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Translation elongation defects activate the integrated stress response (ISR), but whether and how ribosome stalls are
cleared to enable mRNA release for ribonucleoprotein (RNP) granule assembly remain unclear. We show that
blocking tRNA aminoacylation generates persistent uncollided ribosome stalls that inhibit stress granule and
P-body assembly despite robust ISR activation. Collided ribosomes are rapidly cleared by ZNF598-dependent ribo-
some-associated quality control within 4 h, while uncollided stalls resist clearance and persist for >16 h. Puromycin
releases persistent stalls and restores RNP granule formation. The block in stress granule assembly is generalizable
across tRNA synthetase inhibitors and amino acid deprivation. Therefore, stress granules represent signal integra-
tors reporting translation elongation status when initiation is suppressed. Our findings reveal that translation
quality control pathways selectively clear collided ribosomes, establish that translation elongation stress uncouples
RNP granule assembly from the ISR, and suggest that tolerating uncollided stalls may be adaptive for cotranslational
processes essential for cellular function.
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Translation elongation stresses such as impaired tRNA
metabolism, amino acid deprivation, UV, and other
RNA-damaging agents inhibit translation and activate
the integrated stress response (ISR) (Sundrud et al. 2009;
Keller et al. 2012; Yan and Zaher 2021; Snieckute et al.
2022; Stoneley et al. 2022; Ryder et al. 2023; Boon et al.
2024; Misra et al. 2024; Sinha et al. 2024). The ISR sup-
presses translation initiation via eIF2α phosphorylation
and reprograms gene expression for cellular adaptation
to stress (Pakos-Zebrucka et al. 2016; Costa-Mattioli and
Walter 2020). During the ISR, inhibition of translation ini-
tiation and ribosome runoff typically drives the assembly
of nontranslating mRNAs and RNA binding proteins into
biomolecular condensates called stress granules (SGs) and
processing bodies (P-bodies or PBs) (Guillén-Boixet et al.
2020; Sanders et al. 2020; Yang et al. 2020; Baymiller
andMoon 2023). These ribonucleoprotein (RNP) granules
are implicated inmany biological and disease contexts (Di
Stefano et al. 2019; Dubinski et al. 2022; Song and Gra-
bocka 2023; Burke et al. 2024; Pessina et al. 2025) and
may contribute to cellular resilience to stress (Kedersha
et al. 2013; Riback et al. 2017; Desroches Altamirano

et al. 2024). While ribosome association with mRNAs
(Moon et al. 2019, 2020; Baymiller andMoon 2023;Helton
et al. 2025) and direct chemical inhibitors of ribosome
translocation (Kedersha et al. 2000, 2005; Teixeira et al.
2005; Mazroui et al. 2006; Mollet et al. 2008; Khong and
Parker 2018; Helton et al. 2025) inhibit RNP granule as-
sembly, it is not clear whether or how mRNAs are re-
leased from stalled ribosomes during translation
elongation stress to assemble into RNP granules. Address-
ing this issue requires interrogating whether and how ri-
bosomes are cleared from mRNAs during elongation
stress.
Stalled ribosomes can be removed from mRNA by the

ribosome-associated quality control (RQC) pathway
(Brandman et al. 2012; Juszkiewicz et al. 2020b) and ribo-
some rescue factors such as HBS1/PELO/ABCE1 (Doma
and Parker 2006; Shoemaker et al. 2010) and GTPBP1/2
(Ishimura et al. 2014; Terrey et al. 2021). The RQC path-
way recognizes and resolves collided ribosomes through
sensing of the disome interface by the E3 ubiquitin ligase
ZNF598 (Vind et al. 2020b; Wu et al. 2020). However,
emerging evidence suggests that the RQC pathway can
be overwhelmed (Stoneley et al. 2022) and cannot resolve
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all types of ribosome collisions (such as those caused by
RNA–protein cross-links [Rahmanto et al. 2023; Zhao
et al. 2023] or preinitiation complexes collided with ribo-
somes [Garshott et al. 2021]). The capacity of RQC path-
ways to clear different types of stalls, particularly
uncollided versus collided stalled ribosomes, and the ki-
netics of stall resolution remain unclear.

Translation elongation defects activate multiple stress
signaling pathways. The ISR is triggered by the eIF2α ki-
nase GCN2 (general control nonderepressible 2) when
elongation is impaired (Dever et al. 1992; Keller et al.
2012; Ishimura et al. 2016; Masson 2019; Misra et al.
2024). GCN2 can be activated by binding uncharged
tRNAs (Wek et al. 1995; Dong et al. 2000; Yin et al.
2024) or by sensing stalled ribosomes through interactions
with the ribosomal P-stalk (Harding et al. 2019; Inglis
et al. 2019) or cofactor GCN1 at the collided ribosome in-
terface (Wu et al. 2020; Pochopien et al. 2021; Yan and
Zaher 2021). In these contexts, GCN2mediates a negative
feedback loop between translation elongation and initia-
tion to reduce further ribosome stalling events and limit
the production of protein fragments that can misfold
and aggregate. In parallel, collided ribosomes and, to a
lesser extent, uncollided stalled ribosomes trigger the
ribotoxic stress response (RSR) (Vind et al. 2020b; Wu
et al. 2020). The RSR is a less understood pathway that
is activated when the kinase ZAKα senses stalled ribo-
somes and triggers p38 and JNK mitogen-activated pro-
tein kinase signaling pathways (Vind et al. 2020a,b; Wu
et al. 2020; Sinha et al. 2024) and can result in inflamma-
tion, metabolic reprogramming, cell cycle arrest, and apo-
ptosis (Vind et al. 2020a, 2024; Robinson et al. 2022;
Snieckute et al. 2022; Sinha et al. 2024). Whether GCN2
and ZAKα activation during translation elongation stress
results primarily from uncharged tRNAs or ribosome col-
lisions and how the RQC pathwaymodulates their activa-
tion remain incompletely understood.

An important unresolved question is whether physio-
logical translation elongation stresses generate ribosome
stalls that can be cleared by translation quality control
pathways. Determining whether and how ribosome stalls
are sensed and resolved in physiological contexts will be
important, as translation elongation defects and signaling
pathways associated with ribosome stalling are observed
in aging (Stein et al. 2022; Snieckute et al. 2023; Fu et al.
2024; Di Fraia et al. 2025) and neurological disease (Ishi-
mura et al. 2014, 2016; Spaulding et al. 2021; Zuko et al.
2021) contexts. If ribosome stalls persist,mRNA retention
in polysomes would be predicted to inhibit RNP granule
assembly despite ISR activation. Alternatively, if ribo-
some stalls are efficiently cleared through RQC or ribo-
some rescue pathways, mRNAs would be released from
polysomes and assemble into RNP granules. Distinguish-
ing between these two possibilities requires direct mea-
surement of ribosome stalling and collisions over time
during physiologically relevant translation elongation
stresses.

We addressed this question using tRNA synthetase in-
hibitors such as halofuginone that generate physiological
ribosome stalls with A sites lacking aminoacylated

tRNAs (Misra et al. 2021; Pitera et al. 2022). Halofuginone
inhibits prolyl-tRNA charging by the glutamyl-prolyl
tRNA synthetase EPRS1 and activates the ISR via
GCN2 (Keller et al. 2012). In contrast to elongation inhib-
itors that directly bind the ribosome (e.g., cycloheximide
and emetine) and do not inhibit aminoacylated tRNA
from occupying the A site (Garreau de Loubresse et al.
2014; Wong et al. 2014; Wu et al. 2019; Enam et al.
2020; Eiler et al. 2024), many physiological contexts in-
cluding tRNA synthetase inhibition result in ribosomes
stalled with A sites that are not stably occupied, such as
amino acid deprivation, truncated or damaged mRNAs,
and mRNAs with suboptimal codons or internal poly(A)
tracts (Shoemaker et al. 2010; Shao et al. 2016; You et al.
2017; Chandrasekaran et al. 2019; Tesina et al. 2020;
Thomas et al. 2020; Yan and Zaher 2021; Aguilar Rangel
et al. 2024). We thus performed time-resolved disome
and polysome profiling, live- and fixed-cell fluorescence
microscopy, and puromycin-mediated ribosome release
experiments in wild-type and RQC-deficient ZNF598
knockout cells to determine how ribosome stalls are pro-
cessed during translation elongation stress.

We demonstrated that tRNA synthetase inhibition
causes both collided and uncollided ribosome stalls. Al-
though the ZNF598-dependent RQC pathway clears col-
lided disomes within 4 h, uncollided stalls persist for
>16 h without resolution. This selective ribosome clear-
ance results in ISR activation but prevents the assembly
of stress granules and P-bodies due to mRNA retention
within stalled ribosomes. The peptidyl-tRNA mimic pu-
romycin frees mRNAs from polysomes and rescues RNP
granule assembly during tRNA synthetase inhibition. Per-
sistent ribosome stalling is generalizable across tRNA
synthetase inhibitors and amino acid deprivation, which
also activate the ISR without inducing stress granules.
These findings reveal fundamental limitations in transla-
tion surveillance and establish that elongation stress can
uncoupleRNP granule assembly from the ISR,with impli-
cations for aging, disease, and cellular stress adaptation.

Results

Inhibition of tRNA charging activates the integrated
stress response and suppresses translation

We first assessed whether acute inhibition of tRNA syn-
thetases activates the ISR. We performed experiments in
U-2 OS cells, which are widely used to study ribosome-as-
sociated quality control, the ISR, and stress granules
(Kedersha et al. 2005; Moon et al. 2019; Wu et al. 2020;
Goldman et al. 2021; Snieckute et al. 2023; Helton et al.
2025) and have levels of major RQC/ribosome release fac-
tors similar to those of other commonly used cell lines
and tissues (Supplemental Fig. S1). We treated U-2 OS
cells with micromolar levels of halofuginone to rapidly
and completely inhibit prolyl-tRNA charging for 1 h and
assessed eIF2α phosphorylation and translation activity.
We compared P-eIF2α levels upon halofuginone treatment
versus arsenite and thapsigargin stresses, which activate
the ISR via oxidative or endoplasmic reticulum stresses,
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respectively. Consistent with prior studies (Sundrud et al.
2009; Keller et al. 2012; Kim et al. 2020b;Misra et al. 2021,
2024; Pitera et al. 2022), we observed that halofuginone
significantly increased P-eIF2α levels (by 16.0-fold ± 1.5-
fold), which was comparable with the levels of P-eIF2α in-
duced by arsenite (21.0-fold ± 3.5-fold) and thapsigargin
(13.8-fold ± 2.6-fold) (Fig. 1A).We then applied bioorthogo-
nal noncanonical amino acid tagging (BONCAT) (Dieter-
ich et al. 2006) to measure bulk protein synthesis during
stress. We found that halofuginone caused an 84.0%±
4.5% reduction in protein synthesis compared with un-
stressed cells as measured by BONCAT, which was com-
parable with the degree of translational suppression
observed in arsenite and thapsigargin stresses (Fig. 1B).
Therefore, inhibition of prolyl-tRNA charging activates
the ISR and suppresses translation to a degree similar to
canonical stressors.

tRNA synthetase activity is required for stress granule
and P-body assembly

While inhibition of tRNA charging activates the ISR, the
results of past studies suggest that translation elongation
is also inhibited (Misra et al. 2021; Pitera et al. 2022). We
next tested whether suppressing tRNA synthetase activi-
ty induced stress granule (SG) formation, as halofuginone
robustly increased the levels of P-eIF2α. However, SG as-
sembly is driven by the release of mRNAs from transla-
tion, which would require either ribosomes to run off of
mRNAs or ribosome release through the RQC/RQT path-
ways (Kedersha et al. 2000, 2005;Mollet et al. 2008; Bengt-
son and Joazeiro 2010; Ishimura et al. 2014; Khong and
Parker 2018; Moon et al. 2020; Helton et al. 2025). We
treated U-2 OS cells expressing the SG marker protein
GFP-G3BP1 (Burke et al. 2020) with halofuginone for 1 h
and assessed SG formation. A key observation is that cells
treated with halofuginone did not form SGs (Fig. 1C). In
contrast, cells formed abundant SGs during treatment
with canonical stressors arsenite and thapsigargin, which
led to P-eIF2α levels similar to those seen in HF-treated
cells (Fig. 1C). Furthermore, no SGs were detected in cells
treated with halofuginone when visualizing other canon-
ical SG markers including UBAP2L, PABPC1, and polya-
denylated RNA (Fig. 1D). These results demonstrate
that tRNA synthetase inhibitors do not cause SG forma-
tion despite activating the ISR.
To test whether inhibition of tRNA charging with hal-

ofuginone prevents SG assembly under conditions that
cause SG formation, we cotreated cells with halofuginone
and arsenite or thapsigargin. We observed that halofugi-
none cotreatment prevented SG formation by either arse-
nite or thapsigargin (Fig. 1E). Halofuginone cotreatment
did not decrease P-eIF2α induction in response to arsenite
(Supplemental Fig. S2A) or thapsigargin (Supplemental
Fig. S2B), indicating that inhibition of SGs by halofugi-
none is not through reduced activation of the ISR. Thus,
tRNA synthetase activity is required for SGs to form.
We next determined whether tRNA synthetase inhibi-

tion broadly impacts stress-induced cytoplasmic RNP
granules by assessing the formation of processing bodies

(P-bodies or PBs). P-bodies are enriched in RNA decay fac-
tors (e.g., DCP1A, EDC4, and XRN1), harbor nontranslat-
ing mRNAs, and interact with SGs during stress (Sheth
and Parker 2003; Kedersha et al. 2005; Teixeira et al.
2005; Parker and Sheth 2007; Moon et al. 2019). We
used immunofluorescence microscopy to detect the PB
marker DCP1A in cells treated with halofuginone, arse-
nite, or thapsigargin. We found that halofuginone inhibit-
ed PB assembly (Fig. 1F). While 22.4%±2.0% of cells
harbor PBs in the unstressed condition, 6.2%±1.3% of
halofuginone-treated cells had PBs (Fig. 1F). In contrast,
arsenite and thapsigargin induced PBs to 100.0%±0.0%
and 95.7%±0.4%, respectively (Fig. 1F). Similar results
were observed when immunofluorescence was used to
detect additional canonical PB proteins—XRN1 and
EDC4 (Fig. 1G). Therefore, tRNA synthetase inhibition
does not induce PB assembly despite activating the ISR.
We next determined whether tRNA synthetase inhibi-

tion prevents the assembly of PBs in response to stress.
We cotreated cells with halofuginone and arsenite or thap-
sigargin andmeasured PBs by staining for DCP1A. We ob-
served that halofuginone significantly decreased the
percentage of cells with PBs from 97.9%±1.2% to
52.9%±16.9% in arsenite stress and from 96.9%±0.5%
to 7.5%±4.6% in thapsigargin stress (Fig. 1H). Together,
these results suggest that tRNA charging is required for
the assembly of stress-induced RNP granules.

Inhibition of tRNA charging blocks stress-induced
mRNA release from polysomes

Inhibition of translation elongation by halofuginone caus-
es ribosomes to accumulate on proline codons, at the 5′

end of coding sequences, and on mRNAs encoding pro-
line-rich proteins (Misra et al. 2021; Pitera et al. 2022).
Because we found that SG and PB assembly was blocked
despite robust levels of P-eIF2α, we hypothesized that hal-
ofuginone would cause retention of mRNAs in poly-
somes, as ribosomes lack the charged prolyl-tRNA to
elongate and allow ribosome runoff. To test this hypothe-
sis, we used polysome profiling to measuremRNA associ-
ation with ribosomes in lysates of cells treated with
halofuginone or the canonical stressor thapsigargin. In
support of our hypothesis, we found that unstressed cells
exhibited robust polysomes with a high polysome:mono-
some ratio and that thapsigargin treatment caused poly-
somes to collapse and increased the 80S monosome
peak (Fig. 2A). In contrast, polysomes were largely pre-
served in cells treated with halofuginone (Fig. 2A).
Because halofuginone caused translational repression as
measured by metabolic labeling (Fig. 1B), these results
demonstrate that halofuginone causes elongating ribo-
somes to stall on mRNAs.
We next determined whether puromycin could release

mRNAs from stalled ribosomes during halofuginone
treatment. Puromycin is a small molecule peptidyl-
tRNA mimic that causes premature ribosome release
when incorporated into nascent chains (Azzam andAlgra-
nati 1973). We anticipated that puromycin would
enter vacant A sites of ribosomes stalled awaiting
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Figure 1. Inhibition of tRNA charging activates the ISRwithout inducing RNP granules. (A) U-2 OS cells were treated with 0.2%DMSO
carrier, 20 µM halofuginone (HF), 250 µM sodium arsenite (As), or 1.25 µM thapsigargin (Tg) for 1 h, and Western blotting for phosphor-
ylated and total eIF2αwas done. Total protein (n =3 independent replicates) and molecular weights (in kilodaltons) are shown. (B) Trans-
lation activity was measured using bioorthogonal noncanonical amino acid tagging in cells treated as in A. Methionine or
azidohomoalanine (AHA) was added 10 min prior to collection. The ratio of nascent to total protein is shown from n =3 independent rep-
licates. (C ) U-2 OS cells stably expressing GFP-G3BP1 (green) were treated as inA and fixed, and nuclei were stained with Hoechst (blue).
The percentage of cells with SGs was quantified from n= 3 independent experiments; ≥305 cells were counted in each condition. Scale
bars, 10 µm. (D) Cells were treated as in C, and immunofluorescence and fluorescence in situ hybridization were done to detect UBAP2L
(magenta), PABPC1 (cyan), and poly(A) RNA with oligo(dT) probes (yellow) (n =2 independent experiments). (E) Cells were treated with
0.2% DMSO, 20 µM HF plus 0.2% DMSO, 250 µM arsenite, or 1.25 µM thapsigargin for 1 h, and the percentage of cells with SGs was
quantified (n =3 independent experiments); ≥287 cells were counted per treatment. (F ) Cells were treated, and immunofluorescence mi-
croscopy was done as in D to detect the P-body marker DCP1A. Quantification of the percentage of cells with P-bodies (PBs) from n =3
independent experiments is shown; ≥364 cells were counted per treatment. (G) Cells were treated as in C to detect XRN1 (magenta)
and EDC4 (yellow) by immunofluorescence microscopy (n =2 independent experiments). (H) U-2 OS cells were treated as in E, and im-
munofluorescencemicroscopywas done to detectDCP1A. The percentage of cells with PBs from n=3 independent experiments is shown;
≥351 cells were counted per treatment across all replicates. Representative images are shownwith the average ± SEM for each experiment,
and green, gray, and pink points represent the average of each replicate. Statistical significance was assessed with an ordinary one-way
ANOVA followed by Tukey’s multiple comparisons test. (∗) P< 0.05, (∗∗) P <0.01, (∗∗∗) P <0.005, (∗∗∗∗) P <0.001.
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Pro-tRNAPro, releasing nascent peptides and causing poly-
some collapse during halofuginone treatment. Puromycin
alone did not induce complete polysome collapse after 1 h
(Fig. 2B), likely due to continued translation initiation.
However, cotreatment of cells with halofuginone and pu-
romycin reduced the polysome fraction, increased the 80S
monosome fraction, and decreased the polysome tomono-
some ratio ∼2.4-fold from 1.9 ± 0.4 in cells treated with
halofuginone to 0.8 ± 0.1 in cells treated with halofugi-
none and puromycin (Fig. 2B). Furthermore, halofuginone
cotreatment stabilized polysomes in cells treated with
thapsigargin, yielding an ∼2.1-fold increase in the poly-
some to monosome ratio from 1.4 ± 0.2 to 3.0 ± 0.4 (Fig.
2C). These observations suggest that halofuginone causes
ribosome stalls to persist in the presence of a canonical
stressor. Puromycin reversed the effects of halofuginone
on the polysome profile in cells treated with thapsigargin
and restored the polysome:monosome ratio to 1.7 ± 0.4.
These results demonstrate that puromycin rescues ribo-
some stalling induced by inhibition of tRNA charging
by releasing mRNAs from polysomes.

The RQC pathway clears collided disomes but not
uncollided stalled ribosomes upon tRNA synthetase
inhibition

Because polysomes do not collapse and RNP granules do
not assemble upon halofuginone stress, we next asked
whether ribosome-associated quality control (RQC) path-
ways failed to resolve stalled ribosomes that result from
uncharged tRNA accumulation. We first assessed wheth-
er halofuginone causes ribosome collisions by two ap-
proaches. First, we performed disome profiling (Ferguson
et al. 2023) and determined whether halofuginone caused
RNase-resistant collided ribosomes to accumulate. We
found that while disomes were not observed in unstressed
cells, halofuginone induced disomes to the same degree as
low-dose emetine, an irreversible inhibitor of ribosome
translocation (Grollman and Jarkovsky 1975) that causes
ribosome collisions (Fig. 3A; Juszkiewicz et al. 2020a;
Wu et al. 2020).
Second, we measured ubiquitination of ribosomal pro-

tein eS10. The initial stage of the RQC is recognition of

A

B

C

Figure 2. tRNA charging is required for stress-in-
ducedmRNA release frompolysomes. (A) U-2OS cells
were treated with 20 µM halofuginone (HF; purple
line), 1.25 µM thapsigargin (Tg; green line), or 0.2%
DMSO carrier (black line) for 1 h, and polysome profil-
ing was done; representative profiles are shown at the
left (n=3 independent experiments). The areas under
the polysome fractions and 80S peak were quantified
and are shown at the right. (B) Cells were treated
with 10 µg/mL puromycin (black line), 20 µMHF (pur-
ple line), or 10 µg/mL puromycin and 20 µMHF (green
line) for 1 h, and polysome profilingwas performed and
quantified as inA (n= 3 independent experiments). (C )
Cells were treated with 1.25 µMTg (black line), 20 µM
HF plus 1.25 µM Tg (purple line), or 20 µM HF plus
1.25 µM Tg and 10 µg/mL puromycin (green line),
and polysome profiling was done and quantified as in
A (n= 3 independent experiments). The average of
three independent experiments with SEM is shown,
with the average of each replicate in pink, green, or
gray. Significance was assessed with ordinary one-
way ANOVAs and Tukey’s multiple comparisons
tests. (∗) P <0.05.
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the ribosome collision interface and the ubiquitination of
ribosomal proteins, including eS10, by the E3 ubiquitin li-
gase ZNF598 (Juszkiewicz andHegde 2017; Sundaramoor-
thy et al. 2017; Juszkiewicz et al. 2018; Goldman et al.
2021; Narita et al. 2022). We observed that treatment
with a low concentration of emetine (Juszkiewicz et al.
2020a; Wu et al. 2020) induced robust ubiquitination of
eS10, with a 6.3-fold ± 0.5-fold increase over the DMSO
carrier control (Fig. 3B). A key observation is that halofu-

ginone increased eS10 ubiquitination by 3.1-fold ± 0.8-
fold relative to DMSO controls at 0.5 h, the earliest time
point collected (Fig. 3B). These results suggest that the in-
hibition of tRNA charging leads to ribosome collisions
that are recognized by the RQC pathway.

We next evaluated whether stalled, collided ribosomes
were cleared over time in cells treated with halofuginone.
Weperformed disome and polysome profiling in untreated
cells and cells treated with halofuginone for 0.5 or 4 h.

A

C

E F

D

B

Figure 3. Collided, stalled ribosomes form and are cleared, while isolated stalled ribosomes persist during halofuginone treatment. (A) U-
2 OS cells were treatedwith 0.2%DMSOor 20 µM halofuginone (HF) for 30min or with 0.18 µM emetine (EME) for 15min. (Left) Lysates
treated with P1 nuclease were fractionated in sucrose gradients, with relative A260 of representative profiles shown. (Right) The average
ratio of disomes to monosomes ±SEM from n= 3 independent replicates. (B) Cells were treated with 0.2% DMSO carrier or 0.18 µM em-
etine for 15min or with 0.2 or 20 µM halofuginone (HF) for 0.5, 1, or 4 h, andWestern blotting for eS10 was done. Themonoubiquitylated
(Ub-eS10) and unmodified eS10 bands were quantified; average Ub-eS10:eS10 ratios from n=3 independent experiments are shown at the
bottom, and a representative blot with total protein andmolecular weight (in kilodaltons) is shown at the top. (C ) Representative disome
profiles of wild-type or ZNF598 KO cells treated with 0.2% DMSO or 20 µM HF for 0.5 or 4 h. (D) Average± SEM of n =3 independent
replicates of disome profiling as in C. (E) Representative polysome profiles of wild-type or ZNF598 KO cells treated with 0.2% DMSO
or 20 µM HF for 0.5 or 4 h. (F ) Average ± SEM of n =3 independent replicates (n =2 for DMSO controls). Pink, gray, and green points rep-
resent each replicate. Significance was determined with ordinary one-way ANOVAs and Tukey’s multiple comparisons tests. (∗) P <0.05,
(∗∗) P<0.01, (∗∗∗) P <0.005, (∗∗∗∗) P <0.001.
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While disomes were observed at 0.5 h of halofuginone
treatment, they were no longer present at 4 h (Fig. 3C,
D). In parallel, polysome profiling experiments showed
that polysomes are present at 0.5 and 4 h of halofuginone
treatment (Fig. 3E,F). These results indicate that disomes,
but not uncollided stalled ribosomes, are cleared during
tRNA synthetase inhibition.
We next assessed whether stalled ribosomes are cleared

through the RQC pathway upon tRNA synthetase inhibi-
tion. We compared the level of disomes in wild-type cells
treated with halofuginone versus those in cells lacking
ZNF598, which initiates the RQC pathway (Juszkiewicz
and Hegde 2017). We generated a genetically depleted
ZNF598 knockout U-2 OS cell pool (ZNF598 KO) using
CRISPR/Cas9. We verified that ZNF598 was knocked
out by performing Sanger sequencing of the genomic
DNA (Supplemental Fig. S3A) and ICE (inference of
CRISPR edits) analysis (Supplemental Fig. S3B). Further-
more, while Western blotting with a ZNF598 antibody
showed residual expression of a lower-molecular-weight
protein in the knockout pool, emetine treatment did not
cause Ub-eS10 levels to increase in these cells, suggesting
that this lower-molecular-weight ZNF598 protein may be
a nonfunctional in-frame deletion (Supplemental Fig.
S3C). We observed that robust disomes were formed in
cells depleted of ZNF598 upon halofuginone treatment
at 0.5 and 4 h, and disome peaks were larger in ZNF598
knockout cells than in wild-type cells (Fig. 3C,D). Howev-
er, ZNF598 knockout did not affect the polysomes that
persisted in halofuginone-treated cells at 0.5 or 4 h (Fig.
3E,F). These results indicate that the RQC machinery
clears stalled, collided ribosomes that accumulate upon
tRNA synthetase inhibition but does not recognize or
clear uncollided, stalled ribosomes.

Ribosome collisions contribute to activation
of the ISR by halofuginone

We next asked whether ribosome collisions contribute to
ISR activation by halofuginone. Uncharged tRNAs and
stalled ribosomes can activate the ISR via GCN2 (Wek
et al. 1989, 1995; Dong et al. 2000; Sundrud et al. 2009;
Keller et al. 2012; Lageix et al. 2015; Harding et al. 2019;
Kim et al. 2020b; Wu et al. 2020; Pitera et al. 2022; Stone-
ley et al. 2022; Misra et al. 2024; Sinha et al. 2024). We as-
sessed P-eIF2α levels in cells treated with halofuginone,
arsenite, or thapsigargin in the presence or absence of pu-
romycin to prevent ribosome collisions by releasing
mRNAs from ribosomes (Misra et al. 2024). We found
that while halofuginone significantly increased P-eIF2α
levels, the addition of puromycin reduced the levels of
P-eIF2α by approximately twofold (Fig. 4A). In contrast,
P-eIF2α levels did not change upon puromycin cotreat-
ment with arsenite or thapsigargin. These results suggest
that ribosome occupancy contributes to, but is not solely
responsible for, activation of the ISR after loss of tRNA
charging.
Because the RQCpathway resolves ribosome collisions,

we hypothesized that activation of RQC by halofuginone
would limit GCN2 activation and reduce P-eIF2α levels.

We reasoned that P-eIF2α levels resulting from collisions
would be elevated in cells that cannot clear collided
ribosomes due to genetic depletion of ZNF598. We as-
sessed P-eIF2α levels in wild-type and ZNF598 KO cells
treated with halofuginone at 0.5, 1, and 4 h. At 4 h after
halofuginone treatment, ZNF598 KO cells had a signifi-
cant, 1.63-fold increase in P-eIF2α compared with wild-
type cells (Fig. 4B). No significant differences in P-eIF2α
were observed early in stress (Fig. 4B). Therefore,
ZNF598 limits activation of the ISR when tRNA charging
is inhibited.
We hypothesized that the observed increase in P-eIF2α

levels during halofuginone treatment in the ZNF598 KO
cell line was due to the accumulation of ribosome colli-
sions, which would otherwise be cleared by the RQC
pathway. We performed two experiments to test this hy-
pothesis. First, we assessed whether stalled ribosomes
contributed to the elevated P-eIF2α levels observed in
ZNF598 KO cells. We cotreated wild-type and ZNF598
KO cells with puromycin during 1 or 4 h of halofuginone
stress to resolve stalled ribosomes and assessed P-eIF2α
levels. We found that puromycin reduced P-eIF2α levels
in ZNF598 KO cells to levels comparable with those ob-
served in wild-type cells treated with halofuginone
alone (Fig. 4C). There was no statistically significant dif-
ference in P-eIF2α levels between wild-type cells treated
with halofuginone and ZNF598 KO cells treated with
halofuginone and puromycin at the 4 h time point.
This result suggests that the increased P-eIF2α levels
in ZNF598 KO cells resulted from persistent collided ri-
bosomes that would otherwise be cleared by the RQC
pathway.
Second, we assessed how the levels of CReP and

GADD34, which interact with protein phosphatase 1 to
dephosphorylate P-eIF2α, contribute to P-eIF2α levels
throughout the duration of halofuginone treatment. We
reasoned that ZNF598 KO cells could display an increase
in P-eIF2α during late (4 h) halofuginone stress compared
with wild-type cells if CReP and GADD34 were depleted
more in the absence of ZNF598 at that time point. Wild-
type cells would otherwise have sufficient P-eIF2α phos-
phatase activity to limit P-eIF2α levels during halofugi-
none stress. Our data rule this possibility out, as we
found that GADD34 and CReP are equally reduced during
halofuginone stress in ZNF598 KO and wild-type cells
(Fig. 4D). The observed reduction in CReP and GADD34
levels is in line with the results of prior studies that dem-
onstrated that CReP is rapidly depleted upon translation
suppression (Misra et al. 2024) and that GADD34 and
CReP are not expressed in cells treated with high levels
of halofuginone (Pitera et al. 2022). Not all proteins were
depleted at 4 h after halofuginone treatment, as tubulin
and total protein levels were unchanged over time (Fig.
4D). Thus, CReP and GADD34 levels are equivalent in
wild-type and ZNF598 KO cells throughout the duration
of treatment. Taken together, these results demonstrate
that ribosome collisions occur during tRNA synthetase
inhibition, contribute to increased P-eIF2α levels, and do
so via increased phosphorylation of eIF2α and not through
decreased phosphatase levels.
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Inducing ribosome release rescues RNP granule assembly
after tRNA synthetase inhibition

We next asked whether unresolved ribosome stalls block
RNP granule assembly when tRNA synthetase activity is
inhibited during stress. First, we assessed whether stabi-
lizing ribosomes onmRNAs during translation elongation
prevented stress-induced RNP granule assembly. Consis-
tent with past research (Kedersha et al. 2000, 2005;Mollet
et al. 2008; Khong and Parker 2018; Helton et al. 2025),

trapping mRNAs in polysomes with the irreversible ribo-
some translocation inhibitor emetine (Grollman and Jar-
kovsky 1975) prevents SGs from forming during arsenite
stress (Fig. 5A). Emetine also significantly reduced PBs
in unstressed cells (Fig. 5A). While we observed that eme-
tine significantly reduced the size and number of PBs dur-
ing arsenite stress (Supplemental Fig. S4A,B), it did not
change the percentage of cells with PBs, similar to prior re-
sults of experiments with the translation elongation in-
hibitor cycloheximide (Fig. 5A; Sheth and Parker 2003;

A

B

D

C

Figure 4. Ribosome collisions contribute to ISR activation during halofuginone treatment. (A) Cells were treated with 0.2% DMSO, 20
µMhalofuginone (HF), 250 µM sodium arsenite (As), or 1.25 µM thapsigargin (Tg) with or without 10 µg/mL puromycin (Puro) for 1 h, and
P-eIF2α and total eIF2α levels were determined byWestern blotting. Quantification of P-eIF2α:eIF2α is shown at the right, and a represen-
tative blotwith total protein fromn=3 independent experiments shown at the left. (B) Western blotting of total and P-eIF2αwas done from
wild-type (WT) andZNF598 knockout (KO) cells treated with 20 µMHF for 0.5, 1, or 4 h. A representative blot with total protein is shown
(top), and results from n =3 independent replicates were quantified (bottom). (C ) Western blotting of P-eIF2α and total eIF2α fromWT and
ZNF598KO cells treated with 20 µMHF for 1 or 4 h in the absence or presence of 10 µg/mL puromycin added 1 h prior to collection. Rep-
resentative blot with total protein from n= 3 independent experiments (top) and quantification of P-eIF2α:eIF2α (bottom) are shown. (D)
Wild-type andZNF598KO cells were treated as in B, andWestern blotting for GADD34, CReP (marked by an asterisk), and β-tubulin was
done with quantification relative to total protein. Representative blots are shown at the top, and results from n =3 independent experi-
ments are shown below. Molecular weights (in kilodaltons) are indicated on each blot. Quantification is reported as average ± SEM,
with pink, gray, and green points representing each replicate. Statistical significance was determined with ordinary one-way ANOVAs
and Tukey’s multiple comparisons tests. (∗) P <0.05, (∗∗) P <0.01, (∗∗∗) P<0.005, (∗∗∗∗) P<0.001.
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Cougot et al. 2004; Kedersha et al. 2005; Teixeira et al.
2005; Mollet et al. 2008). Therefore, blocking translation
elongation inhibits stress granule and constitutive P-
body assembly.
To directly test whether ribosome stalling during tRNA

synthetase inhibition prevents RNP granule assembly, we
used puromycin to releasemRNAs from ribosomes during
halofuginone treatment and evaluated SG and PB forma-
tion. While SGs were not observed in halofuginone
treatment alone, cotreatment with puromycin and halo-
fuginone for 1 h caused SG assembly in 60.5%±2.0% of
cells (Fig. 5B). Puromycin did not cause SG assembly in
unstressed cells or alter SG assembly upon treatment
with arsenite or thapsigargin (Fig. 5B). Similarly, while
SGs did not form in the presence of halofuginone during
either arsenite or thapsigargin stress, puromycin cotreat-
ment rescued SG assembly (Fig. 5C).
We next determined whether P-bodies are also limited

bymRNAretention in polysomes uponhalofuginone treat-
ment. Puromycin cotreatment significantly increased the
percentage of cells with PBs, from 5.1%±2.7% in cells
treated with halofuginone alone to 54.8%±6.1% in
cotreated cells (Fig. 5D). In contrast to what was observed
with emetine treatment, halofuginone blocked the assem-
bly of P-bodies upon arsenite or thapsigargin stress (Fig. 5E).
Cotreatment with puromycin also rescued PB assembly in
cells treatedwith halofuginone and arsenite or thapsigargin
(Fig. 5E). Specifically, the percentage of cells with PBs in-
creased from 20.2%±4.8% in cells with arsenite and halo-
fuginone to 99.4%±0.4%when puromycin was added and
from 11.1%±3.8% in cells with thapsigargin and halofugi-
none to 95.1%±2.2%uponaddition of puromycin. Togeth-
er, these results suggest that RNPgranules do not assemble
when tRNA charging is impaired because stalled ribo-
somes remain associated with mRNAs.
One alternative possibility is that puromycin drives

RNP granule assembly by increasing ISR activation in hal-
ofuginone-treated cells. Puromycin can induce SGs at
high concentrations or during long treatment (i.e., 24 h)
(Kedersha et al. 2000; Martinez et al. 2016; Markmiller
et al. 2018) and increases P-eIF2α levels in association
with reduced CReP expression (Misra et al. 2024). We
found that Ub-eS10 levels suggestive of ribosome colli-
sions are elevated early in halofuginone stress (Fig. 3B) at
similar times when GADD34 and CReP are at their high-
est levels during halofuginone treatment (Fig. 4D). If ribo-
some collisions contribute to P-eIF2α levels early during
halofuginone treatment, we reasoned that puromycin
cotreatment would reduce P-eIF2α levels by resolving
stalled, collided ribosomes that activate GCN2.We there-
fore assessed P-eIF2α levels in cells treated with halofugi-
none in the presence or absence of puromycin over a 4 h
time course. Consistent with the idea that puromycin re-
leases stalled, collided ribosomes from mRNAs that con-
tribute to ISR activation, we observed that puromycin
reduced P-eIF2α levels early, but not late, during halofugi-
none treatment (Supplemental Fig. S5A).We also assessed
SG assembly over the same time course of halofuginone
treatment in the presence or absence of puromycin. A
key observationwas that fewer cells formed SGs early dur-

ing halofuginone and puromycin cotreatment versus
longer-term treatment (Supplemental Fig. S5B). The per-
centage of cells with SGs increased over time in cells
treated with halofuginone and puromycin, from 35.5%±
2.0% of cells with SGs after 1 h of cotreatment to 94.7%
±2.5% of cells with SGs after 4 h of cotreatment (Supple-
mental Fig. S5B). Together, these observations are consis-
tent with the idea that puromycin minimizes ISR
activation early in halofuginone stress and limits SG as-
sembly by preventing ribosome collisions and promotes
SG assembly later during halofuginone stress by releasing
mRNAs from stalled ribosomes.
Halofuginone specifically inhibits the prolyl-tRNA syn-

thetase activity of EPRS1 (Keller et al. 2012) and does not
affect the extent of charging by other tRNA synthetases
(Misra et al. 2024). We therefore tested whether inhibiting
tRNA charging of other amino acids also blocked the as-
sembly of SGs and PBs through ribosome stalling. To do
so, we treated cells with borrelidin, which inhibits
threonyl-tRNA synthetase (Paetz and Nass 1973) and
also activates the ISR via GCN2 (Sidhu et al. 2015). We
found that borrelidin induced levels of P-eIF2α similarly
to thapsigargin, with a 10.4-fold ± 1.4-fold increase of bor-
relidin over control versus a 11.1-fold ± 0.6-fold increase
with thapsigargin (Supplemental Fig. S6A). Consistent
with our previous findings with halofuginone, no SGs
were observed in cells treated with borrelidin, and borreli-
din inhibited thapsigargin-induced SGs (Supplemental
Fig. S6B). Furthermore, puromycin cotreatment rescued
SG assembly in cells treated with borrelidin (to 77.9%±
4.6% of cells), and puromycin also rescued SG assembly
in cells stressed with thapsigargin and borrelidin (Supple-
mental Fig. S6 B,C). Similarly, the percentage of cells with
PBs was decreased from 30.4%±7.4% in unstressed cells
to 2.8%±0.8% during borrelidin treatment and was re-
stored to 20.9%±4.9% by puromycin. Borrelidin also de-
creased the percentage of cells with PBs during
thapsigargin treatment from 99.3%±0.7% to 5.1%±
1.9%, an effect that was rescued to 94.8%±1.9% by puro-
mycin (Supplemental Fig. S6B,D). Therefore, the uncoupl-
ing of RNP granule assembly from the ISR is generalizable
across multiple tRNA charging inhibitors.

tRNA synthetase inhibition causes persistent
ribosome stalls

Multiple cellular mechanisms exist to resolve ribosomes
stalled in elongation, including RQC and ribosome rescue
factors related to the translation termination machinery
(D’Orazio and Green 2021; Yip and Shao 2021). We there-
fore hypothesized that ribosome stalls caused by tRNA
charging inhibition would eventually be removed from
mRNAs and enable RNP granule assembly. We first as-
sessed whether SGs were formed during long-term tRNA
charging inhibition using live-cell imaging of the SGmark-
erGFP-G3BP1 in cells treatedwith halofuginone.We found
that halofuginone-treated cells did not form SGs for up to
16 h of treatment, the limit of imaging before cytotoxicity
was observed (Fig. 6A). The absence of SGs was not due to
detoxification of halofuginone or resolution of stress, as
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Figure 5. Ribosome release rescues stress-induced RNP granule assembly upon tRNA synthetase inhibition. (A) U-2 OS cells stably ex-
pressing GFP-G3BP1 were treated with 180 µM emetine (eme) or 0.2%DMSOwith 250 µM sodium arsenite (As) for 1 h. Immunofluores-
cence microscopy was performed for P-body (PB) marker DCP1A, and the SG marker GFP-G3BP1 was imaged. (Right) The percentage of
cells with SGs or PBs was quantified from n =3 independent experiments; ≥349 cells were counted per treatment across all replicates. (B)
Cells were treated with 0.2% DMSO, 20 µM HF, 250 µM As, or 1.25 µM thapsigargin (Tg) with or without 10 µg/mL puromycin for 1 h,
followed by imaging and quantification of SGs. The percentage of cells with SGs was quantified from n =3 independent experiments (bot-
tom), and representative images are shown (top);≥350 cells were counted per treatment across all replicates. (C ) Cells were treatedwith 20
µMHF in the presence or absence of 250 µMAs, 1.25 µMTg, or 10 µg/mL puromycin for 1 h. The percentage of cells with SGs was quan-
tified fromn= 3 independent experiments;≥290 cellswere counted per treatment across all replicates. (D) Cellswere treated as inB, and IF
for DCP1Awas performed. The percentage of cells with P-bodies (PBs) was quantified from n =3 independent experiments (bottom), and
representative images are shown (top);≥355 cells were counted per treatment across all replicates. (E) Cells were treated as inC, and IFwas
performed to detect DCP1A. The percentage of cells with PBs was quantified from n=3 independent experiments (bottom), and represen-
tative images are shown (top); ≥339 cells were counted per treatment across all replicates. Quantification is reported as average ± SEM,
with green, pink, or gray dots indicating the average of each replicate. Scale bars, 10µm. Statistical significance was assessed with an or-
dinary one-way ANOVA followed by Tukey’s multiple comparisons test. (∗) P< 0.05, (∗∗∗) P <0.005, (∗∗∗∗) P <0.001.
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Figure 6. tRNA synthetase inhibition causes persistent ribosome stalls. (A) U-2OS cells expressingGFP-G3BP1were treatedwith 20 µM
halofuginone (HF) or 0.2%DMSO carrier. Imageswere collected every 2 h for 16 h and representative images are shown (n =3 independent
experiments). (B) Cells were treated with DMSO (−) or 20 µMHF for 4 or 16 h, and P-eIF2α and total eIF2αwere detected byWestern blot-
ting. Representative blots with total protein are shown at the left, and the average ± SEM of n =3 independent experiments is shown at the
right. Molecular weights (in kilodaltons) are shown. (C ) Cells were treated with 20 µM HF for 1 h (black line), 4 h (purple line), or 16 h
(green line), and polysome profiling was performed. A representative profile is shown at the left, and the average ± SEM of the poly-
some:monosome ratio from n=3 independent replicates is shown at the right. Pink, gray, and green dots represent results from each rep-
licate. (D) Cells were treated with either 0.2%DMSO carrier or 20 µMHF in the presence or absence of 250 µM sodium arsenite (As) or 2
µM rocaglamide A (RocA), and GFP-G3BP1 was imaged every 0.5 h for 3 h. Representative images are shown at the leftwith the average ±
SEM. The percentage of cells with SGs from n= 3 independent experiments is shown at the right; ≥288 cells were counted per treatment
across all replicates. (E) Cells were treatedwith 0.2%DMSO (black line), 2 µMRocA (green line), or 2 µMRocAplus 20 µMHF (purple line)
for 3 h followed by polysome profiling. Representative profiles are shown at the left, and the average ± SEM from n =3 independent exper-
iments is shown at the right, with pink, gray, and green dots representing each replicate. (F ) Cells were untreated (DMSOcarrier) or treated
for 24, 4, or 1 h with 20 µM anisomycin (ANI) or 20 µM halofuginone, andWestern blotting for p-p38 and p-JNK was done, with the total
protein shown below. A representative blot of n=2 independent experiments is shown. Scale bars, 10 µm. Significance was assessed with
ordinary one-way ANOVAs and Tukey’s multiple comparisons tests. (∗) P <0.05, (∗∗) P<0.01, (∗∗∗) P< 0.005.
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P-eIF2α levels remained high at 16 h (Fig. 6B). Additionally,
polysome profiling confirmed that polysomes persist at 16
h of stress (Fig. 6C). Furthermore, the levels of rRNA over
the 16 h time course remained unchanged (Supplemental
Fig. S7A), suggesting that ribosomes are not cleared
through the nonfunctional rRNA decay pathway as occurs
in yeast (Li et al. 2022). Similarly, assessment of bulk RNA
stability using actinomycin D transcriptional shutoff and
oligo(dT) FISH in cells treated with either DMSO (carrier)
or halofuginone for 4 h (when translation initiation and
elongation are inhibited) demonstrated that halofuginone
does not trigger global mRNA decay, which could occur
due to mRNA surveillance pathways when elongation is
impaired (Supplemental Fig. S7B). These results suggest
that ribosome stalls due to the loss of tRNA charging are
cleared either very slowly or not at all.

One alternative possibility is that ribosome stalls are
cleared but are also slowly replaced by residual translation
initiation activity. To test this possibility, we performed
live-cell imaging of GFP-G3BP1-expressing cells treated
with halofuginone and either arsenite or rocaglamide A,
which inhibit translation initiation via the ISR or eIF4A in-
hibition (Sadlish et al. 2013), respectively. We found that
while robust SG assembly occurred in rocaglamide A-treat-
ed or arsenite-treated cells, halofuginone completely pre-
vented SG formation in cells cotreated with rocaglamide
A or arsenite up to 3 h later (the duration of imaging) (Fig.
6D). In line with these results, halofuginone limited poly-
some collapse upon rocaglamide A treatment (Fig. 6E). Spe-
cifically, after 3 h of treatment, the polysome to 80S ratio
was increased ∼2.1-fold, from 0.7±0.1 in cells treated
with rocaglamide A alone to 1.5±0.2 in cells cotreated
with rocaglamide A and halofuginone. These results sug-
gest that the ribosomes associated with mRNAs after
long-termhalofuginone treatment are stable, stalled species
rather than the result of continued translation initiation.

We next determined whether the ribotoxic stress re-
sponse pathway is triggered upon tRNAsynthetase inhibi-
tion. The RSR is activated by collided disomes and, to a
lesser extent, in conditions such as amino acid depriva-
tion or treatmentwith translation inhibitors (e.g., lactimi-
domycin) in which ribosomes stall but collisions are not
detectable (Darnell et al. 2018; Vind et al. 2020a,b; Wu
et al. 2020; Snieckute et al. 2022). We performed Western
blotting to detect twoRSR-activatedMAPkinases—phos-
phorylated p38 (p-p38) and p-JNK (phosphorylated c-Jun
N-terminal kinase)—in lysates of cells treated with halo-
fuginone or the RSR activator anisomycin (equimolar to
halofuginone) (Iordanov et al. 1997; Vind et al. 2020b;
Sinha et al. 2024) for 1, 4, and 24 h. Intriguingly, the ribo-
toxic stress response was persistently activated with hal-
ofuginone or equimolar anisomycin treatment (Fig. 6F).
Therefore, chronic tRNA synthetase inhibition persis-
tently activates the ribotoxic stress response.

Amino acid deprivation uncouples stress granules
from the ISR

We next asked whether inhibited RNP granule assembly
associated with prolonged ribosome stalling was general-

izable to other stress conditions by testing whether amino
acid deprivation also induced the ISR without causing
RNP granule assembly. Prior studies showed that amino
acid deprivation activates the ISR via GCN2 (Dever
et al. 1992;Wek et al. 1995; Harding et al. 2000, 2019; Dar-
nell et al. 2018) and results in ribosome stalling and un-
charged tRNA accumulation (Harding et al. 2000, 2019;
Zaborske et al. 2009; Darnell et al. 2018; Wu et al.
2020). We deprived cells of arginine or glutamine for 1,
4, and 16 h and assessed P-eIF2α levels compared with
controls in completemedia.We observed that P-eIF2α lev-
els were significantly increased in cells deprived of argi-
nine (Fig. 7A) or glutamine (Fig. 7B). We next evaluated
SG and PB assembly by imaging GFP-G3BP1 and
DCP1A using immunofluorescencemicroscopy. Striking-
ly, we observed that SGs were not induced in cells starved
of arginine (Fig. 7C) or glutamine (Fig. 7D) at any time
point. However, we observed that PBs were assembled in
cells deprived of arginine or glutamine, which was similar
to the effects of emetine treatment during arsenite stress.
The percentage of cells with PBs increased early during ar-
ginine (Fig. 7C) or glutamine deprivation (Fig. 7D) and re-
turned to baseline at 4 or 16 h, respectively. We ruled out
the possibility that P-eIF2α levels were too low during ar-
ginine or glutamine deprivation to induce stress granules,
as upon amino acid deprivation P-eIF2αwas induced to an
extent similar to that in treatment with thapsigargin (Fig.
7E), and thapsigargin caused robust SG and PB assembly
(Fig. 7F). Therefore, amino acid deprivation also uncou-
ples stress granule assembly from the ISR.

Discussion

We showed that tRNA charging is essential for stress-in-
duced RNP granule assembly by preventing persistent,
unresolved ribosome stalling. Prolyl-tRNA and threonyl-
tRNA synthetase inhibitors induce the ISR yet block
RNP granule formation by trapping mRNAs in stalled ri-
bosomes. Similarly, amino acid deprivation activates the
ISR without causing SG assembly. We further observed
disome formation and RQC pathway activation via
ZNF598 and showed that collided disomes are cleared ear-
ly upon tRNA synthetase inhibition. Analysis of P-eIF2α
inwild-type andZNF598-depleted cells treatedwith puro-
mycin demonstrated that ribosome collisions make a mi-
nor contribution to ISR activation when tRNA charging is
inhibited. Additionally, we showed that the RSR is robust-
ly and persistently activated by tRNA synthetase inhibi-
tion. Together, these results indicate that inhibition of
tRNA charging uncouples RNP granule formation from
the ISR due to persistently stalled ribosomes (Fig. 8). To
our knowledge, this is the first study to demonstrate
that these uncollided, stalled ribosomes persist during
tRNA synthetase inhibition and are refractory to RQC
pathways.

Here we provide strong evidence that ribosome colli-
sions arise rapidly during tRNA synthetase inhibition
and are cleared long before uncollided, stalled ribosomes.
We directly demonstrated that disomes are formed by 30
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Figure 7. Amino acid deprivation activates the integrated stress response without inducing stress granules. (A) U-2 OS cells were
placed in media without arginine (−Arg) for 1, 4, or 16 h or in the same media with arginine added back (+Arg) for 4 h, and a represen-
tative Western blot for total and P-eIF2α with total protein is shown. (B) As in A, with glutamine (Gln)-free media or with glutamine
added back (+Gln). (C ) U-2 OS cells stably expressing GFP-G3BP1 (green) were treated as in A, followed by immunofluorescence for
P-body (PB) marker DCP1A (magenta), and nuclei were stained with Hoechst (blue). The percentages of cells with stress granules
(SGs) and PBs were quantified from n = 3 independent experiments; ≥410 cells were counted for each condition. (D) As in C but with
glutamine deprivation; ≥312 cells were counted for each condition. (E) Cells were treated with DMSO or 40 nM thapsigargin (Tg)
for 1 h or starved of arginine or glutamine for 4 h followed by Western blotting for total or P-eIF2α, with total protein shown below.
(F ) GFP-G3BP1-expressing U-2 OS cells were treated with DMSO control or 40 nM Tg for 1 h, and immunofluorescence was done
for DCP1A. The average percentage of cells with SGs or PBs is shown at the right; ≥440 cells were counted per treatment. Scale
bars, 10 µm. Molecular weights (in kilodaltons) are shown on each blot. Images are shown for each experiment (n = 3 independent rep-
licates), with quantifications reported as average ± SEM and with green, gray, and pink points representing the value for each replicate.
Statistical significance was assessed with an ordinary one-way ANOVA followed by Tukey’s multiple comparisons test for all but F,
where a t-test was used. (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗∗) P < 0.001.
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min and are undetectable within 4 h of tRNA synthetase
inhibition. This time line is consistent with live-cell sin-
gle-mRNA imaging assays that showed that stalled ribo-
somes are released from ∼50% of mRNAs containing
internal poly(A) tracts within 15 min (Goldman et al.
2021). We demonstrated that the RQC pathway, initiated
by ZNF598-mediated eS10 ubiquitination (Juszkiewicz
et al. 2020b; Narita et al. 2022; Best et al. 2023), is required
to clear collided ribosomes under these conditions. Nota-
bly, our findings indicate that the persistence of stalled ri-
bosomes following tRNA synthetase inhibition is not due
to an overwhelmed RQC pathway, which has been sug-
gested by the substoichiometric ratios of RQC factors
compared with estimated ribosome numbers (Wu et al.
2020) and shown during widespread RNA damage (Stone-
ley et al. 2022). Instead, our data suggest that, under severe
inhibition of tRNA charging, ribosome collisions likely
make up a minor subset of the total ribosome stalls.

A prediction from our model is that other stresses that
activate the ISR and suppress translation elongation will
also inhibit RNP granule assembly. RNA damage (caused
by UV stress,methyl methanesulfonate, nitric oxide, or 4-
nitroquinoline 1-oxide) and chemotherapeutics (such as
etoposide and cisplatin) activate the ISR and cause ribo-
some stalling (Wu et al. 2020; Yan and Zaher 2021; Stone-
ley et al. 2022; Ryder et al. 2023; Sinha et al. 2024).
Strikingly, these RNA-damaging stresses and chemother-
apeutics induce few or no canonical stress granules to

form (Arimoto et al. 2008; Aulas et al. 2017, 2018; Ying
and Khaperskyy 2020; Wollen et al. 2021; Pietras et al.
2022; Martin et al. 2023). Our study provides an explana-
tion for impaired SG assembly in these contexts and cau-
tions against using SGs as markers of the ISR. We propose
that SGs are signal integrators thatmarkwhen translation
initiation is inhibited and that mRNAs are freed from ri-
bosomes through ongoing elongation or ribosome release.

Our work demonstrates that the RQC machinery is in
competition with the ISR in a broader range of contexts
than previously recognized (Wu et al. 2020; Yan and Zaher
2021; Nanjaraj Urs et al. 2024). We showed that disomes,
which can trigger GCN2 activation (Wu et al. 2020;
Pochopien et al. 2021; Yan and Zaher 2021), are detected
within 30min of tRNA synthetase inhibition. Puromycin
reduces P-eIF2α levels at early time points, indicating that
stalled ribosomes contribute to ISR activation.We consid-
ered that puromycin could reduce P-eIF2α levels by bind-
ing to GCN2 and competing with uncharged tRNAs;
however, GCN2 preferentially binds to uncharged tRNAs
(Dong et al. 2000), and puromycin mimics an aminoacy-
lated (tyrosyl) tRNA. Further supporting a role for collided
ribosomes in ISR activation, prior work showed that
GCN2 phosphorylation is reduced in halofuginone-
stressed cells pretreated with cycloheximide, which pre-
vents ribosome collisions (Misra et al. 2024). In addition,
we showed that ZNF598-deficient cells exhibit higher P-
eIF2α levels than wild-type cells upon halofuginone treat-
ment, consistent with prior findings that the RQC path-
way limits ISR activation (Wu et al. 2020; Yan and
Zaher 2021; Sinha et al. 2024). Finally, prior work suggests
that Gcn2 is preferentially activated by stalled ribosomes
with empty A sites (Yan and Zaher 2021), which likely ac-
cumulate when tRNA synthetases are inhibited (Misra
et al. 2021) or during amino acid deprivation (Wu et al.
2019). Activation of GCN2 serves as a negative feedback
loop to repress translation initiation and limit further ri-
bosome stalling that can activate the RSR and RQC path-
ways (Sinha et al. 2024). These findings underscore the
central role of collided ribosomes in coupling translation-
al stress to the ISR.

Emerging evidence suggests that impaired tRNA syn-
thetase activity can be beneficial or detrimental depend-
ing on the context. tRNA synthetase inhibitors have
therapeutic potential for fibrosis, autoimmunity, system-
ic sclerosis, cancer, and inflammatory and infectious dis-
eases (Pines and Nagler 1998; Pines et al. 2003; Rock
et al. 2007; Vondenhoff and Van Aerschot 2011; Kim
et al. 2020a). However, mutations in tRNA synthetases,
including loss-of-function EPRS1 alleles, and other
tRNA metabolism genes are associated with peripheral
neuropathy and multisystem disorders (Antonellis et al.
2003; Jordanova et al. 2006; Latour et al. 2010; Vester
et al. 2013; Tsai et al. 2017; Kuo and Antonellis 2020; Tur-
vey et al. 2022; Jin et al. 2023; Beijer et al. 2024). An out-
standing issue is whether and how ISR activation is
protective or detrimental in these genetic disease con-
texts. Animal models expressing mutations in tRNA syn-
thetases or tRNA metabolism genes exhibit markers of
the ISR (Blanco et al. 2014; Dogan et al. 2014; Ishimura

Figure 8. Model depicting the requirement of tRNA synthetase
activity for RNP granule assembly. Upon tRNA synthetase inhi-
bition, ribosomes stall, and eIF2α phosphorylation results from
uncharged tRNAs and collided ribosomes. Ribosome-associated
quality control (RQC) clears stalled, collided ribosomes but can-
not resolve ribosomes that stall in the absence of collisions.
The association of stalled ribosomes with mRNAs blocks the as-
sembly of stress granules and P-bodies.
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et al. 2016; Agnew et al. 2018; Spaulding et al. 2021;
Suzuki 2021; Terrey et al. 2021; Zuko et al. 2021; Orellana
et al. 2022; Gamage et al. 2025), and fibroblasts from pa-
tients with compound heterozygous EPRS1 mutations
hyperactivate the ISR during stress (Jin et al. 2021). Inter-
estingly, ablation of the ISR via GCN2 knockout can
either mitigate or exacerbate disease-associated pheno-
types depending on the model system (Ishimura et al.
2016; Spaulding et al. 2021; Terrey et al. 2021). Future
studies investigating the coordination of translation initi-
ation, elongation, and RNP granule assembly in disease
contexts may suggest therapeutic targets for a wide range
of diseases.
A broader implication of our work is that uncollided

stalled ribosomes are tolerated within the cell rather
than immediately cleared. Tolerance of stalled ribosomes
could serve important physiological roles. For example,
stalled ribosomes that escape RQC may be critical for
mRNA transport in neurons and glial cells to facilitate lo-
cal translation at distal cellular processes (Barbarese et al.
1995; Kanai et al. 2004; Elvira et al. 2006; Darnell et al.
2011; Müller et al. 2013; Smith et al. 2014; El Fatimy
et al. 2016; Langille et al. 2019; Anadolu et al. 2023; Pop-
per et al. 2024). Additionally, pauses in translation elonga-
tion enable cotranslational protein folding, translational
fidelity, and nascent protein quality control, thereby lim-
iting misfolded, aggregation-prone proteins (Stein and
Frydman 2019; Collart and Weiss 2020). During stress,
maintaining mRNAs in stalled ribosomes may conserve
energy and other resources that would otherwise be re-
quired to reinitiate translation (Joazeiro 2017). However,
as many tRNA synthetase inhibitors are natural products,
ribosome stalling may be toxic in part because animals
have not evolved mechanisms to release uncollided ribo-
somes. Furthermore, activation of the RSR is associated
with aging, cell cycle arrest, apoptosis, inflammation,
metabolic reprogramming, and other detrimental cellular
outcomes (Vind et al. 2020a,b, 2024; Robinson et al. 2022;
Snieckute et al. 2022, 2023; Fu et al. 2024; Sinha et al.
2024). Therefore, the selective tolerance of uncollided ri-
bosome stalls may result in a trade-off between preserving
cellular functions and risking toxicity from unresolved
stalls.

Materials and methods

Cell culture and treatments

U-2 OS cells stably expressing lentivirus transduced
EGFP-G3BP1 were described previously (Burke et al.
2020) and kindly shared by James Burke and Roy Parker.
Cells were cultured in high-glucose DMEM with gluta-
mine and pyruvate supplemented with 9% FB essence
(FBE; Avantor), 2mMGlutaMAX (Gibco), and 1% penicil-
lin–streptomycin in a 37°C incubator at 5%CO2. Hoechst
staining was done periodically to confirm that cells were
free of Mycoplasma. The following chemical treatments
were performed for the indicated times using 0.2%
DMSO or 1% ethanol as carrier controls: 20 or 0.2 µMhal-

ofuginone (MedChemExpress [MCE] HY-N1584) in
DMSO, 250 µM sodium arsenite (Ricca Chemical Compa-
ny), 100 µM borrelidin (MCE) in ethanol for 4 h, 40 nM or
1.25 µM thapsigargin (AG Scientific) in DMSO, 2 µM
rocaglamide A (MCE), 10 µg/mL puromycin (Gold Biosci-
ences), 0.18 or 180 µM emetine (CalBioChem) in DMSO,
20 µM anisomycin in ethanol, or 5 µg/mL actinomycin D
in DMSO. For amino acid deprivation, cells were washed
twice with PBS before switching to high-glucose DMEM
without arginine or glutamine (US Biological) or supple-
mented with arginine or glutamine, respectively, for con-
trols and containing 10% dialyzed fetal bovine serum
(Gibco) for 1, 4, or 16 h.
To generateZNF598 knockout cells, Cas9–sgRNARNP

particles were prepared according to the manufacturer’s
instructions using a Synthego gene knockout kit for
the ZNF598 gene (sgRNA targets: CGCCTTCCGCACC
GAGATCG, GAACCGCCACATCGACCTGC, and GAA
CGAGGGTGAGCAGGCAC). EGFP-G3BP1 U-2 OS were
nucleofected twice iteratively using a Lonza 4D-nucleofec-
tor X unit. Deletions were confirmed using PCR for
ZNF598 genomic DNA (primer sequences: AGTGG
TACTCGCGCAAGGACCT and TCCCTTCCCACTGC
TCCTGTGG) and Sanger sequencing with alignment to
theZNF598 genomic DNA (ENSG00000167962) sequence
using Benchling (Benchling 2024, Biology Software).
Knockout efficiency was estimated using the inference of
CRISPR edits (ICE) tool (Synthego performance analysis
and ICE analysis 2019, v3.0, Synthego), with 100% indel
detection and 94% knockout score determined for the
cell pool.

Fluorescence microscopy

To image RNP granules, U-2 OS cells were grown in glass-
bottom 96 well plates, treated as indicated, and then fixed
for 10 min with 4% paraformaldehyde in PBS. To image
stress granules using EGFP-G3BP1, fixed cells were
washed once in PBS, incubated in PBS with NucBlue
live-cell stain (Hoechst 33342, Invitrogen) for 30 min at
room temperature, rinsed with PBS, and then imaged in
PBS. Immunofluorescence microscopy was done to image
endogenous stress granule markers and P-body markers.
After fixation, cells were simultaneously permeabilized
and blocked for 10min at room temperature inAbDil buff-
er (PBS with 6% BSA, 0.5% Triton X-100). Primary anti-
body incubations (see Table 1) were performed in 0.5×
AbDil in PBS for either 1 h at room temperature or over-
night at 4°C. After three washes in PBS for 5 min each,
cells were incubated with secondary antibody in 0.5×
AbDil with NucBlue for 1 h at room temperature, washed
three times for 10 min each, and imaged in PBS.
Simultaneous immunofluorescence and fluorescence

in situ hybridization (FISH) were done as described previ-
ously (Moon et al. 2020). Briefly, cells were fixed in 4%
paraformaldehyde in PBS for 10 min, followed by permea-
bilization in 0.1% Triton X-100 with 0.2 U/µL RiboLock
RNase inhibitor (Thermo Scientific). Cells were then in-
cubated with primary antibodies (Table 1) diluted in PBS
with 0.2 U/µL RiboLock for 1 h at room temperature,
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washed three times for 5 min each with PBS, and then in-
cubated for 45 min at room temperature with fluorescent
secondary antibodies (Table 1). Cells were washed three
times for 5 min in PBS and fixed in 4% paraformaldehyde
in PBS for 10min. Cells were then incubated in wash buff-
er A (10% formamide in nuclease-free 2× SSC buffer) for 5
min followed by hybridization buffer (10% dextran sul-
fate, 10% formamide in 2× SSC) with 30 nt Cy3-labeled
oligo(dT) (Integrated DNA Technologies [IDT]) for 20 h
at 37°C. Hybridization buffer was removed, and each
well was incubated with wash buffer A with NucBlue
for 30 min at 37°C, followed by a 30 min wash in wash
buffer A. Finally, wash buffer A was replaced with wash
buffer B (2× SSC only) before imaging.

Bulk poly(A)+ RNA decay was assessed by treating cells
with actinomycin D starting 4 h after adding DMSO (car-
rier) or 20 µM halofuginone and then fixing cells 1, 2, or 4
h later with 4% paraformaldehyde for 10 min. Cells were
washed with PBS and permeabilized with 0.1% Triton X-
100 with 0.2 U/µL RiboLock RNase inhibitor (Thermo
Scientific). FISH using 30 nt Cy3-oligo(dT) probes was
done essentially as above and as described previously (Hel-
ton et al. 2025).

Images of fixed cells were collected on an EVOSM5000
fluorescence microscope (Invitrogen) using a 40× objec-
tive at room temperature. For live-cell microscopy, media
was exchanged to FluoroBrite (Gibco A1896701) supple-
mented with FBE and GlutaMAX 1 h before treatment.
Imaging was performed using Nikon Elements software
and the 40× objective of a Nikon Eclipse Ti2 microscope
equipped with a Lumencor Spectra III light engine, Andor

Life 888 EMCCD camera, and a Tokai Hit stage-top incu-
bator system set to 37°C and 5% CO2. To assess whether
stress granules formed over time upon halofuginone treat-
ment, images were collected every 2 h for 16 h. To deter-
mine whether stress granules formed in halofuginone-
treated cells in the presence or absence of arsenite or roca-
glamide A, images were collected every 30 min for 3
h. The percentage of cells with either stress granules
and/or P-bodies was quantified manually using the Cell
Counter plugin in ImageJ (Schindelin et al. 2012). PB
size and number were determined using the Analyze Par-
ticles tool after applying a local normalization filter with
the same threshold across images in ImageJ. To determine
relative poly(A) RNA levels in cells treated with DMSO or
HF and actinomycin D, the intensity of oligo(dT) signal
was determined in 10 individual cells (five per frame) in
each of n = 2 independent replicates using ImageJ. Counts
were performed from two frames per condition per inde-
pendent experimental replicate, with n= 3 replicates for
every experiment performed except where noted.

Western blotting

Cells were treated as indicated and washed in PBS, and
then 1× RIPA buffer with Halt protease, phosphatase in-
hibitor cocktail (Fisher Scientific), and benzonase (Fisher)
were added directly to the plate. Lysates were removed via
scraping, supplemented with 4× Laemmli loading buffer
and 10× Bolt reducing agent (Fisher), heated for 10 min
at 70°C, loaded onto a Bolt 4%–12% Bis-Tris gel (Invitro-
gen), and electrophoresed in Tris-MES-SDS running buffer

Table 1. Antibodies used in this study

Antibody target (label) Manufacturer Catalog no. Dilution (method)

Phospho-eIF2α Abcam ab32157 1:1000 (Western)

eIF2α Santa Cruz Biotechnology SC-133132 1:1000 (Western)

UBAP2L Cell Signaling Technology 40199 1:200 (immunofluorescence)

PABPC1 Proteintech 66809 1:100 (immunofluorescence)

DCP1A Santa Cruz Biotechnology SC-100706 1:100 (immunofluorescence)

EDC4 Proteintech 17737 1:100 (immunofluorescence)

XRN1 Santa Cruz Biotechnology SC-165985 1:100 (immunofluorescence)

eS10 (also known as RPS10) Abcam ab151550 1:500 (Western)

ZNF598 Sigma Aldrich ZRB1353 1:1000 (Western)

GADD34 (also known as PPP1R15A) Proteintech 81250 1:1000 (Western)

CReP (also known as PPP1R15B) Proteintech 83016 1:5000 (Western)

β-Tubulin (DyLight 800) Thermo Fisher Scientific 16308 1:1000 (Western)

p-p38 (Thr180/Tyr182) Proteintech 28796 1:1000 (Western)

p-JNK (Thr183/Tyr185) Proteintech 60666 1:1000 (Western)

Rabbit IgG (Alexa fluor 405) Invitrogen A48258 1:1000 (immunofluorescence)

Mouse IgG (Alexa fluor 568) Invitrogen A11011 1:1000 (immunofluorescence)

Rabbit IgG (Alexa fluor 647) Invitrogen A21244 1:1000 (immunofluorescence)

Rabbit IgG (DyLight 680) Thermo Fisher Scientific 35568 1:5000 (Western)

Mouse IgG (DyLight 800) Thermo Fisher Scientific 35521 1:5000 (Western)

Rabbit IgG (peroxidase) Cell Signaling Technology 7074 1:10,000 (Western)
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(VWR). Proteins were transferred to a PVDF membrane,
and the membrane was stained with total protein Q re-
agent (Azure Biosystems) and imaged. The membrane
was then blocked in TBST buffer with 5% nonfat dry
milk for 30 min and incubated with primary antibodies
in TBST with milk for 1 h at room temperature or 16–20
h at 4°C. The membrane was washed three times for 5
min each in TBST, followed by 45 min at room tempera-
ture with secondary antibodies diluted in TBST buffer
with 5% nonfat dry milk. The antibodies used and dilu-
tions are listed in Table 1. The membrane was then
washed three times for 10 min each in TBST. All images
were collected with an Azure Biosystems c600 imaging
system, and band intensities were quantified using the
ImageJ gel analysis tool (Schindelin et al. 2012). Relative
protein levels were determined by normalizing bands to
total protein signal in each lane, and relative levels of
phosphorylated eIF2αwere normalized to total eIF2α as in-
dicated in each figure.

Polysome and disome profiling

A modified version of the protocol from Ferguson et al.
(2023) was used for polysome profiling. Briefly, after treat-
ment, U-2 OS cells were treated with 100 µg/mL cyclo-
heximide for 10 min. Media was aspirated, and cells
were washed in ice-cold PBS with 100 µg/mL cyclohexi-
mide. Cells were scraped into ice-cold lysis buffer contain-
ing 20mMTris (pH 7.5), 150mMNaCl, 5mMMgCl2, 1%
Triton X-100, 1mMDTT, 1mg/mL cycloheximide, 80 U/
mLRiboLock RNase inhibitor (Thermo Scientific), and 50
U/mL DNase I (Zymo Research). After lysis for 10 min on
ice, lysates were centrifuged at 20,000g for 30 min at 4°C
to remove cell debris, snap-frozen in ethanol–dry ice, and
stored at−80°C. For separation of polysomes, lysates were
thawed on ice and loaded onto a 10%–50% sucrose gradi-
ent in 20 mM Tris (pH 7.5), 150 mM KCl, and 5 mM
MgCl2. Gradients were spun at 36,000 rpm for 3 h at
4°C, and polysome profiles were collected using a Bio-
comp piston gradient fractionator. Absorbance at 260
nm was normalized to 1 for the highest point in each pro-
file. Data were graphed in GraphPad Prism 10.4.0 (Graph-
Pad Software) and exported as .TIF files, and the area under
the curve was measured using the ImageJ wand tracing
tool (Schindelin et al. 2012). The peaks after the free
RNP fraction were defined in order as 40S, 60S, and 80S,
and all peaks to the right of the 80S peaks were considered
as polysomes.
For disome profiling, nuclease digestion and detection

of ribosome collisions were adapted from Ferguson et al.
(2023), and the above polysome profiling protocol was
modified as follows. Cycloheximide pretreatment was
omitted to prevent ribosome stalling artifacts. After thaw-
ing, the following were added for every 100 µL of lysate: 7
µL of 300mM Bis-Tris (pH 6.0), 0.5 µL of 100mM zinc ac-
etate, and 1 µL (100 U) of nuclease P1 (New England Biol-
abs). Lysates were incubated for 1 h at 37°C and then
separated and measured as above with a reduced centrifu-
gation time of 2.5 h. The highest A260 nm peak was nor-

malized to 1 for each profile, and data were quantified and
graphed as above for polysome profiling.

Bioorthogonal noncanonical amino acid tagging

Cells were treated with stressors as indicated and then 10
min prior to collection were switched to methionine-free
DMEM with either 4 mM methionine as control (−AHA)
or 4mM azidohomoalanine (AHA) for bioorthogonal non-
canonical amino acid tagging (BONCAT). Cells were then
lysed in 1× RIPA buffer with Halt protease and phospha-
tase inhibitor cocktail and benzonase, and the Click-
&-Go kit (Vector Laboratories) with Alexa 488 alkyne
(Invitrogen) was used for fluorescent labeling of nascent
proteins. Laemmli loading buffer (4×) and 10× Bolt reduc-
ing agent (Fisher) were added to the samples, which were
then heated for 10 min at 70°C, loaded onto a Bolt 4%–

12% Bis-Tris gel (Invitrogen), and electrophoresed in
Tris-MES-SDS running buffer (VWR). Proteins were trans-
ferred to a PVDF membrane, and the clicked fluorophore
was imaged on the membrane using an Azure Biosystems
c600 imaging system. Total protein staining was then per-
formed with total protein Q reagent (Azure Biosystems).
Each lane was quantified with the ImageJ gel analysis
tool (Schindelin et al. 2012) and is reported as a ratio of
BONCAT signal to total protein signal with the data nor-
malized to the untreated control as 1 for each replicate.

rRNA detection

Cells were incubated with 20 µM halofuginone for 1, 4, or
16 h and then trypsinized and counted, and RNA was ex-
tracted from equal cell numbers using the Zymo Quick-
RNA minipreparation kit. Equal volumes of RNA were
run on a 1% agarose gel with TriTrack dye (Thermo Scien-
tific) and SYBR Safe gel stain (Invitrogen) and imaged (472
excitation and 595 emission) on an Azure Biosystems
c600 imaging system.

Quantification and statistics

All experiments were performed for n= 2 or 3 independent
experimental replicates as indicated, and representative
images of a single replicate are shown for each experi-
ment. Data were graphed with bars representing the
mean and with error bars indicating the standard error of
the mean. Points indicate individual measurements,
with matching point colors indicating measurements
within a single experimental replicate. Statistical signifi-
cance was assessed using an ordinary one-way ANOVA
followed by Tukey’s multiple comparison test or using
Student’s t-test as indicated, and P≤ 0.05 indicates signif-
icance. Graphs and statistical tests were prepared using
GraphPad Prism 10.4.0 (GraphPad Software), SuperPlot-
sofData (Goedhart 2021), or Python version 3.9.6 using
Seaborn version 0.13.1 (https://zenodo.org/records/
883859), Pandas version 2.2.0, Numpy version 1.26.3
(Harris et al. 2020), Matplotlib version 3.8.2 (Hunter
2007), and SciPy version 1.12.0 (Virtanen et al. 2020).
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