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The integrated stress response (ISR) is critical for resilience to stress and is implicated in numerous diseases. During
the ISR, translation is repressed, stress-induced genes are expressed, andmRNAs condense into stress granules. The
relationship between stress granules and stress-induced gene expression is unclear.Wemeasured endogenous stress-
induced gene mRNA localization at the single-molecule level in the presence or absence of small molecule trans-
lation inhibitors. Reducing ribosome association increases the localization of stress-induced gene mRNAs to stress
granules, whereas increasing ribosome association inhibits their localization to stress granules. The presence of
upstream open reading frames (uORFs) in mRNA reporters reduces their localization to stress granules in a ribo-
some-dependent manner. Furthermore, a single initiating ribosome blocks stress granule formation and inhibits
mRNA association with preformed stress granules. Thus, uORF-mediated ribosome association inhibits stress-in-
duced gene mRNA localization to stress granules, suggesting a new role for uORFs in limiting RNA condensation.
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The integrated stress response (ISR) signaling pathway or-
chestrates the response and adaptation to cellular stress
(Pakos-Zebrucka et al. 2016; Costa-Mattioli and Walter
2020). The ISR is induced when stress-sensing kinases
phosphorylate eIF2α, suppressing ternary complex forma-
tion and translation initiation (Scorsone et al. 1987; Row-
lands et al. 1988; Chen et al. 1991; Dever et al. 1992; Wek
et al. 1995; Brostrom and Brostrom 1998). Global transla-
tion suppression results in stress granule assembly and
stress-induced gene mRNA translation (Nover et al.
1983, 1989; Hinnebusch 1997; Kedersha et al. 1999; Har-
ding et al. 2000; Tourrière et al. 2003). Stress granules
form via multivalent RNA–RNA, RNA–protein, and pro-
tein–protein interactions (e.g., those mediated by G3BP
stress granule assembly factors) when mRNAs are re-
leased from polysomes (Bounedjah et al. 2014; Van Treeck
et al. 2018; Guillén-Boixet et al. 2020; Sanders et al. 2020;
Yang et al. 2020). Constitutively expressed transcripts
that assemble into stress granules are translationally re-
pressed (Moon et al. 2019; Baymiller and Moon 2023). At
the same time, stress-induced genes translate during

stress in part through cis-acting 5′ untranslated region fea-
tures such as upstream open reading frames (uORFs) that
promote translation when ternary complex is limited
(Abastado et al. 1991; Vattem and Wek 2004; Andreev
et al. 2015). Translation of key stress-induced genes via
uORFs, such as the transcription factor ATF4 and the
translation derepressor GADD34, is critical for cellular
stress adaptation and survival (Novoa et al. 2003; Han
et al. 2013). Specifically, ATF4 upregulates stress-in-
duced genes including genes involved in translation,
autophagy, or stress-specific responses (Han et al. 2013;
Neill and Masson 2023). GADD34 (in complex with pro-
tein phosphatase 1) derepresses translation by dephos-
phorylating P-eIF2α to resolve the ISR (Novoa et al.
2003). Other stress-induced genes (e.g., HSP70 and JUN)
aid in maintaining proteostasis during stress (Hu et al.
2022) or promote cell fate pathways after stress (Behrens
et al. 1999; Wisdom et al. 1999). Therefore, stress-in-
duced genes are critical for gene expression reprogram-
ming at the transcriptional and post-transcriptional
levels during the ISR.
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Although the ISR is associated with cellular resilience
in response to acute, low-level stress, a chronic and/or
severe ISR is paradoxically associated with cell death
and disease states including cancers (Costa-Mattioli and
Walter 2020; Ge et al. 2022), neurodevelopmental disor-
ders (Pae et al. 2005; Moon and Parker 2018; Jia et al.
2022), and neurodegenerative diseases (Ishimura et al.
2016; Costa-Mattioli and Walter 2020; Asadi et al. 2021;
Spaulding et al. 2021; English et al. 2022). Modulation of
the ISR holds promise for the identification of new thera-
peutic targets, as many drugs that inhibit the ISR are in
clinical trials or are FDA-approved for treatment of can-
cers and neurodegenerative diseases (Tsuchida et al.
2017; Marlin et al. 2022; Tang et al. 2022; Lines et al.
2023; Sun et al. 2023). However, ISR inhibition can also
be detrimental to cell viability and in disease contexts
(Boyce et al. 2005; Han et al. 2013; Ishimura et al. 2016;
Moon et al. 2018). Thus, a better understanding of themo-
lecular mechanisms of how cells reprogram gene expres-
sion during the ISR to promote cellular resilience and
adaptation to stress will suggest novel therapeutic strate-
gies for a wide range of diseases.

Although stress granules and stress-induced gene ex-
pression are temporally linked, an underexplored area in
the field is the relationship between these two branches
of the ISR. A general model of stress granules is that they
are sites of translational suppression; thus, an a priori as-
sumption is that stress-induced genemRNAs likely evade
stress granule sequestration. The release of mRNAs from
polysomes is necessary for stress granule assembly (Keder-
sha et al. 2000; Markmiller et al. 2018), suggesting a nega-
tive connection between translating mRNAs, which
would be stress-induced, and stress granules. Further-
more, live-cell single-mRNA imaging demonstrated that
translating mRNAs transiently interact with stress gran-
ules, whereas nontranslating mRNAs can stably interact
with stress granules where they are prevented from re-en-
tering the translating pool (Moon et al. 2019, 2020). Addi-
tionally, 60S subunits and 80S ribosomes are depleted in
stress granules comparedwith the surrounding cytoplasm,
whereas 40S and preinitiation complexes are enriched in
stress granules (Kedersha et al. 2002; Moon et al. 2020;
Guo et al. 2024), suggesting that translation is suppressed
inside of stress granules. Finally, analysis of the nascent
proteome during arsenite stress revealed a negative corre-
lation between translating mRNAs and mRNAs enriched
in stress granules in human cells (Baron et al. 2019). Simi-
larly, a recent study demonstrated that highly translated
and newly transcribed mRNAs were generally excluded
from stress-induced condensates isolated by sedimenta-
tion in budding yeast (Glauninger et al. 2024). Together,
these data suggest that actively translating mRNAs,
such as key stress-induced genes, are not sequestered
within stress granules. However, most studies to date
have relied on correlation analyses of RNA sequencing
data sets derived from purified, biochemically stable parti-
cles that do not fully represent intact, dynamic stress gran-
ules. Thus, there is a need to directly investigate whether
and how stress-induced gene mRNAs evade condensation
within stress granules.

Although there is a significant amount of evidence that
indicates that translating mRNAs are excluded from
stress granules, multiple lines of evidence suggest that
stress granules may regulate stress-induced gene expres-
sion. First, qualitative, fixed-cell microscopy assays
showed that endogenous stress-induced gene mRNAs
can colocalize with stress granules (Kedersha and Ander-
son 2002; Stöhr et al. 2006; Adjibade et al. 2015). Second,
live-cell single-molecule microscopy with nascent chain
translation reporters harboring the 5′ untranslated region
ofATF4 revealed rare instances of increased nascent chain
signal on the reporter construct that colocalized with a
stress granule over time (Mateju et al. 2020). The results
of this study suggest that translation initiation and elon-
gation can occur within stress granules and the surprising
possibility that stress-induced genemRNAs could behave
fundamentally differently than constitutively expressed
mRNAs. Third, upon dsRNA stress, G3BP1/2-deficient
cells have increased interferon responses and apoptotic
signaling, suggesting a potential role for key stress granule
proteins in regulating innate immune factors or stress-in-
duced gene expression (Paget et al. 2023). Concordantly,
depletion of a G3BP2 isoform altered the expression of
cell survival genes during stress, suggesting a role for
G3BP proteins in gene expression reprogramming
(Liboy-Lugo et al. 2024). Together, these findings suggest
new and alternative roles of stress granule function inme-
diating the ISR that must be further investigated.

The conflicting evidence on the relationship between
stress-induced genemRNAs and stress granules prompted
us to test the hypothesis that association of stress-induced
genemRNAs with ribosomes inhibits their assembly into
stress granules.We used chemical genetics, polysome pro-
filing, and imaging of single endogenous and reporter
mRNAs to evaluate the role of translation status and ribo-
some association in regulating stress-induced gene
mRNA localization to stress granules in human cells.
We provide evidence that stress-induced gene mRNAs
that harbor uORFs including ATF4 and GADD34, but
not other candidate stress-induced genes, are translated
during arsenite stress, and a fraction of these mRNAs lo-
calize to stress granules. We demonstrate that including
uORF sequences that promote translation during stress
in reporter mRNAs reduces mRNA localization to stress
granules in a ribosome-dependent manner. Furthermore,
we found that immobilization of one or more ribosomes
on mRNAs is sufficient to block stress granule assembly
and inhibit stress-induced gene mRNA localization to
stress granules. These data suggest that ribosome associa-
tion with uORFs inhibits stress-induced gene mRNA lo-
calization to stress granules and support the model that
stress granules are sites of translation suppression.

Results

ATF4 and GADD34 are translationally induced upon
arsenite stress

To determine whether candidate stress-induced gene
mRNAs are translated during arsenite stress and directly
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assess ribosome association with these mRNAs under
conditions commonly used to study stress granules, we
performed polysome profiling andRT-qPCR.We collected
polysome fractions to detect mRNAs sedimenting with
free RNPs (RNP peak, 40S, and 60S), monosomes/light
polysomes (one to two ribosomes), or heavy polysomes
(three or more ribosomes) in unstressed and stressed cells.
We examined the constitutively expressed gene GAPDH
and the candidate stress-induced genes ATF4, GADD34,
HSPA1A, HSPA1B, JUN, and EPRS1 (Young and Wek
2016). We chose stress-induced gene candidates that vary
in length, molecular functions, and cis-regulatory ele-
ments. ATF4 (1419 nt) and GADD34 (2350 nt) contain
well-characterized uORFs, and their translational upregu-
lation during the stress response has been studied exten-
sively (Novoa et al. 2001; Vattem and Wek 2004;
Andreev et al. 2015). JUN (3257 nt) encodes a transcription
factor that is transcriptionally induced upon arsenite
stress (Andreev et al. 2015), EPRS1 (4862 nt) encodes an
ATF4-induced glutamyl-prolyl tRNA synthetase (Han
et al. 2013; Neill and Masson 2023), and HSPA1A (2400
nt) and HSPA1B (2517 nt) encode HSP70 chaperones that
areupregulateduponheat and arsenite stress. Robust poly-
someswere detected in unstressed conditions with a poly-
some:monosome ratio of 8.6 ± 0.3 (Fig. 1A). Arsenite stress
caused polysome collapse and the accumulation of inac-
tive or vacant 80S ribosomes (Fig. 1A) with a polysome:
monosome ratio of 0.3 ± 0.1, which is consistent with
past work (Kedersha et al. 2000; Dang et al. 2006; Andreev
et al. 2015; Liu and Qian 2016; Guo et al. 2024). We dem-
onstrated that the constitutively expressed GAPDH
mRNA was translationally repressed during stress, as
thesemRNAs shifted fromheavy polysomes in unstressed
cells to free RNPs and monosomes/light polysomes upon
arsenite stress (Fig. 1B,C; Supplemental Fig. S1A).
A key observation was that ATF4 and GADD34

mRNAs, but not other candidate stress-induced gene
mRNAs, were translationally upregulated upon arsenite
stress. The majority of ATF4 and GADD34 mRNAs sedi-
mented with free RNPs and monosomes/light polysomes
in unstressed cells (78.9% and 60.6%, respectively), and
these mRNAs shifted to heavy polysomes after arsenite
stress (61.3% and 53.1%, respectively), indicating that
they are translationally upregulated during stress (Fig.
1B,C; Supplemental Fig. S1A). We observed that all other
stress-induced mRNAs tested were translationally re-
pressed during arsenite stress, as they shifted from heavy
polysomes in unstressed conditions to free RNPs and light
polysomes during stress (Fig. 1B,C; Supplemental Fig.
S1A). The analysis of published ribo-seq data sets
(Andreev et al. 2015) showed increased footprints on
ATF4 and GADD34, but not other stress-induced or con-
stitutively expressed genemRNAs, in ribosome-protected
fragments upon 40 µM arsenite stress (Supplemental Fig.
S1B). Western blotting and RT-qPCR showed that protein
and RNA levels did not always predict whether mRNAs
were associated with heavy polysomes during stress (Sup-
plemental Fig. S2), likely due to differences in protein and
RNA stability, reinforcing the need to directly measure
mRNA association with ribosomes to establish transla-

tion activity. These results demonstrate that ATF4 and
GADD34, but not other candidate stress-induced genes,
are translationally induced upon arsenite stress.

Steady-state localization of candidate stress-induced
gene mRNAs to stress granules

To determine whether stress-induced gene mRNAs local-
ize to stress granules, we applied single-molecule fluores-
cence in situ hybridization (smFISH) and quantified the
percentage of endogenous stress-induced gene mRNA lo-
calized to stress granules marked by GFP-G3BP1 (Burke
et al. 2020) in arsenite-stressed U-2 OS cells. We per-
formed local normalization filtering on the GFP channel
of images to accurately segment stress granules and
mRNA spots using a modified version of FISH-Quant
and to provide an unbiased and consistent analysis pipe-
line across all samples (Supplemental Fig. S3A; Imbert
et al. 2022). Local normalization filtering for stress gran-
ule segmentation was critical, as GFP levels are inconsis-
tent at the subcellular level and between cells, and the
accurate segmentation of stress granules was verified by
eye in each image prior to quantification. We demonstrat-
ed that the results from this image analysis pipeline
showed strong positive correlation in the percentage of
mRNAs localized to stress granules with images quanti-
fied by hand (Supplemental Fig. S3B), and the percentage
of localization of constitutivemRNAsGAPDH,NORAD,
andAHNAK to stress granules agreed with previous stud-
ies (Fig. 2; Khong et al. 2017; Moon et al. 2020).
We observed that ∼25% ofATF4 andGADD34mRNAs

localized to stress granules, consistent with the idea that
the majority of these transcripts are being translated and
excluded fromstress granules, as <50%of these transcripts
colocalizewith stress granules (Fig. 2B). However, <50%of
the translationally repressed HSPA1A (26.5%±1.1%),
HSPA1B (26.5%±1.0%), JUN (40.1%±1.5%), and
GAPDH (15.7%±0.75%) mRNAs localize to stress gran-
ules after 45 min of arsenite stress (Fig. 2C,D). These re-
sults suggest translation status, while important, is not
the only factor contributing to stress granule localization,
in agreement with other studies demonstrating that RNA
length is correlated with stress granule enrichment
(Khong et al. 2017; Namkoong et al. 2018; Padrón et al.
2019; van Leeuwen et al. 2022; Curdy et al. 2023; Ren
et al. 2023). Indeed, although other factors are correlated
with mRNA localization to stress granules in some
cases (e.g.,mRNAmodifications andRNAbinding protein
sites), we observed a positive correlation between the
candidate stress-induced genemRNA lengths and the per-
centage of colocalization in stress granules (Supplemental
Fig. S3C). Intriguingly, ∼72% of EPRS1 mRNAs were en-
riched in stress granules to an extent similar to that of
AHNAK and NORAD (Fig. 2C,D). Finally, we observed
that the duration of stress did not impact the localization
of any RNAs to stress granules with the exception of JUN,
which displays a 5.4% increase in stress granule localiza-
tion from 45 to 90 min after stress (Fig. 2C). Therefore,
stress-induced genes as a class are variably enriched in
stress granules.

uORFs inhibit mRNA localization to stress granules
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A single initiating ribosome is sufficient to block stress
granule assembly

We reasoned that if stress granules can support translation
of stress-induced genes, then trapping mRNAs within a
single initiating ribosome would have no effect on stress
granule assembly. Thus, we treated cells with harringto-
nine to trap initiating ribosomes at the start codon on

mRNAs by inhibiting the first step of elongation (Huang
1975; Fresno et al. 1977; Ingolia et al. 2012). Polysome pro-
filing confirmed that harringtonine treatment for 10 or 30
min leads to rapid ribosome runoff and accumulation of
80S complexes, as expected (Fig. 3A,B).

Notably, pretreatment of cells with harringtonine to
trap mRNAs within a single initiating ribosome blocked
stress granule assembly upon arsenite stress (Fig. 3C–E;

A

B

C

Figure 1. Stress-induced genes ATF4 and GADD34 are translationally upregulated during arsenite stress. (A) Representative polysome
profiles of U-2 OS cells unstressed or stressedwith 250 µM arsenite for 45min, with orange shading representing themonosome peak and
light blue representing polysomes. P/M is the polysome:monosome ratio of three independent experiments ±SEMCollected fractions are
indicated below each profile. (B) Total RNAwas isolated from the fractions shown inA, and RT-qPCRwas performed. Heat maps display
the average percentage of mRNA from RT-qPCR analysis in each polysome fraction corresponding to polysome profiles from unstressed
and stressed cells (n =3). Color coding represents stress-induced gene mRNAs that are translationally induced upon arsenite treatment
(red), stress-induced genemRNAs that are translationally repressed upon arsenite treatment (blue), or constitutivemRNAs that are trans-
lationally repressed upon arsenite treatment (green). (C ) The average percentage of mRNA sedimenting with free (fractions 1–5), light
(fractions 6–9), and heavy (fractions 10–12) polysomes ±SEM, corresponding to polysome profiles from unstressed and stressed cells (n
=3), is shown. Color coding is as in B. One-way ANOVA tests were done to determine the significance between unstressed and stressed
conditions. (∗) P <0.05 and (∗∗∗) P< 0.005. See also Supplemental Figures S1 and S2.
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Supplemental Movie S1), as suggested by a recent study
(Fedorovskiy et al. 2023). Although cells treated with arse-
nite formed stress granules marked by GFP-G3BP1 begin-
ning at 30 min, stress granule assembly was not observed
in arsenite-stressed cells pretreated with harringtonine up
to 60 min later (the duration of imaging) (Fig. 3D,E;
Supplemental Movie S1). Fixation of cells immediately
after live-cell imaging followed by immunofluorescence
microscopy with fluorescence in situ hybridization to

detect the stress granule protein UBAP2L and polyadeny-
lated RNAs confirmed that harringtonine pretreatment
blocked stress granule assembly during arsenite stress
(Fig. 3F). Harringtonine-treated fixed cells often had few
(<1% of cytoplasmic area), small (<500 nm in diameter),
low-intensity UBAP2L and GFP-G3BP1 foci that were
not observed in live cells, a discrepancy likely arising
from fixation (Supplemental Fig. S4; Irgen-Gioro et al.
2022). Live-cell imaging of cells expressing the stress

A

B

C

D

Figure 2. Steady-state localization of candidate stress-induced genemRNAs to stress granules. (A–D) Stressed (250 µM arsenite for 45 or
90 min) U-2 OS cells stably expressing GFP-G3BP1 were fixed, and smFISH was performed for RNAs encoding stress-induced genes that
are translationally upregulated (A,B; red), stress-induced genes that are translationally downregulated (C; blue), or constitutively expressed
genes (D; green). (A) Representative images are shown of an entire cell (45 min arsenite stress). Stress granules (SGs) are shown in green,
ATF4 RNA is shown in magenta, and nuclei are shown in blue. Scale bar, 10 µm. (B–D, left) Representative zoomed-in images (n= 3) of
cells stressed with 250 µM arsenite (As) for 45 or 90 min. Images were taken at 100× magnification, with the GFP-G3BP1 stress granule
(SG) marker shown in green and RNA shown in magenta. Scale bars, 5 µm. (Right) The average ± SEM of the percentage of cytoplasmic
RNA localized to stress granules per cell (n=27 cells) from three independent experiments (denoted as green, red, and black circles,
with individual circles representing a single cell) is shown. One-way ANOVA tests were done to determine the significance between
45 and 90 min arsenite conditions. (∗) P <0.05. See also Supplemental Figure S3.
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A

C

D

F G

E

B

Figure 3. A single initiating ribosome blocks stress granule assembly. (A) Representative polysome profiles (n= 3) of U-2 OS cells treated
with 0.1%DMSO (carrier; black) or 2 µg/mL harringtonine (HT) for 10min (red) or 30min (blue) followed by cycloheximide addition. The
X-axis represents the distance down the sucrose gradient from 10% to 50%. (B) Average± SEM is reported for the polysome to monosome
ratio from polysome profiles inA from n= 3 replicates (denoted as green, red, and black circles). ANOVA tests were done to determine the
significance between the DMSO and HT-treated conditions. (∗∗∗∗) P <0.001. (C ) Schematic of experimental time line for D–F (2 µg/mL
harringtonine [HT] and 250 µMarsenite [As]). (D) U-2 OS cells were pretreated with DMSO or harringtonine for 30 min followed by
live-cell imaging at 40× magnification with or without arsenite for 60 min. Images were taken every minute, and representative images
(n =3 for all times and conditions except theDMSO20min time point, which is n =2) of U-2OS cells stably expressingGFP-G3BP1 (green)
are shown. Scale bar, 10 µm. See also SupplementalMove S1. (E) The average ± SEM of the percentage of cells in a frame positive for stress
granules corresponding to images inD is shown. (F ) After live-cell imaging (shown inD,E), cells were fixed and stained for polyadenylated
RNA [oligo(dT); magenta] and stress granule protein UBAP2L (cyan). GFP-G3BP1 is shown in green (n= 2). Scale bar, 5 µm. See also Sup-
plemental Figure S4. (G) U-2 OS cells were pretreated with DMSO or 50 µM lactimidomycin (LTM) for 30 min followed by live-cell im-
aging with or without arsenite as done inD. (Left) Representative images. Scale bar, 10 µm. (Right) The average ± SEM of the percentage of
cells in a frame with stress granules (n=3) is shown. See also Supplemental Movies S2–S4 and Supplemental Figure S5.
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granule marker protein mRuby2-PABPC1 (Burke et al.
2020) confirmed that stress granule assembly is inhibited
in the presence of harringtonine (Supplemental Fig. S5A;
Supplemental Movie S2). Cotreatment of cells with arse-
nite and harringtonine or the elongation inhibitor eme-
tine, which traps mRNAs within polysomes, also
significantly reduced stress granule assembly in fixed cells
(Supplemental Fig. S6B), in line with previous work
(Kedersha et al. 2000). The natural product lactimidomy-
cin also traps mRNAs within initiating ribosomes
(Schneider-Poetsch et al. 2010; Lee et al. 2012), and we ob-
served that lactimidomycin also inhibited stress granule
assembly in the presence of arsenite (Fig. 3G; Supplemen-
tal Movie S3). Thus, trapping mRNAs within initiating
monosomes inhibits stress granule assembly.
Previous work has suggested that inhibiting translation

initiation (e.g., with harringtonine or lactimidomycin) can
induce 40S ribosomal subunit ubiquitination and subse-
quent degradation through the initiation of a ribosome-as-
sociated quality control pathway (Garshott et al. 2021). To
rule out the possibility that 40S protein ubiquitylation
and the associated degradationwere responsible for block-
ing stress granule formation, we treated cells with harring-
tonine and assessed stress granule assembly after
harringtonine washout and upon addition of arsenite.
We observed that stress granules assemblewithin 1 h after
harringtonine washout (Supplemental Fig. S5B; Supple-
mentalMovie S4). Given that these experimentswere per-
formed under conditions of limited translation when cells
would be unable to translate new 40S subunits, these re-
sults suggest that the inhibition of stress granule assembly
upon harringtonine treatment is not due to 40S subunit
degradation. Therefore, the association of a single ribo-
somewith an mRNA changes its conformation and/or in-
teraction partners in a way that prohibits stress granule
formation beyond the blocking or remodeling of the
open reading frame by elongating ribosomes.

Ribosome association limits stress-induced gene mRNA
accumulation in stress granules

We next took a chemical genetics approach to test the hy-
pothesis that ribosome association inhibits partitioning of
ATF4 andGADD34 into stress granules. We selected a set
of translation modulators that (1) prevent ribosome asso-
ciation with mRNAs by blocking initiation, (2) release
mRNAs from elongating ribosomes, (3) trap an initiating
80S ribosome onmRNAs, or (4) trap elongating ribosomes
on mRNAs (Supplemental Fig. S6A). Prior work demon-
strated that releasing constitutively expressed mRNAs
from ribosomes with puromycin increases their localiza-
tion to stress granules (Khong and Parker 2018; Moon
et al. 2020) and can cause stress granule assembly (Keder-
sha et al. 2000; Markmiller et al. 2018). Conversely, trap-
ping mRNAs on ribosomes with cycloheximide or
emetine reduces constitutively expressed mRNA locali-
zation to stress granules (Khong and Parker 2018) and
blocks stress granule assembly (Kedersha et al. 2000). To
limit the impacts of translationmodulators on stress gran-
ule properties that occur when inhibitors are added simul-

taneously with the stress (Supplemental Fig. S6B), we
stressed cells for 35 min with arsenite to allow stress
granule assembly and then added translation inhibitors
for the last 10 min prior to fixation. We confirmed that
none of these treatments altered stress granule size (Sup-
plemental Fig. S6C). We performed smFISH to detect the
translationally upregulated stress-induced genes that we
had established as translating using polysome profiling
and RT-qPCR. Controls included translationally re-
pressed stress-induced genes, constitutively expressed
mRNAs, and the noncoding RNA NORAD.
We found that inhibiting translation initiation or releas-

ingmRNAs from ribosomes significantly increased the re-
cruitment of ATF4 and GADD34 mRNAs to stress
granules. Treatment of cells with the cap-dependent
translation initiation inhibitor rocaglamide A (which sta-
bilizes eIF4A on the 5′ UTRs of mRNAs, blocks 43S scan-
ning, and prevents ribosome association) (Iwasaki et al.
2016, 2019) significantly increased the accumulation of
ATF4 and GADD34 in stress granules by 21% and 47%
(respectively) relative to the DMSO control (Fig. 4A). Con-
cordantly, release of translating ribosomes from mRNAs
with the tyrosyl-tRNA mimic puromycin (Nathans
1964; Enam et al. 2020; Hobson et al. 2020) similarly in-
creased the relative amount of ATF4 and GADD34
mRNA localized to stress granules by 17% and 30%, re-
spectively (Fig. 4A). Rocaglamide A and puromycin
caused a similar increase in the localization of ATF4 and
GADD34 to stress granules induced by DTT stress, dem-
onstrating that these results are not stress-specific (Sup-
plemental Fig. S7). A further relative increase in ATF4
and GADD34 localization to stress granules (by 38%
and 58%, respectively) was observed in cells cotreated
with rocaglamide A and puromycin, as would be expected
upon forced ribosome release and blocked reinitiation
(Fig. 4A). The observed increase in ATF4 and GADD34
localization to stress granules upon cotreatment with
rocaglamide A and puromycin suggests that these tran-
scripts continuously reinitiate translation during arsenite
stress. Localization of other candidate stress-induced or
constitutively expressed mRNAs, or the noncoding
RNA NORAD, to stress granules was unaffected by roca-
glamide A and/or puromycin treatment (Fig. 4B,C), indi-
cating that the increased recruitment of ATF4 and
GADD34 to stress granules was due to changes in transla-
tion and not impacts on stress granule properties. Togeth-
er, these results suggest that ATF4 and GADD34 are
translated through cap-dependent mechanisms and that
association with ribosomes inhibits RNA localization to
stress granules.
We next established that increasing ribosome occupan-

cy on stress-induced gene mRNAs reduced their localiza-
tion to stress granules. Treating cells with harringtonine
to trap initiating ribosomes at the start codon (Huang
1975; Fresno et al. 1977; Ingolia et al. 2012) or with eme-
tine, which binds the E site of the 40S ribosomal subunit
and immobilizes elongating ribosomes onmRNAs (Groll-
man 1968; Gupta and Siminovitch 1977; Wong et al.
2014), significantly reduced the percentage of ATF4 and
GADD34 that localized to stress granules (Fig. 5A). We
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A

B

C

Figure 4. Ribosome release or inhibition of ribosome associationwithATF4 orGADD34 increases their partitioning into stress granules.
(A–C ) U-2 OS cells stably expressing GFP-G3BP1were stressed with 250 µM arsenite (As) for 35min followed by addition of 0.1%DMSO,
1 µM rocaglamideA (RocA), 2 µg/mL puromycin (Puro), or rocaglamideA and puromycin for 10min. smFISHwas performed on fixed cells
to determine the localization of RNAs encoding stress-induced genes that are translationally upregulated (A, red), stress-induced genes
that are translationally downregulated (B; blue), or constitutively expressed genes (C; green). (Left) Representative images are shown
with RNA in magenta and stress granules (SGs) in green, as labeled with GFP-G3BP1. Scale bar, 5 µm. (Right) The average ± SEM of
the percentage of cytoplasmic RNA localized to stress granules per cell (n =27 cells) from three independent replicates (denoted as green,
red, and black circles, with individual circles representing a single cell) is shown. One-way ANOVA tests were done to determine signifi-
cance between theDMSO condition and other treatments. (∗) P<0.05, (∗∗∗) P< 0.005, (∗∗∗∗) P< 0.001. See also Supplemental Figures S3, S6,
and S7.
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Figure 5. Stabilizing one ormore ribosomes onmRNAs reduces their localization to stress granules. (A–F ) U-2OS cells stably expressing
GFP-G3BP1 were stressed with 250 µM arsenite (As) for 35 min followed by addition of 0.1% DMSO, 2 µg/mL harringtonine (HT), or 45
µM emetine (Eme) for 10min. smFISHwas performed on fixed cells to determine the localization of RNAs encoding stress-induced genes
that are translationally upregulated (A,D; red), stress-induced genes that are translationally downregulated (B,E; blue), or constitutively
expressed genes (C,F; green). (Left) Representative images are shown with RNA in magenta and stress granules (SGs) in green (GFP-
G3BP1). Scale bar, 5 µm. (Right) The average ± SEM of the percentage of cytoplasmic RNA localized to stress granules per cell (n =27 cells)
from three independent replicates (denoted as green, red, and black circles, with individual circles representing a single cell) is shown.
One-way ANOVA tests were done to determine the significance between DMSO condition and other treatments. (∗∗∗∗) P <0.001. See
also Supplemental Figures S3, S6, and S7.
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also observed that the localization of translationally re-
pressed stress-induced or constitutively expressed
mRNAs to stress granules was reduced with emetine or
harringtonine treatment (Fig. 5B–F), suggesting that ribo-
somes are continuing to run off transcripts 35min after ar-
senite stress. A prior study also observed that recruitment
of constitutively expressed AHNAK to stress granules is
limited by the translation elongation inhibitor cyclohexi-
mide during arsenite stress (Khong and Parker 2018). Sim-
ilar results were observed in cells treated with DTT stress
(Supplemental Fig. S7), as the fraction of ATF4,GADD34,
and, to a lesser extent,GAPDHmRNA localized to DTT-
induced stress granules was significantly decreased in
harringtonine- and emetine-treated cells compared with
the DMSO control. There was no change in NORAD ac-
cumulation in arsenite-induced stress granules in either
harringtonine or emetine treatments, indicating that ge-
neral stress granule properties were not altered and that
our observations were likely due to changes in translation
(Fig. 5C,F). However, cells stressed with DTT and treated
with harringtonine displayed a small decrease inNORAD
localization to stress granules (Supplemental Fig. S7), sug-
gesting that DTT-induced stress granules are more sensi-
tive to translation inhibitors that increase ribosome
occupancy on mRNAs than arsenite-induced stress gran-
ules. Together, these results demonstrate that association
with one ormore ribosomes is sufficient to reducemRNA
localization to stress granules.

uORFs inhibit mRNA localization to stress granules
through ribosome association

We next evaluated whether uORFs alone are sufficient to
inhibit mRNA localization to stress granules using two
approaches. First, we assessed the impact of translation
initiation and elongation inhibitors on the localization
of two additional uORF-containing stress-induced genes:
IFRD1 (Zhao et al. 2010) and UCP2 (Hurtaud et al.
2006). Ribosome footprinting results (Andreev et al.
2015) suggest that these two mRNAs harbor uORFs that
promote their translation during arsenite stress. We ob-
served that both IFRD1 andUCP2 exhibited significantly
increased localization to stress granules in the presence of
rocaglamide A (by 58% and 53%, respectively) and puro-
mycin (by 65%and 49%, respectively), whereas harringto-
nine and emetine reduced their localization to stress
granules (Fig. 6A). We examined the localization of two
additional constitutively expressed gene mRNAs, ACTB
andAHNAK, to stress granules in the same cells in which
we examined IFRD1 and UCP2 using smFISH probes la-
beled with two different fluors. We observed that the lo-
calization of ACTB and AHNAK did not change upon
rocaglamide A or puromycin treatment (Fig. 6A). As previ-
ously observed with GAPDH, harringtonine and emetine
reduced the localization of both ACTB and AHNAK to
stress granules (Fig. 6A). We compared the average per-
centage change in mRNA localization to stress granules
upon translation inhibitor treatments across all endoge-
nous genes examined and observed that onlymRNAs con-
taining uORFs had increased localization to stress

granules with rocaglamide A or puromycin treatment
(Fig. 6B). Together, these results suggest that the associa-
tion of ribosomes with uORFs on translating stress-in-
duced genes during stress inhibits their localization to
stress granules.

To directly test the hypothesis that uORFs inhibit the
localization ofmRNAs to stress granules, wemade report-
ermRNAconstructs harboring the 5′ untranslated regions
containing the uORFs from ATF4 or GADD34 upstream
of a main open reading frame encoding luciferase. We
then created mutant reporter mRNAs in which the three
AUG start codons (Met) of the ATF4 uORFs and the start
codons of the twoGADD34 uORFs were changed to GCC
(Ala) to abrogate uORF function and control for mRNA
length (Fig. 7A). We placed these reporters under the con-
trol of dox-inducible promoters and stably integrated
them inU-2OS cells expressing GFP-G3BP1. After dox in-
duction, cells were stressed with arsenite for 45 min and
pulsedwith translation inhibitors 10min prior to fixation.
smFISH was done using probes complementary to the lu-
ciferase open reading frame, and analysis was done as de-
scribed above for endogenous mRNA localization.

A key observation is that the reporters harboring either
wild-type ATF4 or GADD34 uORFs were localized to
stress granules significantly less (by ∼30%) than mutant
ATF4 or GADD34 uORF transcripts (Fig. 7B,C). These re-
sults suggest that uORFs inhibit mRNA localization to
stress granules. We next tested whether releasing ribo-
somes, preventing ribosome association with mRNAs,
or trapping ribosomes on mRNAs would increase or
decrease (respectively) the localization of uORF-contain-
ing reporters to stress granules. Importantly, we observed
that rocaglamide A and puromycin increased the localiza-
tion of wild-type, but not mutant, ATF4 and GADD34
uORF-containing reporters to stress granules (Fig. 7B,C).
ComparedwithDMSO-treated cells, theATF4uORF-con-
taining reporter increased localization to stress granules
by 40% with rocaglamide A and 37% with puromycin,
whereas the GADD34 uORF-containing reporter in-
creased localization to stress granules by 31% in both con-
ditions (Fig. 7B,C). Treatment with the translation
elongation inhibitors harringtonine and emetine reduced
the localization of wild-type and mutant ATF4 and
GADD34 uORF-containing reporters (Fig. 7B,C). Taken
together, these results indicate that uORFs limit mRNA
localization to stress granules in a manner dependent on
ribosome association.

Discussion

We provide evidence that ribosome association inhibits
stress-induced gene mRNA assembly into stress granules
and suggest that uORFs play a key role in limiting mRNA
condensation. We found that the translationally upregu-
lated genes ATF4, GADD34, and other uORF-containing
stress-induced gene mRNAs displayed increased parti-
tioning to stress granules upon the prevention of transla-
tion initiation or their release from polysomes. We
observed that assembly of all mRNAs into stress granules

10 GENES & DEVELOPMENT

Helton et al.

 Cold Spring Harbor Laboratory Presson May 13, 2025 - Published by Downloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.352899.125/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.352899.125/-/DC1
http://www.cshlpress.com


A

B

Figure 6. Ribosome association inhibits localization of endogenous mRNAs with uORFs to stress granules. (A) U-2 OS cells stably ex-
pressing GFP-G3BP1 were stressed with 250 µM arsenite for 35 min followed by addition of 0.1% DMSO, 1 µM rocaglamide A (RocA), 2
µg/mL puromycin (Puro), 2 µg/mL harringtonine (HT), or 45 µM emetine. smFISH was performed on fixed cells to determine the local-
ization of RNAs encoding stress-induced genes with uORFs (IFRD1 and UCP2) or constitutively expressed genes (ACTB and AHNAK).
(Top) Representative images are shown with stress-induced gene mRNA in magenta, constitutively expressed mRNAs in cyan, nuclei
in blue, and stress granules (SGs) in gray as labeled with GFP-G3BP1, with zoomed-in images below the full cell images. Scale bars, 5
µm. (Bottom) The average ± SEMof the percentage of cytoplasmic RNA localized to stress granules per cell (n =27) from three independent
replicates (denoted as green, red, and black circles, with individual circles representing a single cell) is shown.One-wayANOVA testswere
done to determine the significance between the DMSO condition and other treatments. (∗) P <0.05, (∗∗∗∗) P<0.001. (B) Summary of the
average percentage change of stress granule localization for every endogenousmRNA tested under the different inhibitor treatments com-
pared with the control DMSO treatment (n=3). Green bars represent constitutively expressed mRNAs, blue represents stress-induced
gene mRNAs that are translationally downregulated, and red represents uORF-containing stress-induced gene mRNAs. See also Supple-
mental Figures S3 and S6.
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was inhibited by their association with one or more ribo-
somes. Furthermore, the observations that uORF se-
quences are sufficient to limit mRNA localization to
stress granules in a ribosome-dependent manner indicate

that ribosome recruitment inhibits mRNA condensation.
Together, these findings strongly suggest that stress gran-
ules cannot serve as efficient hubs of stress-induced gene
translation given the inverse relationship between

A

B

C

Figure 7. Ribosome association inhibits localization of reporter mRNAs containing ATF4 or GADD34 uORFs to stress granules. (A)
Schematic of wild-type (WT) and mutant (Mut) ATF4 and GADD34 uORF reporter constructs. Green represents start codons, red repre-
sents stop codons, pink represents uORF sequences, and purple represents themain human-optimizedRenilla luciferase (Luc) ORF. All 5′

UTR (uORF) start codonsweremutated fromATG (Met) to GCC (Ala) in theMut-ORF constructs to ablate uORFs. (B) U-2 OS cells stably
expressing the reporters described inA under a dox-inducible promoter andGFP-G3BP1 tomark stress granules were treatedwith 200 ng/
mL doxycycline for 24 h and stressed with 250 µM arsenite for 35 min followed by cotreatment with 0.1% DMSO, 1 µM rocaglamide A
(RocA), 2 µg/mL puromycin (Puro), 2 µg/mL harringtonine (HT), or 45 µM emetine (Eme) for 10min. smFISHwas performed on fixed cells
to determine the localization of Luc RNAs to stress granules. (Top) Representative images are shown with RNA in magenta and stress
granules (SGs) in green. Scale bar, 5 µm. (Bottom) The average ± SEM of the percentage of cytoplasmic RNA localized to stress granules
per cell (n=41–53 cells) from three independent replicates (denoted as green, red, and black circles, with individual circles representing a
single cell) is shown.One-wayANOVA tests were done to determine the significance between theDMSOcondition and other treatments.
(∗) P<0.05, (∗∗∗∗) P <0.001. (C ) The average percentage change in stress granule localization from n=3 independent experiments is shown
for the reporters and conditions described in A and B.
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ribosome associationwith anmRNAand its stable associ-
ation with a stress granule.
The observation that a single ribosome is sufficient to

inhibit mRNAs from localizing to stress granules has ma-
jor implications for our understanding of stress-induced
gene expression and RNP condensation. First, this finding
suggests that ribosome association on uORFs is a cis-reg-
ulatory mechanism to prevent condensation of stress-in-
duced gene mRNAs. Ribosomes associate with uORFs
in the 5′ UTRs of stress-induced gene mRNAs such as
ATF4 and GADD34 (Andreev et al. 2015; Smirnova et al.
2024) but are not present in other stress-induced genes
(e.g.,HSPA1A/B). In unstressed conditions, uORFs gener-
ally repress translation of the main ORFs and negatively
regulate gene expression (Vattem and Wek 2004; Lee
et al. 2009; Young et al. 2015; Dever et al. 2023). Transla-
tion of uORF-containing mRNAs increases when the ter-
nary complex is limited in part by “leaky scanning” of the
43S preinitiation complex, allowing for bypass of inhibito-
ry uORFs and reinitiation at the main ORF (Vattem and
Wek 2004; Lee et al. 2009; Young et al. 2015; Dever
et al. 2023). uORFs are important gene regulatory ele-
ments, as they are estimated to occur in ∼10%–50% of
all human mRNAs (Kozak 1987; Matsui et al. 2007;
McGillivray et al. 2018; Chothani et al. 2022), uORFs
are evolutionarily conserved (Zhang et al. 2021), and
uORF disruption or generation is under strong negative se-
lection (Whiffin et al. 2020). In addition to uORFs, ribo-
some profiling has revealed unanticipated small ORFs
(<100 amino acids) outside of annotated coding sequences
(Ingolia et al. 2011; Brar et al. 2012; Brar and Weissman
2015; Chothani et al. 2022). Small ORFs and uORFs may
encourage ribosomes to associate with RNAs without
generating a functional protein product to prevent RNA
condensation. In the context of uORFs, increased ribo-
some association that prevents condensation would be
predicted to increase translation, whereas other RNAs
condense and are translationally repressed.
Second, our results suggest that the reduced effective

valency of mRNAs resulting from ribosome occupancy
across the open reading frame is not the only mechanism
by which ribosomes prevent stress granule assembly.
Thus, stress granule assembly may not be solely driven
by the formation of a scaffold from networks of interac-
tions between ribosome-free mRNA open reading frames
(Van Treeck et al. 2018; Guzikowski et al. 2019; Putnam
et al. 2023). Multivalent RNA–RNA, RNA–protein, and
protein–protein interactions are critical for RNP granule
assembly and/or stability (Bounedjah et al. 2014; Banani
et al. 2016; Shin et al. 2017; Van Treeck et al. 2018;
Moon et al. 2019; Zhang et al. 2019; Riback et al. 2020;
Sanders et al. 2020; Yang et al. 2020; Matheny et al.
2021; Freibaum et al. 2024). Stress granule assembly re-
quires RNA–protein and RNA–RNA interactions, as
G3BP1 mutants incapable of binding RNA do not form
higher-order G3BP assemblies, and RNases disrupt these
assemblies in vitro and in vivo (Burke et al. 2019;
Guillén-Boixet et al. 2020; Sanders et al. 2020; Yang
et al. 2020; Decker et al. 2022). Furthermore, RNA alone
forms condensates in vitro that largely recapitulate the

stress granule transcriptome (Van Treeck et al. 2018),
and long, single-stranded, and unfolded RNAs capable of
forming intermolecular RNA–RNA interactions are re-
quired for G3BP condensate formation in vitro (Guillén-
Boixet et al. 2020; Yang et al. 2020). However, the release
of mRNAs from ribosomes is necessary and sufficient for
stress granule formation in wild-type cells, but ribosome
release is not sufficient for stress granule assembly in
some conditions, such as in cells lacking G3BP1/2 (Keder-
sha et al. 2016). One ribosome stalled at the start codon
that shields ∼28–32 nt of an mRNA (Ferguson et al.
2023) would not be predicted to have a large impact on
the available interactions permitted by a free open reading
frame that would drive RNA condensation. However,
mRNAs may adopt a more closed conformation through
intramolecular interactions when they are assembled
into a translation initiation complex. Such a closed
conformation would limit intermolecular interactions,
reduce effective valency, and prevent RNP granule assem-
bly. Indeed, smFISH analyses revealed that although
translating mRNAs adopt a more compact conformation
than would be predicted if they were fully extended,
mRNAs become further compacted when they are re-
leased from ribosomes (Adivarahan et al. 2018; Khong
and Parker 2018). Harringtonine, puromycin, and arsenite
cause a similar degree of mRNA compaction (Adivarahan
et al. 2018), suggesting that the presence of a ribosome at
the start codon does not restrict mRNAs from adopting
compacted conformations. In contrast to the widely held
view that polysomes shield the open reading frame to pre-
vent stress granule assembly, these results could suggest
the interpretation that a single ribosome stalled at the
start codon can reduce the effective valency of nontrans-
lating mRNAs through conformational changes, which
may prevent stress granule assembly.
Another possibility is that monosomes recruit factors

such as helicases, segregases, or chaperones that extend
beyond the ribosome-occupied start codon and prevent
RNP condensation. Ribosomes interact with RNA heli-
cases, RNA binding proteins, proteasome subunits, chap-
erones, and the ubiquitin-binding protein segregase VCP
(Simsek et al. 2017; Sinha et al. 2020; Popper et al. 2024;
Weber et al. 2024), many of which inhibit stress granule
assembly and/or promote stress granule disassembly
(Buchan et al. 2013; Turakhiya et al. 2018; Wang et al.
2019; Tauber et al. 2020; Yang et al. 2020; Budkina et al.
2021; Gwon et al. 2021; Tolay and Buchberger 2021; Li
et al. 2022; Ripin et al. 2024). Furthermore, protein degra-
dation factors implicated in stress granule disassembly
(Buchan et al. 2013; Turakhiya et al. 2018; Wang et al.
2019; Gwon et al. 2021; Tolay and Buchberger 2021) could
be recruited to ribosomes by modifications such as 40S
subunit ubiquitination that occurs with harringtonine
treatment (Garshott et al. 2021). In line with this possibil-
ity, proteasome subunits, VCP, andRNAhelicases cosedi-
ment with monosomes from harringtonine-treated rat
cortical neurons (Popper et al. 2024). Trapping mRNAs
within initiating monosomes could also prevent recruit-
ment of proteins that bind free 40S subunits such as
G3BP1 (Kedersha et al. 2016) to limit stress granule
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formation. Therefore, stalled 80S ribosomes may inhibit
mRNP assembly into stress granules due to the recruit-
ment or exclusion of proteins that inhibit or promote (re-
spectively) the multivalent interactions required for RNP
granule formation.

Alternatively, trapping mRNAs in monosomes could
prevent stress granule assembly by reducing the amount
of preinitiation complexes available to seed stress
granules (Panas et al. 2016). In this case, harringtonine
or lactimidomycinwould cause the degradation or seques-
tration of 40S and other initiation factors in monosomes
(Garshott et al. 2021). In support of this idea, coimmuno-
precipitation experiments demonstrated that G3BP1 pref-
erentially interacts with free 40S subunits (Kedersha et al.
2016), and RNAi-mediated depletion of 40S subunits
inhibits stress granule formation (Ohn et al. 2008). Fur-
thermore, cryo-ET results demonstrate that preinitiation
complexes and 40S ribosomal subunits are enriched in
stress granules (Guo et al. 2024), as suggested by immuno-
fluorescence microscopy (Kedersha et al. 2002). Addition-
ally, preinitiation complexes accumulated upon eIF3b
depletion enhance stress granule assembly in heat-
stressed baker’s yeast (Glauninger et al. 2024). Harringto-
nine does not inhibit preinitiation complexes from form-
ing (Fresno et al. 1977; Garshott et al. 2021), but
harringtonine-stalled ribosomes are ubiquitinated, and
this leads to a reduction in 40S ribosome levels consistent
with their degradation (Garshott et al. 2021). However,
our observation that stress granules can assemble in the
presence of arsenite within 1 h after harringtonine remov-
al suggests that 40S degradation is unlikely to explain how
harringtonine inhibits stress granule assembly, as 40S
subunits would need to be newly generated to permit
stress granule formation. Furthermore, the ubiquitin
marks on 40S proteins (uS3 and uS5) observed upon har-
ringtonine treatment are also deposited during arsenite
stress under conditions when stress granules would be
present (Garshott et al. 2021). Additional experimentation
to differentiate between these possibilitiesmay clarify the
detailed mechanisms of stress granule assembly.

The observation that a single ribosome inhibits mRNA
localization to stress granules supports the model that
stress granules are not significant sites of active transla-
tion. These results are consistent with past work showing
that locking polysomes on constitutively expressed
mRNAs reduces their localization to stress granules and
inhibits stress granule assembly (Kedersha et al. 2000;
Bounedjah et al. 2014; Khong and Parker 2018). Further-
more, the observations that translation efficiency is nega-
tively correlated with stress granule enrichment (Khong
et al. 2017; Namkoong et al. 2018; Matheny et al. 2019;
Padrón et al. 2019; Ren et al. 2023) and that mRNAs en-
coding proteins translated during stress are not enriched
in stress granules (Baron et al. 2019) suggest that stress
granules are not sites of translation activity. Live-cell sin-
gle-mRNA imaging studies demonstrate that mRNAs as-
sociated with nascent proteins only interact transiently
with stress granules (Moon et al. 2019, 2020), an observa-
tion that could only be made with confidence using high-
frequency spatially resolved imaging across the cell vol-

ume. Because stress granules are not uniformly spherical
and contain regions of low and high dynamicity, referred
to as core and shell regions (Jain et al. 2016), mRNAswith-
in translation complexes may be briefly captured within
the dynamic shell or tethered to the surface of the granule
(Moon et al. 2019).

Several studies using orthogonal approaches have shed
additional light on the relationship between stress gran-
ules and mRNA translation. A recent cryo-ET study dem-
onstrated that only ∼1.4% of the 80S ribosomes observed
in stressed cells were in a conformation suggestive of ac-
tive translation, and 80S ribosomes were dramatically re-
duced per unit area within stress granules, thus indicating
that any instances of translation within stress granules
must be much less frequent than in the surrounding cyto-
plasm (Guo et al. 2024). Additionally, tetheringmRNA re-
porters to optogenetically induced RNP condensates
reduces the levels of the encoded protein (suggestive of
translational repression) (Lee et al. 2024), and optogeneti-
cally induced stress granules require mRNAs to be re-
leased from the translating pool to form (Zhang et al.
2019). Finally, other RNP granules also harbor translation-
ally repressed mRNAs. Embryonic P granules in Caeno-
rhabditis elegans are enriched in mRNAs with low
ribosome occupancy, mRNAs that are translationally re-
pressed during heat stress localize to P granules, and
mRNAs exit P granules as they begin translating during
development (Lee et al. 2020). Similarly, translationally
repressed mRNAs localize to P-bodies, and abolishing P-
bodies through DDX6 depletion increases the association
of P-body mRNAs with polysomes (Hubstenberger et al.
2017). Taken together, we conclude that stress granules
and other RNP granules are unlikely to be significant sites
of active translation relative to the surrounding cyto-
plasm. Future high-speed single-molecule tracking exper-
iments will be required to definitively demonstrate the
existence and extent of translation within stress granules.

Finally, the finding that a single ribosome inhibits
mRNA localization to stress granules suggests a broader
role for uORFs and monosomes in preventing RNA con-
densation in diverse biological contexts. mRNA transla-
tion in monosomes is prevalent in unicellular organisms
such as baker’s yeast (where ∼75% of all mRNAs associ-
ate with one ribosome) (Heyer andMoore 2016), in specif-
ic tissues (Hopes et al. 2022), during nutrient deprivation
(Schneider et al. 2022), and in neurons (Biever et al. 2020).
Many transcripts in neuronal projections are stored in a
translationally repressed state and undergo local transla-
tion in response to signaling events and extracellular
cues. Intriguingly, uORF-containing transcripts are en-
riched in monosome fractions purified from neuronal pro-
jections (Glock et al. 2020). These results suggest not only
that P-eIF2α can regulate neuronal gene expression at
synapses (Glock et al. 2020), which is implicated in
learning and memory (Costa-Mattioli et al. 2005, 2007;
Moon et al. 2018; Sharma et al. 2020), but also that uORFs
could inhibit mRNA condensation in neurons where
many mRNAs are stored in a translationally inactive
state. The need to store mRNAs in a translationally re-
pressed state could make neuronal mRNAs poised to
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condense, which could contribute to the aberrant assem-
bly of RNA–protein inclusion bodies as observed in neu-
rodegenerative contexts. uORF-mediated recruitment
of ribosomes would be expected to inhibit mRNA con-
densation in these small subcellular compartments.
Thus, our observations suggest a second role of uORFs
in suppressing mRNA condensation in addition to their
regulatory roles in translation in diverse organisms and
contexts.

Limitations of the study

Although this study demonstrates that ribosome associa-
tion inhibits uORF-containing mRNAs from localizing to
stress granules, it does not evaluate the impacts of mRNA
length, RNA binding protein interactions, or other poten-
tial mediators of stress-induced gene mRNA–stress gran-
ule interactions. Furthermore, it remains unclear
whether proteins associating with ribosomes or changes
in mRNA structure or interactions due to ribosome asso-
ciation limit mRNA recruitment to stress granules. Al-
though this work provides evidence that stress-induced
gene mRNAs are inhibited from localizing to stress gran-
ules through their association with ribosomes, future
studies must be performed to define the role, if any,
of stress granules in regulating stress-induced gene
expression.

Materials and methods

Cell culture and treatments

U-2 OS cells (female osteosarcoma) were maintained in
Dulbecco’s modified Eagle medium (DMEM; Fisher Sci-
entific) with 9% fetal bovine essence (FBE; Avantor), 1%
streptomycin/penicillin (Gibco), and 1% glutamax
(Gibco) at 37°C and 5% CO2. U-2 OS cells stably express-
ing GFP-G3BP1 (Burke et al. 2020) were used to detect
stress granules as described by Kedersha et al. (2008) for
all experiments except the harringtonine assay using U-
2 OS cells stably expressing mRuby2-PABPC1 (Burke
et al. 2020). Cells were periodically confirmed negative
for mycoplasma by Hoechst staining and authenticated
by morphological assessment. Cells were stressed with
sodium arsenite (Ricca Chemicals) at 250 μM in complete
growth medium for 45 min before fixation unless noted
otherwise. Small molecule inhibitors of translation used
were 1 µM rocaglamide A (Fisher Scientific), 2 µg/mL har-
ringtonine (Cayman Chemical Company), 2 µg/mL puro-
mycin (Fisher Scientific), and 45 µM emetine (Sigma-
Aldrich), which were added 10 min before fixation for
smFISH experiments or added for 45 min with arsenite
in stress granule analysis experiments.

Generation of uORF reporter cell lines

Oligonucleotides for ATF4 andGADD34WT and mutant
uORF reporter constructs upstream of the humanized
Renilla luciferase (Twist Biosciences) (Supplemental Ta-

ble S1) were resuspended to 25 ng/µL in molecular biol-
ogy-grade water. Each start codon (ATG and Met) in the
5′ UTR of ATF4 and GADD34 was mutated (GCC and
Ala) to ablate uORFs. Oligos were inserted in an HP138-
neo backbone through Gibson Assembly (NEBuilder
HiFi DNA assembly master mix). HP138-neo was a gift
from Iain Cheeseman (Addgene plasmid 134247, http://
n2t.net/addgene:134247, RRID: Addgene_134247) (Mc-
Kinley et al. 2015). NEB stable Escherichia coli were pre-
pared and transformed using Zymo Mix & Go! according
to the manufacturer’s instructions. Constructs were
nucleofected with a helper plasmid containing a hyperac-
tive transposase in U-2 OS cells stably expressing GFP-
G3BP1. Nucleofection was performed using a Lonza 4D
nucleofector and the nucleofector solution set SE for cell
lines. Briefly, 2.5 × 105 cells were pelleted and resuspended
in a solution containing 16.4 µL if solution SE, 3.6 µL of
supplement 1, 100 ng of a helper transpose construct,
and 300–500 ng of individual uORF reporter constructs.
Cells were nucleofected using the Lonza 4D nucleofector
using the “U2OS” cell type code and “CM104” cell code.
After nucleofection, cells were resuspended with pre-
warmed media and selected with 400 µg/mL G418. Re-
porters were induced with 200 ng/mL doxycycline 24 h
prior to experiments.

smFISH

smFISH was done as described previously (Dunagin et al.
2015; Khong et al. 2017) and according to Stellaris proto-
cols. Briefly, probes (Supplemental Table S2) forGAPDH,
EPRS1, JUN, IFRD1, ACTB, UCP2, AHNAK, GADD34,
and luciferase were designed using Stellaris Probe Design-
er (version 4.2) with amasking level of 5, an oligo length of
20, and aminimumspacing length of 2 nt.ATF4wasmade
using the same software; however, amask of 4was used to
ensure a sufficient number of probes. Probes to HSPA1A
and HSPA1B were described previously by Moon et al.
(2020), and probes to AHNAK and NORAD were de-
scribed previously by Khong et al. (2017). Probes were or-
dered in 96 well plate format from IDT, and equal molar
amounts of each were pooled. Probe sequences are report-
ed in Supplemental Table S2. Probe pools were labeled
with either a 5-propargylamino-2′,3′-di-deoxyuridine-5′-
triphosphate (ddUTP) ATTO-633 (Jena Bioscience) or
ddUTP-ATTO-565 (Jena Bioscience) using terminal deox-
ytransferase (Thermo Scientific). Labeling reactions were
performed for 16–24 h at 37°C in a thermocycler. Labeled
oligos were isolated using the oligo clean and concentrate
kit (Zymo) and adjusted to 12.5 µM. The degree of labeling
was determined by calculating the concentration of DNA
and the labeled fluorophore using a DeNovix DS-11+ spec-
trophotometer after cleanup, and probes were used if
>80% of the probe set was labeled. After treatments, cells
werewashed oncewith PBS and fixed in 4%paraformalde-
hyde for 10 min. Cells were permeabilized in 0.1% Triton
X-100 in PBS with Ribolock RNase inhibitor (Thermo
Fisher) for 5 min and washed twice with wash buffer A
(10% formamide in 2× SSC). Cells were incubated with
each probe in hybridization buffer (10% [w/v] dextran
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sulfate in 10% formamide in 2× SSC) Dunagin et al. 2015)
for 16 h at 37°C, protected from light. Following hybridi-
zation, cells were washed once with wash buffer A with
NucBlue stain (Thermo Fisher Scientific) for 30 min and
then incubated for 30 min in wash buffer A. Samples
were imaged in 2× SSC.

Image acquisition and analysis of smFISH images

Images were acquired in HILO (Tokunaga et al. 2008) us-
ing an iLas2 ring-TIRF (Gataca Systems) Nikon Ti2-E mi-
croscope system with a 100× oil objective and an Andor
Life 888 EMCCD camera. Z-stacks (11 per sample in 200
nm increments) were acquired, and images were decon-
volved usingNikonNIS-Elements software. Laser intensi-
ty was kept constant for each channel across conditions of
each experimental replicate. Representative images were
deconvolved with a Richardson–Lucy deconvolution us-
ing default settings in Nikon Elements, andmaximum in-
tensity projections with brightness and contrast adjusted
for clarity in ImageJ/Fiji are shown. Nondeconvolved
raw image files were analyzed using a modified BigFISH/
FISH-Quant (v0.6.2) pipeline (Imbert et al. 2022). To calcu-
late total smFISH spots and colocalization of mRNAwith
stress granules, a local normalization filter (40 pixels × 40
pixels, 3 standard deviations) (Sage and Unser 2001) was
used on the GFP (stress granule) channel to aid in water-
shed segmentation of stress granules for each image.
Stress granules were defined to have an area >200 nm
and a threshold of 45,000, which was verified by eye to
have accurately segmented stress granules after filtering
(Supplemental Fig. S3). Nuclei were segmented using a
pretrainedU-netmodel available fromBigFISHusing Ten-
sorFlow (v2.3.0) (Abadi et al. 2016). Cell segmentationwas
done using a watershed method. Thresholds of smFISH
spots were calculated for each experimental replicate
and kept constant across conditions. Counts of cytoplas-
mic- and stress granule-localized smFISH spots were ob-
tained for all images after validation by eye of proper
cytoplasmic and stress granule segmentation. The per-
centage of RNA in stress granuleswas calculated using cy-
toplasmic- and stress granule-localized RNA counts. In
general, nine cells were quantified for each condition
from three frames per independent experimental replicate
for a total of 27 cells quantified per experiment. Statistical
significance was determined using one-way ANOVA
tests.

Stress granule areas were calculated from images from
theACTB and IFRD1 smFISH experiments. The local nor-
malized stress granule channelwas thresholded in ImageJ/
Fiji using the same threshold for every image (nine total
for each condition and three independent replicates).
Area was measured using the analyze particles function,
with the minimum and maximum stress granule sizes
set to 200 nm2 and 5 µm2, respectively (DMSO: n= 2099
stress granules, rocaglamide A: n= 2090 stress granules,
puromycin: n= 1853 stress granules, harringtonine: n=
1814 stress granule, and emetine: n= 1703 stress gran-
ules). Statistical significance was determined using one-
way ANOVA tests.

RNA abundance measurements by RT-qPCR

Total RNA was collected using the Zymo Quick-RNA
minipreparation kit following themanufacturer’s instruc-
tions. cDNA synthesis was done by using equal amounts
of RNA and performing reverse transcription using the
LunaScript RT SuperMix kit following the manufactur-
er’s instructions. Luna Universal qPCR master mix was
used for qPCR, and acquisition was done on the Azure
Cielo qPCR machine. Analysis was done by using the
Pfaffl method (Pfaffl 2001) to account for primer efficiency
differences between primer sets. Primers were only used if
they had efficiency values between 95% and 105%. Re-
sults are plotted as relative abundance of mRNA using
GAPDH as a reference gene. Three independent experi-
mentswere performed, and statistical significancewas de-
termined by one-way ANOVAs. Primers for qPCR are
given in Supplemental Table S3.

Polysome profiling and RT-qPCR

Polysome profilingwas done as described previously (Mel-
ler et al. 2020). Briefly, cells were treated with 100 µg/mL
cycloheximide for 5 min at 37°C and 5%CO2 prior to col-
lection. For harringtonine runoff experiments, cells were
pretreated with 2 µg/mL harringtonine or DMSO for 10
or 30min prior to a 5 min cycloheximide treatment. Cells
were washed once with ice-cold PBS with 100 µg/mL cy-
cloheximide. Cells were scraped into lysis buffer (25
mM HEPES at pH 6.9, 1% Triton X-100, 100 mM KCl,
10 mM MgCl2, 100 µg/mL cycloheximide, 1 mM DTT,
EDTA-free protease inhibitor cocktail [Roche], RiboLock
RNase inhibitor [Thermo Fisher]). Membrane disruption
was performed by passing lysate 10 times through a 25
gauge needle. Lysates were cleared by centrifugation at
20,000 rcf for 10 min at 4°C. Sucrose solutions were pre-
pared in 25 mM HEPES (pH 6.9), 100 mM KCl, 5 mM
MgCl2, and 10% or 50% sucrose. Cycloheximide (100
µg/mL) and 1 mM DTT were added immediately before
generating sucrose gradients. Sucrose gradients of 10%–

50% sucrose were prepared using the BioComp gradient
master according to the manufacturer’s instructions.
Equal volumes of lysate were loaded onto sucrose gradi-
ents to perform density separation on a Thermo Scientific
WX-80+ ultracentrifuge with a TH-641 swinging bucket
rotor. Sucrose gradients were spun at 40,000 rpm for 3 h
at 4°C. UV (A260) polysome profiles were obtained using
the Triax flowcell (BioComp Instruments). Polysome to
monosome ratios were calculated by measuring the area
under the curve using the scipy (v1.12.0) trapezoid inte-
gration function. Twelve fractions were collected for
each sample. RNA isolation from sucrose gradients was
done using Trizol LS/chloroform extraction following
the manufacturer’s instructions. Equal volumes of RNA
from fractions were used for reverse transcription using
LunaScript RT SuperMix (New England Biolabs). RT-
qPCR was performed as described above. Analysis of
qPCR data was done as described previously (Panda
et al. 2017), and the percentage of RNA in each fraction
was determined by normalizing to fraction 1. Free
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fractions were defined as fractions 1–5, which represent
the free RNP peak, 40S ribosomal subunit, and 60S ribo-
somal subunit. Light polysomes were defined as fractions
6–9, which represent one or two ribosomes. Heavy poly-
somes were defined as fractions 10–12, which represent
three or more ribosomes.

Ribo-seq analysis

Ribo-seq data that were previously published (Andreev
et al. 2015) were reanalyzed with Trips-Viz (Kiniry et al.
2021), and single-transcript comparison plots were
generated for RNAs of interest with default settings.
Ambiguous reads were allowed for HSPA1A, HSPA1B,
and GAPDH. Transcript IDs were obtained from NCBI
as follows: ENST00000337304 (ATF4), ENST00000
200453 (GADD34), ENST00000366923 (EPRS1), ENST
00000375651 (HSPA1A), ENST00000375650 (HSPA1B),
ENST00000371222 (JUN), ENST00000396858 (GAPDH),
ENST00000378024 (AHNAK), and ENST00000565493
(NORAD).

Live-cell imaging, immunofluorescence, and analysis
of stress granules

U-2 OS cells stably expressing GFP-G3BP1 or mRuby2-
PABPC1 plated on glass-bottom dishes were treated
with 2 µg/mL harringtonine in DMSO or 50 µM lactimi-
domycin in DMSO or an equal volume of DMSO (0.1%
or 0.5%) for 30 min in complete fluorobrite medium
(Thermo Fisher Scientific). Arsenite was added to reach
250 µM, and images were acquired every minute with a
widefield fluorescence Nikon Ti2-E microscope system
equipped with a Lumencor Spectra III light engine using
a 40× objective and an Andor Life 888 EMCCD camera
for 1 h at 37°C and 5%CO2.Harringtoninewashout exper-
iments were performed by treating cells with harringto-
nine for 30 min followed by either washing out all
media three times and replacing with media containing
250 µM arsenite or adding arsenite directly to the cells
to reach 250 µM. After imaging of cells treated with
DMSOor harringtonine in the presence or absence of arse-
nite, cells were washed in PBS and fixed with 4% parafor-
maldehyde for 10min. Cells werewashed twice with PBS,
and sequential immunofluorescence and FISH were done
following Stellaris protocols. Briefly, cells were permeabi-
lized in 0.1% Tween-20 in PBS with RiboLock RNase in-
hibitor (Thermo Fisher Scientific) for 10 min. Cells were
washed with PBS and incubated with primary UBAP2L
antibody (Cell Signaling Technology 40199S) in PBS for
1 h at room temperature with rocking. Cells were washed
three times with PBS and incubated with secondary anti-
rabbit 647 or 405 for 1 h at room temperature. Cells were
washed three times with PBS and fixed again with 4%
paraformaldehyde for 10 min at room temperature. After
fixation, cells were incubated with 1:400 Cy3-oligo(dT)
probes (IDT) in hybridization buffer for 16 h at 37°C, pro-
tected from light. Cells were washed twice with wash
buffer A and imaged in 2× SSC as described above for
smFISH data acquisition.

Quantification of stress granules from live-cell imaging
was done using the ImageJ/Fiji cell counter plug-in (Schin-
delin et al. 2012) for every 10 frames to determine the av-
erage percentage of cells with stress granules. Results are
presented as the average ± SEM percentage of cells in each
condition that were positive for stress granules (n = 3 for
all times and conditions, except the DMSO 20 min time
point, which was n = 2). Line scans were done in ImageJ/
Fiji using the plot profile function (Schindelin et al.
2012) on the fixed-cell images from the harringtonine
GFP-G3BP1 pretreatment experiment (n= 2 independent
experiments) (Fig. 3F; Supplemental Fig. S4; Schindelin
et al. 2012). Quantification of GFP-G3BP1 foci and the cy-
toplasmic area in the fixed-cell images was done in
ImageJ/Fiji using the analyze particles function with the
minimum size being 200 nm2, and the percentage of cyto-
plasmic area occupied by stress granules is reported fromn
= 18–19 cells.

Widefield image acquisition and analysis of stress
granules

U-2OS cells stably expressingGFP-G3BP1were untreated
or treated with 250 µM arsenite, 0.1% DMSO, 1 µM roca-
glamide A, 2 µg/mL puromycin, 2 µg/mL rocaglamide A
and 2 µg/mL puromycin, 2 µg/mL harringtonine, 2 µM
harringtonine and 2 µM puromycin, or 45 µM emetine
for 45 min. Cells were fixed in 4% PFA for 10 min and
washed twice with PBS. During the second wash, nuclei
were stained with NucBlue stain (Thermo Fisher Scien-
tific) for 30 min. Images were acquired using an EVOS
M5000 imaging system with 470/525 nm GFP and 357/
447 nmDAPI LED light cubes and a CMOSmonochrome
camera with a 40× objective. Three frames per condition
were captured for each of the three independent experi-
mental replicates (66–192 cells were counted per repli-
cate). Quantification was done using the ImageJ/Fiji cell
counter plug-in (Schindelin et al. 2012) in each frame to
determine the average percentage of cells with stress gran-
ules. Results are presented as the average ± SEM percent-
age of cells in each condition that were positive for
stress granules.

Western blot analysis

To assess protein levels during arsenite treatment time-
course experiments, equal numbers of U-2 OS cells were
incubated in the absence or presence of 250 µM arsenite
for 15, 30, or 45 min. Cells were lysed in RIPA buffer (25
mMTris HCl at pH 7.5, 300 mMNaCl, 2%NP-40 substi-
tute, 2% sodium deoxycholate, 0.2% SDS) supplemented
with HALT protease/phosphatase inhibitor cocktail
(Thermo Fisher Scientific) and benzonase nuclease
(Sigma) immediately before collection. Equal volumes of
lysate were loaded onto Bolt 4%–12% Bis-Tris Plus gel
and run in MES running buffer (50 mM Tris, 50 mM
MES, 0.1% SDS, 1 mM EDTA at pH 7.3). Proteins were
transferred to a PVDF membrane, and total protein was
detected with Azure Total protein Q stain. Membranes
were blocked in 5% milk in TBST and then probed for
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GAPDH (Thermo Fisher Scientific MA5-15738-D680),
ATF4 (Proteintech 81798-1-RR), EPRS1 (Proteintech
67712-1-IG), GADD34 (Proteintech 81250-1-RR), JUN
(Proteintech 66313-1-IG), or HSP70 (Proteintech 10995-
1-AP). Primary antibodies were used at 1:1000 dilutions.
Membranes were washed three times with TBST followed
by a 1 h incubation at room temperature with antirabbit
(Cell Signaling Technology 7074S) or antimouse (Cell Sig-
naling Technology 7076S) HRP-conjugated secondary an-
tibodies for ATF4 and GADD34, antimouse Dylight800
(Thermo Fisher Scientific SA5-35521) for EPRS1 and
JUN, and antirabbit Dylight680 (Thermo Fisher Scientific
35568) secondary antibodies for HSP70 at 1:5000 dilutions
in 5%milk inTBST.Membraneswerewashed three times
with TBST, and fluorescent signal was detected on the
Azure C600 imager. ATF4 and GADD34 were detected
using SuperSignal West ATTO following the manufactur-
er’s instructions with the Azure C600 imager using the
chemiluminescent setting. Relative protein abundances
normalized to total protein are reported from three inde-
pendent experiments. One-way ANOVA tests were done
to assess significance.

Quantification and statistical analysis

Statistical details of all experiments are provided in the
figure legends and theMaterials andMethods. If not noted
otherwise, the average ± SEM is shown for each experi-
ment. Significance was defined as P≤ 0.05 for all experi-
ments using one-way ANOVA tests. Plotting and data
analysis were done in R or Python using the following
packages: ggplot2 (Wickham 2016), tidyR (Wickham
et al. 2019), dplyR (Wickham et al. 2019), pandas, numpy
(Harris et al. 2020), and matplotlib (Hunter 2007).

Data availability

Additional information and requests for resources and re-
agents fulfilled on request. All unique reagents generated
in this study are availablewithout restrictions for academ-
ic research purposes. Supplemental Table S4 contains all
source data. This study does not report original code.
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