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Abstract

In response to stress, translation initiation is suppressed and ribosome runoff via translation elongation
drives mRNA assembly into ribonucleoprotein (RNP) granules including stress granules and P-bodies. Defects
in translation elongation activate the integrated stress response. If and how stalled ribosomes are removed
from mRNAs during translation elongation stress to drive RNP granule assembly is not clear. We demonstrate
the integrated stress response is induced upon tRNA synthetase inhibition in part via ribosome collision
sensing. However, saturating levels of tRNA synthetase inhibitors do not induce stress granules or P-bodies
and prevent RNP granule assembly upon exogenous stress. The loss of tRNA synthetase activity causes
persistent ribosome stalls that can be released with puromycin but are not rescued by ribosome-associated
quality control pathways. Therefore, tRNA synthetase activity is required for ribosomes to run off mMRNAs
during stress to scaffold cytoplasmic RNP granules. Our findings suggest ribosome stalls can persist in human

cells and uniquely uncouple ribonucleoprotein condensate assembly from the integrated stress response.
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Introduction

The integrated stress response (ISR) is a conserved signaling pathway in which phosphorylation of the
translation initiation factor elF2a causes translation inhibition and gene expression reprogramming (7, 2).
During the ISR, inhibition of translation initiation and ribosome runoff release mRNAs from the translating pool.
Ribosome-free mRNAs make multivalent interactions with RNA-binding proteins and other RNAs, and together
with protein-protein interactions drive the assembly of biomolecular condensates called stress granules (SGs)
and processing bodies (P-bodies or PBs) (3-6). These stress-induced ribonucleoprotein (RNP) granules can
sequester RNAs and RNA-binding proteins away from the cytoplasm (7—173) and are enriched in translationally
repressed mMRNAs (74-21). SGs and PBs have been implicated in the cellular resilience to stress and disease
contexts (22—26), yet are also associated with a maladaptive or cytotoxic stress response (27-30). The
functions of RNP granules in cellular resilience to stress and the ISR may be context-dependent and are still

being resolved.

Stressors such as impaired tRNA charging, amino acid deprivation, UV, and other RNA damaging
agents inhibit translation elongation and activate the ISR through GCN2 (37-38)). GCN2 can be activated in
vitro by binding uncharged tRNAs (39—417) and/or the ribosomal P-stalk (42, 43). GCN2 activation is associated
with collisions between elongating and stalled ribosomes that occur when mRNAs are damaged, amino acids
are depleted, or upon genetic depletion of tRNA and ribosome rescue factors (32, 33, 38, 39, 42, 44-47).
Recognition of ribosome collisions by GCN2 may be mediated by interactions with the ribosomal P-stalk and/or
by the cofactor GCN1 that has been structurally placed at the disome interface (46, 47). In these contexts,
GCNZ2 activation mediates a negative feedback loop between translation elongation and initiation to inhibit
further ribosome stalling events and reduce the production of partially generated proteins that can misfold and
aggregate. The interplay between translation elongation and initiation through GCN2 suggests that this

feedback loop is critical for cellular adaptation to stress (33, 38, 39, 42, 44—47).
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It is not clear whether and how RNP granules assemble during stress conditions that activate the ISR
and inhibit translation elongation. Ribosome-free mMRNA is essential to drive and scaffold canonical stress
granule assembly in wild-type cells that do not exogenously over-express core SG components. Chemical
inhibitors of elongation such as cycloheximide trap ribosomes on mRNAs and prevent SG and P-body
formation (17—13, 48-51). Ribosome-bound mRNAs are not stably sequestered within SGs (7, 52), and mRNA
association with as few as one ribosome blocks SG formation (48), indicating ribosome occupancy and mRNA
condensation into SGs are incompatible (4). It is thus anticipated that RNP granule assembly will be limited
during stresses that cause ribosome stalling. However, multiple mechanisms exist to remove stalled ribosomes
from mRNAs, including ribosome-associated quality control (RQC) (53, 54) and ribosome rescue factors such
as HBS1/PELO (55, 56) and GTPBP1/2 (57, 58). Yet, these pathways can be overwhelmed (44, 59) and
emerging evidence suggests they cannot resolve some types of ribosome collisions (32, 60, 617). It is unknown
whether RQC/ribosome rescue pathways or other mechanisms enable RNP granule assembly during

translation elongation stress.

Inhibitors of tRNA charging provide an opportunity to dissect the mechanistic links between ribosome
stalling, RNP granules, and the ISR. Halofuginone is a potent and specific inhibitor of the prolyl-tRNA charging
activity of glutamyl-prolyl tRNA synthetase (EPRS1) (36). Halofuginone activates the ISR via GCN2 (36-38,
62-64) and increases ribosome occupancy at proline codons (62, 64) suggestive of ribosome stalling.
Activation of GCN2 by halofuginone has been suggested to occur via direct sensing of uncharged tRNA
without a requirement for ribosome collisions (38). However, ribosome collisions occur after genetic depletion
of tRNA synthetases (65, 66) and tRNA (45, 58) in association with GCN2 activation. Further, a prior study
found TIA-1/TIAR+ ‘riboclusters’ reminiscent of SGs are induced upon low-level tRNA synthetase inhibition
(67), in contrast to an earlier study that reported SGs do not form upon treatment with the threonyl-tRNA
synthetase inhibitor borrelidin (57). Halofuginone and other tRNA synthetase inhibitors have therapeutic
potential for a range of disease contexts including cancers, fibrosis, autoimmunity, parasitic infections, and
diabetes (37, 68—71). Mutations in tRNA synthetases are also associated with heritable peripheral

neuropathies and multisystem disorders (72—79), including loss-of-function EPRS1 variants (80-82). Further,
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ISR activation has been observed in affected motor neurons in animal models of tRNA synthetase disease (83,
84). Therefore, elucidating how the ISR functions when tRNA charging is impaired may suggest insights into

mechanisms of the stress response, disease, and therapeutic modes of action.

In this study, we investigated the impact of tRNA synthetase inhibitors on translation elongation, the
ISR, and stress-induced RNP granules. We found that tRNA synthetase inhibitors did not induce SG assembly
despite robustly activating the ISR to levels equal to stresses that cause SG formation. Furthermore, tRNA
synthetase inhibitors prevented SG formation during other stresses. Loss of tRNA charging also disassembled
P-bodies and prevented them from being induced by other stresses. Impaired RNP granule assembly upon
tRNA synthetase inhibition was associated with global translation suppression and retention of mMRNAs in
polysomes, suggesting global ribosome stalling. We found that the RQC pathway initiated by the ubiquitin
ligase ZNF598, which recognizes collided ribosomes, was activated at a low level upon tRNA synthetase
inhibition and contributed to the ISR, but failed to resolve stalled ribosomes. The peptidyl-tRNA mimic
puromycin freed mRNAs from polysomes and rescued RNP granule assembly during halofuginone stress.
Surprisingly, halofuginone-induced ribosome stalls persisted for over 16 hours. Together, these results suggest
that stresses that inhibit translation elongation can uncouple RNP granule assembly from the ISR due to
unresolved, persistent ribosome stalls. These persistent stalls are the result of the limited cellular capacity to

detect elongation defects via ribosome collisions or uncollided, stalled ribosomes.
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Results

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

We first assessed whether acute inhibition of tRNA synthetases activates the ISR. We treated U-2 OS
cells with micromolar levels of halofuginone to rapidly and completely inhibit prolyl-tRNA charging for 1 hour
and assessed elF2a phosphorylation and translation activity. We compared P-elF2a levels upon halofuginone
treatment to arsenite and thapsigargin stress, which activate the ISR via oxidative or endoplasmic reticulum
stress (respectively). Consistent with prior studies (36—38, 62—-64), we observed that halofuginone significantly
increased P-elF2a levels (by 16.0 +/- 1.5 fold), which was comparable to P-elF2a increases induced by
arsenite (21.0 +/- 3.5 fold) and thapsigargin (13.8 +/- 2.6 fold) (Fig. 1A). We then applied bioorthogonal
noncanonical amino acid tagging (BONCAT) (85) to measure bulk protein synthesis during stress. We found
that halofuginone caused an 84.0 +/- 4.5% reduction in protein synthesis compared to unstressed cells as
measured by BONCAT, which was comparable to 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 similar degree as 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 (62, 64). We next tested if suppressing tRNA synthetase activity induced stress
granule formation, as halofuginone robustly increased the levels of P-elF2a. However, stress granule assembly
is driven by the release of MRNAs from translation, which would require either ribosomes to run off of mMRNAs
or ribosome release through RQC/RQT pathways (171-13, 48, 49, 52, 58, 86). We treated U-2 OS cells
expressing the SG marker protein GFP-G3BP1 to mark SGs (87) with halofuginone for 1 hour 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 that led to
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similar P-elF2a levels as seen in HF-treated cells (Fig. 1C). Furthermore, no SGs were detected in cells
treated with halofuginone when visualizing other canonical SG markers including UBAP2L, PABPC1, and
polyadenylated RNA (Fig. 1D). These results demonstrate tRNA synthetase inhibitors do not cause SG

formation despite activating the ISR.

To test whether inhibition of tRNA charging with halofuginone prevents SG assembly under conditions
that cause SG formation, we co-treated cells with halofuginone and arsenite or thapsigargin. We observed
halofuginone co-treatment prevented SG formation by either arsenite or thapsigargin (Fig. 1E). Halofuginone
co-treatment did not decrease P-elF2a induction in response to arsenite (Fig S1A) or thapsigargin (Fig S1B),
indicating inhibition of SGs by halofuginone is not through reduced activation of the ISR. Thus, tRNA

synthetase activity is required for SGs to form.

We next determined whether tRNA synthetase inhibition 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 factors (e.g., DCP1A, EDC4, XRN1), harbor non-translating mRNAs, and interact with SGs during
stress (7, 12, 50, 88, 89). We used immunofluorescence microscopy to detect the PB marker DCP1A in cells
treated with halofuginone, arsenite, or thapsigargin. We found that halofuginone inhibited PB assembly (Fig.
1F-G). 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 inhibition prevents the assembly of PBs in response to
stress. We co-treated cells with halofuginone and arsenite or thapsigargin and measured PBs by staining for
DCP1A. We observed 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.
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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 causes ribosomes to accumulate on proline codons,
at the 5’ end of coding sequences, and on mRNAs encoding proline-rich proteins (62, 64). Since we found SG
and P-body assembly was blocked despite robust levels of P-elF2a, we hypothesized that halofuginone would
cause retention of MRNAs in polysomes, as ribosomes lack the charged prolyl-tRNA to elongate and allow
ribosome runoff. To test this hypothesis, we used polysome profiling to measure mRNA association 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:monosome ratio
and thapsigargin treatment caused polysomes to collapse and increased the 80S monosome peak (Fig. 2A).
In contrast, polysomes were largely preserved in cells treated with halofuginone (Fig. 2A). Because
halofuginone caused translational repression as measured by metabolic labeling (Fig. 1B), these results

demonstrate halofuginone causes elongating ribosomes 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 (90). We anticipated that puromycin would react with empty
ribosome A sites awaiting charged Pro-tRNAP™ and cause polysome collapse during halofuginone treatment.
We found that puromycin alone did not induce complete polysome collapse after 1 hour (Fig. 2B), likely due to
continued translation initiation. However, co-treatment of cells with halofuginone and puromycin reduced the
polysome fraction, increased the 80S monosome fraction, and decreased the polysome to monosome ratio
~2.4-fold from 1.9 +/- 0.4 in cells treated with halofuginone to 0.8 +/- 0.1 in cells treated with halofuginone and
puromycin (Fig. 2B). Further, halofuginone co-treatment stabilized polysomes in cells treated with thapsigargin,

yielding a ~2.1-fold increase in the polysome to monosome ratio from 1.4 +/- 0.2 to 3.0 +/- 0.4 (Fig. 2C). These
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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 to monosome ratio to 1.7 +/- 0.4. These results demonstrate that
puromycin rescues ribosome stalling induced by inhibition of tRNA charging by releasing mRNAs from

polysomes.

Ribosome collisions contribute to activation of the ISR by halofuginone

Because polysomes do not collapse and RNP granules do not assemble upon halofuginone stress, we
next asked whether ribosome-associated quality control (RQC) pathways failed to resolve stalled ribosomes
that result from uncharged tRNA accumulation. We first assessed if halofuginone causes ribosome collisions
by measuring ubiquitination of ribosomal protein eS10. The initial stage of the RQC is recognition of the
ribosome collision interface and the ubiquitination of ribosomal proteins, including eS10, by the E3 ubiquitin
ligase ZNF598 (91-95). We observed that treatment with a low concentration of emetine, an irreversible
inhibitor of ribosome translocation (96) that causes ribosome collisions (44, 97), induced robust ubiquitination
of eS10, with a 6.3 +/- 0.5 fold increase over the DMSO carrier control (Fig. 3A). A key observation is that
halofuginone increased eS10 ubiquitination by 3.1 +/- 0.8-fold relative to DMSO controls at 0.5 hr, the earliest
time point collected (Fig. 3A). However, Ub-eS10 levels in halofuginone-treated cells did not reach those
observed with emetine treatment (Fig. 3A), suggesting ribosome collisions occur infrequently in this context.
These results suggest that the inhibition of tRNA charging leads to ribosome stalls and a low level of collisions

that are recognized and cleared by the RQC pathway.

We next asked whether ribosome collisions contribute to activation of the ISR by halofuginone.
Uncharged tRNAs can activate the ISR via GCN2 (38, 39, 41, 42, 64, 98, 99). We assessed P-elF2a levels in
cells treated with halofuginone, arsenite, or thapsigargin in the presence or absence of puromycin to prevent
ribosome collisions by releasing mRNAs from ribosomes (38). We found that while halofuginone significantly

increased P-elF2a levels, the addition of puromycin reduced the levels of P-elF2a by ~2-fold in cells co-treated
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with halofuginone (Fig. 3B). There were no significant differences in P-elF2a levels upon puromycin
co-treatment 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.

Since the RQC pathway resolves ribosome collisions, we hypothesized that activation of RQC by
halofuginone would limit GCN2 activation and reduce P-elF2a levels. We reasoned that P-elF2a levels
resulting from collisions would be elevated in cells that cannot clear collided ribosomes due to genetic
depletion of ZNF598, which initiates the RQC pathway (94). We generated a genetically depleted ZNF598
knockout U-2 OS cell pool (ZNF598 KO) using CRISPR/Cas9. We verified ZNF598 was knocked out by
performing Sangar sequencing of the genomic DNA (Fig. S2A) and ICE analysis (Fig. S2B). Further, while
western blotting with a ZNF598 antibody showed a 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 this
lower molecular weight ZNF598 protein may be a non-functional in-frame deletion (Fig. S2C). We then
assessed P-elF2a levels in wild-type and ZNF598 KO cells treated with halofuginone at 0.5, 1, and 4 hr. At 4 hr
post-halofuginone treatment, ZNF598 KO cells had a significant, 1.63-fold increase in P-elF2a compared to
wild-type cells (Fig. 3C). No significant differences in P-elF2a were observed early in stress (Fig. 3C).

Therefore, ZNF598 limits activation of the ISR when tRNA charging is inhibited.

We hypothesized that the observed increase in P-elF2a levels during halofuginone treatment in the
ZNF598 KO cell line was due to the accumulation of ribosome collisions, which would otherwise be cleared by
the RQC pathway. We performed two experiments to test this hypothesis. First, we assessed whether stalled
ribosomes contributed to the elevated P-elF2a levels observed in ZNF598 KO cells. We co-treated wild-type
and ZNF598 KO cells with puromycin during 1 or 4 hr of halofuginone stress to resolve stalled ribosomes and
assessed P-elF2a levels. We found that puromycin reduced P-elF2a levels in ZNF598 KO cells to levels
comparable to those observed in wild-type cells treated with halofuginone alone (Fig. 3D). This result suggests
that the increased P-elF2a levels in ZNF598 KO cells resulted from persistent collided ribosomes that would

otherwise be cleared by the RQC pathway.
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Second, we assessed how the levels of CReP and GADD34, which interact with protein phosphatase 1
to dephosphorylate P-elF2a, contribute to P-elF2a levels throughout the duration of HF treatment. We
reasoned that ZNF598 KO cells could display an increase in P-elF2a during late (4 hr) halofuginone stress
compared to wild-type cells if CReP and GADD34 were depleted more in the absence of ZNK598 at that time
point. Wild-type cells would otherwise have sufficient P-elF2a phosphatase activity to limit P-elF2a levels
during halofuginone stress. Our data rules this possibility out, as we found that GADD34 and CReP are equally
reduced during halofuginone stress in ZNF598 KO and wild-type cells (Fig. 3E). The observed reduction in
CReP and GADD34 levels is in line with the results of prior studies that demonstrated CReP is rapidly depleted
upon translation suppression (38) and GADD34 and CReP are not expressed in cells treated with high levels
of halofuginone (64). Not all proteins were depleted at 4 hours post-halofuginone treatment, as tubulin and total
protein levels were unchanged over time (Fig. 3E). Thus, CReP and GADD34 levels are equal in both cell lines
throughout the duration of treatment regardless of the presence of ZNF598. Taken together, these results
demonstrate that ribosome collisions occur during tRNA synthetase inhibition, cause an increase in P-elF2a

levels, and do so via increased phosphorylation of elF2a and not through decreased phosphatase levels.

Inducing ribosome release rescues RNP granule assembly after tRNA synthetase inhibition

We next asked if unresolved ribosome stalls block RNP granule assembly when tRNA synthetase
activity is inhibited during stress. First, we assessed whether stabilizing ribosomes on mRNAs during
translation elongation prevented stress-induced RNP granule assembly. Consistent with past research (11-13,
48, 49), trapping mMRNAs in polysomes with the irreversible ribosome translocation inhibitor emetine (96),
prevents SGs from forming during arsenite stress (Fig. 4A). Emetine also significantly reduced PBs in
unstressed cells, but did not impact their assembly during arsenite stress, similar to prior results of experiments
with the translation elongation inhibitor cycloheximide (11, 12, 50, 89, 100) (Fig. 4A). Therefore, blocking

translation elongation inhibits stress granule and constitutive P-body assembly.
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To directly test whether ribosome stalling during tRNA synthetase inhibition prevents RNP granule
assembly, we used puromycin to release mRNAs from ribosomes during halofuginone treatment and evaluated
SG and PB assembly. While SGs were not observed in halofuginone treatment alone, co-treatment with
puromycin and halofuginone for 1 hour caused SG assembly in 60.5 +/ 2.0% of cells (Fig. 4B). Puromycin did
not cause SG assembly in unstressed cells or alter SG assembly upon treatment with arsenite or thapsigargin
(Fig. 4B). Similarly, while SGs did not form in the presence of halofuginone during either arsenite or

thapsigargin stress, puromycin co-treatment rescued SG assembly (Fig. 4C).

We next determined if P-bodies are also limited by mRNA retention in polysomes upon halofuginone
treatment. Puromycin co-treatment 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 co-treated cells (Fig. 4D). In contrast to what was
observed with emetine treatment, halofuginone blocked the assembly of P-bodies upon arsenite or
thapsigargin stress (Fig. 4E). Co-treatment with puromycin also rescued PB assembly in cells treated with
halofuginone and arsenite or thapsigargin (Fig. 4E). Specifically, the percentage of cells with PBs increased
from 20.2 +/- 4.8% in cells with arsenite and halofuginone to 99.4 +/- 0.4% when puromycin was added, and
from 11.1 +/- 3.8% in cells with thapsigargin and halofuginone to 95.1 +/- 2.2% upon addition of puromycin.
Together, these results suggest that RNP granules do not assemble when tRNA charging is impaired in part

because stalled ribosomes remain associated with mRNAs.

One alternative possibility is that puromycin drives RNP granule assembly by increasing ISR activation
in halofuginone-treated cells. Puromycin can induce SGs at high concentrations or long treatment duration (i.e.
24 hours) (13, 101, 102) and increases P-elF2a levels in association with reduced CReP expression (38). We
found Ub-eS10 levels suggestive of ribosome collisions are elevated early in halofuginone stress (Fig. 3A) at
similar times when GADD34 and CReP are at their highest levels during halofuginone treatment (Fig. 3E). If
ribosome collisions contribute to P-elF2a levels early during halofuginone treatment, we reasoned that
puromycin co-treatment would reduce P-elF2a levels by resolving stalled, collided ribosomes that activate

GCN2. We therefore assessed P-elF2a levels in cells treated with halofuginone in the presence or absence of
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puromycin over a 4 hour time course. Consistent with the idea that puromycin releases stalled, collided
ribosomes from mRNAs that contribute to ISR activation, we observed puromycin reduced P-elF2a levels
early, but not late, during halofuginone treatment (Fig S3A). We also assessed stress granule assembly over
the same time course of halofuginone treatment in the presence or absence of puromycin. A key observation is
that fewer cells formed SGs early during halofuginone treatment versus longer-term treatment (Fig. S3B). The
percent 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 hour of co-treatment to 94.7 +/- 2.5% of cells after 4 hours of co-treatment (Fig.
S3B). Together, these observations are consistent with the idea that puromycin minimizes ISR activation early
in halofuginone stress and limits SG assembly by preventing ribosome collisions, while promoting SG

assembly later during halofuginone stress by releasing mRNAs from stalled ribosomes.

Halofuginone specifically inhibits the prolyl-tRNA synthetase activity of EPRS1 (36) and does not affect
the extent of charging of any of the other 19 tRNA isoacceptors (38). We therefore tested whether inhibiting
tRNA charging of other amino acids also blocked the assembly of SGs and PBs through ribosome stalling. To
do so, we treated cells with borrelidin, which inhibits threonyl-tRNA synthetase (703) and also activates the ISR
via GCN2 (704). We found that borrelidin induced similar levels of P-elF2a as thapsigargin, with a 10.4 +/- 1.4
fold increase of borrelidin over control versus a 11.1 +/- 0.6 fold increase with thapsigargin stress (Fig. S4A).
Consistent with our previous findings with halofuginone, no SGs were observed in cells treated with borrelidin,
and borrelidin inhibited thapsigargin-induced SGs (Fig. S4B). Further, puromycin co-treatment induced SG
assembly in cells treated with borrelidin (to 77.9 +/- 4.6% of cells), and rescued SG assembly in cells stressed
with thapsigargin and borrelidin (Fig. S4C). 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 restored to 20.9 +/- 4.9%
by puromycin (Fig. S4D). Borrelidin also decreased 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 puromycin.
Therefore, the uncoupling of RNP granule assembly from the ISR is generalizable across multiple tRNA

charging inhibitors.
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tRNA synthetase inhibition causes persistent ribosome stalls

Multiple cellular mechanisms exist to resolve ribosomes stalled in elongation, including
ribosome-associated quality control (RQC) and ribosome rescue factors related to the translation termination
machinery (105, 106). We therefore hypothesized that ribosome stalls caused by tRNA charging inhibition
would be removed from mRNAs, enabling RNP granule assembly. We tested this hypothesis by determining if
SGs formed during long-term tRNA charging inhibition using live cell imaging of the SG marker GFP-G3BP1 in
cells treated with halofuginone. We found that halofuginone-treated cells did not form SGs for up to 16 hours of
treatment, the limit of imaging before cytotoxicity was observed (Fig. 5A). The absence of SGs was not due to
detoxification of halofuginone or resolution of stress, as P-elF2a levels remained high up to 16 hours (Fig. 5B).
Additionally, polysome profiling confirmed that polysomes persist at 16 hours of stress (Fig. 5C). 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 elF4A inhibition (107), respectively. We found that while robust SG assembly occurred in rocaglamide
A- or arsenite- treated cells, halofuginone completely prevented SG formation in cells co-treated with
rocaglamide A or arsenite up to 3 hours later, the duration of imaging (Fig. 5D). In line with these results,
halofuginone limited polysome collapse upon rocaglamide A treatment (Fig. 5E). Specifically, after 3 hours 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 co-treated cells with rocaglamide A and halofuginone. These results suggest that the
ribosomes associated with mRNAs after long-term halofuginone treatment are stable, stalled species, rather

than the result of continued translation initiation.

14


https://paperpile.com/c/LtwP6M/moF1l+FlYMu
https://paperpile.com/c/LtwP6M/MOBaQ
https://doi.org/10.1101/2025.03.10.642431
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.10.642431; this version posted March 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Discussion

Here we show that tRNA charging is essential for stress-induced RNP granule assembly by preventing
persistent, unresolved ribosome stalls. First, we show tRNA synthetase inhibitors induce the ISR and suppress
translation without driving the assembly of stress-induced RNP granules. We demonstrate that prolyl- and
threonyl- tRNA synthetase inhibitors block the assembly of SGs and PBs during stress by trapping mRNAs in
stalled polysomes. We observed low-level activation of the ribosome-associated quality control pathway
initiated by ZNF598, suggesting ribosome collisions occur and are cleared early upon tRNA synthetase
inhibition. The results of experiments monitoring P-elF2a levels in wild-type and ZNF598-depleted cells in the
presence or absence of puromycin suggest ribosome collisions contribute to ISR activation when tRNA
charging is inhibited. Residual stalled ribosomes that accumulate during tRNA synthetase inhibition persist and
prevent RNP granule assembly, suggesting they are not rescued by RQC pathways. Taken together, we find
RNP granules are uncoupled from the stress response when tRNA charging is inhibited due to persistent

ribosome stalls (Fig. 6).

One implication of these results is that other stressors that activate the ISR by disrupting translation
elongation may also inhibit RNP granule assembly because of persistent ribosome stalls. Chemical agents that
damage RNA such as methyl methanesulfonate (MMS) (32, 34), nitric oxide (35), and 4-nitroquinoline 1-oxide
(32) cause ribosome stalling and ISR activation. MMS has been reported to not induce SGs (708, 109), and
nitric oxide triggers the formation of atypical, stable SGs that assemble more rapidly in the presence of
puromycin (110). Further, chemotherapeutic agents such as etoposide and cisplatin induce tRNA degradation
via SLFN11 nuclease, causing ribosome stalling and GCN2 activation (317). Etoposide has been reported to not
cause SG assembly (709), while cisplatin causes aberrant, small SGs to form in only ~20% of cells despite
robust translation suppression, and inhibits the formation of arsenite-induced SGs (771, 112).
Ribosome-stalling stressors may take divergent routes to SG assembly when polysome-free mRNA is
unavailable to seed or scaffold them. While cisplatin-induced stress granule-like assemblies were reported to

not be stimulated by puromycin treatment (777), cisplatin-induced “stress granules” have no (717) or low (771,
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112) levels of poly(A) mRNA (717) and persist after stress removal (7711, 112), suggesting they are not
canonical SGs. Similarly, UV stress causes mRNA damage, ribosome stalling, and ISR activation via GCN2
(32, 44, 113) but induces few SGs to form (774). These UV-induced SGs are not enriched in PABP or
translation factors found in canonical SGs (e.g., elF4G, elF3B, 4E-BP, S6) (774) or poly(A) mRNA (7115), and
may instead be scaffolded by damaged RNAs released from the nucleus (776). One possibility is that this
unusual mechanism of SG assembly occurs because polysome-free mMRNAs are unavailable. Indeed, a recent
study showed that UV stress causes ~2.3-fold slower ribosome runoff compared to untreated controls and that
nuclease-resistant collided ribosomes persist for at least 4 hours (32). Therefore, stress-induced ribosome

stalling that limits RNP granule assembly may occur in diverse stress conditions.

Our results predict that a key determinant of whether elongation-targeting stressors will induce or
prevent RNP granules is if the ribosome stalls they generate can be recognized and cleared by ribosome
release factors and/or RQC. Here, we observed low-level activation of the RQC pathway upon robust inhibition
of tRNA charging. The observed ubiquitination of ribosomal protein eS10 by ZNF598 upon halofuginone
treatment is suggestive of ribosome collisions, as this initiator of the RQC uniquely recognizes the disome
interface (54, 92). We therefore anticipated that stalled ribosomes would be rapidly cleared from mRNAs by the
RQC/ribosome quality trigger (RQT) complex downstream of ZNF598 activity (54, 92, 117). The results of
single molecule live cell imaging assays of reporter mMRNAs harboring a poly(A)-tract in the coding region that
cause ribosome collisions demonstrated that ~50% of the mRNAs are released from stalled ribosomes within
15 minutes (95). However, we observed that halofuginone-induced ribosome stalls persisted for over 16 hours.
One possible explanation is that ribosome collisions make up a minor species among the ribosome stalls
generated by severe inhibition of tRNA charging. For instance, proline accounts for 6.3% of all amino acids in
the human proteome (778), and ribosome stalling at every proline codon could cause a similar effect as using
high concentrations of elongation inhibitors that freeze ribosomes in isolated stalls rather than in collided
disomes (44, 119). Therefore, inhibition of tRNA synthetases may cause isolated ribosome stalls that go

unrecognized by RQC/RQT pathways.
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We made several observations that suggest the RQC pathway is activated during halofuginone stress
and indicate that ribosome collisions contribute to the ISR upon acute tRNA synthetase inhibition. The
observed accumulation of ubiquitinated eS10 suggests ribosome collisions occur early during acute, high level
halofuginone treatment. Further, our observation that puromycin reduces P-elF2a levels at early time points
during halofuginone stress indicates stalled ribosomes may contribute to ISR activation. We considered the
possibility that puromycin reduces P-elF2a levels by interacting with GCN2 and outcompeting interactions with
uncharged tRNAs that accumulate with tRNA synthetase inhibitors. However, GCN2 preferentially binds to
uncharged tRNAs (39) and puromycin mimics an aminoacylated (tyrosyl) tRNA. Additionally, we found that
cells deficient in the ribosome collision sensor ZNF598 have elevated P-elF2a levels compared to wild-type
cells during halofuginone treatment, although this increase in P-elF2a was only apparent when the P-elF2a

phosphatases are depleted (likely due to halofuginone-induced translational suppression (64)).

Our results are in line with recent work demonstrating that the ISR and RQC pathways are antagonistic
(34, 44, 113). Chemical inhibition of the ISR with ISRIB increases RNase-resistant disomes and P-elF2a levels
during amino acid starvation (44), and GCN2 depletion increases Ub-eS10 levels and collided ribosomes
during UV-C stress (713) by increasing translation initiation and ribosome load during elongation stresses. In
yeast, loss of Hel2 (the yeast ortholog of ZNF598) or the ribosome release factor Slh1 (the yeast ortholog of
ASCC3) increases Gen2 activation, and Gen2 depletion increases MMS-induced protein ubiquitination that
likely represent ubiquitinated ribosomal proteins (34). Finally, recent work suggests Gcn2 is preferentially
activated by stalled ribosomes with empty A sites (34), which likely accumulate upon tRNA synthetase
inhibition. Ribosome profiling analysis demonstrates halofuginone causes ribosomes to stall with proline
codons at the ribosomal A site, suggesting ribosomes are awaiting an incoming prolyl-tRNA (62). Dimethyl
sulfate probing and ribosome profiling experiments revealed that depletion of glutamyl-tRNA, histidine
biosynthesis inhibitors, and glutamine starvation all result in accumulation of 21 nt ribosome footprints
indicative of an empty A-site (720). While a recent study (38) demonstrated that puromycin does not reduce

P-elF2a levels in wild-type HEK293T cells treated with nanomolar levels of halofuginone, this analysis was
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performed after a 3 hour treatment when collided ribosomes may have already been cleared. Therefore, our

results suggest that robust tRNA synthetase inhibition partially activates the ISR through ribosome collisions.

Uncoupling of RNP granule assembly from the ISR by elongation stressors may affect
post-transcriptional gene regulation, cell signaling, and cellular resilience. It is estimated that ~5 - 15% of
cytoplasmic polyadenylated RNA localizes to SGs (710, 14, 121, 122), and non-translating mRNAs can remain
associated with SGs and PBs for long durations suggesting they are sequestered within them (7-9, 52).
Furthermore, genome-wide analyses demonstrate differential enrichment of mMRNAs within SGs and PBs, with
preferential localization of long RNAs and mRNAs that are translationally repressed to these RNP granules
(74-21). While it is not clear whether localization to a SG or PB impacts the translation or degradation of
mMRNAs after stress (88, 123—128), sequestration of non-translating mRNAs within these RNP granules limits
their access to the translating pool and may change their structure and/or interaction partners to impact gene
expression during and after stress. The results of several studies suggest SGs can act as hubs of signaling
pathways that promote cell survival by harboring signaling proteins (reviewed in (129)). The sequestration of
the signaling scaffold protein RACK1 within SGs is associated with suppression of apoptosis (709).
Additionally, the mTORC1 protein Raptor localizes to SGs in association with reduced mTORC1 activity (730),
and DYRKS3 kinase is thought to mediate mTORC1 activation by promoting SG disassembly (7137). However,
stress granules and P-bodies have been implicated as beneficial (22—26) or detrimental (27-30), in diverse
cellular and organismal contexts (732). Therefore, one implication of our work is that the lack of RNP granule
assembly upon tRNA synthetase inhibition could impair gene expression and/or cell signaling events during

stress and impact cellular resilience.

tRNA synthetase inhibitors have been extensively investigated as therapies for a wide range of
conditions including fibrosis, autoimmunity, cancer, inflammatory diseases, and fungal, bacterial,
mycobacterial, and protozoal infections (133-135). Borrelidin has anti-malarial properties, and borrelidin
analogs show promise in selectively inhibiting Plasmodium threonyl-tRNA synthetase activity in a mouse model

of malaria and in vitro (136). Halofuginone and other prolyl-tRNA synthetase inhibitors exhibit anti-fibrotic
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effects and have been investigated for treatment of systemic sclerosis, graft-versus-host disease, and cardiac
fibrosis (68, 137). Halofuginone was designated as an orphan drug for scleroderma and Duchenne muscular
dystrophy. While the translation of proline-rich extracellular matrix proteins that are critical for fibrosis such as
collagen is likely directly suppressed by halofuginone (36, 70), halofuginone also inhibits the differentiation of T
cell subtypes (Ty17 cells) that can contribute to fibrosis and autoimmunity (37, 138). Halofuginone and
borrelidin also exhibit anti-cancer (64, 69, 104, 139), anti-inflammatory (37, 140, 141), and anti-diabetic (77,
142) properties. Future work examining whether and how the activation of an ISR without RNP granule
assembly contributes to the therapeutic effects of tRNA synthetase inhibitors may suggest pathogenic

mechanisms and new treatment approaches.

Chemical inhibition of tRNA charging may suggest mechanistic insight into genetic diseases caused by
loss-of-function mutations in tRNA synthetase genes and genes important for tRNA metabolism. Mutations in
six tRNA synthetases are associated with the rare dominant peripheral neuropathy Charcot-Marie-Tooth
disease (72-77), and mutations in all 19 cytoplasmic tRNA synthetase genes are associated with multisystem
disorders (78, 79). Animal models expressing tRNA synthetase mutations associated with disease exhibit
increased P-elF2a levels and/or stress-induced gene expression (83, 84, 143, 144), and genetic ablation of the
ISR via GCN2 knockout mitigates disease-associated phenotypes (84). However, GCN2 knockout increased
disease-associated neurodegenerative phenotypes in mice that lack the tRNA*RC ., isodecoder n-Tr20 and
Gipbp1 or Gipbp2 (45, 57). Further, cultured fibroblasts from patients harboring compound heterozygous
mutations in the prolyl-tRNA charging domain of EPRS1 do not have a constitutive ISR, but rather
hyper-activate the ISR in response to ER stress and have reduced viability during chronic ER stress (80).
Additionally, variants in genes that encode tRNA modification or maturation enzymes (7145, 146) may activate
the stress response and reduce translation activity (747). Cell culture and animal models of genetic diseases
with mutations in, or depletion of, tRNA modification enzymes (148, 149), splicing factors (7150), and RNA
polymerase Il (157) exhibit markers of the stress response. Future work investigating the impact of
disease-associated tRNA, tRNA metabolism, and tRNA synthetase gene variants on the ISR, ribosome

stalling, and RNP granules may lend insight into disease mechanisms and inform therapeutic strategies.
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A broader implication of our work is that persistent stalled, but not collided, ribosomes are tolerated
without activating the stress response or being resolved. These results are a departure from the current model
that mRNAs trapped in stalled ribosomes are sensed and released by translation quality control machinery.
Ribosome stalling without ISR activation or ribosome release may be important in diverse biological contexts.
First, local translation is critical for neuronal function, as mRNAs are transported to distal cellular processes
within transport granules while they are stalled in translation elongation (152—158). In oligodendrocytes,
mMRNAs are also transported in a translationally repressed state, and the presence of translation factors within
these transport granules suggests the possibility that these mRNAs are also stalled in elongation (159—1617).
Second, paused or slowed translation elongation when the ribosome encounters specific mMRNA or nascent
protein features is critical for co-translational protein folding, translation fidelity, and nascent protein quality
control to limit production of misfolded or aggregation-prone proteins (762, 163). Translation elongation rates
are largely governed by the levels of cognate tRNAs, amino acid properties, and competition for cognate
decoding by tRNAs capable of wobble decoding (764—166), suggesting that ribosome stalling as a result of
charged tRNA deficiency is ignored by RQC pathways to enable proper protein production. Third, cells may
have evolved to limit the release of mMRNAs from translation via RQC in stress conditions when nutrients and
other resources are low, as releasing mRNAs from the translating pool to later re-initiate translation would
require more energy and resources than restarting elongation (767). In support of this idea, amino acid
deprivation causes ribosomes to accumulate at their corresponding codons (768). Finally, as many tRNA
synthetase inhibitors are natural products, one possibility is that ribosome stalling is toxic in part because
animals have not evolved mechanisms to release uncollided ribosomes. Therefore, the cell may benefit from
not recognizing or clearing stalled ribosomes that do not collide to enable mRNA transport, co-translational

protein folding and quality control, or recovery from stress conditions.
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Materials & Methods

Cell culture and treatments

U-2 OS cells stably expressing EGFP-G3BP1 via lentivirus transduction were described previously (87)
and kindly shared by James Burke and Roy Parker. Cells were cultured in high glucose DMEM with glutamine
and pyruvate supplemented with 9% FB essence (FBE; Avantor), 2 mM Glutamax (Gibco) and 1%
penicillin-streptomycin in a 5% CO, 37°C incubator. Hoechst staining was done periodically to confirm cells
were not contaminated with Mycoplasma. The following chemical treatments were performed for the indicated
times using: DMSO (0.2%), ethanol (1%), halofuginone (MedChem Express; MCE #HY-N1584) in DMSO at 20
MM or 0.2 uM, sodium arsenite (Ricca Chemical Company) at 250 uM, Borrelidin (MCE) in ethanol at 100 uM
for 4 hour, thapsigargin (AG Scientific) in DMSO at 1.25 uM, rocaglamide A (MCE) at 2 uyM, puromycin (Gold

Biosciences) at 10 yg/mL, and emetine (CalBioChem) in DMSO at 0.18 uyM or 180 puM.

To generate ZNF598 knockout cells, Cas9-sgRNA RNP particles were prepared according to
manufacturer instructions using a Synthego Gene Knockout Kit to the ZNF598 gene (sgRNA targets:
CGCCTTCCGCACCGAGATCG, GAACCGCCACATCGACCTGC, GAACGAGGGTGAGCAGGCAC).
EGFP-G3BP1 U-2 OS were nucleofected two times (iteratively) using a Lonza 4D-Nucleofector X unit.
Deletions were confirmed using PCR to ZNF598 genomic DNA (Primer sequences:
AGTGGTACTCGCGCAAGGACCT, TCCCTTCCCACTGCTCCTGTGG) and Sanger sequencing with alignment
to the ZNF598 genomic DNA (ENSG00000167962) sequence using Benchling (Benchling [Biology Software].
(2024). Retrieved from https://benchling.com). Knockout efficiency was estimated from these data using the
Inference of CRISPR Edits (ICE) tool (Synthego Performance Analysis, ICE Analysis. 2019. v3.0. Synthego,

accessed March 2024) with 100% indel detection and 94% knockout score determined for the cell pool.

Fluorescence Microscopy
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To image RNP granules, U-2 OS cells were grown in glass bottom 96 well plates, treated as indicated,
and then fixed for 10 minutes with 4% paraformaldehyde in PBS. To image stress granules using GFP-G3BP1,
fixed cells were washed in PBS once, incubated in PBS with NucBlue Live Cell Stain (Hoechst 33342;
Invitrogen) for 30 minutes at room temperature, rinsed once, 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 10 minutes at room temperature in AbDil buffer (PBS with
6% BSA and 0.5% Triton X-100). Primary antibody incubations (see Table 1) were performed in 0.5X AbDil in
PBS for either 1 hour at room temperature or overnight at 4°C. After washing in PBS three times for 5 minutes
each, cells were incubated with secondary antibody in 0.5X AbDil with NucBlue for 1 hour at room

temperature, washed three times for 10 minutes each, and imaged in PBS.

Simultaneous immunofluorescence and fluorescence in situ hybridization was done as previously
described (52). Briefly, cells were fixed in 4% paraformaldehyde in PBS for 10 minutes, followed by
permeabilization in 0.1% Triton X-100 with 0.2 U/uL of Ribolock RNase inhibitor (Thermo Scientific). Cells were
then incubated with primary antibodies (Table 1) diluted in PBS with 0.2 U/uL of Ribolock at room temperature
for 1 hour, washed three times for 5 minutes each with PBS, and then incubated for 45 minutes at room
temperature with fluorescent secondary antibodies (Table 1). This was followed by washing three times for 5
minutes in PBS and a second fixation in 4% paraformaldehyde in PBS for 10 minutes. Cells were then
incubated in Wash Buffer A (10% formamide in nuclease-free 2x SSC buffer) for 5 minutes followed by
hybridization buffer (10% dextran sulfate, 10% formamide in 2x SSC) with Cy3-labeled oligo(dT) (Integrated
DNA Technologies - IDT) at 37°C for 20 hours. Hybridization buffer was removed, and each well incubated with
Wash Buffer A with NucBlue for 30 minutes at 37°C, followed by an additional 30 minutes in Wash Buffer A.

Finally, Wash Buffer A was replaced with Wash Buffer B (2x SSC only) before imaging.

Images of fixed cells were collected on an EVOS M5000 fluorescence microscope (Invitrogen) using a
40X objective. For live cell microscopy, media was exchanged to FluoroBrite (Gibco #A1896701)

supplemented with FBE and Glutamax 1 hour before treatment. Imaging was performed using Nikon Elements
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software and the 40X objective of a Nikon Eclipse Ti2 microscope equipped with a Lumencor Spectra lll light
engine, Andor Life 888 EMCCD camera, and a Tokai Hit stage top incubator system set to 5% CO, and 37°C.
To assess whether stress granules formed over time upon halofuginone treatment, images were collected
every 2 hours for 16 hours. To determine if stress granules form in halofuginone-treated cells in the presence
or absence of arsenite or rocaglamide A, images were collected every 30 minutes for 3 hours. The percentage
of cells with either stress granules and/or P-bodies was quantified manually using the Cell Counter plugin in
Imaged (769). Counts were performed from two frames per condition per independent experimental replicate,

with n = 3 replicates for every experiment performed.

Western Blotting

Cells were treated as indicated, washed in PBS, and then 1X RIPA buffer with Halt protease and
phosphatase inhibitor cocktail (Fisher Scientific) and benzonase (Fisher) was added directly to the plate.
Lysates were removed via scraping, supplemented with 4X Laemmli loading buffer and 10X Bolt Reducing
agent (Fisher), heated at 70°C for 10 min, and then loaded onto a Bolt 4-12% Bis-Tris gel (Invitrogen) and
electrophoresed in Tris-MES-SDS running buffer (VWR). Proteins were transferred to a PVDF membrane, and
the membrane stained with Total Protein Q reagent (Azure Biosystems) and imaged. The membrane was then
blocked in TBST buffer with 5% nonfat dry milk for 30 minutes, and incubated with primary antibodies in TBST
with milk for 1 hour at room temperature or 16-20 hours at 4°C. The membrane was washed three times for 5
minutes each in TBST, followed by 45 minutes at room temperature with secondary antibodies diluted in TBST
buffer with 5% nonfat dry milk. Antibodies used and dilutions are listed in Table 1. The membrane was then
washed three times for 10 minutes each in TBST. All images were collected with an Azure Biosystems c600
Imaging System, and band intensities were quantified using ImageJ gel analysis tool (769). Relative protein
levels were determined by normalizing bands to total protein signal in each lane and relative levels of

phosphorylated elF2a were normalized to total elF2a as indicated in each figure.

Table 1: Antibodies used in this study.
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Antibody Target (Label) Manufacturer Catalog # Dilution (Method)
Phospho-elF2a Abcam ab32157 1:1000 (Western)

elF2a Santa Cruz SC-133132 | 1:1000 (Western)

UBAP2L Cell Signaling Technology | #40199 1:200 (Immunofluorescence)
PABPC1 Proteintech #66809 1:100 (Immunofluorescence)
DCP1A Santa Cruz SC-100706 | 1:100 (Immunofluorescence)
EDC4 Proteintech #17737 1:100 (Immunofluorescence)
XRN1 Santa Cruz SC-165985 | 1:100 (Immunofluorescence)
eS10 (RPS10) Abcam ab151550 1:500 (Western)

ZNF598 Sigma Aldrich ZRB1353 1:1000 (Western)

GADD34 (PPP1R15A) Proteintech #81250 1:1000 (Western)

CReP (PPP1R15B) Proteintech #83016 1:5000 (Western)

B-Tubulin (DyLight 800) Thermo Fisher Scientific #16308 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 1:5,000 (Western)

Mouse IgG (DyLight 800) Thermo Fisher Scientific #35521 1:5,000 (Western)

Rabbit IgG (Peroxidase) Cell Signaling Technology | #7074 1:10,000 (Western)

Polysome Profiling

A modified version of the protocol from (65) was used for polysome profiling. Briefly, after treatment a

15 cm dish of U-2 OS cells was treated with 100 pg/mL cycloheximide for 10 minutes. Media was aspirated

and cells were then washed in ice cold PBS with 100 pg/mL cycloheximide. Cells were then scraped into ice

cold lysis buffer containing 20 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl,, 1% Triton X-100, 1 mM DTT, 1

mg/mL cycloheximide, 80 U/mL Ribolock RNase inhibitor (Thermo Scientific), and 50 U/mL DNase | (Zymo

Research). After lysis on ice for 10 minutes, lysates were centrifuged at 20,000 x g for 30 minutes at 4°C to
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remove cell debris, and then 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 gradient in 20 mM Tris pH 7.5, 150 mM KCI
and 5 mM MgCl,. Gradients were spun at 36,000 RPM for 3 hours at 4°C, and polysome profiles collected
using a Biocomp Piston Gradient Fractionator. Absorbance at 260 nm was normalized to 1 for the highest point
in each profile. Data were graphed in GraphPad Prism 10.4.0 (GraphPad Software, Boston, Massachusetts
USA), exported as .tif files, and the area under the curve measured using the ImageJ wand tracing tool
(769). 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 were considered as polysomes.

Bioorthogonal Non-canonical Amino Acid Tagging (BONCAT)

Cells were treated with stressors as indicated, and 10 minutes prior to collection were switched to
methionine-free DMEM with either 4 mM methionine as control or 4 mM azidohomoalanine (AHA) for
bioorthogonal non-canonical amino acid tagging (BONCAT). Cells were then lysed in 1X RIPA buffer with Halt
protease and phosphatase inhibitor cocktail and benzonase, and the Click-&-Go kit (Vector Laboratories) with
Alexa 488 alkyne (Invitrogen) used for fluorescent labeling of nascent proteins. The purified labeled protein
was supplemented with 4X Laemmli loading buffer and 10X Bolt Reducing agent (Fisher), heated at 70°C for
10 min, and then loaded onto a Bolt 4-12% Bis-Tris gel (Invitrogen) and electrophoresed in Tris-MES-SDS
running buffer (VWR). Proteins were transferred to a PVDF membrane, and the clicked fluorophore imaged on
the membrane using an Azure Biosystems c600 Imaging System. Total protein staining was then performed
with Total Protein Q reagent (Azure Biosystems). Each lane was quantified with the ImageJ gel analysis tool
(769), and is reported as a ratio of BONCAT signal to total protein signal with the data normalized to the

untreated control as 1 for each replicate.

Quantification and Statistics
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All experiments were performed for n = 3 independent experimental replicates, and representative
images of a single replicate are shown for each experiment. Data were graphed with bars as the mean and
with error bars of standard error of the mean. Points indicate individual measurements, with matching point
colors indicating measurements within a single experimental replicate. Statistical significance was assessed
using an ordinary one-way ANOVA followed by Tukey’s multiple comparison test and cutoff of p < 0.05 for
significance. Graphs and statistical tests were prepared using GraphPad Prism 10.4.0 (GraphPad Software,

Boston, Massachusetts USA).
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Figure 1. Inhibition of tRNA charging activates the ISR without inducing RNP granules. A. U-2 OS cells
were treated with DMSO carrier (0.2%), halofuginone (HF, 20 uM), sodium arsenite (As, 250 yM), or
thapsigargin (Tg, 1.25 yM) for 1 hour and western blotting for phosphorylated and total elF2a done with total
protein shown (n=3 independent replicates). Molecular weights (kDa) are shown on each blot. B. Translation
activity was measured using bioorthogonal non-canonical amino acid tagging in cells treated as in (A).
Methionine or azidohomoalanine (AHA) was added 10 minutes prior to collection. The ratio of nascent to total
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protein is shown from n=3 independent replicates. C. U-2 OS cells stably expressing GFP-G3BP1 (green)
were treated as in (A), fixed and nuclei stained with Hoechst (blue), and the percent cells with SGs was
quantified from n=3 independent experiments (>305 cells counted in each condition). Scale bars: 10 um. D.
Cells were treated as in (C), and immunofluorescence and fluorescence in situ hybridization 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 DMSO (0.2%) or 20 yM HF and DMSO (0.2%), 250 uM arsenite, or
1.25 uM thapsigargin for 1 hour, and the percent cells with SGs quantified (n=3 independent experiments with
>287 cells counted per treatment). F. Cells were treated and immunofluorescence microscopy done as in (D)
to detect P body marker DCP1A. Quantification of the percent cells with P bodies (PBs) is shown from n=3
independent experiments with 2364 cells 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 immunofluorescence microscopy done to detect DCP1A with the
percent cells with PBs from n=3 independent experiments shown (=318 cells counted per treatment across all
replicates). Representative images shown with the average +/- s.e.m. are shown for each experiment with
green, gray, and pink points representing the average of each replicate. Statistical significance was assessed
with an ordinary one-way ANOVA followed by Tukey’s multiple comparisons test with * p< 0.05, ** p< 0.01,
***p< 0.005, **** p< 0.001.
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Figure 2. tRNA charging is required for stress-induced mRNA release from polysomes. A. U-2 OS cells
were treated with 20 uM halofuginone (HF, purple line), 1.25 uM thapsigargin (Tg, green line), or DMSO carrier
(0.2%, black line) for 1 hour and polysome profiling done, with representative profiles at left (n=3 independent
experiments). The area under the polysome fractions and 80S peak were quantified and shown at right. B.
Cells were treated with 10 ug/mL puromycin (black line), 20 uM HF (purple line), or puromycin (10 yg/mL) and
HF (20 uM) (green line) for 1 hour and polysome profiling performed and quantified as in (A) (n=3 independent
experiments). C. Cells were treated with Tg (1.25 pM, black line), HF (20 uM) plus Tg (1.25 uM), or HF (20 uM)
(purple line) and Tg (1.25 uM) and puromycin (10 ug/mL) (green line) and polysome profiling done and
quantified as in (A) (n=3 independent experiments). The average of 3 independent experiments with s.e.m. 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 with * p<0.05.
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Figure 3. Low-level ribosome collisions contribute to ISR activation during tRNA synthetase inhibition.
A. U-2 OS cells were treated with DMSO carrier (0.2%), emetine (0.18 uM) for 15 minutes, or halofuginone
(HF, 0.2 or 20 uM) for 0.5, 1, or 4 hours and western blotting for eS10 was done. The higher molecular weight
mono-ubiquitylated (Ub-eS10) and unmodified eS10 bands were quantified with average Ub-eS10:eS10 ratios
from n=3 independent experiments shown at right and a representative blot with total protein shown at left. B.
Cells were treated with DMSO (0.2%), halofuginone (HF, 20 uM), sodium arsenite (As, 250 yM), or
thapsigargin (Tg, 1.25 uM) with or without puromycin (10 pyg/mL) for 1 hour, and P-elF2a and total elF2a levels



determined by western blotting. Quantification of P-elF2a:elF2a is shown at right, with representative blot with
total protein shown at left from n=3 independent experiments. C. Western blotting to total and phosphorylated
elF2a was done from wild-type (WT) and ZNF598 knockout (KO) cells treated with HF (20 uM) for 0.5, 1, or 4
hours. Representative blot with total protein shown (top) and results from n=3 independent replicates
quantified (bottom). D. Western blotting to P-elF2a and total elF2a from WT and ZNF598 KO cells treated with
HF (20 uM) for 1 or 4 hours in the presence or absence of puromycin (10 ug/mL) added 1 hour prior to
collection. Representative blot with total protein (top) and quantification of P-elF2a:elF2a (bottom) shown from
n=3 independent experiments. E. Wild-type and ZNF598 KO cells were treated as in (C) and western blotting
for GADD34, CReP (marked by an asterisk), and B-tubulin was done with quantification done relative to total
protein. Representative blots shown at top and at bottom are results from n=3 independent experiments.
Molecular weights (kDa) are indicated on each blot. Quantification is reported as average +/- s.e.m. with pink,
gray, and green points representing each replicate. Statistical significance was determined with ordinary one-
way ANOVAs and Tukey’s multiple comparisons tests, with * p< 0.05, ** p< 0.01, *** p< 0.005, **** p< 0.001.
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Figure 4. Ribosome release rescues stress-induced RNP granule assembly upon tRNA synthetase
inhibition. A. U-2 OS cells stably expressing GFP-G3BP1 were treated with emetine (180 uM) or DMSO
(0.2%) with sodium arsenite (As, 250 uM) for 1 hour. Immunofluorescence microscopy was performed for P-
body (PB) marker DCP1A and the SG marker GFP-G3BP1 was imaged. The percent cells with SGs or PBs
was quantified, with 2349 cells counted per treatment across all replicates (shown at right) from n=3
independent experiments. B. Cells were treated with DMSO (0.2%), 20 uM HF, 250 uM As, or 1.25 uM
thapsigargin (Tg) with or without puromycin (10 pg/mL) for 1 hour, followed by imaging and quantification of
SGs. The percent cells with SGs from n=3 independent experiments is shown (bottom) with representative
images above. 2388 cells counted per treatment across all replicates. C. Cells were treated with HF (20 uM) in
the presence or absence of As (250 uM) or Tg (1.25 pM) or puromycin (10 ug/mL) for 1 hour. The percent cells
with SGs was quantified from n=3 independent experiments, with 2317 cells counted per treatment across all



replicates. D. Cells were treated as in (B) and IF for DCP1A performed. The percent cells with P-bodies (PBs)
from n=3 independent experiments is shown at bottom with representative images at top, with 2342 cells
counted per treatment across all replicates. E. Cells were treated as in (C) and IF performed to detect DCP1A.
The percentage of cells with PBs was quantified from n=3 independent experiments (at bottom) with
representative images shown (at top). 2378 cells counted per treatment across all replicates. Quantification is
reported as average +/- s.e.m., with green, pink, or gray dots indicating the average of each replicate. All scale
bars are 10 ym. Statistical significance was assessed with an ordinary one-way ANOVA followed by Tukey’s
multiple comparisons test: * p < 0.05, *** p< 0.005, **** p< 0.001.
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Figure 5. tRNA synthetase inhibition causes persistent ribosome stalls. A. U-2 OS cells expressing GFP-
G3BP1 were treated with halofuginone (HF, 20 uM) or DMSO carrier (0.2%) and images collected every 2
hours for 16 hours, representative images shown (n=3 independent experiments). B. Cells were treated with
DMSO (-) or HF (20 uM) for 4 or 16 hours, and P-elFa and total elF2a detected by western blotting.
Representative blots with total protein shown at left with average +/- s.e.m. of n=3 independent experiments
shown at right. Molecular weights (kDa) shown on each blot. C. Cells were treated with HF (20 uM) for 1 (black
line), 4 (purple line), or 16 (green line) hours and polysome profiles performed. Representative profile shown at
left with the average +/- s.e.m. of the polysome:monosome ratio from n=3 independent replicates shown at
right. Dots (pink, gray, and green) represent results from each replicate. D. Cells were treated with either
DMSO carrier (0.2%) or HF (20 uM) in the presence or absence of with sodium arsenite (As, 250 uM) or



rocaglamide A (RocA, 2 uM), and GFP-G3BP1 imaged every 0.5 hours for 3 hours. Representative images
shown at left with the average +/- s.e.m. percent cells with SGs from n=3 independent experiments shown at
right (=301 cells counted per treatment across all replicates). E. Cells were treated with DMSO (0.2%) (black
line), RocA (2 uM) (green line), or RocA (2 uM) plus HF (20 uM) (purple line) for 3 hours followed by polysome
profiling with representative profiles shown at left and the average +/- s.e.m from n=3 independent experiments
shown at right, with pink, gray, and green dots representing each replicate. All scale bars are 10 ym.
Significance was assessed with ordinary one-way ANOVAs and Tukey’s multiple comparisons tests with * p<
0.05, ** p< 0.01, *** < 0.005.
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Figure 6. Model depicting the requirement of tRNA synthetase activity for RNP granule assembly. Upon
tRNA synthetase inhibition, ribosomes stall and elF2a phosphorylation results from uncharged tRNAs and
collided ribosomes. Ribosome-associated quality control (RQC) clears stalled, collided ribosomes but cannot
resolve ribosomes that stall in the absence of collisions. The association of stalled ribosomes with mRNAs
blocks the assembly of stress granules and P-bodies.



