN1 binding
to collided ribosomes (disomes) upon translational stalling.”®=°
Using selective ribosome profiling of monosomes and disomes,
we show that GCN1 recognizes ribosomes collided at nonop-
timal codons in 3’ UTRs, transmembrane proteins, and colla-
gens. GCN1 then recruits CCR4/NOT and other quality control
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structs with and without termination co-
dons (YFP-STOP and YFP-UTR, respec-
tively) in muscle cells. YFP-UTR allows
the translation of 115 residues of the
unc-54 3 UTR up to a stop codon before
the poly(A) site (Figure 1A). Unlike YFP-STOP, YFP-UTR was
only weakly detected by fluorescence microscopy and immuno-
blotting of worm extracts (Figures 1A and 1B). Cells expressing
YFP-UTR contained foci consistent with aggregate inclusions
(Figure 1A). Depletion of the RPN-10 proteasome subunit
increased YFP-UTR levels (Figure 1C), suggesting that YFP-
UTR undergoes proteasomal degradation, as previously re-
ported for other readthrough reporter constructs.'®2%%°
Toidentify factors that facilitate readthrough protein clearance,
we performed pull-down experiments and mass spectrometry to
analyze the YFP-UTR interactome, using YFP-STOP as a control.
We found the BAG6 chaperone complex, involved in TA



YFP-UTR -

YFP-UTR level

YFP -

a-Tubulin -

Hydrophobic

TMD (TA)
TMD* (UTR)|
TMD (CDS)
UTR 2

UTR 1

UTR 0
CDS—

SLC-17.5

R160.3

Hydrophobic

T

HEl—

HOH
(o B
s I I
—
Il

F40D4.17

T T T 1
0 1 2 3

Kyte Doolittle score

Hydrophilic

1 T21C123

SEC-61.b (TA)

Protein
Hydrophilic

. Hkkk

2.5

N
(=}
g
o
]

Hydrophobic

-
[$)]
|

*hkk

I
&
]

YFP:mScarlet ratio
5
1

YFP:mScarlet fold change
o
(&}
1

o
o
|

membrane protein quality control,”**" to be most enriched on
YFP-UTR (Figure 1D), comprising BAG-6, the chaperone SGT-1
(SGTA in mammals), the E3 ubiquitin ligase RNF126, as well as
UBQL-1, ASNA-1 (GET3 in mammals), and CEE-1 (GET4 in mam-
mals). Additionally, proteasome subunits and molecular chaper-
ones, including small HSPs (HSP-16), the Hsp70 protein HSP-1,
and the chaperonin TRiC/CCT, were identified. Ribosomal sub-
units were borderline enriched, suggesting that both ribosome-
associated and completely synthesized YFP-UTR were
analyzed. HSP-16 proteins are highly upregulated during stress
conditions and aging.®’° Indeed, several HSP-16 members
were ~30- to 100-fold upregulated upon the expression of
YFP-UTR (Figures S1A and S1B), indicating stress response in-
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Figure 2. Readthrough reporter proteins
with hydrophobic CTEs undergo RNF126-
dependent degradation

(A) Immunoblot analysis of wild-type, Arnf-126,
and Arpn-10 worms expressing YFP-UTR using
anti-GFP antibody (n = 3). a-Tubulin served as
loading control.

(B) Densitometric analysis of immunoblots shown
in (A). Error bars represent mean + SEM (n = 3).
(C) Hydrophobicity (Kyte Doolittle scores [KDSs])
of transmembrane domains of predicted TA-pro-
teins (TMD [TA]; 338 proteins), predicted TMDs in
3’ UTRs (TMD* [UTR] in reading frame 0; 2,323
genes), and predicted TMDs in coding sequences
of single-pass membrane proteins (TMD [CDS];
2,022 proteins) compared with all coding se-
quences (CDSs) in the C. elegans genome (26,584
proteins). TMDs were predicted using Phobius.*®
(D) Constructs for ratiometric analysis of effects of
readthrough into 3" UTRs encoding hydrophilic
F40D4.17 (KDS —2.29; 36 residues) and
T21C12.3 (KDS = —1.91, 34 residues) or hydro-
phobic SLC-17.5 (KDS = 2.78, 26 residues) and
R160.3 (KDS = 2.69, 29 residues) CTE sequences.
SEC-61.b was used as an authentic TA-protein,
with its tail-anchor region (TA) (29 residues) fused
C-terminally to YFP.

(E) Relative destabilization of reporter proteins
with hydrophobic CTEs. Ratiometric analysis
(YFP:mScarlet ratios) from fluorescence micro-
scopy images of worms expressing constructs
described in (D). Experiments were performed in
triplicates with at least 5 images per replicate.
*p<0.05; *p<0.01; **p <0.001; ***p < 0.0001 by
Dunnett’s test. Error bars represent mean + SEM.
Dotted line indicates respective STOP controls.
(F) Selective stabilization of proteins with hydro-
phobic CTEs in Arnf-126 mutant worms. Fold
changes in YFP:mScarlet ratios are indicated.
Experiments were performed in triplicates with at
least 5 images per replicate. Also see Figure S2.
*p <0.05; *p < 0.01; **p < 0.001; ***p < 0.0001 by
Dunnett’s test. Error bars represent mean + SEM.
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duction. Moreover, HSP-16.1 colocalized
with YFP-UTR inclusions, as observed
upon the coexpression of YFP-UTR and
HSP-16.1-RFP (Figure S1C).

The identification of the BAG6 complex as a major interactor of
YFP-UTR suggested that readthrough proteins coopt the quality
control machinery of mislocalized TA-proteins. In this pathway,
TA-proteins are either handed over from BAG6 to GET4 for mem-
brane integration or, if identified as faulty, ubiquitylated by
RNF126 for degradation.”>*® Accordingly, we found that the
deletion of RNF126 stabilized YFP-UTR (Figures 2A, 2B, and
S1D). The unc-54 3' UTR is enriched in hydrophobic amino acids
(Figure S1E) and apparently functions as a C-terminal degron-
like sequence.®” This trend for hydrophobic residues holds for
most C. elegans 3' UTR sequences in all three reading frames."®
Notably, these sequences are often predicted to contain trans-
membrane domains (TMDs)*® similar in hydrophobicity to bona
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Figure 3. Identification of GCN-1 and CCR4/NOT as quality control factors mitigating stop codon readthrough
(A) Upper: schematic of mMRNA pull-down of YFP-UTR and YFP-STOP. Lower: interactome analysis of YFP-UTR mRNA (vs. YFP-STOP). Volcano plots of label-
free proteome analysis of pull-down fractions showing enrichment of GCN-1, BAG6 complex, CCR4/NOT, and sHSPs on YFP-UTR. See also Table S1B.
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fide TAs (Figure 2C). Although hydrophobicity is weaker in hu-
man 3’ UTRs, the encoded sequences contain similar hydropho-
bic stretches of ~21 residues (independent of the reading frame),
corresponding to the average TA length (Figure S2A). The overall
hydrophobicity of C. elegans 3' UTRs arises from their relatively
high uracil (U)-content compared with the coding regions of tran-
scripts (Figure S2B), as codons of hydrophobic amino acids,
overrepresented in integral membrane proteins, contain ~50%
U.* Interestingly, higher U-content correlates with a lower
tRNA adaptation index (tAl), a proxy for codon optimality (Fig-
ure S2C). Most 3’ UTRs contain an in-frame stop codon before
the poly(A) site, irrespective of reading frame'® (Figure S2D).

To investigate whether hydrophobic CTEs are degraded pref-
erentially, we generated tricolor expression constructs encoding
CFP and mScarlet-T2A-YFP under individual promoters (Fig-
ure 2D). The presence of a self-cleaving T2A site results in the
expression of mScarlet and either YFP alone or YFP fused with
a hydrophobic or hydrophilic CTE (modeling 3’ UTR readthrough
events) as individual proteins from the same mRNA, allowing the
assessment of protein stability by YFP:mScarlet ratios. CFP, ex-
pressed from a separate mRNA, served as copy-number control.
Using ratiometric imaging (see STAR Methods), we compared
how two length-matched (26-36 residues) hydrophobic (SLC-
17.5 and R160.3) or hydrophilic (F40D4.17 and T21C12.3) 3’
UTR-encoded CTEs affected protein stability (Figure 2D). Hydro-
phobic CTEs were destabilizing, indicated by low YFP:mScarlet
ratios (Figures 2E, S2E, and S2F). A fusion protein containing the
C-terminal membrane span of the TA-protein SEC-61.b (mScar-
let-T2A-YFP-TA) was mildly destabilized (Figure 2E), consistent
with membrane targeting protecting against degradation.®’
Importantly, RNF-126 mutation stabilized hydrophobic CTEs
but weakly affected hydrophilic constructs (Figure 2F).

Thus, the BAG6 complex recognizes proteins with hydropho-
bic CTEs encoded by 3’ UTRs and mediates their degradation,
similar to the clearance of TA-proteins that fail membrane
insertion.

Readthrough leads to mRNA decay via GCN-1 and CCR4/
NOT recruitment

It remains unclear whether mRNA degradation ameliorates CTE
protein accumulation generated by 3’ UTR readthrough. Using
mRNA sequencing (MRNA-seq), we detected a ~70% reduction
in the mMRNA levels of YFP-UTR relative to YFP-STOP (Fig-
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ure S3A). gPCR analysis of mMRNA levels, corrected for transgene
copy number, confirmed these results (Figures S3B and S3C). To
test whether the SKI-exosome complex degrades readthrough
mRNAs, as shown for non-stop mRNA,"°™*? we generated
SKIH-2 (RNA helicase component) mutant worms expressing
YFP-UTR. SKIH-2 deletion did not stabilize readthrough mRNAs,
suggesting alternative decay routes (Figure S3C).

To identify factors mediating YFP-UTR mRNA decay, we per-
formed in vivo crosslinking and RNA immunoprecipitation, fol-
lowed by mass spectrometry®® (Figure 3A; STAR Methods),
with YFP-STOP as control. The BAG6 complex and sHSPs
were enriched in the YFP-UTR mRNA pull-down (Figure 3A), indi-
cating cotranslational recruitment. We additionally found GCN-1
to be highly enriched, a >2,600 amino acid protein predominantly
composed of HEAT domains that binds collided ribosomes.*°
Interestingly, GCN-1 was also enriched in the YFP-UTR protein
interactome (Table S1A). In addition, several components of
CCR4/NOT, a multi-protein complex combining 3’ to 5’ exonu-
clease and E3 ligase activities,"* were identified as interactors
of YFP-UTR mRNA (Figure 3A), including the exonucleases
CCF-1 and CCR-4.

Although functions of CCR4/NOT in mRNA degradation are
well established,*>*® GCN-1 has not been implicated in mMRNA
turnover. To explore possible roles of GCN-1 in regulating read-
through mRNA decay, we used the hypomorphic gcn-1(nc-40)
mutant allele, in which GCN-1 is N-terminally truncated, lacking
244 amino acids required for full function.*”*® Note that GCN-1
is essential in metazoans and cannot be deleted.*® Upon expres-
sion in gcn-1(nc40) mutants, both mRNA and protein levels of
YFP-UTR were partially restored (Figures 3B, 3C, and S3D). To
explore the effects of GCN-1 dysfunction on the expression of
hydrophobic and hydrophilic CTEs, we used tricolor expression
constructs introduced above (Figure 2D). Based on mScar-
let:CFP ratios, mMRNAs encoding hydrophobic CTEs were desta-
bilized in wild-type (WT) animals, whereas transcripts encoding
hydrophilic CTEs either remained unchanged compared with
STOP controls or were more stable (Figure 3D). Interestingly,
mRNAs of the reporter containing the TA sequence of SEC-
61.b (SEC-61.b(TA)) were also destabilized, suggesting that
without full-length mRNA and protein context, the TA-region trig-
gers mRNA degradation as for readthrough reporters. GCN-1
mutation stabilized mRNAs encoding hydrophobic CTEs 3- to
5-fold (Figure 3E) and either did not affect or destabilized (e.g.,

(B) gPCR analysis of YFP-STOP and YFP-UTR mRNA levels in wild-type C. elegans and in gcn-1(nc40) mutant animals (n = 3). Data were analyzed using the
2(-24CY formula, and p values were calculated using Fisher’s least significant difference (LSD) test (see STAR Methods). Error bars represent mean + SEM.
(C) YFP-UTR protein levels in wild-type and gcn-1(nc40) mutant worms. Analyses by immunoblotting as in Figure S3D were quantified by densitometry (n = 3).
p value calculated from unpaired Student’s t test. Error bars represent mean + SEM.

(D) Ratiometric analysis of mRNA levels (mScarlet:CFP ratios) of the indicated hydrophilic and hydrophobic readthrough constructs (Figure 2D) from fluorescence
microscopy images of worms. Experiments were performed in triplicates with at least 5 images per replicate. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 by
Dunnett’s test. Error bars represent mean + SEM. Dotted line indicates STOP controls.

(E) Selective stabilization of mRNA levels of hydrophobic readthrough constructs in gcn-1(nc40) mutant animals. Fold change in mRNA levels determined as in
(D). Experiments were performed in triplicates with at least 5 images per replicate. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001 by Dunnett’s test. Error bars
represent mean + SEM.

(F) Interactome analysis of GCN-1. Volcano plot representation of label-free proteome analysis of anti-FLAG pull-down from lysates of worms expressing
endogenous 3xFLAG-GCN-1 relative to lysates from untagged animals. Selected proteins are annotated. See also Table S1C.

(G) Volcano plot representation of label-free proteome analysis of polysome fractions of young (day 0) gcn-1(nc40) mutant worms relative to polysome fractions of
day 0 wild-type animals. Selected proteins are annotated. Dotted lines indicate cutoffs for enrichment at the x axis (logz + 0.2, ~1.15-fold) and at the y axis for
p values (0.05, —log > 1.33). See also Figure S3J and Table S1D.
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for T21C12.3) hydrophilic CTE mRNAs. Thus, GCN-1 facilitates
mRNA decay of readthrough reporters when their 3 UTRs
encode hydrophobic CTEs.

Lacking a known mRNA-destabilizing enzymatic activity, it
seemed unlikely that GCN-1 acts directly on readthrough tran-
scripts but rather functions as a platform in recruiting additional
factors to ribosomes.”° To identify such interactors, we tagged
endogenous GCN-1 with an N-terminal 3xFLAG, followed by
immunoprecipitation and mass spectrometry. The tagged
protein associated with polysomes is similar to WT GCN-1°°
(Figure S3E). Besides known GCN-1 interactors, including
ABCF-3 (ABCF3), GIR-2 (RWDD1), RBG-2 (DRG2), and MBF1
(EDF1),°° GCN-1 pull-down enriched multiple components of
the CCR4/NOT complex (CCR-4, CCF-1, and NTL-1) and the
BAG-6 complex (SGT-1, UBQL-1, CEE-1, and ASNA-1) (Fig-
ure 3F). These results prompted us to hypothesize that GCN-1
senses readthrough events and mediates the cotranslational
recruitment of CCR4/NOT to initiate mRNA decay. To test
this, we analyzed polysome fractions from young adult (day 0)
WT and gcn-1(nc40) nematodes by mass spectrometry (Fig-
ure S3F). Polysomes of mutant worms showed a lower GCN-1
content (Figure 3G). CCR4/NOT and its cofactor CGH-1
(DDX6 in mammals)®’ were proportionally reduced. The ~30%
reduction of CCR4/NOT on polysomes could broadly affect
mRNA homeostasis, given its function as a major cytosolic
deadenylase.*”

Based on these data, GCN-1 recruits CCR4/NOT facilitating
readthrough mRNA decay, while the BAG6 complex mediates
the degradation of readthrough proteins.

Conserved mechanisms of mammalian readthrough
mitigation

Are the quality control pathways of translational readthrough
conserved in mammalian cells? To address this question, we
chose the 32 residue 3’ UTR of transcription elongation factor
A protein-like 1 (TCEALT1), encoding a hydrophobic CTE, and ex-
pressed it as a YFP fusion protein in human HEK293T cells. Inter-
actome analysis by mass spectrometry identified components
of the BAG6 and CCR4/NOT complexes, as well as the sHSP
HSPB1 and other chaperones (Figures S4A and S4B), reflecting
results obtained in C. elegans. GCN1 was not significantly
enriched, unlike the YFP-UTR interactome in C. elegans
(Table S1A). To analyze the stability of both protein and corre-
sponding MRNA, we expressed two length-matched fusion pro-
teins translating either hydrophobic CTEs (3’ UTR of TCEAL1 and
olfactory receptor 8D4 [OR8D4]) or relatively hydrophilic CTEs
(8" UTR of protein cornichon homolog 3 [CNIH3] and cholecysto-
kinin [CCK]), employing ratiometric reporter constructs (Fig-
ure 4A; see legend for Kyte Doolittle scores [KDSs]). Dual CMV
promoters drove the expression of mScarlet-2xT2A-YFP fused
to the 3’ UTR of interest and mTurquoise2 as copy-number con-
trol, allowing simultaneous assessment of protein stability
(YFP:mScarlet ratios) and mRNA levels (mScarlet:mTurquoise2
ratios) by flow cytometry (Figures 4A and S4C; see STAR
Methods). As in C. elegans, hydrophobic CTEs displayed lower
stability than hydrophilic CTEs, both at protein and mRNA levels
(Figures 4B and 4C). The TA sequence of SEC61B (SEC61B(TA))
was also destabilizing (Figures 4B and 4C).
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To investigate readthrough protein degradation mechanisms
in mammalian cells, we introduced perturbations to the pathway
identified in C. elegans. The ubiquitin-activating enzyme (E1) in-
hibitor MLN-7243 stabilized reporter proteins with hydrophobic
CTEs (TCEAL, OR8D4, SEC61B(TA)) (Figure S4D, left). The lyso-
somal inhibitor bafilomycin A1 only mildly stabilized OR8D4 but
had a more significant effect on SEC61B(TA) (Figure S4D, right).
Stabilization of TCEAL1 by E1 inhibition induced its sedimenta-
tion into the insoluble fraction (Figure S4E) and formation of intra-
cellular inclusions (Figure S4F). In contrast, hydrophilic CTEs re-
mained soluble and diffusely distributed (Figure S4F). Depletion
of BAG6 and RNF126, but not SGTA, by CRISPR-Cas9 (Fig-
ure S4G) also stabilized reporter proteins with hydrophobic
CTEs and the reporter containing the TA sequence of SEC61B
(Figure 4D). This effect was more pronounced with the CTE of
the TCEAL1 3’ UTR than with the similarly hydrophobic CTE of
OR8D4 or with SEC61B(TA), suggestive of redundant chaperone
machineries for proteasomal degradation of certain readthrough
proteins. Although RNF126 is mainly responsible for degrading
mistargeted TA-proteins,® the human BAG6 complex associ-
ates with a homologous E3 ligase, RNF115.%° Indeed, combined
deletion of RNF126 and RNF115 further stabilized the TCEAL1
fusion construct (Figures 4D, S4H, and S4l). These results sug-
gest that mammalian cells use the BAG6 complex to degrade hy-
drophobic readthrough products, and failure thereof can result in
aggregation.

We next investigated whether CCR4/NOT contributes to read-
through mRNA decay in HEK293T cells. Because several CCR4/
NOT complex members are essential, we used siRNA to down-
regulate (by ~75%) the scaffolding subunit CNOT1 (Figures S4J
and S4K). This significantly, albeit modestly, stabilized mRNAs
encoding CTE proteins of TCEAL, OR8D4, and SEC61B(TA) (hy-
drophobic) but not CNIH3 or CCK (hydrophilic) (Figure S4L).

Together, these results show that the two-tiered quality con-
trol pathway for readthrough mitigation involving the clearance
of protein and mRNA operates in human cells.

Endogenous substrates of GCN-1 surveillance

Recent structural evidence showed that the solenoid HEAT
repeats of GCN1 bracket disomes.*® To identify endogenous
mRNA targets of GCN-1-mediated quality control, we per-
formed GCN-1 selective ribosome profiling of monosomes
and disomes®®°*°" in nematodes expressing endogenous
3xFLAG-tagged GCN-1. Profiling of total ribosomes served as
input control. Although most ribosome-protected footprints
(RPFs) associated with GCN-1 mapped to open reading frames
(ORFs), RPFs of GCN-1-bound monosomes were ~4-fold en-
riched in 3 UTRs and disomes ~10-fold enriched compared
with input (Figures 5A and 5B), providing independent evidence
for the role of GCN-1 in readthrough mitigation. Note that dis-
omes were ~2-fold more frequent in 3’ UTRs than monosomes
in the input control (Figure 5B, gray bars). Most GCN-1-associ-
ated 3’ UTRs contained stop codons upstream of the poly(A)
tails, resulting in CTEs of up to 570 amino acids. We noted
increased GCN-1 binding within ~10-20 codons after annotated
termination codons (Figure 5A, right). These sequences were en-
riched in codons for hydrophobic amino acids (phenylalanine,
leucine, and isoleucine), whereas codons of polar and charged
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Figure 4. Readthrough mitigation pathways
are conserved in mammalian cells
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tides (~5 amino acids) after a TMD
(~25 amino acids) fully emerges from
the ribosome exit tunnel,” assuming
that the tunnel accommodates up to
~40 amino acids®® (Figure 5C). This
TMD has likely engaged the membrane
insertion machinery, whereas on the
colliding ribosome, the TMD would have
only partially emerged (Figure 5C). Inter-
estingly, profiling of total ribosomes
(monosomes) from gcn-1(nc40) mutants
showed decreased ribosome density af-

TCEAL OR8D4 CNIH3

residues (arginine, threonine, and glutamine) were relatively
depleted (Figure S5A; Table S2C), supporting the finding that
GCN-1 preferentially mediates quality control of readthrough
proteins with hydrophobic CTEs. Furthermore, 3' UTRs are en-
riched in nonoptimal codons (low tAl scores) (Figure S5B), a
feature correlating with hydrophobicity (see Figure S2B), sug-
gesting that GCN-1 may sense disome formation resulting
from slowed translation.

We next analyzed the properties of GCN-1-associated RPFs
in coding sequences (CDSs). TMD protein and collagen
mRNAs were enriched among GCN-1-bound monosomes and
disomes (Figure S5C; Tables S2D and S2E). These transcripts
generally showed increased disome frequencies (Figure S5D;
Table S2F). In GCN-1-specific disomes translating TMD mRNAs,
the leading ribosome was preferentially positioned ~15 nucleo-

ter TMD emergence compared with WT
(Figure 5C). Thus, GCN-1 may sense
problematic insertion of complex mem-
brane proteins resulting in translational
slowdown and ribosome collisions.>*®*®>  Consequently,
GCN-1 surveillance could mediate mRNA decay as for read-
through proteins. Indeed, numerous mRNAs were dysregulated
in gcn-1(nc40) mutant nematodes (Table S3A), consistent with
reduced CCR4/NOT recruitment to polysomes (Figure 3G).
Although TMD transcripts were mildly stabilized in young (day
0) gcn-1(nc40) mutant animals, mRNAs of TMD proteins targeted
by GCN-1 (4 or more membrane spans; Table S3C) were signif-
icantly stabilized in aged (day 6) gcn-1(nc40) nematodes (Fig-
ure S5E; Table S3C). As for 3' UTRs, TMD transcripts are gener-
ally biased toward nonoptimal codons, which was pronounced
in TMD transcripts susceptible to GCN-1-mediated mRNA
decay (Figure S5F; Table S3C). GCN-1 thus regulates the trans-
lation dynamics of TMD proteins and adjusts levels of TMD-en-
coding mRNAs in an age-dependent manner.

CCK  SEC61B(TA)
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Figure 5. Selective ribosome profiling reveals GCN-1 binding to hydrophobic ribosomes translating 3 UTRs, TMD proteins, and collagens
(A) Metagene plots of GCN-1-bound ribosomes (monosomes and disomes) and total input control are shown (3’ UTR regions magnified in right) (see STAR
Methods).

(B) Distribution of RPFs of GCN-1-IPed ribosomes and total input control in 5" UTR, coding sequences (CDSs) and 3’ UTR regions of monosomes and disomes.
Mean values are indicated above bars.

(C) Metagene analysis of GCN-1 interaction with TMD protein transcripts. RPFs of GCN-1 bound monosomes (odds ratio compared with total input; n = 1,303;
blue line + SEM in light blue), disomes (n = 2,595; light blue line + SEM shaded) and ribosomes of gcn-1(nc40) mutant animals (odds ratio compared with wild type;
n =1,029; dark gray line + SEM in light gray) are shown. Each transcript was centered around the onset of the first TMD (position 0, green dotted line) and RPFs
were expressed as mean-scaled ribosome densities (normalization window of 300 codons up- and downstream of TMD start, position 0). Full emergence of
TMDs from the ribosome exit tunnel is indicated by the red dotted line at codon position 65, assuming an average TMD length of 25 codons and a ribosomal exit
tunnel length of 40 codons.

(D) Age-dependent effects of GCN-1 dysfunction on the transcriptome (n = 130), translatome (n = 110), total proteome (n = 39), and insoluble proteome (n = 29) of
collagens. Young (day 0) and old (day 6) gcn-1(nc40) mutant worms were analyzed relative to young (day 0) and old (day 6) wild-type nematodes, respectively. The

(legend continued on next page)
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To test whether GCN-1 dysfunction causes TMD protein mis-
folding and aggregation, we analyzed detergent-insoluble frac-
tions of gcn-1(nc40) mutant and WT animals using mass spec-
trometry. Consistent with the age-dependent effects of GCN-1
observed above, TMD proteins were significantly insoluble in
day 6 gcn-1(nc40) animals (Figure S5G; Table S1H), resulting
in upregulation of several unfolded protein response (UPR)-
related genes (Table S3B), suggesting that GCN-1 surveillance
becomes critical as translational homeostasis undergoes age-
dependent decline.>*®

Collagen transcripts were also enriched among GCN-1-bound
monosome and disome RFPs (Figure S5C; Tables S2D and S2E).
Collagens are the main structural component of connective tis-
sue and extracellular matrix.°®®” Collagen homeostasis is critical
for C. elegans longevity.°®%° In line with the role of GCN-1 in
regulating collagen biosynthesis, mRNAs of collagen proteins
were stabilized in gcn-1(nc40) nematodes, an effect enhanced
in aged animals (Figure 5D; Tables S3A and S3B). Collagens
contain structurally critical X-Pro-Pro (XPP) motifs’® that induce
ribosomal stalling during translation.”'~"® We therefore investi-
gated the effects of GCN-1 on ribosome pausing at tripeptide
motifs by computing pause scores based on ribosome occu-
pancies (STAR Methods).”* Interestingly, pausing at XPP motifs
was enhanced in WT animals compared with gcn-1(nc40) mu-
tants, which was magnified during aging (Figure S5H), resulting
in higher ribosome densities at polyproline stretches in day 6
WT nematodes (Figure S5I). Note that in gcn-1(nc40) mutants,
ribosome pausing at polyproline motifs, although reduced, re-
mains detectable (Figure S5I). Thus, fully functional GCN-1 ap-
pears to increase ribosome residence time at proline-rich motifs.
More generally, nonoptimal codons (low tAl scores) increased
the recruitment of GCN-1 to monosomes and disomes (Fig-
ure S5J), and aged WT animals preserved high ribosome
A-site occupancy with nonoptimal codons compared with gcn-
1(nc40) mutant nematodes (Figure S5K). Collectively, the associ-
ation of GCN-1 with ribosomes at nonoptimal codons stabilizes
disomes, which appears to further reduce elongation speed.

To explore the possible consequences of reduced transla-
tional pausing caused by impaired GCN-1 function, we investi-
gated the fate of collagen mRNAs and proteins in young (day
0) and aged (day 6) animals. Stabilization of collagen mMRNAs in
day 6 gcn-1(nc40) worms (Figure 5D; Table S3B) increased
collagen protein translation, as indicated by ribosome profiling
(Figure 5D; Tables S2A and S2B). However, total collagen pro-
tein levels did not increase and rather declined (Figure 5D;
Tables ST1E and S1F). This mismatch between changes in protein
and translation levels in whole animals suggests that C. elegans
may recognize excess collagen translation products as aberrant
and degrade them. Notably, polysome fractions of aged gcn-
1(nc40) mutant animals contained ~20% reduced amounts of
Hsp70 (HSP-1) and TRIiC/CCT chaperones (Figure 5E), without
changing total abundance (Tables S1E and S1l). This is consis-
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tent with the notion that translational slowdown on nonoptimal
codons serves in chaperone recruitment.®’ In addition to
CCR4/NQT, translation release factor 1 (ERFA-1; eRF1 in mam-
mals) was also reduced in polysomes of aged gcn-1(nc40) nem-
atodes (Figure 5E). eRF1 has been shown to mediate premature
translation termination on nonoptimal codons.”®

Together, these findings suggest that GCN-1 functions
broadly in translational regulation. By stabilizing colliding ribo-
somes at nonoptimal codons (enriched in 3 UTRs, TMD pro-
teins, and collagens), GCN-1 recruits quality control machineries
to ensure efficient protein biogenesis and/or mediate mRNA
decay. This function is increasingly important during aging.

GCN-1 function is conserved in mammalian cells and is
required for stress signaling
To analyze GCN1’s role in translational surveillance in mamma-
lian cells, we performed selective ribosome profiling in
HEK293T cells. We induced readthrough with a low dose of
the aminoglycoside antibiotic G418 in combination with CC-
885, a small molecule mediating degradation of the release
factor eRF3 (Figure S6A), thereby limiting translation termination
capacity.”®’” GCN1-binding to ribosomes translating into 3’
UTRs was clearly detectable in untreated cells and increased
upon treatment with G418 and CC-885 (Figures 6A and 6B). Pro-
tein classes targeted by GCN1 within CDSs in untreated cells
were essentially identical to those in C. elegans, including TMD
transcripts and collagens (Figure S6B; Table S2G), despite low
expression of the latter in HEK293T.”®

Mass spectrometry of polysome fractions under enhanced
readthrough conditions (Figure S6C) revealed the association
of RQC-related factors, including DRG1, promoting translation
through stalling-inducing motifs,”® the translational repressor
GIGYF2, and the SKI-exosome component SKIV2L (Figure 6C).
Recruitment of these factors is presumably due to readthrough
into poly(A) tails. Other RQC-related factors, including the colli-
sion sensor, ZNF598, and EIF4E2, were not enriched upon
enhanced readthrough (Figure 6C; Table S1J). Besides RQC-
related factors, we confirmed the recruitment of GCN1 and the
BAG6 machinery, along with the depletion of eRF3 induced by
CC-885 (Figure 6C). EDF1 and ZAKo (MAP3K), cooperating
with GCN1 in ribosome collision sensing,”®*#%8" were also
significantly enriched (Figure 6C; Table S1J). ZAKa signals the ri-
botoxic stress response (RSR) upon ribosome stalling.?%*

Stop codon readthrough induced by G418 activates the ISR
limiting global translation.®® We therefore tested whether read-
through sensing by GCN1 is critical for this signaling effect.
Note that HEK293T cells tolerate the deletion of GCN1 (Fig-
ure S6D). Upon treatment with G418 and CC-885, WT cells
showed a time-dependent accumulation of phosphorylated
elF2q, (P-elF2a) and p38 (P-p38) (Figures 6D, S6E, and S6F), indi-
cating ISR and RSR activation.?> GCN1 deletion suppressed
elF2qa. phosphorylation and P-p38 was reduced (Figures 6D

horizontal line within boxplots indicates the median; boxes indicate upper and lower quartile and whisker caps 10M-90™ percentile, respectively. p values by

Holm-Sidak test. See also Tables STE-S1H, S2A, S2B, S3A, and S3B.

(E) Volcano plot representation of label-free proteome analysis of polysome fractions of old (day 6) gcn-1(nc40) mutant worms relative to polysome fractions of
day 6 wild-type animals (as in Figure 3G). Selected proteins are annotated. Dotted lines indicate cutoffs for enrichment at the x axis (log, + 0.2, ~1.15-fold) and at

the y axis for p values (0.05, —log > 1.33). See also Figure S3F and Table S1l.
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Figure 6. GCN1 function is conserved and critical for stress signaling and mRNA turnover in human cells
(A) Metagene plots of GCN1-selective ribosome profiling data from HEK293T cells upon pharmacologically induced readthrough. GCN1-IPed ribosomes
(monosomes) and total input control are shown. When indicated, cells were treated for 4 h with G418 (20 ug/mL) and CC-885 (10 nM).
(B) Distribution of RPFs of GCN1-IPed ribosomes and total input control in 3’ UTR regions in treated (CC-885 + G418; purple) and untreated cells (gray). Mean

values are indicated above bars.

Cell

(C) Volcano plot representation of label-free proteome analysis of polysome fractions from HEK293T cells treated with G418 and CC-885 as in (A) to induce
readthrough relative to polysome fractions of untreated cells. Dotted lines indicate cutoffs for enrichment at the y axis (log, + 0.2, ~1.15-fold) and at the y axis for

p values (0.05, —log > 1.33). See also Figure S6B and Table S1J.

(D) Integrated stress response activation upon induced readthrough. Wild-type and GCN1-deleted HEK293T cells were treated with CC-885/G418 as in (A) for the
times indicated. Phospho (P)-elF2a and P-p38 were detected by immunoblotting of cell lysates and quantified by densitometry. Error bars represent mean + SEM

(n = 3). p values by Holm-Sidak test.
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and S6E). Therefore, GCN1-mediated translational surveillance
is conserved in mammalian cells and required for stress signaling
upon enhanced readthrough.

GCN1 functions broadly in regulating mRNA turnover
CCR4/NQOT regulates cotranslational mRNA turnover by moni-
toring codon optimality.”® The ~30% depletion of CCR4/NOT
complex from polysomes when GCN1 is dysfunctional
(Figures 3G and 5E) would generally affect MRNA deadenylation
rates, consistent with numerous transcripts being stabilized in
gcn-1(nc40) mutant C. elegans, including TMD proteins and col-
lagens (Tables S3A and S3B). The ability to delete GCN1 in
HEK293T cells allowed us to test this prediction. Sucrose
cushion fractionation and immunoblotting confirmed our results
from C. elegans that HSP70 (HSPA8), TRiC (CCT4), and eRF1
(ETF1) were depleted by ~30% from ribosomes of GCN1
knockout cells (Figure S6H). CNOT3, the CCR4/NOT subunit
recognizing slow-decoding ribosomes,’® was reduced by
~25% on ribosomes (Figure S6H). We measured mRNA decay
kinetics using SLAM-seq (thiol(SH)-linked alkylation for the
metabolic sequencing of RNA) (Figure S6G; see STAR
Methods).®* We obtained decay curves for ~5,500 transcripts
(4 time points) matched for WT and GCN1 deleted cells. Loss
of GCN1 profoundly impacted mRNA turnover, increasing the
mean mRNA half-life from 5.1 h (WT) to 7.6 h (Figure 6E;
Table S4A). Consistent with the binding preferences of GCN1
(Figure S6B), TMD-encoding transcripts were stabilized,
increasing their mean half-life from 5.4 to 8.2 h (n = 698) and
from 5.6 to 8.6 h for mRNAs encoding proteins with multiple
TMDs (n = 168) (Figures 6E, S6l, and S6J). Thus, effects on
TMD transcripts contribute to the overall prolonged mRNA
half-lives in this dataset. Note that only three collagens
(COL7A1, COL12A1, and COL11A2) were reliably detected and
showed increased or unchanged half-lives (Table S4A). We attri-
bute this problem to low expression levels of collagens in
HEK293T cells.”®

Codon optimality correlates with mRNA stability, with nonop-
timal codons promoting mRNA decay.®>®® As GCN1 senses
codon non-optimality, we next examined the codon dependence
of mRNA turnover rates. We calculated codon stability coeffi-
cients (CSCs; see STAR Methods) as a measure of how
codon-frequencies influence mRNA stability.®>"®” Destabilizing
effects of UUA( ey codons (tAl = 0.14)°>°" are shown as a repre-
sentative example. Although increasing UUA content correlated
with shorter mRNA half-lives in WT cells, this effect was dimin-
ished upon GCN1 deletion (Figure 6F; Tables S4B and S4C).
Generally, mRNA stability was increasingly uncoupled from
codon optimality upon GCN1 deletion (Figure S6K; Table S5).

Taken together, GCN1 broadly regulates mRNA stability by
monitoring ribosome elongation rates on nonoptimal codons
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and cooperating with the CCR4/NOT complex to initiate mRNA
degradation.

DISCUSSION

Our analysis in nematodes and mammalian cells revealed a two-
tiered quality control pathway for clearing both readthrough pro-
teins and mRNAs (Figure 7A). We found that readthrough proteins
with hydrophobic CTEs are recognized and targeted for protea-
somal degradation by the BAG6 complex, implicated in the qual-
ity control of TA membrane proteins. mRNA decay is initiated co-
translationally by the ribosome collision sensor GCN1 and the
CCR4/NOT deadenylase complex. Selective ribosome profiling
revealed a general function of GCN1 in translational surveillance,
with GCN1 preferentially recognizing ribosome slowdown and
collision at nonoptimal codons in hydrophobic 3’ UTRs, trans-
membrane proteins, and collagens (Figures 7A and 7B), thus
defining GCN1 as a key regulator of translational dynamics, a
function increasingly important during aging.

Readthrough mitigation by quality control machinery of
TA-proteins

A key finding is that readthrough protein mitigation in both nem-
atodes and mammalian cells utilizes the BAG6 complex,
including SGTA, BAG6, ASNA1 (GET3), GET4, UBL4A, and the
E3 ligase RNF126%° (Figure 7A). BAG6 acts downstream of the
cytosolic chaperone SGTA as part of the TA pretargeting mod-
ule. The pretargeting complex is recruited to ribosomes, poised
to capture hydrophobic TA sequences as they emerge from the
ribosome exit tunnel.?®°%°" BAG6 performs a critical triage deci-
sion: either transferring the TA client to membrane insertion
factors (via GET3 and GET4) or, if unsuccessful, recruiting
RNF126 for ubiquitylation and subsequent degradation of TA-
proteins.”®>*® We found that the depletion of BAG6 or RNF126
stabilizes readthrough proteins with hydrophobic CTEs, sug-
gesting that such sequences, resembling orphaned TA se-
quences, are captured by SGTA, followed by transfer to BAG6
and RNF126-dependent proteasomal clearance (Figures 1D,
2B, 2F, and 4D). Lysosomal degradation®’ may be a compensa-
tory pathway when the UPS is inhibited or overtaxed. Bio-
informatic analysis showed that CTE sequences of readthrough
proteins frequently contain regions with similar characteristics of
TA membrane spans (Figures 2C and S2A), potentially causing
mislocalization to membranes or aggregation. Consistently, hy-
drophobic CTE proteins formed aggregate inclusions upon im-
pairing ubiquitylation or proteasome inhibition. Readthrough
proteins escaping degradation associated with members of
sHSPs, which were upregulated upon overexpression of read-
through constructs (Figures S1A and S1B). sHSPs, in addition
to preventing protein aggregation, function in spatial protein

(E) mRNA half-life analysis using SLAM-seq in wild-type and GCN1-deleted cells (n = 5,455), all TMD-encoding transcripts (n = 698) and TMD-encoding tran-
scripts with >3 TMD segments (n =168). The horizontal line within boxplots indicates the median; (+) the mean; boxes indicate upper and lower quartile and
whisker caps 10'"-90'" percentile, respectively. p values were calculated by Holm-Sidak test.

(F) Effect of GCN1 deletion on codon-dependent mRNA decay. Relationship between frequency of UUA ¢, codons on mRNA half-life. All mRNAs satisfying the
goodness of fit (nonlinear regression) criterion of RZ > 0.6 for decay curves (based on T > C conversion rates) were included in the analysis (wild type: n = 8,571;
GCN1 knockout [KO]: n = 5,896). The horizontal line within boxplots indicates the median; boxes indicate upper and lower quartile and whisker caps 10™-90™"

percentile, respectively. ***p < 0.0001 calculated by Holm-Sidak test.
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Figure 7. Working model of BAG6 complex and GCN1-CCR4/NOT in readthrough mitigation and proteome surveillance
(A) Model of readthrough mitigation. Readthrough proteins with hydrophobic CTEs resemble TA-proteins and are recognized (co- or posttransationally) by SGTA,

which may be recruited to ribosomes before hydrophobic CTEs emerge.®®

Normal TA-proteins are transferred to the membrane targeting module comprising

GET4 and ASNAT1 (GETS3), while, aberrant CTE proteins are captured by the BAG6 complex for RNF126-mediated ubiquitylation and proteasomal degradation.
CTE proteins escaping BAG6 surveillance are sequestered by sHSPs into inclusions. Ribosomes translating into hydrophobic 3' UTRs slow at nonoptimal
codons. Colliding ribosomes are recognized by GCN1, which recruits CCR4/NOT to initiate mRNA decay.

(B) Model of general translational surveillance by GCN1. Nonoptimal codons, enriched in TMD protein and collagen transcripts, cause ribosome slowdown and
(transient) collisions. GCN1 engages these ribosomes and stabilizes disomes, thereby increasing time available for membrane protein assembly and/or asso-
ciation of chaperones for cotranslational folding. Prolonged ribosome (disome) dwell times, due to biogenesis problems that remain unresolved, may recruit
CCR4/NOT to initiate mRNA degradation, thereby limiting aberrant protein production. Recruitment of release factor eRF1 may induce premature chain

termination.

quality control by sequestering potentially harmful proteins
into aggregates.’®“® Their upregulation during aging®*=° is
associated with longevity in C. elegans. sHSPs may function in
parallel to the BAG6 pathway in preventing readthrough proteins

to form aberrant protein-protein interactions.
GCN-1-mediated mRNA decay

The readthrough mitigation mechanism revealed an additional
layer of quality control wherein translation into a 3" UTR coding
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for hydrophobic CTEs, thus enriched in nonoptimal codons
(Figures S2A, S2B, and S5B), results in mMRNA degradation (Fig-
ure 7A). Using mRNA crosslinking and mass spectrometry, we
identified the ribosome collision sensor protein GCN1 and the
CCR4/NOT deadenylase complex as critical factors in this
pathway (Figure 3A). Although functions of CCR4/NOT in
mRNA decay are well established,*>*® GCN1, cofactor of the
ISR kinase GCN2,%%28:2%8 has no known role in mRNA decay.
GCN1 dysfunction in nematodes stabilized mRNAs encoding
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hydrophobic readthrough reporter proteins (Figure 3E). We
found that GCN1 interacts, directly or indirectly, with CCR4/
NOT, mediating cotranslational CCR4/NOT complex recruitment
for mRNA degradation (Figures 3F and 3G). This function, along-
side proteasomal degradation via the BAG6 pathway, limits
potentially harmful readthrough protein production.

Considering that readthrough frequencies can reach up to
15% (depending on stop codon sequence context)'® and most
CTEs encoded by 3’ UTRs are hydrophobic, production of read-
through proteins may saturate the quality control capacity of the
BAG6 complex for biogenesis of bona fide TA-proteins thereby
disturbing proteostasis. Recently, the BAG6 complex was impli-
cated in clearing hydrophobic translation products originating
from noncoding RNAs other than stop codon readthrough,®
raising the question of how a single quality control module might
deal with such a massive overload. Although redundant protein
quality control pathways may operate, we suggest that the
mechanism of cotranslational mMRNA decay by GCN1 and
CCR4/NOT will likely mitigate noncoding RNA translation. By
limiting aberrant hydrophobic protein production at the level of
translation, the GCN1-CCR4/NOT axis may relieve some of the
burdens on the BAG6 complex.

GCN1 function in translational surveillance
GCN1-selective ribosome profiling in C. elegans and HEK293T
cells uncovered a pervasive function of GCN1 in modulating
translation dynamics and proteome balance by regulating
mRNA turnover. Apart from 3’ UTRs, we identified numerous
CDSs as GCNT1 targets, particularly TMD and collagen mRNAs
(Figure 7B). As a common denominator, GCN1 interacts prefer-
entially with ribosomes engaged at nonoptimal codons, which
frequently occur in these transcripts. Nonoptimal codons result
in slow decoding and may induce transient ribosome collisions.*®
Slow-decoding ribosomes are targeted by the CCR4/NOT dead-
enylase,’® explaining the codon dependence of mRNA turnover,
but whether this depends on ribosome collisions was ques-
tioned.”® Our results indicate that disomes indeed form on
nonoptimal codon stretches and are bound by GCN1. This role
of GCN1 is consistent with recent evidence that disome forma-
tion is widespread across eukaryotic lineages®>°* and serves
to recruit molecular chaperones to address folding of problem-
atic proteins.®* We suggest that recognition by GCN1 stabilizes
such disomes, slowing elongation further (Figures 5C, S5H, S5l,
and S5K) to facilitate chaperone recruitment to ribosomes
(Figures 5E and S6H). mRNA decay may consequently be initi-
ated by CCR4/NOT (Figure 3G) when folding/biogenesis prob-
lems cannot be resolved (Figure 7B). In such situations, transla-
tion might be terminated by eRF1 recruitment (Figure 5E),
which can execute premature termination on rare codons.””

In the case of TMD proteins, translational slowdown is
thought to facilitate cotranslational targeting and membrane
insertion.””"?® We found that GCN1 is preferentially recruited to
TMD proteins with multiple membrane spans (Figure S5E;
Table S3C). Assembly of such proteins is a complex and often
inefficient process requiring various membrane insertases,
including the Sec61 translocon and the EMC and PAT com-
plexes.®*99"1%* Ribosome profiling revealed that GCN1 tends
to engage TMD proteins soon after a transmembrane sequence
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has emerged from the ribosome (Figure 5C), possibly extending
the time available for successful insertion and assembly into
membranes. Adapting mRNA levels via CCR4/NOT would limit
the risks of overloading chaperone and assembly machineries.
Slow decoding also underlies the preferential GCN1 targeting
to collagen transcripts. Collagens, the most abundant proteins
in mammals, are rich in XPP motifs, with prolines having a critical
structural role.’®>'% Prolines slow translation substantially by
adopting an unfavorable topology for the peptidyl transferase
reaction.71,72,107,108

The role of GCN1 in mRNA decay extends beyond collagens
and TMD proteins, affecting mRNA stability globally in a
codon-dependent manner (Figures 6E, 6F, and S61-S6K). Given
the ~17-fold higher abundance of GCN1 compared with CCR4/
NOT, % it seems plausible that GCN1 acts upstream of CCR4/
NOT. Recent findings that GCN1 engages E3 ligases for ubiqui-
tylation of stalled translation factors®® support its function as a
versatile recruitment platform in translational regulation.

Role of GCN1 in stress signaling and aging

GCN1 is a positive regulator of the ISR induced by amino acid
starvation.?®*® In this signaling pathway, GCN1 activates the
GCN2 kinase, which in turn phosphorylates elF2a, downregulat-
ing global translation. Activation of the ISR also occurs upon
increased translational readthrough.®® We found this response
is fully dependent on GCN1 (Figure 6D), ruling out secondary
effects on elF2a phosphorylation. Thus, enhanced readthrough
is a direct cause of stress activation sensed by GCN1 at
ribosomes.

As translational errors are associated with aging,”'""'%7""? it
seemed likely that the wide-ranging role of GCN1 in translational
surveillance described here is increasingly relevant during aging.
The age-dependent insolubility of TMD proteins upon GCN1
dysfunction is direct evidence of the importance of GCN1 in
maintaining RNA and protein balance (Figure S5G). Furthermore,
GCN1 dysfunction resulted in an age-dependent increase in
mRNA levels and translation for multiple collagens (Figure 5D).
However, this was not reflected in higher collagen abundance
(Figure 5D). Thus, surplus collagen molecules may be recog-
nized as structurally aberrant, possibly posing a burden on clear-
ance pathways.''® Indeed, declining collagen integrity is an
important aging factor.'® The profound impact of GCN1 on
collagen biogenesis in C. elegans illustrates the significance of
GCN1-mediated translational surveillance in maintaining prote-
ome balance.

Limitations of the study

We demonstrated that GCN1 functions broadly in translational
surveillance maintaining mRNA and protein homeostasis. These
findings raise multiple questions: How GCN1 mediates recruit-
ment of CCR4/NOT to slow-decoding ribosomes? Experiments
in S. cerevisiae showed that CCR4/NOT associates with the ribo-
some via the NOT5 subunit,*® suggesting that GCN1 may stabi-
lize NOT5 for ribosome binding. Another open question concerns
the exact mechanism by which GCN1 recognizes slow-decoding
ribosomes. Does GCN1 bind transiently colliding ribosomes and
then stabilize disomes, as the structure of the disome-GCN1
complex suggests,”® or does it recognize slow-moving
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monosomes, reducing elongation speed further to promote dis-
ome formation? Finally, it remains to be explored in detail how
ribosome engagement by GCN1 facilitates cotranslational
folding and membrane protein assembly. It is important to inves-
tigate how the loss of translational regulation by GCN1 affects
the folding/assembly and turnover of specific proteins, including
medically relevant TMD proteins and collagens.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
BAG6 Santa Cruz sc-365928

RRID: AB_10920223
SGTA Cell Signal 33498

RRID: AB_2188828
RNF126 Abcam ab234812
RNF115 Abcam ab187642
GCN?1 (immunoblot) Sigma HPA019648

RRID: AB_1849567
GCNT1 (selective riboseq) Thermo Fisher A301-843A

RRID: AB_1264319
GFP antibody Roche 11814460001

RRID: AB_390913
a-tubulin Merck T6199

RRID: AB_477583
P-elF2a Abcam ab32157

RRID: AB_732117
P-p38 MAPK Cell Signaling 92118

RRID: AB_331641
eRF3 Abcam ab126090

RRID: AB_11128263
eRF1 Santa Cruz sc-365686

RRID: AB_10843214

Chemicals and reagents

Dynabeads protein G

Dynabeads MyOne Streptavidin C1
GFP-trap magnetic agarose
Anti-FLAG® M2 magnetic beads
Cycloheximide

CC-885

G418

RIPA

PhosSTOP

cOmplete, EDTA-free Protease Inhibitor Cocktail
T4 PNK

15% TBE-Urea gel

T4 Rnl2(tr) K227Q

riboPOOLs (C. elegans)
riboPOOLs (H. sapiens)
Protoscript Il reverse transcriptase
Phusion polymerase

CircLigase |

8% TBE gel

microRNA marker

RNAsel

DMEM

Thermo Fisher
Thermo Fisher
Chromotek
Sigma

Sigma
MedChemExpress
Thermo Fisher
Thermo Fisher
Roche

Roche

NEB

Thermo Fisher
NEB
siTOOLs/Biozym
siTOOLs/Biozym
NEB

NEB

Biozym

Thermo Fisher
NEB

Biozym

Thermo Fisher

10003D
65001

gtma

M8823

01810
HY-101488
10131035
89900
4906837001
11873580001
M0201S
EC68852BOX
MO0351L
27DP-K024-000067
27DP-K024-000042
MO0368L
MO0530L
131401
EC62155BOX
N2102S
N6901K
11995073

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
FBS Gibco 10270106
Lipofectamine 3000 Thermo Fisher L3000008
Lysozyme Sigma L6876
HisTrap Hp column GE Healthcare 17-5247-01
26/60 Sephacryl S-200 column GE Healthcare 17-1195-01
Amicon 100K filter Milipore UFC910024
iST 8x kit Preomics P.0.00001
0.5 ml open-top thickwall polycarbonate tubes Beckman Coulter 343776
SLAMseq Kinetics Kit Lexogen 062.24
QuantSeq 3' mRNA-Seq Library Prep Kit Lexogen 015.24
QuantiTect Reverse Transcription Kit Qiagen 205311
SYBR Green PCR Master Mix Thermo Fisher 4309155
NEBNext Ultra Il Directional RNA Library Prep Kit NEB E7765
NEBNext Poly(A) mRNA Magnetic Isolation Module NEB E7490
SUPERase*In Invitrogen AM2694
Trizol Invitrogen 15596026
NuPAGE 4%-12% Bis-Tris SDS gels Invitrogen NP0335BOX
NuPAGE MOPS SDS running buffer Invitrogen NP0002
Puromycin Thermo Fisher A1113803
Recombinant DNA

unc-54p::YFP-STOP This study pPK86
unc-54p::YFP-UTR This study pPK89
unc-54p::mScarlet-T2A-YFP (Notl) myo-3p::CFP This study pMM23
unc-54p::mScarlet-T2A-YFP-slc-17.53UTR) myo-3p::CFP This study pMM24
unc-54p::mScarlet-T2A-YFP- F40D4.17(3UTR) myo-3p::CFP This study pMM25
unc-54p::mScarlet-T2A-YFP-R160.3(3UTR) myo-3p::CFP This study pMM26
unc-54p::mScarlet-T2A-YFP- T21C12.3(3UTR) myo-3p::CFP This study pMM27
unc-54p::mScarlet-T2A-YFP-sec-61.b myo-3p::CFP This study pMM28
unc-54p::mScarlet-T2A-YFP-sec-61.b(TA) myo-3p::CFP This study pMM29
unc-54p::mScarlet-T2A-YFP-STOP-slc-17.5(3UTR) myo-3p::CFP This study pMM30
unc-54p::mScarlet-T2A-YFP-STOP-F40D4.17(3UTR) myo-3p::CFP This study pMM31
unc-54p::mScarlet-T2A-YFP-STOP-R160.3(3UTR) myo-3p::CFP This study pMM32
unc-54p::mScarlet-T2A-YFP-STOP- T21C12.3(BUTR) myo-3p::CFP This study pMM33
unc-54p::mScarlet-T2A-YFP-STOP-sec-61.b myo-3p::CFP This study pMM34
unc-54p::mScarlet-T2A-YFP-STOP-sec-61.b(TA) myo-3p::CFP This study pPMM35
unc-54p::mScarlet-T2A-T2A-YFP This study pMM36
unc-54p::mScarlet-T2A- F40D4.17(3UTR)-T2A-YFP This study pMM37
unc-54p::mScarlet-T2A- F40D4.17(3UTR)-T2A-YFP codon optimized 1 This study pMM38
unc-54p::mScarlet-T2A- F40D4.17(8UTR)-T2A-YFP codon optimized 2 This study pMM39
unc-54p::mScarlet-T2A- SLC-17.5(3UTR)-T2A-YFP This study pMM40
unc-54p::mScarlet-T2A- SLC-17.5(8UTR)-T2A-YFP codon optimized 1 This study pMM41
unc-54p::mScarlet-T2A- SLC-17.5(3UTR)-T2A-YFP codon optimized 2 This study pMM42
unc-54p::mScarlet-T2A- Koo(AAA)T2A-YFP This study pMM43
pCMV-mScarlet-P2A-P2A-EYFP(Xbal) pPCMV-mTurg2 This study pMM44
pCMV-mScarlet-P2A-P2A-EYFP-TCEAL1(3BUTR) pCMV-mTurg2 This study pMM45
pCMV-mScarlet-P2A-P2A-EYFP-(3UTR) pCMV-mTurg2 This study pMM46
pCMV-mScarlet-P2A-P2A-EYFP-CNIH3(BUTR) pCMV-mTurg2 This study pMM47
pCMV-mScarlet-P2A-P2A-EYFP-OR8D4(3UTR) pCMV-mTurqg2 This study pMM48
pCMV-mScarlet-P2A-P2A-EYFP-CCK(BUTR) pCMV-mTurg2 This study pMM49
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pCMV-mScarlet-P2A-P2A-EYFP-SEC-61.B pCMV-mTurg2 This study pMM50
pCMV-mScarlet-P2A-P2A-EYFP-SEC-61.B(TA) pCMV-mTurg2 This study pMM51
pCMV-EYFP This study pMM52
pCMV-EYFP-TCEAL(SUTR) This study pMM53
pCMV-EYFP pCMV-mTurguoise2 This study pMM54
pPCMV-mScarlet pPCMV-mTurquoise2 This study pMM55
pHO4d-Cas9 Addgene 67881
pSpCas9(BB)-2A-Puro (PX459) V2.0 Addgene 62988
Oligonucleotides

qPCR tba-1 fw: This study N/A
ACCAACAAGCCGATGGAGAA

qPCR tba-1 rev: This study N/A
ACCACGAGCGTAGTTGTTGG

qPCR pmp-3 fw:CACTTTCACCGCCCAATGAC This study N/A
qPCR pmp-3 rev: This study N/A
TCGACGCCAATGACAATCCA

qPCR EYFP fw: This study N/A
TGAACTTCAAGATCCGCCACA

qPCR EYFP rev: This study N/A
TTCTCGTTGGGGTCTTTGCT

qPCR hsp-16.1 fw: This study N/A
AGATATGGCTCAGATGGAACGTC

qPCR hsp-16.1 rev: This study N/A
GCTTGAACTGCGAGACATTGAG

gPCR hsp-16.2 fw: This study N/A
TCCATCTGAGTCTTCTGAGATTGTT

qPCR hsp-16.2 rev: This study N/A
TGATAGCGTACGACCATCCAAA

gPCR hsp-16.48 fw: This study N/A
GCTCATGCTCCGTTCTCCAT

qPCR hsp-16.48 rev: This study N/A
TGAGAAACATCGAGTTGAACAGAGA

gPCR hsp-70 fw: This study N/A
CCGGTTGAAAAGGCACTTCG

qPCR hsp-70 rev: This study N/A
GAGCAGTTGAGGTCCTTCCC

YFP Probe #1 This study N/A
TGAACTTGTGGCCGTTTACG

YFP Probe #2 This study N/A
TGGTGCAGATGAACTTCAGG

YFP Probe #3 This study N/A
TAGCCGAAGGTGGTCACGAG

YFP Probe #4 This study N/A
AAGAAGTCGTGCTGCTTCAT

YFP Probe #5 This study N/A
CTTGAAGAAGATGGTGCGCT

YFP Probe #6 This study N/A
TTGAAGTCGATGCCCTTCAG

YFP Probe #7 This study N/A
TAGACGTTGTGGCTGTTGTA

YFP Probe #8 This study N/A
CTTGAAGTTCACCTTGATGC

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
YFP Probe #9 This study N/A
TAGCTCAGGTAGTGGTTGTC

YFP Probe #10 This study N/A
TCGTCCATGCCGAGAGTGAT

CRISPRevolution sgRNA EZ Kit (modified) sgRNA GCN-1 (Cele): Synthego N/A
GGGUUACACUUUAUUGAUAG

ssODN GCN-1 3xFLAG repair template This study N/A

attttcagatcattcaacgacgggttacactttattgatagtcgaaaATGgactacaag
gacgacgatgacaaggactacaaggacgacgatgacaaggactacaaggacga
cgatgacaagTCTGACGATGAAATAAAAAGCGAACATGTTCAG

GAGAAGACGGAAAATCT

3XFLAG GCN-1 screen primer fw: This study N/A
CAGATCATTCAACGACGGGTT

3xFLAG GCN-1 screen primer rev: This study N/A
ttaggcctcaaaaccgaacCT

RNF126 sgRNA This study N/A
GAGGCGTCGCCGCATCCCGGA

GCN1 sgRNA This study N/A
GTGCAAAACGCTTTAGTGTCT

RNF115 sgRNA This study N/A
GAAAGTGGCAGAAAAACCGGT

SGTA sgRNA This study N/A
GTCACCCCAAACGCAGTCTCC

BAG6 sgRNA This study N/A
GACATAGGCCGGACCACATGC

ON-TARGETplus Human CNOT1 siRNA Dharmacon L-015369-01-0005
NI-800 (Upper size monosome marker) McGlincy and Ingolia®® N/A
5'-AUGUACACUAGGGAUAACAGGGUAAUCAACGCGA/3Phos/

NI-801 (Lower size monosome marker) McGlincy and Ingolia®® N/A
5'-AUGUUAGGGAUAACAGGGUAAUGCGA/3Phos/

Disome upper size marker Meydan and Guydosh®® N/A

5-AUGUACACGGAGUCGAGCACCCGCAACGCGAAUGUACACGGA
GUCGAGCACCCGCAACGCGAUGUACA

Disome lower size marker Meydan and Guydosh®® N/A

5-AUGUACACGGAGUCGAGCACCCGCAACGCGAAUGUACACGGA

GUCGAGCACCCG/3Phos/

C. elegans strains

unc-54p::YFP-STOP This study FUH277

unc-54p::YFP-UTR This study FUH279

unc-54p::YFP-UTR; ron-10 (ok1865) This study FUH492

unc-54p::YFP-UTR; rnf-126 (gk504603) This study FUH432

unc-54p::YFP-UTR; gcn-1 (nc40) This study FUH491

unc-54p::YFP-UTR; skih-2 (cc2854) This study FUH483

3XFLAG-gcn-1(mar02) This study FUH503

skih-2(cc2854) 2x BC Andrew Fire lab PD2860

gcn-1(nc40) CGC RRID: WB-STRAIN:
WBStrain00034488

N2(wild-type) CGC RRID: WB-STRAIN:
WBStrain00000001

rnf-126(gk504603) 6x BC CGC FUH431

Cell lines

HEK293T ATCC RRID: CVCL_0063

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software, Algorithms and Data availibility

DEBrowser https://github.com/UMMS- N/A
Biocore/debrowser

DESeq2 https://github.com/mikelove/ N/A
DESeqg2

STAR https://github.com/alexdobin/ N/A
STAR

Bowtie2 https://github.com/ N/A
BenLangmead/bowtie2

umi_tools https://github.com/ N/A
CGATOxford/UMlI-tools

riboWaltz https://github.com/ N/A
LabTranslationalArchitectomics/
riboWaltz

RiboMiner https://github.com/xryanglab/ N/A
RiboMiner

Fiji https://imagej.net/software/fiji/ N/A

Graphpad Prism https://www.graphpad.com/ N/A
scientific-software/prism/

Biopython https://github.com/biopython/ N/A
biopython

kpLogo http://kplogo.wi.mit.edu/ N/A

Gene Ontology http://geneontology.org/ N/A

Perseus https://maxquant.net/perseus/ N/A

MaxQuant https://maxquant.net/maxquant/ N/A

Proteomic datasets This study ProteomeXchange:

PXD037037
Immunoblots, Microscopy and Flow cytometry data This study https://doi.org/10.17632/
8rssbrghvb.2
NGS datasets This study GEO: GSE214396

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, F. Ulrich
Hartl (uhartl@biochem.mpg.de).

Materials availability
Plasmids and strains generated in this study are available upon request to the lead contact.

Data and code availability
® Mass spectrometry raw data was deposited at the ProteomeXchange consortium PRIDE with the identifier PXD037037.
Sequencing data was uploaded to NCBI’s Gene Expression Omnibus and are accessible through GEO series accession num-
ber GSE214396. Both datasets are listed in the key resources table. Original immunoblot images have been deposited at Men-
deley and are publicly available as of the date of publication. The DOl is 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.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
C. elegans strains and growth conditions

The Bristol strain N2 was used as wild-type. Strains used in this study are listed in the key resources table. Worms were grown on
nematode growth medium (NGM) seeded with OP50 bacteria and maintained at 20°C unless otherwise indicated. For liquid culture,
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worm eggs were collected by bleaching and synchronized populations of L1 larvae were obtained by overnight growth in M9 medium.
The L1 larvae were grown in S Basal in presence of OP50 bacteria. Wild-type (N2) males were produced by transferring hermaph-
rodites to 30°C for 4-6 h and subsequently returned to 20°C. The offspring were screened for males. To remove background muta-
tions, the wild-type males were crossed with a mutant hermaphrodite. Individual F1 worms were isolated and screened for hetero-
zygotes by single-worm PCR. The offspring of identified heterozygotes were then screened for homozygous nematodes carrying the
mutant allele. This process was repeated twice for CRIPSR-generated worm lines and 6 times for strains obtained from CGC.

Cell culture and transfection

HEK293T (ATCC, CRL-3216) cells were cultured in DMEM (Thermo Scientific, 11995073) supplemented with 10% FBS (Gibco,
10270106) at 5% CO, and 37°C. Cells were transfected using lipofectamine 3000 (Thermo Scientific) following the manufacturer’'s
instructions. Cells were analyzed 48 h after transfection by flow cytometry.

METHOD DETAILS

Cas9 expression and purification

Cas9 purification was adapted from Paix et al."'* BL21 (DE3) E. coli were transformed with pHO4d-Cas9 (Addgene #67881).""* The
main culture was induced at a density of ODggg = 0.8 with a final concentration of 0.2 mM IPTG at 18°C overnight. Cells were collected
by centrifugation and 6 ml Buffer A (20 mM Tris pH 8.0, 250 mM KCI, 20 mM Imidazole, 10% glycerol, 1 mM TCEP, 1x cOmplete
EDTA-free protease inhibitor) was added per gram of wet culture. Lysozyme was added to a final concentration of 1 mg/ml (Sigma,
L6876). The suspension was lysed by sonication on ice (10% amplitude, 1.5 s pulse, 5 s pause) for a total time of 45 min. The lysate
was clarified by centrifugation at 16,000 x g and the supernatant transferred to a fresh tube. Clarified lysate was passed over a 5 mi
HisTrap Hp column (GE Healthcare) at a flowrate of 0.5 ml/min and washed with 100 ml of buffer B (20 mM Tris pH 8.0, 800 mM KCl,
20 mM imidazole, 10% glycerol, 1mM TCEP). The bound protein was eluted with 20 column volumes of a gradient from 0-100%
buffer C (20 mM HEPES pH 8.0, 500 mM KCl, 250 mM imidazole, 10% glycerol). Eluent was passed over a MonoQ column to remove
Cas9-bound DNA and the flowthrough was collected. To remove any aggregated Cas9 protein, the flowthrough was separated on a
26/60 Sephacryl S-200 column (GE Healthcare #17-1195-01) with Buffer D (20mM HEPES pH 7.5, 500 mM KCl, 20% glycerol). Frac-
tions containing monomeric Cas9 were pooled and concentrated to 10 mg/ml by centrifugation through a 100K filter (Milipore,
UFC910024).

CRISPR/Cas9-mediated homologous recombination

Generation of transgenic animals was performed as previously described with adaptations.’'* Briefly, an aliquot of 5 pl purified Cas9
was thawed on ice and incubated with a 100mer sgRNA (Synthego) targeting the gene of interest and dpy-710 as an injection control
for 10 min at room temperature (RT). For deletions/knockouts ssODNs (synthetic single-stranded oligodeoxynucleotide donors) were
ordered from Integrated DNA Technologies (IDT) as a repair template and reconstituted to a concentration of 1 mg/ml for the gene of
interest and 0.5 mg/ml for dpy-10. After incubation, 2.2 ul of ssODN for the gene of interest and 0.55 pl of ssODN against dpy-10 was
added to the injection mix. To keep Cas9 soluble, 0.5 ul of 1 M KCL and 0.75 pul of 200 mM HEPES pH 7.4 was added. The injection mix
was topped up to 20 ul with water and centrifuged at 20,000 x g for 2 min before injecting it into the gonads of the nematodes. The
injection mix or ribonucleoprotein complexes (protein Cas9, tracrRNA, crRNA) and ssODN were microinjected into the gonad of
young adults using standard methods. Single injected worms were placed at 20°C. Integrated lines were identified by screening
for rollers and singled out on individual plates.

Immunoblotting

Synchronized D1 adult worms were lysed using a Biorupter (Diagenode) (7 cycles of 30 s on with 30 s pause) at 4°C. Lysate was
clarified by centrifugation at 400 x g for 10 min at 4°C. Proteins were transferred from polyacrylamide gels to nitrocellulose mem-
branes (GE Healthcare) at a constant voltage of 75V, limiting the current to 200 mA for 2 h. Membranes were washed in TBS-T buffer
(10 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.05% Tween-20) and blocked with 5% skim milk for 1 h at RT. Membranes were incubated
with primary antibody in TBS-T with 5% skim milk overnight at 4°C. The blot was then washed 4 times with TBS-T for 10 min each time
at RT and incubated with secondary antibody for 1 h at RT. After 4 washes the blot was developed either on an ImageQuant LAS 4000
or ImageQuant 800 system. Images were analyzed in FIJI.

LC-MS/MS analysis

For mass spectrometry analysis, tryptic peptides were loaded on a reverse phase column with an inner diameter of 75 um packed
with 1.9 um C18 beads using the autosampler of the Thermo Easy LC system (Thermo Scientific). Temperature of the column was
kept at a constant 50°C in a column oven (Sonation). Peptides were loaded in buffer A (0.1% formic acid), separated with a 130 min
gradient of 5%-30% buffer B (80% ACN and 0.1% formic acid) at a flowrate of 300 (or 250) nl/min and directly applied onto a bench-
top Orbitrap Q Exactive HF mass spectrometer (Thermo Scientific) via electrospray. The Q-Exactive HF was operated in data-depen-
dent mode with survey scans at mass range of 300 to 1650 m/z. Up to the 10 or 15 most abundant precursor patterns from the survey
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scan were selected and fragmented by higher energy collisional dissociation. MS/MS spectra were acquired with a resolution of
15,000 (FWHM), at a maximum injection time of 50 ms, and a target value of 1e5 charges.

MS data analysis

Raw data was processed using MaxQuant version 1.5.0.25 with a false discovery rate (FDR) of 0.01 for peptides and proteins. MS/MS
peaks were searched against the Uniprot reference proteome list of either Caenorhabditis elegans or Homo sapiens. Cysteine car-
bamidomethylation was set as a constant modification, whereas methionine oxidation and N-terminal acetylation were selected as
variable modifications. Depending on the experiment, the match-between-run option was enabled and proteins were quantified us-
ing the label-free quantification (LFQ) algorithm. LFQ values were further processed using the Perseus software.

mRNA pulldown

3’-Biotin-TEG 20 nt antisense oligonucleotides targeting the coding region of YFP were designed as previously described with mod-
ifications.”"® Briefly, one probe per ~75 nt RNA length was designed with a target GC% of ~45%. Each oligo (listed in key resources
table) was around 20 nt in length. Probes were adjusted to a final concentration of 100 uM (10 pM each). For immunoprecipitation,*®
standard nematode growth medium (NGM) plates were seeded with 300 pl of an overnight OP50 bacteria culture. The bacterial lawn
was grown for 4-6 days before 20 L4 hermaphrodites were transferred. Worms were cultured at 20°C and monitored till the bacterial
lawn was fully consumed (6-7 days). The plates were washed with M9 buffer and synchronized worms were transferred to 500 mL
S-Basal. The culture was grown for 3 days with shaking at 120 rpm at 20°C. Worms were pooled in 50 mL Falcon tubes and washed
several times with M9 buffer. The worm suspension was then transferred to unseeded 15 cm plates and exposed to 254 nm UV light
(1J/cm?) using a Stratalinker 1800 to crosslink interactions of RNA with proteins. The worm pellet was washed with lysis buffer (25 mM
HEPES-KOH pH 7.4, 100 mM KoAC, 10 mM MgICl,, 0.5 mM DTT, 2 tablets EDTA free protease inhibitor, 0.1 U/uL SUPERase*In) and
frozen by dripping small droplets into liquid nitrogen.

Frozen worms were lysed using a Retsch Cryomill MM400 at 30 Hz (3 times 90 s with cooling between cycles). Lysate was thawed
on ice and clarified at 2000 x g for 10 min at 4°C. Samples were adjusted to a concentration of 10 mg/ml protein and 250 pmol of
probe (see key resources table) was added per 100 mg protein. Formamide was added to a final concentration of 7.5% and samples
were incubated at 20°C by vertical rotation for 2 h. 200 uL of Dynabeads MyOne Streptavidin C1 (Thermo Fisher Scientific) were
added to the lysate and incubated for 1 h at 20°C. The beads were washed 5 times and mRNA-bound proteins were digested on-
bead using trypsin using the iST 8x kit (PreOmics), followed by analysis by mass spectrometry.

CRISPR knockout cell lines

HEK293T cells were seeded at a density of 250,000 cells in a 12-well plate. After 24 h the cells were transfected with px459 v2 plas-
mids encoding gene specific sgRNAs. " '® At 48 h post transfection, DMEM containing 2 ng/ml puromycin was added to cells. 4-5 days
after selection, surviving cells were passaged and tested for knockouts by immunoblotting. For generating GCN1 knockout mono-
clones, single cells were sorted into 96 well plates and individual colonies were screened by immunoblotting.

siRNA treatment

HEK293T cells were split at a density of 750,000 cells in a 6-well plate. After 24 h the cells were transfected with 100 pmol of ON-
TARGETplus Human CNOT1 siRNA (Dharmacon) using Lipofectamine 3000 following the manufacturer’s instructions. After 48 h
post transfection, the cells were split into a 12-well plate (250,000 cells/well). 24 h later (72 h after siRNA transfection), the cells
were transfected with the reporter plasmids using Lipofectamine 3000. The effects of siRNA-mediated knockdown on the reporters
were assessed 24 h later (96 h after siRNA transfection), using flow cytometry (see below).

Flow cytometry

HEK293T cells were transfected with various reporter plasmids 48h prior to measurement using Lipofectamine 3000 following the
manufacturer’s instructions. 100,000 single cells per replicate were measured on a Thermo Scientific Attune NxT analyser, using la-
sers at 405 nm (mTurquoise2), 488 nm (EYFP), 561 nm (mScarlet). Representative histograms were generated using FlowJo (v.10),
ratiometric analysis was done using custom scripts written in Matlab (2019b), as previously described.''” Signal bleedthrough from
the red and blue channels (mScarlet and mTurquoise2, respectively) into the green channel (EYFP) was calculated using an ‘RedBlue’
control expressing a mScarlet and mTurquoise2 dual-CMV plasmid. Likewise, signal spillover from green and red channels (EYFP
and mTurquoise2, respectively) was accounted for by expressing a ‘GreenBlue’ control (YFP and mTurquoise2 dual-CMV plasmid).
The signal bleeding effects were subtracted before additional calculations.

Aggregate fractionation

HEK293T cells were washed with PBS and transferred to 1.5 ml tubes. The cells were counted and 10° cells pelleted by centrifugation
at 400 x g for 3 min at 4°C. The cell-pellet was resuspended in 200 pl RIPA (Thermo) buffer and incubated for 20 min on ice, followed
by sonication using a Biorupter (Diagenode) (7 cycles of 30 s with 30 s pause between cycles) at 4°C. The same number of cells was
analyzed as input control. The cell lysate was then transferred to 0.5 ml open-top thickwall polycarbonate tubes (Beckman, #343776)
and centrifuged at 100.000 x g for 1h at 4°C in a TLA-120.1 rotor (Beckman, #362224). The supernatant was transferred to a 1.5 ml
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tube and the pellet was resuspended in 250 pl 1x HU buffer (8 M urea, 5% SDS, 200 mM Tris-HCL pH 6.8, 1 mM EDTA, 0.01% brom-
phenol blue, 2% B-mercaptoethanol). The supernatant and input were TCA-precipitated and resuspended in 250 pl 1x HU buffer for
subsequent immunoblot analysis.

Protein pulldown

Worms were prepared as described for the mRNA pulldown and lysed in lysis buffer (25 mM HEPES-KOH pH 7.4, 100 mM KoAC,
10 mM MgICl,, 0.5 mM DTT, 2 tablets EDTA free protease inhibitor) using a Biorupter (Diagenode). The lysate was clarified by centri-
fugation at 2000 x g for 10 min at 4°C. For each sample, 50 ul of GFP-Trap Magnetic Agarose beads (Chromotek) were prepared by
washing the beads twice in 1 ml lysis buffer. Worm lysate (50 mg protein total) was adjusted to 10 mg/ml and added to the equilibrated
beads. The suspension was then incubated for 2 h at 4°C with vertical rotation. The beads were washed once with 2 ml of lysis buffer
and twice with 1 ml lysis buffer containing 0.1% NP-40. After transferring the beads to a fresh 1.5 ml tube, the beads were washed 3
times with lysis buffer without detergent. The bound protein was digested on beads using the iST 8x Kit (PreOmics) following man-
ufacturer’s instructions.

Preparation of total protein extracts for immunoblot analysis

Synchronized D1 adult worms were collected in M9 and OP50 bacteria were washed off with water until the supernatant was clear.
Excessive water was aspirated without disrupting the worm pellet and an equal amount of lysis buffer was added (25 mM HEPES-
KOH pH 7.4, 100 mM KoAC, 10 mM MgICl,, 0.5 mM DTT, 2x EDTA free protease inhibitor). Nematodes were lysed by sonication in a
Biorupter (Diagenode) as above. The lysate was clarified by centrifugation at 2,000 x g and the supernatant transferred to a fresh tube.
Protein concentration was estimated by Bradford assay and adjusted to 1 mg/ml. 100 pul lysate was transferred to a fresh tube and 4 pl
of 0.5% Na-deoxycholate was added. After 15 min incubation on ice, 10 pl of 100% TCA was added, followed by incubation for
another hour on ice. The sample was centrifuged at 18,000 x g at 4°C for 30 min and the supernatant was discarded. The pellet
was washed with 700 pl of ice-cold acetone and centrifuged for another 10 min at 18,000 x g at 4°C. The pellet was air dried and
resuspended in 100 pl of 1x HU buffer (8 M urea, 5% SDS, 200 mM Tris-HCL pH 6.8, 1 mM EDTA, 0.01% bromphenol blue, 2%
B-mercaptoethanol).

Total RNA isolation

Worms were synchronized by bleaching and grown up to D1 adult stage. The nematodes were then washed off the plate with M9
buffer and transferred to a 1.5 ml tube. Following 3 washes with M9 and 1 wash with water, 5 pellet volumes of TRIzol reagent (In-
vitrogen) was added. The worms were lysed by 3 cycles of freezing in liquid nitrogen (30 s) and thawing at 37°C. The suspension was
then vortexed and left at RT for 5 min. Afterwards, 1 pellet volume of chloroform was added and the reaction shaken vigorously. After
centrifugation at 12.000 x g for 15 min at 4°C the supernatant was transferred to a fresh tube and the RNA was precipitated using 2.5
volumes isopropanol. The pellet was washed in 70 % ethanol and air dried. Finally, the pellet was resuspended in RNAse-free water.

Quantitative real-time PCR

A quantity of 500 ng RNA was used for reverse transcription using random primers according to the manufacturer’s protocol (Qiagen
Quantitect Reverse Transcription Kit). gPCR reactions on cDNA contained Power SYBR green master mix (Applied Biosystems).
Relative mRNA levels were determined using the AACT method, normalizing to pmp-3 and tba-1.""® For YFP quantification, results
were normalized to the copy number using gDNA for each gPCR against YFP, normalizing to tba-1.

mRNA sequencing

mRNA sequencing libraries were prepared with 200 ng or 1 pg of total RNA of each sample using the NEBNext Ultra™ || Directional
RNA Library Prep Kit for lllumina® (E7765, NEB) with NEBNext® Poly(A) mRNA Magnetic Isolation Module (E7490, NEB), according
to standard manufacturer’s protocol. Quality control of total RNA input and final libraries were performed using the Qubit™ Flex Fluo-
rometer (Q33327, Invitrogen) and 4200 TapeStation System (G2991BA, Agilent). Paired-end sequencing was performed on an lllu-
mina NextSeq 500. The samples were multiplexed and sequenced on one High Output Kit v2.5 to reduce a batch effect. BCL raw data
were converted to FASTQ data and demultiplexed by bcl2fastq Conversion Software (lllumina).

Preparation of total ribosome fraction for ribosome profiling

C. elegans

Synchronized nematodes were transferred to 1 | S-Basal and grown in liquid culturentil D1 of adulthood or until D6, when indicated.
FUdR (200 uM) was added when the culture had reached the L4/young adult stage. After thorough washing in M9, the nematodes
were frozen in lysis buffer (25 mM HEPES-KOH pH 7.4, 100 mM KoAC, 10 mM MgICI2, 0.5 mM DTT, 2x EDTA free protease inhibitor,
0.1 U/uL SUPERase*In, 100 pg/mL cycloheximide) by dropwise transfer into liquid nitrogen. The nematodes were lysed with a Retsch
Cryomill MM400 at 30 Hz for 3 times 90 s with cooling between cycles. The lysate was cleared for 10 min at 20,000 x g and 4°C.
Ribosome protected fragments (RPFs) were recovered, and libraries were prepared as previously described.®® Briefly, regions of
17-34 nt were excised from a 15% TBE-urea gel. The recovered RNA fragments were dephosphorylated with T4 PNK (NEB,
M0201S) and ligated to a DNA barcoded linker using T4 Rnl2(tr) K227Q (NEB, M0351L). Non-ligated linkers were removed using yeast
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5’-deadenylase and RecJ. rRNA depletion was performed using riboPOOL (siPOOLs) following the manufacturer’s instructions.
Reverse transcription was performed using Protoscript Il reverse transcriptase (NEB, M0368L). Ligation products were excised
from a 15% TBE-urea polyacrylamide gel after hydrolyzing the RNA template with NaOH (100 mM). Recovered ligation products
were circularized using CircLigase | (Biozym, 131401) at 60°C for 2 h. Final libraries were generated by PCR amplification of the circu-
larized cDNA template with Phusion polymerase (NEB, M0530L) using 6-14 cycles. Libraries were excised from a 8% TBE polyacryl-
amide gel and sequenced on an lllumina NextSeq 500 or NovaSeq 6000 system.

HEK293T celils

HEK293T cells were seeded into 15 cm plates 24 h prior to treatment. The cells were treated with 10 nM CC-885 and 20 ung/ml G418
for 4 h. Ribosome protected fragments (RPFs) were recovered, and libraries were prepared®® as described above.

Preparation of ribosome fractions for GCN-1 selective ribosome profiling

C. elegans

The procedure for immunoprecipitation (IP) of GCN-1 bound ribosomes was adapted from.°® Nematodes were synchronized by
bleaching. L1 larvae were transferred to 1 L S-Basal. The animals were harvested at D1 of adulthood. Bacteria were removed by
repeated washes in M9. In the last washing step, M9 was replaced by lysis buffer (25 mM HEPES-KOH pH 7.4, 100 mM KoAC,
10 mM MgICl,, 0.5 mM DTT, 2x EDTA free protease inhibitor, 0.1 U/uL SUPERase*In, 100 pg/mL cycloheximide). After a quick
spin, the worms were flash frozen in liquid nitrogen. The frozen worms were lysed with a Retsch cryomill MM400 at 30 Hz as above.
The lysate was thawed on ice and clarified by centrifugation at 4,000 x g for 10 min at 4°C. Protein concentration was determined by
Bradford assay. The supernatant fraction (80 mg of total protein) was partially digested with 3 units per 1 mg RNA RNase | (Epicenter)
at 4°C for 1 h. Ribosomes were pelleted through a sucrose cushion (1 M, 20 U/mL SUPERase*In (Invitrogen)) at 55.000 rpm in a SW 55
Ti rotor (Beckman Coulter) for 2 h at 4°C and resuspended in lysis buffer supplemented with 10% glycerol. The IP was performed at
4°C for 1 h using M2 anti-FLAG magnetic agarose beads (Invitrogen). The beads were washed 10 times with lysis buffer and bound
material was digested with 12.5 units of RNase | (Epicenter) at 23°C for 45 min (strong RNase | treatment). Ribosome protected mRNA
fragments were eluted by adding TRIzol reagent (Invitrogen). For disome analysis the sizes between 54 to 68 nt were excised from the
gel, using oligo markers previously described (see key resources table).”®> Monosome and disome libraries were prepared as
described above®® and sequenced on an lllumina NextSeq 500 or NovaSeq 6000 system.

HEK293T cells

Cells (treated with CC-885 or untreated) were harvested, washed with PBS and lysed by trituration through a 26 G needle for 10 times
in lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 5 mM MgCl,, 1 mM DTT, 100 pg/ml cycloheximide, 1 % Triton-X 100). The lysate
was cleared at 4,000 x g for 10 min and an equivalent of 5 mg RNA input was digested with 15 units of RNAse |. The digested lysate
was then layered over a sucrose cushion (1 M, 20 U/mL SUPERase*In (Invitrogen)) and centrifuged at 55.000 rpm in a SW 55 Ti rotor
(Beckman Coulter) for 2 h at 4°C. The pelleted ribosomes were resuspended in lysis buffer supplemented with 10 % glycerol and
incubated with GCN1 antibody (A301-843A, Thermo Fisher) coupled to protein G Dynabeads (10003D, Invitrogen) (5 ng antibody
per 50 ul of protein G beads) for 2 h at 4°C. The beads were washed 10 times and digested with 4 units RNAse | for 45 min at
23°C. RPFs were isolated by TRIzol and libraries were prepared as described above.®°

SLAM-seq

mRNA libraries for SLAM-seq analysis were prepared using the SLAM-seq Kinetics Kit (Lexogen), following the manufacturer’s in-
structions. Briefly, to label the pre-existing mRNA, HEK293T cells were incubated with 100 uM 4sU for 24 h, changing the media every
3 h, keeping the cells in the dark. At the onset of the chase, the 4sU-containing media was removed and changed to media supple-
mented with 10 mM UTP (100x excess over 4sU). The cells were collected at timepoints 0, 2, 4, and 8 h after the onset of the chase.
The library preps were performed using the QuantSeq 3’'mRNA-seq kit (Lexogen). All subsequent steps during library preparation
were performed under red light to avoid crosslinking. Libraries were sequenced on a NovaSeq 6000 system and the data processed
using the SLAM-dunk pipeline.®*

Polysome gradient analysis

Sucrose density gradients (10% - 50%) were prepared in SW41 ultracentrifuge tubes (Steton) using a BioComp Gradient Master
(BioComp Instruments) according to manfucaturer’s instructions. The individual 10% and 50% sucrose solutions were prepared
in polysome buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 5 mM MgCl,, 1 mM DTT, 100 pg/ml, 20 U/ml SUPERase*In). The lysate con-
centration was assessed by Bradford assay and a total protein amount of 5 mg was loaded onto the gradients. The gradients were
centrifuged for 2 h at 40,000 rpm at 4°C. The gradients were fractionated using a piston gradient fractionator coupled to an A254 nm
spectrophotometer (Biocomp). Polysome fractions were pooled and precipitated using 10% TCA. The protein pellets were pro-
cessed for mass spectrometry using the iST 8x kit (PreOmics) following the manufacturer’s protocol.

SDS-PAGE

Proteins were separated on NUPAGE 4%-12% Bis-Tris SDS gels (Invitrogen) using NUPAGE MOPS SDS running buffer (Invitrogen) or
NuPAGE MES SDS running buffer (Invitrogen) at 120 V for 1.5 h.
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Microscopy

Worms were picked from plates, placed on 4% agarose pads and immobilized using polystyrene beads and a coverslip. Images for
3 color analysis were obtained using a Zeiss Axio Zoom.V16 microscope equipped with filtersets 46 (YFP), 47 (CFP) and 63 (RFP) and
a Hamamatsu Orca Flash 4.0 camera. Confocal fluorescence images were obtained with an Olympus (Tokyo, Japan) FV1000
confocal microscope setup equipped with an Olympus PLAPON 60x/NA1.42 oil immersion objective or on a Leica SP8 FALCON
confocal laser scanning microscope equipped with a LEICA HC PL APO 63x/NA 1.4 oil immersion objective. YFP was excited at
488 nm and emission detected at 505-540 nm. For red fluorophores, an excitation wavelength of 559 nm was used and emission
detected at 575-675 nm. Images were visualized using Fiji.

Image analysis

Expression of 3-color reporter constructs for hydrophilic or hydrophobic 3'UTR fusion proteins was assessed in young (DO0)
nematodes. Fluorescence microscopy images of either YFP:mScarlet (protein) or mScarlet:CFP (mRNA/translation) were analyzed
using a custom Fiji script. Briefly, the mScarlet channel was used to outline the muscle cells of the worm. Next, the channel intensities
(pixel-wise) within the selected region were extracted. Pixels below an intensity threshold of 200 were excluded from downstream
analysis. Linear regression analysis was applied to values of each pixel (for the corresponding channel). The resulting slope was
used to express the ratios (normalized to respective STOP controls) depicted in the final data representation.

Analysis of ribosome profiling and mRNA-seq data

Sequencing reads were demultiplexed and trimmed using a custom awk script. The UMI were extracted using UMI-tools using the
option ‘—extract-method=regex —bc-pattern="(?P<umi_1>.{2}).+(?P<umi_2>.{6})$"*, which serves to remove duplicated reads arising
from library amplification. The clipped reads were then mapped against ncRNA/rRNA indices using Bowtie2 (v2.4.2) with the param-
eters ‘-N 1-L 15’. Unaligned reads were mapped against the genome using STAR (v2.7.10a) with parameters ‘—outFilterMismatchNmax
2 —quantMode TranscriptomeSAM GeneCounts —outSAMattributes MD NH —outFilterMultimapNmax 1°. The P-site offset and
metagene plots were computed using the R package “riboWaltz.”''® Transcript enrichment was calculated with the R package
“DESeq2”'?° or “DEBrowser.”’* Enrichment plots around the first TMD, pause scores, tAl scores and A-site occupancy (using offsets
calculated with riboWaltz) were computed using “RiboMiner.”'?! For disomes the A-site offset was assigned to the leading ribosome
using the stop codon peak for the offset calculation. Pause scores are defined as the sum of normalized ribosome densities (AU) on
each tripeptide motif. Motifs with a pausing score of < 5 (low confidence) in aged wild-type animals were excluded from downstream
analysis. Read count matrices of reads mapping into the 3'UTRs of transcripts were generated using featureCounts (v2.0.1)'?? (Fig-
ure S5B). Metagene plots around polyproline stretches were analyzed as previously described.” Briefly, reads were aligned at the
A-site around the onset of the polyproline stretch. The polyproline stretch was defined as a 12 amino acid window with at least 8 of
the 12 residues being proline. Next, the mean was calculated and the 95% confidence intervals at each position. Transcripts with
average reads per codon within the analyzed window of less than 0.5 were discarded. mRNA half-lives were calculated as
described.'?® Briefly, T>C conversions were normalized to the chase-onset. Curve fitting (non-linear regression) was performed in R
using the minpack.Im package. Only RNAs that met an R? > 0.6 (goodness of fit) cutoff were used for downstream analysis. Codon
stability coefficients (CSC) were calculated as the Pearson’s correlation coefficient between codon content and mRNA half-lives. Simi-
larly, codon recruitment coefficients (CRC) were calculated as the Pearson’s correlation coefficient between codon occurrence and
GCN-1 recruitment.

QUANTIFICATION AND STATISTICAL ANALYSIS
Preparation of graphs and statistical analyses were performed using GraphPad Prism 8 or R(4.1.0). The statistical tests applied are
indicated in the corresponding figure legends. For multiple comparisons, one- and two-way ANOVA were used with the following

corrections: Dunnett and Holm-Sidak. When two groups were compared, statistical significance was computed using Student’s
t-tests and Mann-Whitney tests. P-Values < 0.05 were considered significant.
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Figure S1. Characterization of readthrough quality control machinery, related to Figure 1

(A) Readthrough into 3" UTR induces expression of sHSPs. Volcano plot representation of label-free proteome analysis of YFP-UTR and YFP-STOP expressing
nematodes. sHSPs are highlighted in red. See Table S1K.

(B) Relative mRNA levels (QPCR analysis) of hsp-16 family members and hsp-70 (C12C8.1) in animals (day 0) expressing YFP-UTR. Wild-type (WT) nematodes
(untreated or exposed to heat stress [HS]) and animals expressing YFP-STOP were analyzed as controls. HS was performed for 60 min at 34°C. Error bars
represent mean + SEM (n = 3).

(C) Expression of readthrough reporter protein in C. elegans muscle cells in the presence of a HSP-16.1-RFP reporter. Representative fluorescence microscopy
images of animals expressing YFP-UTR are shown.

(D) YFP-UTR undergoes proteasomal degradation. Representative fluorescence microscopy images of wild-type, Arnf-126, and Arpn-10 worms expressing
YFP-UTR. (Exposure 200 ms, 100x magnification.)

(E) Hydrophobicity analysis of YFP-UTR using Kyte Doolittle scores (KDSs) as metric. AA, amino acid.
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Figure S2. Sequence features of C. elegans 3' UTRs, related to Figure 2
(A) Boxplots of Kyte Doolittle scores indicating hydrophobicity of CDS regions, 3' UTRs and maximum hydrophobicity score (max. score) of a 21AA window
(average TA length) within 3" UTRs in C. elegans and human.

(legend continued on next page)
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(B) Relationship of nucleotide composition and sequence properties. Left: nucleotide composition in C. elegans of coding sequences (CDSs), red; TMD tran-
scripts, gray; 3 UTRs, blue. Right: correlation of 3’ UTR nucleotide composition and hydrophobicity of their translated peptides. U-content positively correlates
with hydrophobicity in C. elegans.

(C) Correlation analysis of nucleotide composition and tAl score indicates a negative correlation between U-content and codon optimality.

(D) Occurrence of in-frame stop codons in 3" UTRs. 3’ UTRs typically contain at least one stop codon before the poly(A) tail (~90%) in all three reading frames.
(E) Expression of 3-color reporter constructs for either hydrophilic (top) or hydrophobic (bottom) 3’ UTR fusion proteins. Representative fluorescence microscopy
images (overlay) of either YFP:mScarlet (left, ratio of YFP to mScarlet) or mScarlet:CFP (right, ratio of mScarlet to CFP) channels are shown.

(F) Representative ratiometric analysis of YFP by mScarlet ratios performed on images shown in (D). The mScarlet channel was used to outline the muscle cells
expressing the reporter construct. Linear regression analysis was applied to values of each pixel (for the corresponding channel). The resulting slope was used to
express the ratios depicted in Figures 2E, 2F, 3D, and 3E.
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Figure S3. Effects of 3' UTR translation on mRNA and protein levels, related to Figure 3

(A) mRNA-seq analysis of C. elegans reporter strains expressing YFP-UTR and YFP-STOP (n = 2). Error bars represent mean + SEM.

Cell

(B) gPCR analysis of copy number of YFP-UTR and YFP-STOP in C. elegans reporter strains. Integrated gene copy numbers are on average 1.96 + 0.11-fold
higher in YFP-UTR compared with YFP-STOP. Error bars represent mean = SEM (n = 3). Data were analyzed using the 224 formula. p values by unpaired t test.
(C) gPCR analysis of YFP-STOP and YFP-UTR mRNA levels in wild-type C. elegans and in skih-2 mutant animals. Error bars represent mean + SEM (n = 3). Data
were analyzed using the 207229 formula. p values by Fisher’s LSD test.

(D) Representative immunoblot analysis of wild-type or gcn-1(nc40) mutant worms expressing YFP-UTR. See Figure 3C for quantification.

(E) Representative trace of sucrose density gradient fractionation (Ags4 nm; top) and immunoblot analysis of 3x-FLAG-tagged GCN-1 in C. elegans. Dotted lines
delineate polysome fractions.
(F) Representative traces of sucrose gradient density fractionation of wild-type and gcn-1(nc40) mutant animals (Azs4 nm). Dotted line indicates polysomes
collected for subsequent MS/MS analysis shown in Figures 3G and 5E.
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Figure S4. Protein and mRNA clearance upon translational readthrough is conserved in HEK293T cells, related to Figure 4

(A) Volcano plot representation of label-free interactome analysis of YFP-TCEAL from HEK293T cells expressing YFP-TCEAL CTE construct and YFP-STOP as
control. Components of the BAG6, proteasomal subunits, heat-shock proteins (e.g., HSPB1 and HSPA4) and CCR4/NOT complexes are identified as interactors
of YFP-TCEAL. Selected proteins are highlighted. See also Table S1L.

(legend continued on next page)
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(B) Immunoprecipitation of YFP-STOP or YFP-TCEAL with anti-GFP antibody from HEK293T cells expressing the respective constructs. Fractions were analyzed
by immunoblotting for BAG6 and YFP (n = 2). Note that the UTR sequence adds 30 amino acids (mainly hydrophobic) to the C terminus of YFP, resulting in only
slightly slower migration of YFP-TCEAL compared with YFP-STOP.

(C) Representative histograms of flow cytometry analysis indicating YFP:mScarlet and mScarlet:mTurquoise2 ratios of cells transiently transfected with the
indicated reporter plasmids (related to Figures 4B-4D).

(D) Ratiometric flow cytometry analysis of cells expressing the indicated reporter plasmids (see Figure 4A) in the presence of the E1 ubiquitin-activating inhibitor
MLN-7243 (compared with untreated cells) (n = 3; left) and the lysosomal degradation inhibitor bafilomycin A1 (compared with untreated cells) (n = 3; right). Error
bars represent mean + SEM. p values by Dunnett’s test. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.

(E) Representative immunoblot analysis of soluble and pellet fractions from cells expressing the indicated reporter constructs (see Figure 4A). YFP-TCEAL is
recovered in the pellet fraction upon E1 inhibition.

(F) Representative fluorescence microscopy images of hydrophobic (YFP-TCEAL) or hydrophilic (YFP-CNIH3) readthrough reporter proteins with or without E1
inhibition by MLN-7243. Insert in the lower left image shows cells after contrast adjustment for the low expression level of the YFP-TCEAL readthrough reporter.
(G) Representative immunoblot analysis of HEK293T depletion cell lines for components of the BAG6 complex.

(H) Representative immunoblot analysis of reporter constructs in different BAG6 mutant backgrounds shown in (F). Related to Figure 4D.

(I) Quantification of immunoblot analysis in (G) by densitometry (n = 3). p value by Dunnett’s test. Error bars represent mean + SEM. ***p < 0.001; ****p < 0.0001.
Related to Figure 4D.

(J) Representative immunoblot analysis of downregulation efficiency using siRNA against CNOT1 compared with control siRNA. p value by unpaired t test.
(K) Quantification of immunoblot analysis in () by densitometry. Error bars represent mean + SEM (n = 3). p value by Dunnett’s test.

(L) Effect of downregulation of CNOT1 on mRNA level of 3' UTR reporter constructs and SEC61B (TA). Ratiometric analysis by flow cytometry of cells treated with
siRNA against CNOT1 or control siRNA. Error bars represent mean + SEM (n = 5). p value by Dunnett’s test. ***p < 0.001.
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Figure S5. GCN-1 is recruited to ribosomes translating hydrophobic 3' UTRs, TMD proteins, and collagens, related to Figure 5

(A) Logo plots of amino acid enrichment using kplogo analysis (Wu and Bartel ). Sequences (20 aa downstream of annotated stop codon) chosen for analysis
were derived from 3’ UTRs bound by GCN-1 (monosomes and disomes; in frame 1) indicated in Figure 5A (right). Numbers indicate the position after the stop
codon. The y axis indicates the sum of log p values for each amino acid at a given position. Significantly enriched positions are marked in red. Also see Table S2C.
(B) 3’ UTRs are enriched in nonoptimal codons. tRNA adaptation index (tAl) was analyzed for coding sequences (CDSs) (n = 20,190) and 3' UTRs (n = 14,434) in
C. elegans. The horizontal line in the boxplots indicates the median; boxes indicate upper and lower quartile and whisker caps 101"-90™ percentile, respectively.
p value by unpaired t test.

(C) GCN-1 recruitment (logo enrichment) across transcripts of proteins from different cellular compartments based on monosomes (left) (all transcripts,
n = 12,894; cytosol, n = 432; mitochondria, n = 301; integral to membrane n = 2,158; collagens, n = 115) or disomes (right) (all transcripts, n = 16,294; cytosol,
n = 590; mitochondria, n = 478; integral to membrane n = 3,838; collagens, n = 129). The horizontal line in the boxplots indicates the median; boxes indicate upper
and lower quartile and whisker caps 10"-90™ percentile, respectively. p values by Dunnett’s test. See Tables S2D and S2E.

(D) Disome enrichment (log, enrichment) across transcripts of proteins from different cellular compartments (all transcripts, n = 15,036; cytosol, n = 584;
mitochondria, n = 479; integral to membrane n = 5,733; collagens, n = 154).

(E) GCN-1 dysfunction preferentially stabilizes mRNA levels of integral membrane proteins with multiple TMDs in aged animals. This analysis depicts the number
of TMDs that are encoded by GCN-1 target transcripts. These transcripts were defined as meeting two criteria: (1) having 2-fold enrichment by selective ribosome
profiling and (2) displaying ~1.15-fold (log, 0.2) stabilization in the gcn-1(nc40) mutant animals compared with wild type. The distribution of the TMD number in
these GCN-1 target transcripts (blue) were compared with the TMD number in all transcripts (white) detected in our experiments in day-0 and day-6 animals. The
horizontal line in the boxplots indicates the median; boxes indicate upper and lower quartile and whisker caps 10'"-90'" percentile, respectively. p value by Holm-
Sidak’s test. Also see Table S3C.

(F) TMD transcripts are enriched in nonoptimal codons. tAl analysis of all TMD transcripts (white), TMD transcripts stabilized in gcn-1(nc40) mutant nematodes
(blue) in comparison with all coding sequences (CDSs, gray). Only transcripts that were detected in both mRNA-seq and GCN-1 selective ribosome profiling were
considered for analysis matching the same criteria as in (E) for day-0 and day-6 animals (also see Table S3C). The horizontal line in the boxplots indicates the
median; boxes indicate upper and lower quartile and whisker caps 10"-90™ percentile, respectively. p value by Holm-Sidak’s test. See Table S3C.

(G) Age-dependent effect on TMD protein insolubility in GCN-1-deficient (gcn-1(nc40)) nematodes. TMD proteins identified by mass spectrometry in the insoluble
fraction of lysates from young (day 0) and aged (day 6) worms were analyzed. The logs fold increase in insolubility from day 0 to day 6 is shown. The horizontal line
in the boxplots indicates the median; boxes indicate upper and lower quartile and whisker caps 10™-90" percentile, respectively. p value by Dunnett’s test. See
also Tables STE-S1H.

(H) Age-dependent effect of GCN-1 dysfunction on translational pausing at tripeptide motifs. Translational pause scores were analyzed from ribosome profiling
data for tripeptide motifs in young (x axis, day 0) and old (y axis, day 6) gcn-1(nc40) mutant animals compared with age-matched wild-type animals (n = 18,612
motifs). PP containing motifs are highlighted in blue and KK or RR motifs in orange. The pause score is calculated as the sum of normalized ribosome densities on
each triplet amino acid motif. Only transcripts with at least 10 reads and a minimum length of 100 nt were considered for the analysis.

(I) Normalized ribosome occupancy (mean scaled) centered around onset of polyproline stretch (x = 0; dashed vertical line; with at least 8 out of 12 residues being
proline) in aged (n = 192 positions from 142 genes) wild-type (gray) and gcn-1(nc40) (blue) animals. The light gray (wild type) and light blue (gcn-1(nc40)) shaded
areas indicate the 95% confidence interval.

(J) Codon recruitment coefficients calculated as the Pearson’s correlation coefficient of GCN-1 recruitment (monosomes [x axis] and disomes [y axis]) and codon
frequency of transcripts reveal increased GCN-1 recruitment to nonoptimal codons. Codon optimality is represented as a color gradient from blue (optimal) to red
(nonoptimal).

(K) Dysfunction of GCN-1 (in gcn-1(nc40) mutant) results in an age-dependent decrease of ribosome pausing at nonoptimal codons. Codon enrichment at A-site
of GCN-1-IPed ribosomes relative to total input in (H) (x axis) is compared with codon enrichment at A-site of wild-type relative to gcn-1(nc40) mutant nematodes.
Codon optimality (tAl) is indicated by color-scale (red, low codon optimality; blue, high codon optimality). Statistics by Spearman’s correlation (p = 0.4902,
p = 6.1e—5). Line represents linear regression fit.
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Figure S6. GCN1 function is conserved in HEK293T cells, related to Figure 6

(A) Immunoblot analysis of eRF3 upon treatment of HEK293T cells with CC-885 (10 nM) and G418 (20 ug/mL) for 4 h to induce readthrough (n = 3).

(B) GCN1 recruitment (log, enrichment) based on selective ribosome profiling in untreated HEK293T cells across transcripts of proteins from different cellular
compartments (all transcripts, n = 16,246; cytosol, n = 4,488; mitochondria, n = 1,463; integral to membrane n = 3,301; collagens, n = 60). The horizontal line in the

(legend continued on next page)
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boxplots indicates the median; boxes indicate upper and lower quartile and whisker caps 10"-90™ percentile, respectively. p values by Dunnett’s test. See
Table S2G.

(C) Sucrose density gradient fractionation of HEK293T cells treated with CC-885 and G418 as in (A). The dotted lines delineate fractions collected for proteome
analysis shown in Figure 6C.

(D) Immunoblot analysis of single-cell-sorted polyclonal GCN1 deletion cells. Clone 8 (red square) was chosen for the experiments in Figures 6D, S6D, and S6E.
(E) Representative immunoblot analysis of elF2a and p38 phosphorylation during eRF3 depletion upon treatment of cells with CC-885 and G418 for the times
indicated. Related to Figure 6D.

(F) Representative immunoblot analysis of eRF3 depletion upon treatment of wild-type and GCN1 KO cells with CC-885 and G418 for the times indicated. Related
to Figure 6D.

(G) Schematic overview of SLAM-seq workflow. Preexisting mMRNAs are labeled for 24 h with 4-thiouridine (4sU). Then the media is exchanged with 100X uridine-
containing media, which marks the onset of the chase. Over time, the 4sU-labeled mRNAs will be degraded. The prelabeled mMRNA can be distinguished from
newly synthesized mRNA by alkylating the 4sU-labeled sites, leading to T > C conversions upon reverse transcription. The loss of T > C conversions over time
allows the calculation of mRNA half-lives.

(H) Immunoblot analysis of ribosomes purified by centrifugation through a sucrose cushion with antibodies against GCN1, HSPA8, eRF1, CNOT3, CCT4, RPL29,
and RPS5 (left). Blots were quantified by densitometry (right) (n = 3). Error bars represent mean + SEM. p values by Holm-Sidak’s test.

(I and J) () Examples of mRNA turnover profiles of two multipass TMD-encoding transcripts. SLC16A9, 12 TMD segments and (J) SLC9A6, 11 TMD segments.
Each time point (0, 2, 4, and 8 h) is represented by dots, and error bars indicate SEM. The lines indicate nonlinear fits and the light-colored shaded area the 95%
confidence intervals.

(K) Loss of GCN1 generally dampens codon dependence of mMRNA turnover rates, which correlate with codon optimality, represented by a color gradient from
blue (optimal) to red (nonoptimal) based on tAl scores. Dotted line indicates no difference in CSC between wild-type and GCN1 knockout cells. Solid line indicates
observed change in CSC with shaded area representing the 95% confidence interval.
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