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Hexanucleotide expansion mutations in C9ORF72 are a
frequent cause of amyotrophic lateral sclerosis. We previously
reported that long arginine-rich dipeptide repeats (DPRs),
mimicking abnormal proteins expressed from the hex-
anucleotide expansion, caused translation stalling when
expressed in cell culture models. Whether this stalling provides
a mechanism of pathogenicity remains to be determined. Here,
we explored the molecular features of DPR-induced stalling
and examined whether known mechanisms such as ribosome
quality control (RQC) regulate translation elongation on se-
quences that encode arginine-rich DPRs. We demonstrate that
arginine-rich DPRs lead to stalling in a length-dependent
manner, with lengths longer than 40 repeats invoking severe
translation arrest. Mutational screening of 40×Gly-Xxx DPRs
shows that stalling is most pronounced when Xxx is a charged
amino acid (Arg, Lys, Glu, or Asp). Through a genome-wide
knockout screen, we find that genes regulating stalling on
polyadenosine mRNA coding for poly-Lys, a canonical RQC
substrate, act differently in the case of arginine-rich DPRs.
Indeed, these findings point to a limited scope for natural
regulatory responses to resolve the arginine-rich DPR stalls,
even though the stalls may be sensed, as evidenced by an
upregulation of RQC gene expression. These findings therefore
implicate arginine-rich DPR-mediated stalled ribosomes as a
source of stress and toxicity and may be a crucial component in
pathomechanisms.

GGGGCC hexanucleotide repeat expansion mutations in
intron 1 of C9ORF72 are the most common genetic cause of
amyotrophic lateral sclerosis (ALS) and frontotemporal de-
mentia (1, 2). Normally, there are less than 24 repeats, whereas
the length is expanded to often hundreds in ALS-causing al-
leles (3). The expanded GGGGCC leads to the production of
* For correspondence: Danny M. Hatters, dhatters@unimelb.edu.au.
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sense and antisense mRNA products that display two unusual
features that have been postulated to contribute to disease.
One is that the mRNA can form granular intracellular foci that
contribute to toxicity through RNA-based mechanisms (4).
The other is that both sense and antisense mRNA can be
translated through alternative initiation codons (i.e., non-AUG
translation) to produce five distinct dipeptide-containing
polymers (poly-GA, GR, GP, PR, and PA) (5). These
abnormal proteins accumulate in the brain of patients with
C9ORF72 mutations. The two arginine-containing dipeptide
repeats (DPR), poly-GR and poly-PR, have been shown to be
particularly toxic when added to cells or when expressed in
cellular and organismal models (6–8). The toxicity is preserved
if the GR and PR are encoded by mixed codons, suggesting
that the protein sequence itself is directly toxic and therefore
not entirely arising from the mRNA (7, 8).

The fidelity of protein synthesis involves mechanisms that
detect and eliminate spontaneous cases of aberrant translation
(9). This includes translation of mRNAs with various defects:
mRNAs with stable stem-loop structures, damaged bases, or
other obstacles to elongation (no-go decay), mRNAs that lack
stop codons (nonstop decay), and mRNAs with premature stop
codons (nonsense-mediated mRNA decay) (10). A marked
decrease in elongation rates on such mRNAs can lead to for-
mation of persistent ribosomal collisions, which are targeted for
ribosome quality control (RQC) pathway that resolves such
stalls and causes degradation of both defective mRNA and
polypeptide (11–14). In the event stalls happen aberrantly and
remain unresolved, they can have pathological consequences. It
was reported that simultaneous mutation of a central nervous
system–specific tRNA gene that leads to stalling on specific
codons, and the mutational loss of GTPBP2, a ribosome rescue
factor resolving such stalls, causes widespread neuro-
degeneration inmice (15). Similarly, mice with a loss of function
of LTN1 protein that targets stalled nascent chains for degra-
dation also exhibited a neurodegenerative phenotype (16).
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Translational stalling of Arg-rich DPRs
Recent studies from us and others showed that expression
of long repeats of poly-GR and poly-PR causes severe ribo-
somal stalling (17, 18) and it was proposed that the positively
charged R-rich nascent polypeptide electrostatically jams the
ribosome exit tunnel (19). However, the mechanisms by
which stalling occurs and whether it contributes to toxicity
remain unclear. Another outstanding question is whether
known mechanisms that target stalled ribosomes in cells are
capable of sensing and regulating the aberrant translation of
poly-GR and poly-PR proteins. Here, we examined the mo-
lecular features of stalling of poly-GR and poly-PR. We
examined the length of the repeat required to stall, the
specificity of arginine in a context of DPR-mediated stalling,
and conducted a screen for potential genetic regulators of
stalling on poly-PR protein. Collectively, our findings indi-
cated that the mechanisms involved in stalling caused by long
R-rich DPRs appear distinct to the mechanisms leading to
stalling on poly-K coded by polyadenosine sequence that
mimics defective mRNAs lacking stop codons. Our findings
point to a mechanism of toxicity that arises from a poor
natural capacity to resolve stalls involving R-rich DPRs, at
least in the cell line of our study, and thus, the stalls
contribute to an unresolvable state of stress.
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Figure 1. Ribosome stalling assays with poly-GR and poly-PR of different le
flow cytograms of HEK293T cells 24 h after transfection with poly-GR and poly
102×) inserted into fluorescent reporter, L – linker. C, ChFP/GFP ratios for differe
codons. Median GFP and ChFP fluorescence intensity values were measured by
of linker control reporter (set as 1). Data represent means, bars show SD, n =
shortest DPR (10 repeats) using one-way ANOVA and Dunnett’s post hoc test. n
protein; DPR, dipeptide repeat; GFP, green fluorescent protein.
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Results
Arginine-rich DPRs stall during translation in a length-
dependent manner

To find the DPR length at which the nascent chain is long
enough to stall translation, we used a series of DNA sequences
coding PR and GR DPRs of various lengths: 10×, 20×, 30×,
40×, 50×, 75×, and 102×, where the number indicates the
number of DPRs. All DPR-coding sequences were codon-
optimized to minimize repetitive mRNA sequences and
codon repetitiveness. The efficiency of stalling was assessed
using the previously described dual-reporter transcript
(Fig. 1A) (20–23). Briefly, this reporter consists of a test
sequence which is flanked, in frame and without stop codons,
with sequences encoding green fluorescent protein (GFP) and
mCherry fluorescent protein (ChFP). P2A sequences separate
the test sequence from the GFP and ChFP and cause the
ribosome to “skip” the glycyl–prolyl peptide bond formation.
As such, a single mRNA transcript can translate three separate
proteins (24). The ChFP to GFP ratio serves as a measure of
whether the test sequence causes stalling, i.e., the ChFP/GFP
value will decrease in the event stalling occurs. HEK293T cells
were transfected with the dual-reporters, and fluorescence
intensities of ChFP and GFP were measured by fluorescence-
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Translational stalling of Arg-rich DPRs
activated single cell sorting (FACS). While both poly-PR and
poly-GR proteins lowered the ChFP/GFP ratio progressively in
a length-dependent manner suggesting increased levels of
stalled translation, poly-GR showed higher levels of stalling
compared to poly-PR at the same repeat lengths (Fig. 1, B and
C). Based on GFP fluorescence intensities, both DPRs showed
decreases in expression levels starting from 20 repeats, which
may indicate concentration-dependent toxicity or higher rates
of mRNA degradation, and we cannot discount these effects
influencing the ChFP/GFP ratios. It is established that Arg is
toxic in this format even at 10 repeat lengths but seems more
toxic at longer lengths (17) (Additional File 4: Fig. S1). GR
appeared to almost completely stall at 75 repeats, whereas PR
had a more moderate effect over the range of repeat lengths of
study (102 repeats). These findings therefore point to GR being
a more effective stalling sequence than PR at comparable
repeat lengths.

Charged amino acids in the context of DPR appear to induce
ribosome stalling

Given that other nonarginine DPRs associated with
C9ORF72 hexanucleotide expansion (poly-PA and poly-GA)
do not appear to lead to stalling (17), we next examined
whether stalling in a DPR context was specific to arginine. A
panel of DPRs was assessed in the stalling assay whereby each
variant was a DPR containing one of 19 amino acids alter-
nating with glycine (Fig. 2A). The sequences were codon
optimized to minimize secondary structures and codon usage
nonpolar polar
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Figure 2. Impact of each amino acid (paired with Gly) on ribosome stallin
intensities in cells expressing different DPRs were normalized to cells expressin
residue displayed on the x axes. Bars show means and SD of four replicates (cir
ANOVA and Dunnett’s post hoc test (all values are compared to linker control
based on DPR amino acid property. n.s. – not significant; *p < 0.05 as determi
ChFP readout of all fluorescent reporters containing charged DPRs: 40×Gly-A
ChFP, mcherry fluorescent protein; DPR, dipeptide repeat; GFP, green fluoresc
bias where possible. The levels of GFP expression varied be-
tween constructs (Fig 2, B and Additional File 4: Fig. S2) which
may be due to differences in transfection efficiency, mRNA
degradation, or DPR-induced cytotoxicity. The DPRs con-
taining charged residues at neutral pH (Arg, Asp, Glu, and Lys)
or Trp led to the largest decreases in ChFP/GFP ratios, sug-
gestive of substantial ribosome stalling (Fig. 2, A and D).
Assigning DPRs into three different groups according to their
amino acid properties (nonpolar, polar, highly charged)
showed that the elongation of highly charged DPRs occurs
with significantly lower efficiency compared to DPRs from
other groups (Fig. 2C). Of these, the negatively charged DPRs
(40×GD and 40×GE) appeared more severe in their effect than
the positively charged DPRs (40×GR and 40×GK). Prior work
has suggested that positively charged amino acid patterning
can influence the stalling of translation during synthesis (25).
The reduced level of Cherry relative to GFP was confirmed by
Western Blot for the reporters containing charged amino acids
(Additional File 4: Fig. S3).

Poly-PR translation leads to significant changes in the
expression of various stress response genes including the
upregulation of RQC genes

To determine whether polyadenosine-mediated stalling in-
duces a similar change in gene expression as the Arg-rich DPR,
we performed transcriptome analysis. We focused on the
102×PR construct for the next set of experiments, in part
because it has less stalling than the 102×GR and offered a
polar,
highly charged
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Translational stalling of Arg-rich DPRs
greater dynamic range to explore parameters that enhanced or
suppressed stalling. We created three stable HEK293T cell
lines expressing GFP-P2A-ChFP (which provides a negative
control with no stalling), GFP-P2A-poly-K, whereby poly-K
was coded with 21 consecutive (AAA) codons (and therefore
A
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Translational stalling of Arg-rich DPRs
clustered separately to all the other sample groups as well as
the cells that were uninduced (Fig. 3B). Volcano plots revealed
that expression of polyadenosine led to relatively minor
changes in gene expression, whereas 102×PR expression led to
substantial changes (Fig. 3C). Indeed, 102×PR expression
resulted in 9962 genes significantly changing expression
compared to cells expressing ChFP. Of these, 5086 genes were
significantly upregulated and of these 1037 more than 2-fold.
Four thousand eight hundred and seventy-six genes were
significantly downregulated and of these 647 genes by more
than 2-fold (Additional File 2). For the poly-K staller, 303
genes were significantly upregulated, but none more than 2-
fold. One hundred and two genes were downregulated, and
of these, only two showed more than a 2-fold decrease.

Gene set enrichment analysis identified 170 Gene Ontology
(GO) terms that were significantly upregulated in the 102×PR-
expressing cells and 327 GO terms that were downregulated
(Additional File 2). Further pathway enrichment analysis
(Additional File 4: Fig. S4) revealed that many GO terms
related to ribosome biogenesis, RNA metabolism, RNA pro-
cessing, RNA transport, and RNA modification (mostly
methylation) were upregulated in response to 102×PR
expression (Fig. 3D). It has been reported that the expression
of poly-PR inhibits global translation possibly due to in-
teractions of poly-PR with ribosomes and other components of
the translation machinery (26–28).

Polysome profiling revealed 102×PR co-eluted with fractions
containing polysomes, unlike GFP and poly-K (Additional File
4: Fig. S5). These data are consistent with the stalled poly-PR
protein being multivalently bound to ribosomes or leading to
unresolved ribosome stalls, whereas in the case of poly-K, the
stalls are efficiently resolved to liberate the free ribosome sub-
units. As such, our results may reflect a compensatory response
to activate genes involved in global translation. Other upregu-
lated GO terms were linked to cytoskeleton which is in the
agreement with prior findings of poly-PR disturbing the orga-
nization of the cytoskeleton (29) and interacting with actin-
related cytoskeletal proteins (17). Our data also support the
role for poly-PR in inhibiting DNA double strand break repair
pathways (30) as we saw an upregulation of GO terms related to
mitotic cell cycle such as negative regulation of nuclear division
(GO:0051784), negative regulation of metaphase/anaphase
transition of cell cycle (GO:1902100), negative regulation of
chromosome organization (GO:2001251), and mitotic intra-S
DNA damage checkpoint signaling (GO:0031573).

In addition, many metabolic pathways were downregulated
as a result of 102×PR expression. Prominent were clusters of
GO terms related to glycoprotein metabolism, lipid biosyn-
thesis, and other terms related to cellular metabolic processes.
These findings suggested there was a substantial metabolic
adaptation to the 102×PR expression. This result is consistent
with previous reports finding that poly-PR directs promiscu-
ous proteome binding and cytotoxicity (17, 27). The other
point of note was the significant upregulation of RQC-
associated genes as well as some genes involved in integrated
stress response (Fig. 3E). These effects were not seen with the
poly-K construct. This finding suggested that stalling of poly-K
coded by polyadenosine can be readily accommodated by
proteins that already present in cell whereas 102×PR stalled
complexes are more detrimental to cell health and require a
massive stress response from a cell.
Genome-wide knockout screen unmasks a distinct signature
of regulators of 102×PR readthrough compared to poly-K
readthrough

To investigate whether mechanisms that are known to
regulate stalls on polyadenosine mRNA are involved in sensing
and responding to poly-PR stalls, we performed a genome-
wide CRISPR/Cas9 knockout screen using the Brunello li-
brary, which targets 19,114 human genes at a coverage of four
sgRNA targets per gene (31). We performed two screens: one
with the 102×PR staller reporter and the other with poly-K
coded by (AAA) codons as a reference for known RQC reg-
ulatory mechanisms (22, 32, 33). Flow cytometry was used to
sort and collect two groups of cells reflecting the higher and
lower 5% ranges of ChFP/GFP ratios (Fig. 4A). Population “H”
represented cells with the highest ChFP/GFP ratio which
should encompass the highest readthrough levels. Population
“L” represented cells with the lowest ChFP/GFP ratio, i.e., cells
with most stalling events. The logic of the screen was that if a
particular gene pauses translation on the studied sequence or
recruits quality control machinery to stalled ribosomes, the
depletion of this gene would reduce stalling (i.e., cells with this
knockout will be over-represented in the H population).
Conversely, knockouts of genes stabilizing translation on
staller sequences would be enriched in the L population which
depicts the lowest levels of readthrough.

The poly-K screen yielded 96 gene knockouts enriched in
population H (of these 19 were enriched more than 2-fold),
and 56 gene knockouts enriched in population L (and of these
26 were by more than 2-fold) (Fig. 4B and Additional File 3).
The 102×PR screen yielded 34 gene knockouts enriched in
population H (and of these 5 were by more than 2-fold) and 43
gene knockouts enriched in population L (and of these 15 were
by more than 2-fold). Twenty-one gene knockouts were
observed in common for both screens that increased apparent
readthrough (H), and there were 12 genes in common that
appeared to increase stalling (L). Fig. 4C shows a further
refined list of top gene knockouts for each staller which con-
sists of gene knockouts that were significantly enriched in one
population (false discovery rate [FDR] < 0.05, log2 fold change
[LFC] > 0) and simultaneously depleted from the opposite
population (FDR < 0.05, LFC < 0).

The genes found in the poly-K screen included ZNF598, a
previously known activator of the RQC (21), and members of
ASC-1 complex (ASCC3, ASCC2, and TRIP4) that disassem-
bles collided ribosomes that result from stalling on poly-
adenosine mRNA (34) (Table 1). These knockouts were
enriched in population H, which is consistent with other
studies showing their knockout to improve poly-K read-
through (21, 22, 34). Another gene involved in RQC activation,
RACK1 (22), also appeared in our screen. Cells with RACK1
knockout were significantly depleted from population L and
J. Biol. Chem. (2023) 299(1) 102774 5
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on the threshold for significant enrichment in population H
(an FDR value of 0.059). Collectively, these findings provided
confidence in the screen for finding the relevant genes
involved in sensing and resolving stalled ribosomes. It was
previously shown that EIF4E2-GIGYF2 (also known as 4EHP-
GIGYF2) complex represses translation on defective mRNAs
(35) and is recruited to ribosome collisions along with ZNF598
(36). According to our screen, cells with EIF4E2 and GIGYF2
knockouts appeared to have more stalling with the poly-K
staller. This finding supports the hypothesis that in the
absence of EIF4E2-GIGYF2 complex, ZNF598 function on
polyadenosine mRNA is enhanced.

Genes known to be involved in activating the RQC showed
a distinct enrichment pattern in the 102×PR screen (Table 1).
Notably, cells with ZNF598 and RACK1 knockouts were
enriched in population L which is the opposite to what we
observed for poly-K staller. ASCC3, ASCC2, and TRIP4
knockouts showed no enrichment in the 102×PR screen
despite being hits in the poly-K screen. Other known ribo-
some rescue factors that can dissociate elongation complexes
stalled at the 30 end of mRNA (HBS1L, PELOTA, and ABCE1)
(37), interact with ribosome collisions (EIF4E2, GIGYF2), or
rescue ribosomes stalled at AGA arginine codons (GTPBP1,
GTPBP2) (38) were not enriched in the 102×PR screen. These
results suggested that cotranslation and ribosome-associated
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quality control mechanisms that recognize stalled ribo-
somes on polyadenosine sequences or other defective mRNAs
might be unable to perform this function for poly-PR-induced
stalls.

For further clues to pathways associated with genes identi-
fied in our screen we performed functional enrichment anal-
ysis. For both polyadenosine and poly-PR, GO terms related to
translation were enriched among gene knockouts improving
the readthrough (Fig. 5, A and B). These are consistent with
the key role of global translation since interference with
translation strongly impacted the stall reporter behavior in our
screen. This finding is supported by prior work in yeast
showing that deletion of ribosomal proteins increases read-
through of poly-K and no-go decay reporters (13). Knockouts
of elongator complex (ELP3, ELP4, and ELP5) and thiour-
idylase CTU1, which are required to efficiently decode AAA
repeats by modifying U34 of lysyl-tRNA(UUU) (39), decreased
the readthrough of poly-K. In addition, deletion of lysyl-tRNA
synthetase (KARS) which catalyzes the formation of Lys-
tRNALys selectively increased stalling on poly-K, but not on
102×PR staller which lacks Lys codons. The identification of
these genes and pathways provides further evidence that our
screen can identify modifiers of translation on staller se-
quences. Of note, genes activating RQC were identified in both
screens, yet the genes showed different enrichment patterns



Table 1
Enrichment factors for genes involved in rescue of stalled ribosomes

Gene
name Gene function

Poly-K 102×PR

H: high
ChFP/GFP

L: low
ChFP/GFP

Effect of
gene KOa

H: high
ChFP/GFP

L: low
ChFP/GFP

Effect of
gene KOFDRb LFCc FDR LFC FDR LFC FDR LFC

ZNF598 Ubiquitin-ligase, recognizes ribosome collisions and
targets them for ASC-1 complex and RQC (69)

2E-04 0.98 8E-04 −1.35 read 0.69 −0.28 2E-04 0.76 stall

RACK1 Component of the 40S subunit, facilitates activation
of RQC on collided ribosomes (22)

0.059 0.56 8E-04 −1.79 read 0.08 −0.65 2E-04 1.73 stall

ASCC3 Helicase, a member of ASC-1 complex that disas-
sembles collided ribosomes (34, 70)

2E-04 1.27 3E-03 −1.58 read 1 −0.13 0.43 0.55 –

ASCC2 Ubiquitin-binding protein, a member of ASC-1
complex that disassembles collided ribosomes (70)

2E-04 1.02 0.48 −0.46 read 1 0.11 0.99 0.22 –

TRIP4 A member of ASC-1 complex that disassembles
collided ribosomes, suggested to promote binding
of ASC-1 complex to ribosome (70)

1E-03 0.59 2E-03 −1.26 read 0.95 −0.19 0.17 0.40 –

EIF4E2 EIF4E2-GIGYF2 (also known as 4EHP-GIGYF2)
complex represses translation on defective
mRNAs (35) and is recruited to ribosome colli-
sions along with ZNF598 (36)

0.92 0.33 1E-03 1.05 stall 0.99 −0.05 0.75 0.33 –
GIGYF2 0.02 −0.72 2E-04 1.36 stall 0.81 −0.10 0.84 0.31 –

HBS1L HBS1L-PELO complex in the presence of ABCE1
dissociates ribosomes stalled at the end of a
truncated mRNA and therefore lacking mRNA in
the A-site (34, 37)

1 −0.07 0.13 −0.41 – 1 0.19 0.79 −0.31 –
PELO 0.69 0.28 0.06 −0.87 – 0.98 0.24 0.87 −0.34 –
ABCE1 1 0.22 1 −0.11 – 1 −0.07 0.79 0.44 –

GTPBP1 Resolve codon-specific ribosome pausing on AGA
codons (15, 38)

1 0.16 0.93 −0.24 – 1 0.07 1 −0.05 –
GTPBP2 0.74 0.13 0.70 −0.23 – 0.95 0.29 1 −0.09 –

a Effect of gene KO (on stalling): read = KO facilitates readthrough on a staller sequence, stall = KO leads to more stalling on a staller sequence.
b False discovery rate.
c log2 fold change.
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further supporting our conclusions thus far that the surveil-
lance and quality control mechanisms of stalling is dissimilar
between polyadenosine and mRNA encoding 102×PR. Lastly,
the enrichment of nuclear transport and nuclear envelope
organization genes in 102×PR screen may relate to the
recruitment of the poly-PR to the nucleus.

Next, we further examined the role of 14 genes identified
in our screen by creating individual knockout cell pools
(Fig. 6). These genes were chosen based on their large LFC
values in the screen (DRG2 and SKIV2L2 for poly-K; NPM1
and RPS25 for 102×PR; ABCF2, BOP1, DDX27, EIF2AK2,
Poly-KP l KA

Figure 5. Top enriched gene ontology (GO) terms for screen hits at 5% FD
FDR, false discovery rate; RQC, ribosome quality control.
EIF6, NOP2 and RPL19 for both stallers) or their opposing
effects between poly-K and 102×PR stallers (ZNF598, RACK1
and BANF1). To understand off-target impacts on the stall
reporter readout, we included a linker control construct that
contained a sequence known to not induce stalling (20–23)
(Table 2). ZNF598 and RACK1 have been previously shown
to increase readthrough of poly-K coded by (AAA) codons
when their levels are reduced (21, 22). Accordingly, their
knockout increased the ChFP to GFP ratio by 3.7- and 2.7-
fold, respectively, for the poly-K staller. By contrast, both
knockouts decreased the ratio for the 102×PR staller, in
population H population L

KO increases stalling
KO improves readthrough

(Fold change)2log

102×PR B

R. A, Poly-K. B, 102×PR. Genes in bold were the screen hits for both stallers.
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Figure 6. Validation of screen results with individual gene knockouts. Y axis shows log2 fold changes (LFCs) in ChFP/GFP ratio in HEK293T cells
expressing an indicated construct (color legend) after knockout of different genes selected from our screen hits. Control—cells expressing nontargeting
sgRNA. Data represents means, bars show SD, n = 4. LFCs for each staller were compared to LFC for a linker construct using one-way ANOVA and Dunnett’s
post hoc test. n.s. – not significant; **p < 0.01; ***p < 0.0001. ChFP, mcherry fluorescent protein; GFP, green fluorescent protein.
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agreement with the screen outcomes which indicated that
stalling was more pronounced when these genes are depleted.
Most of the knockouts that increased ChFP/GFP ratio on
102×PR staller (BOP1, DDX27, NOP2) had the same impact
on linker control suggesting that observed effects were not
specific to 102×PR translation (Fig. 6). Other genes knock-
outs that impacted ChFP/GFP ratio on poly-K staller mostly
had negligible or small effects on 102×PR readthrough except
for ABCF2. By measuring ChFP/GFP ratios at different levels
of GFP fluorescence, we confirmed that the observed effects
of gene perturbation on staller readthrough are consistent
across the whole range of staller expression (Additional File
4: Fig. S6). Collectively, these results are consistent with the
surveillance mechanisms involved in sensing stalls on
Table 2
Validation of screen hits by individual knockouts

Gene Function

ABCF2 Unknown, a member of ABC transporters family
BANF1 Nuclear assembly and chromatin organization (71)
BOP1 60S ribosome subunit biogenesis (72)
DDX27 RNA helicase involved in rRNA processing (73)
DRG2 Unknown, important role in cell growth (74)
EIF2AK2 (Also: PKR) inhibits cellular translation during stress (75)
EIF6 Ribosome biogenesis, binds to 60S to prevent premature association

with 40S subunit (76)
NOP2 Nucleolar maturation and ribosome biogenesis (77)
NPM1 RNA transport and ribosome biogenesis (78)
RACK1 Scaffolding protein, component of 40S ribosome; activator of RQC

on polyadenosine mRNA (22)
RPL19 60S ribosomal protein
RPS25 40S ribosomal protein, required for efficient RAN translation of

C9orf72 repeats (79)
SKIV2L2 (Also: MTREX) RNA helicase, associated with the RNA exosome

complex (80)
ZNF598 Activator of RQC on polyadenosine mRNA (21)

a Based on the screen results, read = significantly enriched in H population, stall = signifi
b Shows the KO effect on a staller readthrough. Comparisons were made between differe
nontargeting sgRNA).

c Shows if the KO effect on staller is significantly different from the KO effect on a linker rea
indicated staller and cells expressing linker control.

b,c Comparisons were made between log2 fold changes (LFC) in ChFP/GFP. For each knock
ratio in non-infected cells without sgRNA). n.s. – not significant; **p < 0.01; ***p < 0.00
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polyadenosine mRNA having minimal if any impact on
102×PR elongation efficiency even if they may be able to
sense such translation events as problematic based on their
upregulation in the RNA-seq data.

We also examined whether these genes displayed similar
effects with 102×GR, which stalls more severely than 102×PR.
None of the gene knockouts had any major effects on the
ChFP/GFP ratio, suggesting that the stalling behaves similarly
to that of 102×PR (Additional File 4: Fig. S7). However, the two
knockouts that worsened stalling for 102×PR (RACK1 or
ABCF2) appeared to have no effect on 102×GR. This may be
explained by the finding that 102×GR is more substantially
stalled than 102×PR and hence has no capability to be further
stalled (17) (Fig. 1, B and C).
KO effect on staller readthrough

In screena

Individual KO cell
pool, compared to

control cellsb

Individual KO cell
pool, compared

to linkerc

Poly-K 102×PR Poly-K 102×PR Poly-K 102×PR

stall stall stall*** stall*** stall*** stall***
stall read stall*** n.s. stall*** read***
read read read*** read*** read*** n.s.
read read read*** read*** read*** n.s.
stall n.s. stall*** stall*** stall*** stall***
stall stall stall*** n.s. stall*** n.s.
read read read*** read*** read*** read**

read read read*** read*** read*** n.s.
n.s. stall read*** n.s. read*** stall***
n.s. stall read*** stall*** read*** stall***

read read read*** read*** read*** read***
n.s. stall stall*** stall*** stall*** stall***

read n.s. read*** n.s. read*** stall***

read stall read*** stall*** read*** stall***

cantly enriched in L population.
nt cell lines expressing a given staller: KO cell pool versus control cell pool (cells with

dthrough. Comparisons were made within a given KO pool, between cells expressing an

out, LFC = log2(the ratio in cells with sgRNA targeting an indicated gene divided by the
01, as determined by one-way ANOVA and Dunnett’s post hoc test (n = 4).
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Inhibiting global translation increases the readthrough of
poly-K, but has limited effect on R-rich DPR translation

While elongation of R-rich DPR-coding sequences remained
mostly unaffected by various genetic perturbations, we did
note that EIF6 and RPL19 knockouts yielded slightly increased
ChFP/GFP ratios for 102×PR staller relative to linker control
(Fig. 6). eIF6 is a translation initiation factor that binds 60S
ribosomal subunits and prevents 60S from prematurely joining
40S subunits. Reduction of eIF6 levels causes a decrease in
available 60S subunits and impairs protein synthesis (40). To
test whether reducing the ribosome load and translational
throughput on mRNA can improve the elongation efficiency of
R-rich DPRs, we performed an experiment modeled on prior
experiments showing that reducing the number of ribosomal
collisions increases protein output from some stall sequences
and stabilizes their translation (13). For this, we applied low
concentrations of translation initiation inhibitor harringtonine
to reduce the density of ribosomes on mRNAs (41). As
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Figure 7. The effect of translation inhibition on the readthrough of various
reporters, and various concentrations of translation inhibitor harringtonine
proteins. Cells were subjected to FACS after 18 h of treatment with harrington
treated with indicated concentration of translation inhibitor. B, relative GFP m
GFP ratios and GFP levels were calculated by normalizing to linker control (set
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by one-way
green fluorescent protein.
anticipated for a collision-based mechanism of stalling, har-
ringtonine treatment led to a considerable increase in ChFP/
GFP ratio for poly-K staller (up to 3.5-fold). Low doses of
harringtonine had a more modest effect on 102×PR and almost
no effect on 102×GR staller (Fig. 7, A and B). The effect of
harringtonine was more pronounced in cells with lower
expression of constructs (Additional File 4: Fig. S6). Collec-
tively the findings suggest that when the density of ribosomes
on mRNA transcripts is reduced, there is a capacity for a small
improvement in stalling for the Arg-rich DPRs. However,
whether mechanisms are involved to clear this remains to be
determined as they do not appear to be effectively managed by
the known RQC genes.

Discussion

Collectively, our findings show that ribosomes cannot effi-
ciently translate long R-rich DPRs due to a stalling effect and
that the stalling mechanism appears ineffectively managed by
ly-K 102×PR

ly-K 102×PR

n.s. ****** **
****

**** ****

GR 102×GR

GR 102×GR

n.s. *******n.s.

***********

**** ****

Harringtonine (nM)

Harringtonine (nM)

ine (nM)

ine (nM)

Harringtonine (nM)

Harringtonine (nM)

ine (nM)

nine (nM)

C
hF

P/
G

FP
 fl

uo
re

sc
en

ce
C

hF
P/

G
FP

 fl
uo

re
sc

en
ce

G
FP

 fl
uo

re
sc

en
ce

G
FP

 fl
uo

re
sc

en
ce

***********

n.s. *******n.s.

**** ****

****
n.s. ****** **

****

( )

****

R-rich DPRs. HEK293T cells were transfected with different fluorescent stall
were added 6 h after transfection before visible formation of fluorescent
ine. A, relative ChFP/GFP ratios in cells expressing different constructs and
edian fluorescence intensities for the data shown in panel A. Relative ChFP/
as 1). Data represents means, error bars show SD, n = 3. n.s. – not significant;
ANOVA and Dunnett’s post hoc test. ChFP, mcherry fluorescent protein; GFP,
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established quality control mechanisms. The polysome
profiling data points to the 102×PR binding to polysomes,
which is consistent with large multivalent interactions medi-
ated by the Arg being involved in aggregating the translational
machinery (27). Whether dipeptide-induced ribosome pausing
is critical here to ribosome collision, as opposed to a more
nonspecific aggregation of polysomes remains to be deter-
mined by structural and other studies. The findings are broadly
in line with previous findings that R-rich DPRs are promis-
cuous interactors to other cellular proteins including actin
(17). As such stalling may be one mechanism of many that
simultaneously drive dysfunction and the profound tran-
scriptional signatures of stress and metabolic changes.

Previous studies have shown that unresolved ribosome
stalling leads to cell cycle arrest (17), suggesting this mecha-
nism is potentially important in the cascade of neuro-
degeneration. A recent study found that aging, which is
accompanied by a decline in cellular proteostasis, causes
greater ribosome pausing at polybasic stretches (42). If high
linear densities of charged amino acid sequences in nascent
chains require greater demand on mechanisms to resolve
pauses or stalls, then aging and/or the presence of other
stresses may provide a temporal and age-dependent trigger for
Arg-rich DPR–mediated toxicity in disease onset and
development.

While our knockout screen did not appear to identify novel
regulatory mechanisms for regulating Arg-rich DPR stalling,
when we slowed translation initiation with harringtonine, we
observed a small improvement in readthrough. This finding
raised the possibility that there are undiscovered mechanisms
that can aid the resolution of Arg-rich DPR stalls or that RQC
can work to resolve such stalls but much less effectively than
for polyadenylate sequences. Indeed, a recent study found that
a key protein of the RQC, ZNF598, reduced synthetic poly-GR
cytotoxicity in human neuroblastoma cells when overex-
pressed (18). Further, this study identified a missense mutation
in an ALS patient from a large-scale whole-genome
sequencing study in ALS (43), ZNF598R69C, that failed to
show any beneficial role when overexpressed suggesting that
the clearance mechanisms related to RQC are ALS-relevant.

Based on the 40×Gly-Xxx DPR screen, we find that elon-
gation efficiency is consistently reduced in 16 out of 19 amino
acids compared to the nonstall linker control with only Phe
not being significantly different and Tyr and Val seemingly
increasing the readthrough. Of these 16, apart from Trp, Arg,
Asp, Glu, and Lys, the ratio was about 75% of that of the linker,
which may reflect a contributory effect of Gly on stalling or
potentially differences in the length of amino acids between
the linker construct (which has 120 amino acids) and the
40×DPRs (approx. 80 amino acids). Of those that changed the
ratios substantially, the charged amino acids were all potent
stallers (Arg, Lys, Glu, and Asp), suggesting that a high linear
density of charged amino acids in the repeat sequence is suf-
ficient to suppress translation irrespective of whether that is a
positive or negative charge. Also of note was the potent
translation suppression by Trp. It is plausible that this effect
arises from a low availability of tryptophanyl-tRNATrp (44)
10 J. Biol. Chem. (2023) 299(1) 102774
and/or the high energy cost of its biosynthesis (45, 46). The
reason why Tyr and Val increased the readthrough, and indeed
Phe being above the other 16 amino acids, is unclear.

Another question that remains unsolved is the mechanism
by which Arg-rich DPR stalls occur. Simulations have sug-
gested that positively charged residues in the nascent chain
generate mechanical forces that pull the A- and P-sites away
from each other which distorts the configuration of the pep-
tidyl transferase center and increases the free energy barrier for
the peptide bond formation (47, 48). The ribosome exit tunnel
can hold about 30 amino acids of a linear peptide chain and up
to 60 amino acids for a peptide in an α-helical conformation
(49). R-rich DPRs require more than 10 repeats (i.e., 20 amino
acids for the poly-GR) and up to 40 repeats (80 amino acids for
the poly-PR) to cause small levels of stalling (i.e., 25% or less).
Such lengths would be sufficient to fill the ribosome exit
tunnel and stall through an electrostatic jamming mechanism
as previously proposed (17–19). However, longer dipeptide
lengths (>40 repeats for poly-GR (80 amino acids) and >50
repeats for poly-PR (100 amino acids)) are required to stall
more than 50%. The readthrough of sequences that encode
poly-GR or poly-PR by the ribosome decreases in a length-
dependent manner suggesting that emergent DPR chain is
involved in stalling. This effect may be part of a more pro-
miscuous pattern of nonselective interactions drive by the high
linear density of arginine. A recent study suggested that the
addition of short synthetic 20×PR and 20×GR polypeptides
strongly inhibited global translation in vitro and occluded the
exit tunnel of eukaryotic 80S ribosomes (19). Accordingly, it is
reasonable to predict that during R-rich DPR translation,
emergent poly-GR or poly-PR nascent chains could bind and
block the exit tunnels of trailing ribosomes on the mRNA
leading to obstruction of translation in trans and a collateral
aggregation of translational machinery. The support to this
mechanism comes from poly-GR and poly-PR interactomes
being enriched with translational proteins (17, 27) and our
data herein showing poly-PR to be associated with polysomes.
A further twist to this mechanism comes from simulations
suggesting that the R-rich DPRs can phase separate once they
reach a polymer length of about 25 repeats (50). Hence
translation may be inhibited through a coalescence of ribo-
somes and blockage of their exit tunnels, which would pre-
sumably confer a great deal of toxic stress to cellular
functioning.

Another aspect to our data is why the poly-GR appears to be
more potent at stalling than poly-PR. One possibility is that the
glycine allows greater conformational flexibility than proline
(50). One consequence is that it may allow compact structures
to accumulate in the ribosome exit tunnel, which may exac-
erbate blockage through electrostatic interactions. Indeed, the
exit tunnel is wide enough to allow small protein domains to
fold before exiting the ribosome tunnel (51). A greater flexi-
bility may also lend to greater potency in influencing ribo-
somes in trans.

Poly-PR expression invokes a profound transcriptional
response from cells compared to poly-K expression, including
genes involved in translation and cytoskeleton. Some of these
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responses likely arise from the multipronged toxicity previ-
ously implicated from poly-PR, including inhibition of trans-
lation (26–28) and the disruption of cytoskeleton architecture
(17, 29, 52). Other responses relate to stress response path-
ways, which may be secondary to multipronged effects of poly-
PR. However the strong involvement of RQC genes suggests
that some cellular mechanisms respond to the presence of
DPR stalled complexes even if these mechanisms may be
poorly adapted to clearing them. Indeed other work has
pointed to a role for RQC activator protein ZNF598 promoting
the cleavage of poly-GR (but not poly-PR) by the ubiquitin-
proteasome system while not affecting the readthrough effi-
ciency (18). As such, the stalling may simply be overwhelming
or improperly sensed by machinery that has not evolved to
deal with such unnatural stalling sequences. In turn, it is
plausible that the other stress responses are invoked in
response to that inability to resolve through the RQC. Of note
are studies finding DPR deposits in brain tissue to correlate
with markers of the unfolded protein response (53).

In conclusion, our study provided evidence for the Arg-rich
DPRs causing a unique mechanism of stalling that existing
cellular responses, including the RQC, seem poorly equipped
to processing for resolution.

Experimental procedures

DNA constructs

Plasmids coding the linker, poly-K, 102×GR, and 102×PR
(the number in front of amino acid pair indicates the number
of DPRs, e.g., 102×GR; this nomenclature was interchangeably
described as (GR)102) in dual fluorescence stall reporter were
prepared as described (17). Poly-K refers to a AAA repeat of 21
length; and ChFP refers to the mCherry fluorescent protein.
cDNA for 20×, 30×, 40×, 50×, 75×GR and PR, and 40×GA, GC,
GD, GE, GF, GH, GI, GK, GL, GM, GN, GP, GQ, GS, GT, GV,
GW, GY were synthesized and cloned into dual fluorescence
stall reporter (GenScript). SOD1(A4V)-ChFP was generated as
described (54). For knockout cell pools, sgRNA sequences
targeting genes of interest were designed using Benchling
software. They were cloned into lentiCRISPRv2 vector (a gift
from Feng Zhang; Addgene plasmid # 52961) (55) using BsmBI
restriction sites, as outlined in the protocol from Zhang lab
(available at Addgene). For stable Tet-inducible cell lines,
GFP-P2A-ChFP, GFP-P2A-poly-K, and GFP-P2A-102×PR
were cloned by restriction digestion and ligation and inserted
into pLVX-TetOne-Puro vector (Takara Bio # 631849) using
Gibson assembly. For sucrose density gradient fractionation,
pEGFP-C2 vector was used for thew expression of GFP, GFP-
poly-K or GFP-102×PR (poly-K or 102×PR sequences were
added to the C-end of GFP via restriction cloning). All cloned
constructs were validated by sequencing. DNA preparations
were made with Stbl3 Escherichia coli cells (Thermo Fisher).
The sequence information is available (Additional File 1).

Cell culture

HEK293T cells, obtained originally from the American Type
Culture Collection (ATCC), were maintained in complete
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% v/v fetal calf serum and 1% GlutaMAX. Cells were
cultured in a humidified incubator with 5% v/v atmospheric
CO2 at 37 �C. For the drug treatment experiments, harring-
tonine (Abcam # ab141941; 20 mM working stock in DMSO)
was added to cells 6 h posttransfection alongside a change of
culture medium, and cells were analyzed by FACS at 24 h
posttransfection.

Ribosomal stalling assays

HEK293T cells were transfected with staller constructs us-
ing Lipofectamine 3000 reagent and harvested 24 h post-
transfection. Cells were analyzed using LSRFortessa X-20 flow
cytometer (BD Biosciences). Side and forward scatter height,
width, and area were collected to gate for single live cell
population. GFP fluorescence was collected with the 488-nm
laser and FITC (530/30) filter to gate for transfected cells,
ChFP fluorescence was collected with the 561-nm laser and
ChFP (610/20) filter. Flow cytometric gating and data analysis
was performed using FlowJo software (v10.5.3), and graphs
were analyzed in RStudio (v. 1.4.1106) and GraphPad Prism 8.
Median FITC-A and median ChFP-A fluorescence intensities
were used to calculate ChFP/GFP ratios. All ratios were
normalized to the average ChFP/GFP ratio for fluorescence
reporter containing control linker sequence (set as 1).

Western blot

Cells were pelleted by centrifugation at 120g for 6 min and
resuspended in RIPA buffer for lysis and incubated at 4 �C for
10 min. Protein concentration was determined by BCA,
matched across samples, and then run on SDS-PAGE followed
by transfer using iBlot2. The membrane was blocked with 5%
(w/v) skim milk in PBS-T for 1 h at room temperature fol-
lowed by an incubation in either anti-GFP (Invitrogen # A-
6455, 1:5000) or anti-Cherry antibody (Abcam # ab167453,
1:5000) in PBS-T for 1 h at room temperature. The blots were
washed in PBS-T and then incubated with anti-rabbit sec-
ondary antibody (Invitrogen # 65–6120, 1:20,000) in PBS-T for
1 h at room temperature. Proteins were detected by an
enhanced chemiluminescence kit (Clarity, Bio-Rad).

Lentiviral work

Lentivirus for Brunello knockout library, single knockout
cell lines, and Tet-inducible cell lines were made per Thermo
Fisher guidelines with minor modifications. HEK293T cells
were transfected with pCMV-VSV-G (a gift from Bob Wein-
berg; Addgene plasmid # 8454) (56), psPAX2 (a gift from
Didier Trono; Addgene plasmid # 12260), and lentiviral
transfer plasmid in equimolar ratios using Lipofectamine
3000 reagent. Virus-containing media were collected 48 h
posttransfection and filtered using 0.45 μm filter. Virus su-
pernatant was stored at –80 �C. HEK293T cells were trans-
duced with virus in the presence of 8 μg/ml polybrene. The
media were refreshed with complete DMEM 24 h after
transduction. At 48 h after transduction, antibiotic selection
for infected cells were performed with 1 μg/ml puromycin
J. Biol. Chem. (2023) 299(1) 102774 11
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(Thermo Fisher # A1113803; 10 mg/ml working stock in
20 mM HEPES buffer) for 3 days.

RNA sequencing

Using lentivirus, we created three stable HEK293T cell
lines expressing GFP-P2A-ChFP (negative control), GFP-
P2A-poly-K, and GFP-P2A-102×PR under a Tet-inducible
promoter. Expression was induced by adding complete
DMEM media containing 500 ng/μl doxycycline (Sigma-
Aldrich # D9891; 1 mg/ml working stock in DMSO); in
parallel, DMEM containing equal concentration of DMSO
was added to uninduced cells. Expression was confirmed in
the induced samples by microscopy and flow cytometry for
the fluorescent proteins. After 48 h of induction, cells were
washed with PBS and then collected in ice-cold 20 mM Tris
pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 100 μg/ml
cycloheximide, 1% v/v Triton X-100, and 25 U/ml Turbo
DNase I, with a cell scraper. For each construct, uninduced
cells were collected in parallel to the doxycycline-induced
cells. After incubation for 10 min on ice, lysed cells were
triturated 10 times through a 26-gauge needle and centri-
fuged for 10 min at 20,000g at 4 �C. The RNA concentration
in the supernatant was measured using Promega QuantiFluor
RNA System. Total RNA was isolated by Zymo Research
Direct-zol RNA MiniPrep Kit from lysate containing 30 ug of
RNA. The stranded mRNA library was prepared using Tru-
Seq mRNA Library Prep with polyA selection. Libraries were
sequenced on the Illumina NovaSeq 6000 (100 bp Single
Read, 20M reads per sample) by the Australian Genome
Research Facility. Real Time Analysis (RTA) v.3.4.4 was used
for basecalling, and then, the Illumina bcl2fastq 2.20.0.422
pipeline was used to generate the sequence data. All samples
were prepared in triplicates.

Sucrose density-gradient fractionation

Polysome profiling analysis was performed as described in
(57). HEK293T cells transfected with GFP, GFP-poly-K, or
GFP-102×PR were incubated with 100 μg/ml of cyclohexi-
mide (Sigma-Aldrich # 01810-1G) for 5 min prior to harvest.
Cell lysates were clarified by centrifugation and loaded
(normalized by OD260) on top of linear 10 to 40% (w/v)
sucrose gradients for ultracentrifugation at 222,228g for 2¼ h
at 4 �C using an SW41Ti rotor (Beckman Coulter). The
samples were then fractionated into 1.5 ml tubes with
continuous monitoring of UV absorbance at 260 nm by an
ISCO UA-6 detector. Individual fractions were analyzed for
GFP by dot blotting. 4 μl of each fraction was placed on
nitrocellulose membrane and incubated for 1 h until dried.
The membrane was blocked in 5% (w/v) skim milk in PBS-T
for 1 h at room temperature followed by an incubation in
anti-GFP antibody (Invitrogen # A-6455 1:5000) in PBS-T for
1 h at room temperature. The blots were washed in PBS-T
and then incubated with anti-rabbit secondary antibody
(Invitrogen # 65-6120, 1:20,000) in PBS-T for 1 h at room
temperature. Proteins were detected by an enhanced
chemiluminescence kit (Clarity, Bio-Rad). GFP fluorescence
12 J. Biol. Chem. (2023) 299(1) 102774
in fractions 2 to 13 were also measured using Clariostar plate
reader. Excitation and emission of 488 nm and 523/10 nm,
respectively, was used.

Differential expression and enrichment analysis

Raw sequencing data were processed in Galaxy.org. Reads
were trimmed for adaptor sequence using Cutadapt (v.3.4).
Trimmed reads were mapped to hg38 human genome using
HISAT2 (v.2.1.0) (58). Aligned reads were counted using fea-
tureCount tool. Differential gene expression analysis was
performed using DESeq2 (v.1.30.1) (59) in RStudio (v.
1.4.1106). The comparisons were made between the following
groups of samples: 102×PR.IND versus ChFP.IND and poly-
K.IND versus ChFP.IND; IND = induced. Genes with
adjusted p-value < 0.05 were considered as differentially
expressed. Gene set enrichment analysis (GSEA) was per-
formed using a javaGSEA desktop application (v.4.1.0) (60, 61),
full list of genes with normalized counts generated by DESeq2
(v.1.30.1) was used for the analysis. Curated gene set GSEA:
C5.GO.BP.v7.4 was obtained from the Molecular Signatures
Database (MSigDB) (62). Datasets with FDR <0.25 were
considered as statistically significant. Enrichment map visual-
ization was performed in Cytoscape (v.3.8.0) for all datasets
with FDR<0.1 (63). All tables generated from the analysis are
available (Additional File 2).

Genome-wide CRISPR/Cas9 knockout screening

The human CRISPR/Cas9 knockout pooled library Brunello
was obtained from Addgene (a gift from David Root and John
Doench; Addgene # 73178) (31). The experiment was done as
outlined in the following protocol (64), with minor modifica-
tions. For each of three replicates, HEK293T cells were
transduced at multiplicity of infection of 0.4. Following anti-
biotic selection, at least 100×106 cells were transfected with
either poly-K or 102×PR. Twenty-four hours posttransfection,
half the cells were subjected to sorting while the other half was
left as the unsorted population control. Cells were sorted with
a BD InFlux cell sorter for the top 5% and bottom 5% of the
high and low ChFP/GFP ratio populations, respectively. gDNA
from collected cells was extracted with salt precipitation pro-
tocol as described previously (65). The sgRNA-containing
cassettes were amplified by PCR as described previously (66).
The pooled amplicons were sequenced with the Illumina
NovaSeq 6000 (100 bp Single Read, 400M reads) by the
Australian Genome Research Facility. All samples were pre-
pared in triplicates.

Identification of potential regulators of stalling from CRISPR
screen and GO analysis

sgRNA abundances were compared between the following
populations: poly-K (H) versus polyK.unsorted, poly-K (L)
versus polyK.unsorted, 102×PR (H) versus 102×PR.unsorted,
102×PR (L) versus 102×PR.unsorted; H – top 5% high ChFP/
GFP ratio population, L – top 5% low ChFP/GFP ratio pop-
ulation, unsorted – control population. Data was analyzed
using MAGeCK (v.0.5.9.2) computational tool (67), FDR and
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LFC values for each gene were calculated. All genes with
FDR<0.05 and positive LFC values meaning they are signifi-
cantly enriched in one of the sorted populations (H or L) were
considered as potential screen hits. Two groups of potential
screen hits were generated for each staller: knockouts
improving readthrough on staller sequence (enriched in H)
and knockouts leading to increased stalling (enriched in L).
Top list of screen hits was selected based on significant
enrichment in one population (FDR < 0.05, LFC > 0) and
simultaneous depletion from the opposite population (FDR <
0.05, LFC < 0) e.g., LFC > 0 in H and LFC < 0 in L. Functional
enrichment analysis was done in Cytoscape (v.3.8.0) for all
screen hits. All tables generated from the analysis are available
(Additional File 3).

Generation of knockout cell pools

Single sgRNA expression vectors were cloned, and lenti-
virus production with the following transduction was per-
formed as described above. More than 50% knockout
efficiency for each pool was validated by ICE-seq analysis (68)
after isolating total gDNA and sequencing the targeted region
of gene of interest. The sgRNA sequences targeting each
selected gene used are shown in Additional File 1. Cells
expressing a nontargeting sgRNA were used as a control+
pool. Fold changes in ChFP/GFP ratio for poly-K, 102×PR, or
102×GR after individual gene knockout were calculated by
dividing the ratio from cells expressing sgRNA to ratio from
cells without sgRNA. For each knockout pool, fold changes in
ChFP/GFP on a test sequence were compared against fold
changes in ChFP/GFP on a linker sequence that does not
cause stalling.

Statistical analysis

Details of quantification including number of samples
analyzed are described in the corresponding figure legends and
methods section. Plots were made in RStudio (v. 1.4.1106),
data are presented as mean ± standard deviation (SD). Statis-
tical tests were performed in GraphPad Prism 8. The Kruskal–
Wallis test was performed to identify statistically significant
differences in ChFP/GFP ratios between different groups of
DPRs (Fig. 2C). For all other plots, the means of different
groups of samples were compared to control group in
GraphPad Prism 8 using one-way ANOVA and Dunnett’s post
hoc test. p values below 0.05 were considered significantly
different. To assess the change in ChFP/GFP ratio after various
treatments and gene perturbations across different levels of
staller expression (Additional File 4: Fig. S6), the channel
values of GFP and ChFP fluorescence were exported from
FlowJo (v10.5.3) for each cell from single live transfected gate.
Cells were sorted into different bins based on their raw GFP
fluorescence intensities (1: GFP < 400; 2: 400 < GFP < 500; 3:
500 < GFP < 600; 4: 600 < GFP < 700; 5: 700 < GFP < 800; 6:
800 < GFP < 900; 7: GFP > 900); only bins with more than
100 cells were left for the analysis. For each bin, ChFP/GFP
ratios were calculated and then normalized to linker control
(set as 1).
Data availability

RNA sequencing data from this study have been deposited
to NCBI GEO with the accession code: GSE193962. All tables
generated from the analysis of RNA-seq and CRISPR/Cas9
knockout screening data are available in Additional Files 2 and
3 respectively. All data supporting the findings of this study are
available from the corresponding author upon request.
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