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Tuning tRNA synthetase inhibition reveals parabolic
induction of stress granules limited in size and RNA content
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ABSTRACT

Translation elongation defects cause ribosome stalling and activate the integrated stress response (ISR). During the ISR,
translation initiation suppression and ribosome runoff drive mRNA condensation into stress granules. However, the effects
of partial translation elongation inhibition on stress granules are poorly defined. We demonstrate that intermediate levels
of tRNA synthetase inhibitors activate the ISR and cause assembly of stress granules in a parabolic dose-response pattern.
These stress granules are limited in size and number due to ribosome association with mRNAs. Assembly of stress granules
by intermediate levels of the prolyl-tRNA synthetase inhibitor halofuginone requires the canonical stress granule scaffold-
ing proteins G3BP1/2 and GCN2-mediated ISR activation. We performed a candidate-based comparative analysis of the
composition of stress granules induced by intermediate levels of halofuginone or canonical stressors arsenite or thapsigar-
gin. The stress granules induced by halofuginone, arsenite, or thapsigargin harbor polyadenylated RNA and the canonical
stress granule proteins PABPC1, G3BP1, and UBAP2L. We observe stress- and transcript-specific differences in the local-
ization of candidate RNA molecules to stress granules. These results demonstrate that partial translation elongation inhi-
bition permits stress granule assembly through the balance of ISR activation and mRNA association with ribosomes, with
implications for the stress response associated with amino acid or tRNA deficiency, therapeutic tRNA synthetase inhibition,
or diseases associated with tRNA synthetase mutations.
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INTRODUCTION tions, typically driven by G3BP1-mediated phase separa-
tion (Kedersha et al. 2016; Guillén-Boixet et al. 2020;
Sanders et al. 2020; Yang et al. 2020). Stress granules are
enriched in translationally repressed mRNAs and RNA
binding proteins such as G3BP1 (G3BP stress granule as-
sembly factor 1), PABPC1 (poly(A) binding protein), and
UBAP2L (ubiquitin associated protein 2 like) (Kedersha
et al. 2005; Khong et al. 2017; Moon et al. 2019). Stress
granule formation depends on both translation initiation
suppression and continued translation elongation, and
the association of MRNAs with one or more ribosomes in-
hibits their assembly into stress granules (Kedersha et al.
2000, 2005; Mollet et al. 2008; Khong and Parker 2018;
Moon et al. 2019, 2020; Helton et al. 2025). Thus, the re-
lease of mMRNAs from ribosomes is critical for stress granule
assembly during the ISR.

Translation elongation stresses (e.g., UV stress, amino
acid deprivation, RNA damage, or loss of tRNA synthetase

The integrated stress response (ISR) is a conserved signal-
ing pathway activated in response to physiological chal-
lenges including nutrient deprivation, toxic metalloid
exposure, RNA damage, and ER stress. During the ISR,
translation initiation is suppressed when stress-sensing ki-
nases GCN2 (general control nonderepressible 2), HRI
(heme regulated inhibitor), PKR (protein kinase R), or
PERK (PKR-like endoplasmic reticulum kinase) phosphory-
late the translation initiation factor elF2a (Pakos-Zebrucka
et al. 2016; Costa-Mattioli and Walter 2020). Inhibition of
translation initiation by P-elF20. promotes stress-induced
gene expression (Young and Wek 2016) and drives the as-
sembly of biomolecular condensates called stress granules
(Kedersha et al. 2005). Stress granules are implicated in
cellular stress resilience and form through multivalent
RNA-RNA, RNA-protein, and protein—protein interac-
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activity) trigger the ISR via GCN2 by causing stalled ribo-
somes and/or uncharged tRNAs to accumulate (Wek
et al. 1989; Dever et al. 1992; Dong et al. 2000; Keller et
al. 2012; Darnell et al. 2018; Inglis et al. 2019; Wu et al.
2020; Stoneley et al. 2022; Misra et al. 2024; Zhou et al.
2025; Baymiller et al. 2026). However, under conditions
of widespread ribosome stalling, stress granule assembly
would require mRNA release from stalled ribosomes
through resumed elongation, ribosome-associated quality
control (RQC), or other ribosome release pathways.
Indeed, conflicting findings in the literature suggest that
stress granules can assemble upon UV stress (Moutaoufik
et al. 2014; Ying and Khaperskyy 2020; Zhou et al. 2024),
while other translation elongation stress conditions do
not cause stress granule formation (Arimoto et al. 2008;
Baymiller et al. 2026) or lead to aberrant stress granule—
like assemblies (Aulas et al. 2018; Pietras et al. 2022).
These studies suggest that the degree of translation elon-
gation inhibition could correspond with the degree of im-
paired assembly and composition of stress granules. We
recently demonstrated that despite ISR activation, stalled
ribosomes persist on mRNAs and stress granule assembly
is inhibited by saturating concentrations of tRNA synthe-
tase inhibitors or amino acid deprivation (Baymiller et al.
2026). The results of our prior study suggest that stalled,
uncollided ribosomes are not rescued, and mRNAs remain
trapped within polysomes during robust tRNA synthetase
inhibition or amino acid depletion. However, the effects
of partial translation elongation suppression, which may
represent many physiological stress conditions, on stress
granule assembly remain unclear.

tRNA synthetase inhibitors provide tractable tools to
study translation elongation stress, as they block transla-
tion elongation and activate the ISR in a dose-dependent
fashion (Keller et al. 2012; Misra et al. 2021, 2024; Pitera
et al. 2022; Rai et al. 2024). Aminoacyl-tRNA synthetases
are essential genes that mediate tRNA charging with ami-
no acids to facilitate polypeptide chain formation during
translation elongation. There is increasing interest in the
cellular response to halofuginone as a model for tRNA syn-
thetase defects and amino acid deprivation stress (Pitera
et al. 2022; Misra et al. 2024; Zhou et al. 2025; Baymiller
et al. 2026). Halofuginone and borrelidin, which inhibit
proline and threonine tRNA charging by glutamyl-prolyl
tRNA synthetase (EPRS1) and threonyl-tRNA synthetase,
respectively, are of therapeutic interest as immunosup-
pressants and for treatment of fibrosis, scleroderma, para-
sitic infections, cancer, and diabetes (Pines and Nagler
1998; Sundrud et al. 2009; Habibi et al. 2012; Sidhu
et al. 2015; Rai et al. 2024). Additionally, mutations in
tRNA synthetases are associated with peripheral neuropa-
thies such as Charcot-Marie-Tooth disease (CMT) and
multisystem disorders (Antonellis et al. 2003; Kuo and
Antonellis 2020). The ISR is activated in motor neurons
and contributes to pathogenesis in mouse models of

Gars mutant CMT (Spaulding et al. 2021; Zuko et al.
2021), and patient fibroblasts with compound heterozy-
gous EPRST mutations hyperactivate the ISR during ER
stress (Jin et al. 2021). Unlike widely used translation inhib-
itors that directly bind the ribosome, tRNA synthetase in-
hibitors recapitulate physiologically relevant ribosome
stalling that occurs with amino acid deprivation or loss-
of-function tRNA synthetase mutations (Jin et al. 2021,
2023; Misra et al. 2021, 2024; Spaulding et al. 2021;
Pitera et al. 2022; Zhou et al. 2025). Given their dose-de-
pendent effects on translation elongation and ISR activa-
tion, tRNA synthetase inhibitors provide a tractable
experimental tool to systematically investigate how vary-
ing degrees of biologically relevant translation elongation
stress impact stress granule assembly.

In this study, we examine how varying levels of tRNA
synthetase inhibitors affect stress granule formation and
composition. We observe a unique, parabolic pattern of
stress granule assembly during tRNA synthetase inhibi-
tion: stress granules form at low-to-intermediate, but not
very low or high, levels of halofuginone or borrelidin.
Puromycin restores stress granule assembly during tRNA
synthetase inhibition, indicating that stress granule assem-
bly is limited by mRNAs trapped in polysomes during elon-
gation stress. These stress granules are dependent on the
canonical stress granule scaffolding proteins G3BP1/2 and
translation initiation suppression via the GCN2-activated
ISR pathway to assemble. Canonical stress granule pro-
teins are present within stress granules induced by inter-
mediate doses of halofuginone, but partition within them
to a lesser extent compared to typical ISR-inducing stress-
ors thapsigargin and arsenite. Further, comparative RNA
localization analysis demonstrates stress- and transcript-
specific differences in stress granule RNA composition.
Halofuginone causes smaller stress granules and generally
results in fewer RNAs localizing to stress granules than
thapsigargin and arsenite. These results establish that
low-to-intermediate levels of tRNA synthetase inhibitors
cause GCN2-dependent stress granule assembly that is
limited by mRNA retention within ribosomes.

RESULTS

tRNA synthetase inhibitors activate the ISR
in a dose-dependent manner

To evaluate the dose-dependence of ISR activation during
tRNA synthetase inhibition, we measured levels of phos-
phorylated elF2a (P-elF20) in cells treated with halofugi-
none, borrelidin, or the canonical ISR inducers arsenite
and thapsigargin. We used human osteosarcoma U-2 OS
cells for these experiments, which are routinely used for ri-
bosome-associated quality control, ISR, and stress granule
studies (Kedersha et al. 2005; Khong et al. 2017; Moon
et al. 2019; Wu et al. 2020; Goldman et al. 2021;

www.rnajournal.org 871


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on June 2, 2026 - Published by Cold Spring Harbor Laboratory Press

Baymiller et al.

Snieckute et al. 2023; Helton et al. 2025). As expected, 1 h
treatments with arsenite (25-250 pM) (Fig. 1A) or thapsi-
gargin (0.04-1 uM) (Fig. 1B) induced P-elF20.in a dose-de-
pendent manner. Halofuginone also induced a dose-
dependent increase in P-elF20 from 0.2 to 20 uM (Fig.
1C), consistent with prior work (Keller et al. 2012; Pitera
et al. 2022; Rai et al. 2024).
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FIGURE 1. tRNA synthetase inhibition induces dose-dependent
elF2a phosphorylation similar to canonical stressors. Western blot of
P-elF2a and total elF20 from U-2 OS cells treated with arsenite (As)
at 25-250 pM for 1 h (A) or thapsigargin (Tg) at 0.04-1 uM for 1 h
(B). (C) P-elF20. and total elF2a western blot with nascent (BONCAT)
and total protein from U-2 OS cells treated with DMSO (0.2%) control,
arsenite (500 pM, 30 min), or halofuginone (HF) at 0.02-20 uM for 4
h. No copper controls are shown at left. (D) Western blot of U-2 OS
cells treated with borrelidin (borr; 1-125 uM for 4 h) or ethanol
(EtOH) carrier. Representative western blots with total protein loading
controls and molecular weights in kDa shown at left with quantification
of n=3 independent replicates with averages+ SEM and replicate
values shown as green, gray, and pink points at right. Significance as-
sessed with ordinary one-way ANOVA and Tukey's multiple compari-
sons tests with (*) P<0.05, (**) P<0.01, (***) P<0.005.
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We applied bioorthogonal noncanonical amino acid
tagging (BONCAT) (Dieterich et al. 2006) to measure the
degree of bulk translation suppression by halofuginone.
BONCAT revealed a significant reduction in protein syn-
thesis between 0.02 and 0.2 pM halofuginone, with
the amount of nascent proteins generated in halofugi-
none-treated cells comparable to that of high concen-
tration arsenite stress despite lower levels of P-elF2a
(Fig. 1C). In contrast to P-elF2a. levels, however, no further
decrease in translation activity occurred with increasing
halofuginone concentrations. These results suggest that
halofuginone potently inhibits translation at the levels
of initiation via P-elF20. and elongation via decreased
charged tRNAP™. Inhibition of threonyl-tRNA charging us-
ing increasing levels of borrelidin caused a similar increase
in P-elF20. levels over a ~100-fold concentration range (1-
125 uM) (Fig. 1D). Therefore, like canonical stressors, tRNA
synthetase inhibitors cause a dose-dependent increase in
ISR activation and suppress translation.

Low-to-intermediate levels of tRNA synthetase
inhibitors induce stress granules limited by mRNA
association with ribosomes

We next assessed whether stress granules assemble in a
dose-dependent fashion upon tRNA synthetase inhibition
by visualizing GFP-G3BP1 stably expressed in U-2 OS cells
(Burke et al. 2020). We found that treating cells with in-
creasing levels of canonical stressors arsenite or thapsigar-
gin increased the percentage of cells with stress granules,
with ~100% of cells exhibiting stress granules at the high-
est concentrations (Fig. 2A,B). In contrast, cells treated with
halofuginone or borrelidin for 4 h show a parabolic pattern
of stress granule assembly, as the highest percentage of
cells with stress granules occurred at intermediate concen-
trations (2 uM halofuginone or 25 uM borrelidin) (Fig. 2C,
D). Specifically, treatment with 0.2 pM halofuginone
caused small GFP-G3BP1 foci in 35% = 4.0% of cells, which
increased approximately twofold to 65% +5.4% at 2 uM
halofuginone (Fig. 2C). The 4 h treatment time was select-
ed based on live cell imaging experiments, which demon-
strated stress granules begin to assemble ~2 h after
halofuginone addition and approach steady-state at ~4 h
(Supplemental Movie S1). Similar results were observed
with borrelidin (Fig. 2D). Therefore, stress granules are
only induced at low-to-intermediate concentrations of
tRNA synthetase inhibitors despite causing a dose-depen-
dent increase in ISR activation.

Two pieces of evidence suggest that mMRNA association
with stalled ribosomes limits stress granule assembly dur-
ing halofuginone or borrelidin treatment. First, puromycin
restored stress granule assembly in cells treated with tRNA
synthetase inhibitors (Fig. 2). Puromycin is a peptidyl-tRNA
mimic that displaces nascent proteins from ribosomes and
releases ribosomes from mRNAs (Azzam and Algranati
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FIGURE 2. Low-to-intermediate concentrations of tRNA synthetase inhibitors induce stress
granules limited by mRNA association with ribosomes. (A) U-2 OS cells expressing GFP-
G3BP1 (green) were treated with arsenite (25-250 uM, “As,” 1 h) in the presence or absence
of puromycin (10 pg/mL); nuclei stained with Hoechst (blue). (B) Cells were treated with thap-
sigargin (0.04-1uM, “Tg,” 1 h) in the presence or absence of puromycin (10 ug/mL). (C) Cells
were treated with halofuginone (0.02-20 uM, "HF,” 4 h), with or without puromycin (10 pg/mL)
for the last 30 min. (D) Cells were treated with borrelidin (1-125 pM, “Borr,” 4 h) in the presence
or absence of puromycin (10 ug/mL) for the last 30 min. (E) Cells were treated with DMSO con-
trol or emetine (0.018-18 uM, “EME,” 45 min). Representative images (left) are from n= 3 in-
dependent replicates, and the average + SEM of the percentage of cells with stress granules
with green, gray, and pink points showing each replicate value is shown at right. Scale bars,
10 um. Significance determined with ordinary one-way ANOVA followed by Tukey’s multiple
comparisons tests; (**) P<0.01, (***) P<0.005, (****) P<0.001.

1973; Enam et al. 2020). We therefore
assessed whether puromycin treat-
ment would increase stress granule
assembly in cells treated with varying
doses of arsenite, thapsigargin, halo-
fuginone, or borrelidin.

We observed that a 30 min pulse of
puromycin significantly increased the
number of cells with stress granules
during treatment with halofuginone or
borrelidin, with most cells exhibit-
ing stress granules at the highest con-
centrations of each inhibitor (Fig. 2C,
D). Specifically, puromycin caused
~100% of cells to form stress granules
at 2 and 20 uM halofuginone, a 1.4-
and 8.0-fold increase compared to
cells treated with halofuginone alone
(Fig. 2C). Live cell imaging demonstrat-
ed that puromycin increases stress
granule assembly within ~5 min in cells
treated with halofuginone (Supple-
mental Movie S2). Similar 2.2-, 2.3-,
and 130-fold increases were observed
in the percentage of cells with stress
granules in cells treated with 5, 25,
and 125 pM borrelidin, respectively
(Fig. 2D). Interestingly, puromycin also
increased the percentage of cells with
stress granules in cells cotreated with
the lowest levels of arsenite (25 pM)
(Fig. 2A) or thapsigargin (0.04 pM)
(Fig. 2B), suggesting some mRNAs
are still associated with ribosomes in
these low stress concentrations. A 30
min puromycin pulse did not induce
stress granule assembly in unstressed
cells (Fig. 2A,B) or cause elF2a phos-
phorylation (Baymiller et al. 2026), sug-
gesting puromycin does not further
activate the ISR to induce stress gran-
ules upon tRNA synthetase inhibition.
In line with the results of our prior study
(Baymiller et al. 2026), restoration of
stress granule assembly with puromy-
cin suggests that mRNAs that remain
associated with ribosomes limit stress
granule formation during tRNA synthe-
tase inhibition.

Second, we observed a similar non-
monotonic pattern of stress granule
assembly in cells treated with the di-
rect ribosome translocation inhibitor
emetine as in cells treated with tRNA
synthetase inhibitors. Emetine inhibits
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translation elongation and activates the ISR via ribosome
collisions at intermediate concentrations (e.g., 180 nM)
(Sinha et al. 2020; Wu et al. 2020; Stoneley et al. 2022;
Baymiller et al. 2026). Interestingly, we observed that
24.6% +1.4% of cells treated with an intermediate (180
nM) emetine concentration have small stress granules,
but few if any cells exhibit stress granules at low (18 nM)
or high (1.8 or 18 pM) emetine concentrations (Fig. 2E). It
is likely that a combination of low P-elF2a levels and the

in 31% = 6.6% cells, but only 2.0% +0.3% cells exhibited
stress granules in the presence of ISRIB (Fig. 3C). ISRIB sig-
nificantly reduced, but did not completely inhibit, stress
granule assembly in cells cotreated with halofuginone
and puromycin (Fig. 3C). As expected, ISRIB significantly
reduced the number of cells with stress granules during ar-
senite or DTT stress (Fig. 3C; Sidrauski et al. 2015).
Therefore, the ISR is required for halofuginone-induced
stress granule assembly.

essentially irreversible inhibition of
translation elongation by emetine
(Grollman 1968) limits stress granule
formation in this context. Therefore,
translation elongation stressors cause
a distinct parabolic stress granule as-
sembly phenotype suggesting that a
balance between translational inhibi-
tion and elongation dictates condi-
tions where stress granule assembly
is permissive.

Stress granule assembly requires
GCN2 activation upon tRNA
synthetase inhibition

We next established the role of GCN2
in activating the ISR during tRNA syn-
thetase inhibition. GCN2 is activated
by collided, stalled ribosomes and un-
charged tRNAs. We first verified that
proline supplementation led to halo-
fuginone-induced stress granule dis-
assembly. We observed that proline
supplementation (5 mM) significantly
reduced P-elF2a levels (Fig. 3A) and
caused stress granule disassembly
within 1 h (Fig. 3B). These results dem-
onstrate that halofuginone specifically
activates the ISR and causes stress
granule assembly due to the in-
hibition of prolyl-tRNA synthetase
activity.

Next, we tested the hypothesis that
the ISR is required for stress granule
assembly during halofuginone treat-
ment in two ways. First, we cotreated
stressed cells with the ISR inhibitor
ISRIB, which blocks the effects of P-
elF2a on translation inhibition during
stress by increasing elF2B activity
(Sidrauski et al. 2013; Tsai et al.
2018). We observed that ISRIB inhibits
stress granules from forming upon
low-level halofuginone treatment, as
halofuginone caused stress granules

874 RNA (2026) Vol. 32, No. 6
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FIGURE 3. Stress granule assembly during halofuginone treatment requires the GCN2-medi-
ated ISR. (A) P-elF20. and total elF20 western blot of cells treated with halofuginone (0.2 uM,
“HF") and proline (0-5 mM) for 4 h. (B) U-2 OS cells expressing GFP-G3BP1 (green) were treat-
ed with halofuginone (0.2 uM, 4 h) with proline (5 mM) added for 5-60 min; cells were fixed and
nuclei stained with Hoechst (blue). (C) Stress granules (GFP-G3BP1) detected in cells treated
with DMSO carrier or ISRIB (1 uM) for 4 h, stressed with arsenite (0.25 mM) or DTT (2 mM) add-
ed for the last 30 min, or cotreated with halofuginone (0.2 pM) for 4 h, with or without puromy-
cin (10 pug/mL) added for the last 30 min. (D) Western blot of P-elF2c. and total elF20 from cells
treated with DMSO control, or halofuginone (2 uM) for 4 h with DMSO carrier or GCN2iB (5 uM,
“HF + G2iB"). (E) Stress granules (GFP-G3BP1) in cells treated as in D, with or without puromy-
cin (10 pg/mL) added for the last 30 min. Representative images (at left) shown from n =3 in-
dependent replicates, and quantifications reported as average + SEM with green, gray, and
pink points representing the values from each replicate (at right). Significance assessed with
ordinary one-way ANOVA followed by Tukey’s multiple comparisons tests with (*) P<0.05,
(**) P<0.01, (***) P<0.005, (****) P<0.001. Scale bars, 10 pm. Molecular weights (kDa) are
shown for each western blot.
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Second, we evaluated whether the elF2a kinase GCN2,
which is activated by halofuginone (Keller et al. 2012;
Pitera et al. 2022; Misra et al. 2024), is required for stress
granules during tRNA synthetase inhibition. We treated
cells with GCN2iB, a small molecule inhibitor of GCN2,
and evaluated P-elF2a and the percentage of cells that
form stress granules in cells treated with halofuginone
and/or puromycin. Prior studies demonstrated GCNZ2
depletion inhibits elF20. phosphorylation during halofugi-
none treatment (Pitera et al. 2022; Misra et al. 2024), and
halofuginone induces ribosome collisions that activate
GCN2 (Zhou et al. 2025; Baymiller et al. 2026). We con-
firmed that GCN2iB significantly reduces P-elF2a levels
upon halofuginone treatment (Fig. 3D). Additionally, we
observed that GCN2iB significantly reduced the percent
of cells with stress granules caused by halofuginone in
the presence or absence of puromycin (Fig. 3E).
Therefore, GCN2 activity is required for stress granule for-
mation upon treatment with intermediate levels of
halofuginone.

Comparative analysis of protein and RNA assembly
into stress granules across stressors

We next compared the protein and RNA composition of
stress granules induced by tRNA synthetase inhibition or
typical ISR-inducing stressors arsenite or thapsigargin by
probing for canonical stress granule markers. We first
assessed whether G3BP1 and paralog G3BP2 (G3BP stress
granule assembly factor 1 and 2) are required for stress
granules induced by intermediate levels of halofuginone.
We treated wild-type or G3BP1/2 knockout cells (Kedersha
et al. 2016) with arsenite, thapsigargin, halofuginone, or
halofuginone and puromycin, and measured stress gran-
ule assembly using immunofluorescence microscopy for
PABPC1, which is typically observed in stress granules.
We observed that stress granules do not form in the ab-
sence of G3BP1/2 in any condition (Fig. 4A). These data
demonstrate that halofuginone-induced stress granules
harbor PABPC1 and require G3BP1/2 to assemble, and
are thus similar to stress granules caused by typical ISR-in-
ducing stresses.

We then determined whether other typical stress gran-
ule proteins and polyadenylated RNA assemble into ca-
nonical stress- or halofuginone-induced stress granules in
the presence or absence of puromycin. We performed im-
munofluorescence microscopy for G3BP1 and UBAP2L
(ubiquitin-associated protein 2-like) and fluorescence in
situ hybridization (FISH) with oligo(dT) probes in stressed
cells in the presence or absence of puromycin. As antici-
pated, bulk polyadenylated RNA, G3BP1, and UBAP2L
colocalized in stress granules in cells treated with arsenite
or thapsigargin in the presence or absence of puromycin
(Fig. 4B). Cells treated with intermediate levels of halofugi-
none also exhibited stress granules that contain poly(A)”

RNA, G3BP1, and UBAP2L, which was unaffected by puro-
mycin (Fig. 4C). As expected, untreated cells in the pres-
ence or absence of puromycin did not harbor foci of
polyadenylated RNA, G3BP1, or UBAP2L (Fig. 4D).
Therefore, halofuginone-induced stress granules contain
RNA and RNA-binding proteins, similar to arsenite- or
thapsigargin-induced stress granules.

We evaluated the partitioning of G3BP1, UBAP2L, and
polyadenylated RNA into stress granules under conditions
when mRNAs were associated with ribosomes or released
from ribosomes by puromycin cotreatment during halofu-
ginone, arsenite, or thapsigargin stress. We measured the
fraction of each component inside and outside stress gran-
ules to derive a partitioning coefficient in stressed cells in
the presence or absence of puromycin. Generally, the par-
titioning coefficients of polyadenylated RNA, G3BP1, and
UBAP2L were lower in halofuginone-treated cells com-
pared to arsenite or thapsigargin treatments (Fig. 5A-C).
This resultis consistent with the idea that halofuginone lim-
its mMRNA release from ribosomes by inhibiting translation
elongation. We observed that puromycin generally in-
creased the partitioning of polyadenylated RNA, G3BP1,
and UBAP2L in cells treated with halofuginone, and also in-
creased their partitioning during arsenite or thapsigargin
stress (Fig. 5A-C), suggesting that ribosome association
limits RNA and RNA-binding protein condensation in all
tested conditions. While the number of stress granules
per cell was not significantly different across stresses (Fig.
5D), stress granules were significantly smaller in halofugi-
none-treated cells compared to arsenite- or thapsigar-
gin-treated cells (Fig. 5E). These results could indicate
that halofuginone inhibits stress granule growth or fusion
to a greater extent than stress granule nucleation compared
to arsenite or thapsigargin. The number of stress granules
per cell was significantly increased with puromycin in halofu-
ginone and thapsigargin, but not in arsenite, stresses (Fig.
5D). Stress granule size was not significantly increased
with puromycin in any stress (Fig. 5E). Together, these re-
sults provide additional evidence that freeing mRNAs from
polysomes generally increases the condensation of protein
and RNA components of stress granules.

We next evaluated whether specific transcripts had re-
duced localization to stress granules during treatment
with intermediate levels of halofuginone compared to
thapsigargin and arsenite stress, and were similarly sensi-
tive to puromycin in their localization to stress granules
across stresses. We examined the localization of the long
noncoding RNA NORAD, two long mRNAs that are en-
riched in stress granules during arsenite stress, AHNAK
and DYNCTH1, and the shorter mRNA that is largely ex-
cluded from stress granules GAPDH (Khong et al. 2017).
We reasoned that NORAD would serve as a general mark-
er of RNA condensation as it is recruited to stress granules
but is not translated. We treated cells expressing GFP-
G3BP1 with halofuginone (2 pM for 4 h), thapsigargin
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FIGURE 4. Halofuginone-induced stress granules require G3BP1/2 and contain canonical stress granule markers. (4A) Stress granules (PABPC1
immunofluorescence; magenta) in wild-type or G3BP1/2 knockout U-2 OS cells treated with arsenite (250 uM, “As,” 1 h), thapsigargin (1 pM,
“Tg,” 1 h), or halofuginone (2 uM, “HF,” 4 h) with or without puromycin (10 pg/mL) for the last 30 min. Nuclei stained with Hoechst (blue).
Average percentage of cells with stress granules + SEM with green, gray, and pink points representing the value from each replicate shown at
right. Significance assessed with ordinary one-way ANOVA followed by Tukey's multiple comparisons test with (****) P<0.001. (B)

Representative images (left) of stress granule markers [polyadenylate

d RNA detected with oligo(dT) FISH, or G3BP1 or UBAP2L by immunoflu-

orescence]in U-2 OS cells treated with arsenite (25 pM) or thapsigargin (0.04 pM) with or without puromycin (10 pg/mL). G3BP1 in cyan, UBAP2L in
magenta, poly(A)” RNA in yellow, and nuclei stained with Hoechst (gray). At right: Colocalization of stress granule markers (plot profile traces;
peak for each channel set to 1) in a representative stress granule for each condition. (C) Stress granule markers in U-2 OS cells treated with hal-

ofuginone (2 pM, 4 h) with or without puromycin (10 ug/mL) during the

last 30 min as in B. (D) Localization of poly(A)” RNA, G3BP1, or UBAP2L as in

Band Cin unstressed U-2 OS cells in the presence or absence of puromycin (10 pg/mL, 1 h). All results represent n =3 independent replicates.

Scale bars, 5 um.

(0.04 uM for 1 h), or arsenite (25 pM for 1 h) and performed
single-molecule FISH (smFISH) for NORAD, AHNAK,
DYNC1H1, or GAPDH. We used a modified Big-FISH pipe-
line to determine the percent RNA in stress granules and in
the cytoplasm in individual cells (Supplemental Fig. S1;
Imbert et al. 2022; Helton et al. 2025).
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We observed stress- and transcript-specific differences in
RNA localization to stress granules. As anticipated based on
past work (Khong et al. 2017; Khong and Parker 2018;
Moon et al. 2019), substantially more AHNAK, DYNC1H1,
and NORAD RNA molecules localized to stress granules
compared to GAPDH molecules during arsenite stress
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FIGURE 5. Comparative analysis of candidate stress granule properties in cells treated with halofuginone, arsenite, or thapsigargin in the pres-
ence or absence of puromycin. Partitioning coefficients of polyadenylated RNA (A), G3BP1 (B), or UBAP2L (C) from FISH/immunofluorescence
images shown in Figure 4 (n=60 cells). Cells were treated with halofuginone (2 uM, 4 h) with or without puromycin (10 ug/mL) added during
the last 30 min or arsenite (25 pM, 1 h) or thapsigargin (0.04 uM, 1 h) with or without puromycin (10 ug/mL). Results are from three to four frames
per replicate per condition from three independent experiments. (D) Number of stress granules per cell in cells treated as in A-C. Stress granules
(UBAP2L staining) within 5 pm of the nuclear boundary were quantified. (E) Stress granule area (UBAP2L staining, within 5 pm of nuclear boundary)
was determined. One-way ANOVA with Tukey HSD tests were done to assess significance with (*) P<0.05, (***) P<0.005, (****) P<0.001.

(Fig. 6A,B). On average, the percentage of all analyzed
RNAs localized to stress granules was lower in halofugi-
none-treated cells compared to arsenite-stressed cells
(Fig. 6A,B). However, while NORAD and GAPDH localized
to a similar extent to thapsigargin- and arsenite-induced
stress granules, DYNCTH1 and AHNAK were also signifi-
cantly reduced in stress granules in thapsigargin stress com-
pared to arsenite stress (Fig. 6A,B). We observed that
puromycin treatment increased the localization of all
RNAs to stress granules on average regardless of the stres-
sor. For example, only 20% +1.3% of AHNAK or 21% *
0.3% of NORAD were present in stress granules in cells
treated with halofuginone, and puromycin significantly in-
creased their partitioning in stress granules to 59% +2.7%
and 56% + 4.4%, respectively (Fig. 6A). However, puromy-
cin generally had the least impact on RNA localization
to stress granules during arsenite stress (Fig. 6A,B). It is
possible that because arsenite stress (25 uM) causes approx-
imately twofold higher P-elF20 levels compared to thapsi-
gargin stress (0.04 pM), translation initiation is suppressed
more during arsenite stress. The reduced NORAD localiza-
tion to halofuginone-induced stress granules compared to
arsenite or thapsigargin stress is consistent with overall re-
duced RNA condensation in this context, consistent with

decreased stress granule size. As observed in canonical
stress treatments shown here and as previously described
(Khong and Parker 2018; Helton et al. 2025), these results
indicate that ribosome association with RNAs limits the lo-
calization of candidate RNA molecules to stress granules
during halofuginone treatment.

DISCUSSION

In this study, we compared the RNA and protein com-
position of stress granules induced by low-to-intermediate
levels of tRNA synthetase inhibitors to those induced
by canonical stressors arsenite and thapsigargin. The
assembly of stress granules peaks at intermediate doses
of halofuginone or borrelidin, which are translation
elongation inhibitors that activate the ISR, or emetine.
Halofuginone-induced stress granules require the ISR via
GCN2 activation and G3BP1/2 to form, and addition of pu-
romycin increases their assembly. These data indicate that
stress granule assembly during tRNA synthetase inhibition
requires the ISR but is limited by retention of mRNAs within
polysomes. The stress granules induced by halofuginone
harbor canonical stress granule markers including
polyadenylated RNA, G3BP1, PABPC1, and UBAP2L.
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FIGURE 6. Comparative analysis of RNA localization to stress granules during halofuginone,
arsenite, or thapsigargin stresses in the presence or absence of puromycin using a candidate
approach. U-2 OS cells expressing GFP-G3BP1 (green) were treated with arsenite (25 uM,
“As,” 1 h) or thapsigargin (0.04 uM, “Tg,” 1 h) in the presence or absence of puromycin
(10 ug/mL), or halofuginone (2 uM, “HF,” 4 h) with or without puromycin (10 pg/mL) for the
last 30 min and smFISH performed. (A) AHNAK (magenta) and NORAD (gold) were probed
in the same cells. (B) GAPDH (magenta) and DYNCTH1 (gold) were probed in the same cells.
For each panel, representative images are shown at left; at right: quantification of the average
+ SEM percent RNA localization in stress granules from n=3 independent experiments (15
cells per replicate) with the average from each replicate shown as green, gray, and pink points.
Scale bars, 1 pm. One-way ANOVA with Tukey HSD tests were done to assess significance with
(*) P<0.05, (**) P<0.01; (***) P<0.005, (****) P<0.001.

to-intermediate levels of tRNA syn-
thetase inhibitors can trigger the as-
sembly of stress granules that harbor
canonical stress granule components
but show distinct assembly kinetics.
One implication of our work is that
the balance between translation initia-
tion suppression and continued trans-
lation elongation dictates whether or
not stress granules will form during
stress (Fig. 7). We demonstrate that
ISR activation is required for stress
granules induced by low-to-intermedi-
ate concentrations of tRNA synthetase
inhibitors using ISRIB or GCN2 inhibi-
tors. Further, we observed a parabolic
induction of stress granules, which
form at low-to-intermediate, but not
very low or high concentrations of
tRNA synthetase inhibitors. The assem-
bly of stress granules is restored with
puromycin in cells treated with halofu-
ginone or borrelidin, suggesting that
mRNAs that remain associated with ri-
bosomes limit stress granule assembly
in these contexts. We recently demon-
strated that amino acid deprivation,
which results in the accumulation of un-
charged tRNAs, also activates the ISR
without inducing stress granule assem-
bly (Baymiller et al. 2026). It is not clear
how ribosomes persist in their associa-
tion with mRNAs upon tRNA synthe-
tase inhibition, but our previous work
suggests failure of RQC pathways to
recognize or clear uncollided stalled
ribosomes (Baymiller et al. 2026).
However, the requirement of VCP and
other RQC factors in releasing some
mRNA molecules from ribosomes dur-
ing arsenite or heat stress suggests that
there are translation quality control
pathways that mediate mRNA localiza-
tion to stress granules (Moon et al.
2020). Together with our prior study
demonstrating that mRNA association
with as few as one ribosome blocks
stress granule assembly (Helton et al.
2025), these data demonstrate that
ISR activation and mRNA release from

However, stress granules induced by halofuginone are  ribosomes are required for stress granule formation during
smaller, generally have lower partitioning of RNA-binding  translation elongation stress. These findings reveal that
proteins into them, and exhibit fewer candidate RNA mol-  stress granules integrate signals from translation initiation
ecules localized to them than those induced by arsenite or ~ and elongation, and indicate the relative rate of elongation
thapsigargin. These data together demonstrate that low-  through their size and RNA composition.
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sembly (left). Elongation stresses (e.g., tRNA synthetase inhibition) also induce elF2a. phosphorylation but inhibit translation elongation, leading

to a parabolic dose-response pattern of stress granule assembly.

A second implication of this research is that stress con-
text can impact the RNA composition of stress granules.
We observed that halofuginone generally caused reduced
RNA recruitment to stress granules, and induced smaller
stress granules than arsenite or thapsigargin. These results
are consistent with the idea that the translation elongation
inhibition caused by halofuginone reduces mRNA conden-
sation into stress granules. However, comparative smFISH
analyses demonstrate that stress granules induced by
thapsigargin also harbor fewer candidate RNA molecules
than those induced by arsenite stress. Because the non-
coding RNA NORAD is also reduced in stress granules
upon halofuginone treatment compared to other stresses,
halofuginone appears to globally limit RNA condensation.
Furthermore, the addition of puromycin generally increas-
es RNA assembly into stress granules regardless of stress
conditions. While it is possible that NORAD interacts
with ribosomes, the observed increase in NORAD parti-
tioning into stress granules upon puromycin addition is
likely due to the general increase in RNA condensation.
Prior studies also reported a similar reduction in NORAD
localization to stress granules upon cycloheximide
(Khong and Parker 2018) or harringtonine (Helton et al.
2025) treatment. Although these results are in line with
the model that ribosome association inhibits mRNA local-
ization to stress granules, our analyses were limited. We se-
lected transcripts that span a wide range of enrichment in
stress granules to provide an initial framework for evaluat-
ing the impacts of tRNA synthetase inhibition on RNA con-
densation. Future experiments should perform larger-
scale analyses with additional controls to comprehensively
assess the impacts of translation elongation defects on
stress granule composition.

A third implication of this study is that impaired stress
granule assembly due to mRNA association with ribosomes
could potentially occur in genetic diseases associated with
mutations in tRNA synthetases. Variants in aminoacyl-
tRNA synthetase genes are associated with the dominant
peripheral neuropathy Charcot-Marie-Tooth disease and
recessive multisystem disease phenotypes (Antonellis
et al. 2003; Kuo and Antonellis 2020). Because tRNA syn-
thetases are essential genes, the residual tRNA synthetase
activity in disease contexts may be analogous to partial sup-
pression of tRNA synthetase activity with low levels of inhib-
itors. Indeed, mouse models of peripheral neuropathy
associated with glycyl- or tyrosyl-tRNA synthetases exhibit
ISR activation in a motor neurons in the spinal cord
(Spaulding et al. 2021; Zuko et al. 2021). The ISR appears
to be maladaptive in these contexts, as tRNA overexpres-
sion rescues neuropathy while reducing ISR activation
(Zuko et al. 2021), and ISR inhibition improves neuropathy
phenotypes (Spaulding et al. 2021). However, constitutive
ISR activation is not observed in primary fibroblasts from pa-
tients with EPRS1 loss-of-function mutations, suggesting tis-
sue- and/or cell-type-specific effects (Kuo and Antonellis
2020; Jin et al. 2021, 2023). It is possible that the ISR path-
way is disrupted by translation elongation defects associat-
ed with tRNA synthetase mutations that could contribute to
altered stress-induced gene expression (Pitera et al. 2022)
and stress granule assembly. However, additional experi-
ments must be done to determine if and how acute tRNA
synthetase treatments mimic disease-relevant stress gran-
ule phenotypes. Direct testing of stress granules in pa-
tient-derived cells or animal models of tRNA synthetase-
associated diseases would need to be done to determine
whether the altered stress granule phenotypes we observe
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with acute tRNA synthetase inhibitor treatments are rele-
vant to chronic disease states.

Our study establishes that translation elongation inhibi-
tors that activate the ISR cause distinct stress granule assem-
bly kinetics compared to other ISR-inducing stresses that
only inhibit translation initiation. The parabolic dose-re-
sponse of stress granule assembly during translation elon-
gation stress reflects competition between translation
initiation and elongation suppression in mediating stress
granule assembly through mRNA availability for condensa-
tion. The stress granules induced by prolyl-tRNA synthetase
inhibition contain typical stress granule markers, but are
smaller and generally exhibit reduced RNA localization to
them compared to canonical stressors. These findings
have potential implications for understanding the stress re-
sponse during therapeutic tRNA synthetase inhibition and
in genetic diseases that impact tRNA synthetase function.

MATERIALS AND METHODS

Cell culture and treatments

U-2 OS cells stably expressing EGFP-G3BP1 via lentivirus trans-
duction were described previously (Burke et al. 2020) and kindly
shared by James Burke and Roy Parker. Wild-type U-2 OS cells
were obtained from ATCC (HTB-96). G3BP1/2 knockout cells
were used with permission from Paul Anderson and shared by
Roy Parker (Kedersha et al. 2016). Cells were cultured in high glu-
cose 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. Stress treat-
ments and other compounds were used as follows unless other-
wise indicated: sodium arsenite (Ricca Chemical Company) at
25-500 pM for 30-60 min, thapsigargin (AG Scientific) in DMSO
at 0.04-1 pM for 60 min, halofuginone (MedChemExpress
[MCE] HY-N1584) in DMSO at 0.02-20 uM for 4 h, borrelidin
(MCE HY-N6742) in ethanol at 1-125 uM for 4 h, ISRIB (MCE) in
DMSO at 1 uM for 4 h, dithiothreitol (DTT) at 2 mM for 1 h, 10

TABLE 1. Antibodies used in this study

pg/mL puromycin (Gold Biosciences) for 30 min, and GCN2iB
(MCE HY-112654) in DMSO at 10 pM for 4 h.

Western blotting

Cells were treated as indicated, washed in PBS, and then 1x RIPA
buffer with Halt protease and phosphatase inhibitor cocktail
(Fisher Scientific PI78443) and benzonase (Fisher 70-746-4) was
added directly to the plate. Lysates were supplemented with 4x
Bolt LDS Sample Buffer (Fisher BOO07) and Bolt Reducing agent
(Fisher BT0005), heated at 70°C for 10 min, and then loaded
onto a Bolt 4%-12% Bis-Tris gel (Invitrogen NW04120) and elec-
trophoresed in Tris-MES-SDS running buffer (VWR 76371-730).
Proteins were transferred to a PYDF membrane, and the mem-
brane was stained with Total Protein Q reagent (Azure
Biosystems 2225) and imaged. The membrane was then blocked
in TBST with 5% nonfat dry milk and blotted as indicated.
Antibodies used are listed in Table 1. All images were collected
with an Azure Biosystems c600 Imaging System. Band intensities
were quantified using ImageJ (Schindelin et al. 2012).

Bioorthogonal noncanonical amino acid tagging
(BONCAT)

Cells were treated with stressors as indicated, and 10 min prior to
collection were switched to methionine-free DMEM with 4 mM
azidohomoalanine (AHA) for noncanonical amino acid incorpora-
tion. Cells were then lysed in 1x RIPA buffer with Halt protease
and phosphatase inhibitor cocktail (Fisher Scientific PI78443)
and benzonase (Fisher 70-746-4), and the Click-&-Go kit (Vector
Laboratories CCT-1262) with Alexa 488 Alkyne (Invitrogen
A10267) used for fluorescent labeling of the nascent proteins.
No copper control reactions were done in parallel for DMSO or
arsenite-treated conditions. Western blotting was performed as
above, with the clicked fluorophore imaged on the membrane
before total protein staining. Each lane was quantified with
ImageJ, and the BONCAT intensity values were obtained by sub-
tracting the background in the DMSO-treated no copper control
reaction and reported as a ratio to the total protein signal.

Antibody target (label) Manufacturer Catalog # Dilution (method)
elF2a Santa Cruz 133132 1:1000 (western)
G3BP1 (Coralite 488) Proteintech 21004924 1:200 (IF)
PABPC1 Proteintech 66809 1:100 (IF)
Phospho-elF2a Abcam ab32157 1:1000 (western)
UBAP2L Cell Signaling Technology 40199S 1:200 (IF)

Mouse IgG (Alexa Fluor 568) Invitrogen A11011 1:1000 (IF)
Mouse IgG (DyLight 800) Thermo Fisher Scientific 35521 1:5000 (western)
Rabbit IgG (Alexa Fluor 647) Invitrogen A21244 1:1000 (IF)

Rabbit IgG (DyLight 680) Thermo Fisher Scientific 35568 1:5000 (western)
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Fluorescence microscopy

For stress granule imaging, EGFP-G3BP1 U-2 OS cells were
grown in glass-bottom 96 well plates, treated as indicated, and
then fixed for 10 min with 4% paraformaldehyde (PFA) in PBS.
For imaging of fluorescent proteins only, fixed cells were washed
in PBS once, incubated in PBS with NucBlue Live Cell Stain
(Invitrogen R37605) for 30 min at room temperature, and then
rinsed in PBS before imaging. Images were collected on an
EVOS M5000 fluorescence microscope (Invitrogen) using a 40x
objective, and the percentage of cells with stress granules quan-
tified from two frames per condition from n = 3 independent rep-
licates manually using the Cell Counter plugin in ImageJ
(Schindelin et al. 2012).

For quantification of stress granule sizes, number per cell, line-
scans, and partitioning coefficients, wild-type U-2 OS cells im-
aged via immunofluorescence and oligo(dT) FISH (see protocol
below) were used. Partitioning coefficients were calculated by
manually selecting a circular region of interest (ROI) within a stress
granule in ImageJ, and taking the ratio of fluorescence intensity
inside of it compared to an ROI of the same area in the adjacent
cytoplasm. For area and numbers of stress granules, the UBAP2L
channel was used to train a model in the Biodock Al software plat-
form (www.biodock.ai) to detect stress granules, and this model
was run on three to four frames per treatment from each of three
independent biological replicates.

For live cell microscopy, media was exchanged to FluoroBrite
(Gibco A1896701) supplemented with FBE and GlutaMAX 1 h be-
fore treatment, and epifluorescence imaging was performed with
a 40x objective on a Nikon Eclipse Ti2 microscope equipped with
a Lumencor Spectra lll light engine, Andor Life 888 EMCCD cam-
era, and Tokai Hit stage top incubator system set to 5% CO, and
37°C. Statistical tests indicated in the figure legends were done
using either GraphPad Prism or R stats V4.4.2.

Single-molecule fluorescence in situ hybridization
(smFISH) and immunofluorescence (IF)

FISH and smFISH were performed essentially as described in
Khong et al. (2017) and Helton et al. (2025). Cells were grown
and fixed in 4% PFA as above, followed by permeabilization in
0.1% Triton X-100 with 0.2 U/uL of RiboLock RNase inhibitor
(Thermo Scientific EO0382). For detection of stress granule mark-
ers, cells were then incubated with primary antibodies (Table 1)
diluted in PBS with 0.2 U/uL of RiboLock RNase inhibitor at
room temperature for 1 h, washed 2x, and then incubated for
45 min with fluorescent secondary antibodies followed by three
5 min washes in PBS and a second fixation in 4% PFA for 10
min. Either after permeabilization (smFISH only) or the second fix-
ation following antibody treatment (smFISH + IF), cells were then
incubated in wash buffer A (10% formamide in nuclease-free 2x
SSC) for 5 min, then placed in hybridization buffer (10% dextran
sulfate, 10% formamide in 2x SSC) with probes to the indicat-
ed transcripts or Cy3-labeled oligo(dT) (Integrated DNA Technol-
ogies—IDT) at 37°C for 16-20 h. Hybridization buffer was
removed, and each well incubated with wash buffer A with
NucBlue Live Cell staining reagent (Invitrogen R37605) for 30
min at 37°C, followed by an additional 30 min in wash buffer
A. Wash buffer A was replaced with wash buffer B (2x SSC), and

samples were then imaged using HILO microscopy using a
100x objective of a custom Nikon Eclipse Ti2 microscope
equipped with a GATACA Systems iLas2 total internal reflection
by taking 11 Z stacks 0.2 um apart. Representative images were
deconvolved using a Richardson-Lucy algorithm in Nikon Ele-
ments and displayed as maximum intensity projections.

Preparation of smFISH probes was performed via a protocol
adapted from Gaspar et al. (2017) as described in Helton et al.
(2025). A tiled set of DNA probes complementary to a region of
the transcript of interest was designed using the Stellaris Probe
Designer from BioSearch Technologies, and these oligonucleo-
tides were obtained from IDT and pooled. Probe sequences
were reported in Helton et al. (2025), Moon et al. (2020), and
Khong and Parker (2018). Pooled probes were then incubated
with terminal deoxynucleotidyl transferase (Thermo Scientific
EP0161) in a reaction containing dideoxy-UTP labeled with ATTO
565 or 646 dyes (Jenna Biosciences) at 37°C for 16-24 h. Probes
were purified via a Zymo Oligo Clean and Concentrator kit (Zymo
4060), and eluate was diluted to ~12.5 uM DNA. All probes had
>70% labeling efficiency and were used at a 1:100 dilution.

For IF alone, cells were fixed in 4% PFA as indicated, and simul-
taneously permeabilized and blocked for 10 min at room temper-
ature in AbDil buffer (PBS with 6% BSA and 0.5% Triton X-100).
Primary antibody incubations were in 0.5x AbDil in PBS for either
1 h atroom temperature or overnight at 4°C. After washing in PBS,
cells were incubated with secondary antibody in 0.5x AbDil for 1
h at room temperature, followed by washing in PBS, and epifluor-
escence microscopy done using either an EVOS M5000 fluores-
cence microscope or the Nikon Eclipse Ti2 microscope.

Quantification of smFISH images

A customized version of the Big-FISH python package (https
://github.com/fish-quant/big-fish) (Imbert et al. 2022) was used
to quantify mRNAs detected via smFISH in deconvolved images
as described previously (Helton et al. 2025). In this analysis, the
cytoplasm and stress granules are segmented based on GFP-
G3BP1 or other stress granule marker intensity, nuclei are seg-
mented based on Hoechst staining, and smFISH signal detected
as spots. To account for variations in cell-to-cell brightness of the
EGFP-G3BP1 stress granule marker, the ImageJ “localize normal
intensity” function was applied to the green channel before
detection of stress granules, nuclei, and cells via manual thresh-
olding. We verified that the percent AHNAK mRNA in stress gran-
ules determined by hand using the Cell Counter tool in ImageJ/
Fiji was not significantly different by automated quantification
(Supplemental Fig. S1) and as reported previously in Helton
et al. (2025).
Source data are reported in Supplemental Table ST.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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What are the major results described in your paper, and how do
they impact this branch of the field?

We found that interfering with translation elongation causes an
atypical trend in the assembly of RNA condensates called stress
granules. Whereas during a “normal” stress you find more gran-
ules the more stress you have, with tRNA synthetase inhibitors
we saw that granules can only form at intermediate levels of stress.
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stress with the amount of mRNA that remains with ribosomes.
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What led you to study RNA or this aspect of RNA science?

| originally started working on RNA as a grad student because | was
interested in the RNA world and the origin of life. | was particularly
taken with the role of tRNA and rRNA in translation as relics of a
time before the dominance of proteins. | had some excellent men-
tors in graduate school (Susan Martinis and Auinash Kalsotra) who
exposed me to a more contemporary world of RNA, including its
many connections to disease. That led me to Stephanie Moon's
lab and learning about RNA in the cellular stress response.
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| think left them lying around for me to find on purpose. | got
hooked on the sense of wonder Sagan conveyed, and the sheer
enormity of the universe as he described it. | am still influenced
by that experience today: As a teacher, | always try to find places
where | can feel a sense of awe about the course topics and
then let those feelings show to my students.

What are your subsequent near- or long-term career plans?

This semester I'm very excited to be teaching an upper-level
elective course in RNA Biology at Wesleyan, along with a lab class
where students get to do some real molecular biology research. In
the near future, I'm looking forward to having a permanent posi-
tion where | can keep working with students in the classroom
and the lab. This includes working with undergraduates to follow
up on some outstanding questions | have from this research pub-
lished in RNA!
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