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Resveratrol and related stilbene derivatives 
induce stress granules with distinct clearance 
kinetics

ABSTRACT  Stress granules (SGs) are ribonucleoprotein functional condensates that form 
under stress conditions in all eukaryotic cells. Although their stress-survival function is far 
from clear, SGs have been implicated in the regulation of many vital cellular pathways. Con-
sequently, SG dysfunction is thought to be a mechanistic point of origin for many neurode-
generative disorders, including amyotrophic lateral sclerosis (ALS). Additionally, SGs are 
thought to play a role in pathogenic pathways as diverse as viral infection and chemotherapy 
resistance. There is a growing consensus on the hypothesis that understanding the mechanis-
tic regulation of SG physical properties is essential to understanding their function. Although 
the internal dynamics and condensation mechanisms of SGs have been broadly investigated, 
there have been fewer investigations into the timing of SG formation and clearance in live 
cells. Because the lifetime of SG persistence can be a key factor in their function and ten-
dency toward pathological dysregulation, SG clearance mechanisms deserve particular atten-
tion. Here we show that resveratrol and its analogues piceatannol, pterostilbene, and 
3,4,5,4′-tetramethoxystilbene induce G3BP-dependent SG formation with atypically rapid 
clearance kinetics. Resveratrol binds to G3BP, thereby reducing its protein–protein associa-
tion valency. We suggest that altering G3BP valency is a pathway for the formation of unique-
ly transient SGs.

INTRODUCTION
Resveratrol (trans-3,5,4′-trihydroxystilbene) is a naturally occurring 
polyphenolic compound found in many plants, including Vaccinium 

(blueberry) and Vitis (grape; Rimando et al., 2004). Resveratrol and 
other stilbenes are best known for the multiple protective functions 
that they are thought to exert, including anti-diabetic, anti-inflam-
matory, anti-oxidative, and (more controversially) anti-aging activi-
ties (McCormack and McFadden, 2013; Tsai et al., 2017). Resvera-
trol activates peroxisome proliferator-activated receptors (PPAR) 
and sirtuins (SIRT1 in mammalian cells, Sir2 in yeast; Howitz et al., 
2003; Borra et al., 2005); it can induce apoptosis (Oi et al., 2015), 
binds estrogen receptors, and activates mitochondrial superoxide 
dismutase (MnSOD; Robb and Stuart, 2014). By virtue of its involve-
ment in these pathways, resveratrol is thought to possess anti-
inflammatory, antioxidant, and anti-cancer properties and to pro-
tect the brain against ischemic stroke (Potter et  al., 2002; Inoue 
et  al., 2003; Robb and Stuart, 2014). Piceatannol (trans-3,3′,4,5′-
tetrahydroxystilbene) is a hydroxylated analog and a naturally occur-
ring metabolite of resveratrol that has similar anti-cancer activities, 
inhibits tyrosine kinases, induces apoptosis, and promotes astrocyte 
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differentiation (Geahlen and McLaughlin, 1989; Wieder et al., 2001; 
Potter et al., 2002; Arai et al., 2016). Pterostilbene (trans-3,5-dime-
thoxy-4-hydroxystilbene) is a naturally occurring dimethylated ana-
log of resveratrol (McCormack and McFadden, 2013) that has anti-
inflammatory and antioxidant effects (Lim et al., 2020). The synthetic 
resveratrol derivative 3,4,5,4′-tetramethoxystilbene exhibits anti-
cancer activities (Kim et  al., 2002; Fan et  al., 2015; Dusek et  al., 
2019). Stilbenes are referred to as stress metabolites, since some 
plants up-regulate their synthesis upon infection and stress, presum-
ably to derive benefit from their anti-fungal and other protective 
functions (Schmidlin et al., 2008; Hasan and Bae, 2017).

Another vital stress response pathway that was initially observed 
in plants, but also occurs in all other eukaryotes, is the formation of 
stress granules (SGs): membraneless organelles that form in re-
sponse to various insults, including starvation and heat stress 
(Anderson and Kedersha, 2006; Piotrowska et  al., 2010; Buchan 
et  al., 2011; Walker et  al., 2013; Moutaoufik et  al., 2014; Jevtov 
et al., 2015; Reineke et al., 2018). SG formation is thought to pro-
tect cells from stress through a variety of mechanisms, including the 
inhibition of pro-apoptotic kinases and antioxidant activity via the 
SG-resident Ras GTPase-activating protein-binding protein 
(G3BP1)-binding ubiquitin-specific protease 10 (USP10; Soncini 
et al., 2001; Arimoto et al., 2008; Takahashi et al., 2013; Yang et al., 
2020). SGs also triage translation, regulate nucleocytoplasmic trans-
port, RNA metabolism, fatty acid oxidation, among many other pro-
cesses (Kedersha et al., 2005, 2013; Kedersha and Anderson, 2007; 
Takahashi et  al., 2013; Panas et  al., 2016; Khong et  al., 2017; 
McGurk et al., 2018; Zhang et al., 2018a,b; Mann et al., 2019; Amen 
and Kaganovich, 2021).

In recent years, there have been many important studies explor-
ing the assembly mechanisms of SGs through condensation driven 
by multivalent interactions between SG components (Kedersha 
et  al., 2016b; Markmiller et  al., 2018; Sanders et  al., 2020; Yang 
et al., 2020). The balance between interactions promoting and in-
hibiting SG formation, which often depends on a multitude of exter-
nal and internal factors, determines SG assembly and dynamics 
(Markmiller et al., 2018; Sanders et al., 2020; Yang et al., 2020). The 
main SG nucleating factors are G3BP1/2 and ubiquitin-associated 
protein 2-like, UBAP2L (Cirillo et al., 2020; Yang et al., 2020). The 
binding of RNA and cell cycle–associated protein 1 (Caprin1) to 
G3BP promotes SG formation (Kedersha et al., 2016b; Markmiller 
et al., 2018; Cirillo et al., 2020; Yang et al., 2020), while other factors, 
including USP10, Phe–Gly–Asp–Phe (FGDF) motif proteins, such as 
the Semliki Forest virus (nsP)3 protein, block SG formation (Panas 
et al., 2015; Kedersha et al., 2016b). Interestingly, resveratrol inter-
acts with the main SG-nucleating component, G3BP1, preventing its 
interaction with USP10, which makes it a strong candidate as a 

SG-inducer (Oi et al., 2015). Resveratrol also inhibits mammalian tar-
get of rapamycin (mTOR) kinase: another regulator of SG formation 
(Fournier et al., 2013; Thedieck et al., 2013; Park et al., 2016; Sfakia-
nos et al., 2018), and protein kinase C, a kinase that regulates SG 
formation and physically associates with SG components (Stewart 
et al., 1999; Slater et al., 2003; Kobayashi et al., 2012; Amen and 
Kaganovich, 2020d). Previous studies also imply that resveratrol 
should have the ability to trigger SG formation (Oi et  al., 2015; 
Kedersha et al., 2016a; Reineke and Neilson, 2019), yet this ques-
tion has not been explicitly investigated.

We carried out a screen for SG-inducing molecules (Amen and 
Kaganovich, 2020c) and found the resveratrol analogue piceatannol 
among the hits (i.e. inducers of SG formation). Thus, we decided to 
examine the SG-forming activity of resveratrol together with its nat-
ural and synthetic analogs. Here we show that resveratrol, piceatan-
nol, pterostilbene, and 3,4,5,4′-tetramethoxystilbene all induce SG 
formation at 100–400 μM concentrations (for comparison, red wine 
contains μM concentrations that vary substantially depending on 
varietal and growth conditions, since concentrations of stilbenes in 
plants can increase with stress to reach 100–150 μM; Martinez-
Ortega et al., 2000; Poutaraud et al., 2007; Bavaresco et al., 2016). 
Resveratrol-induced SGs form in human and plant (A. thaliana) cells 
alike, but do not form in yeast, S. cerevisiae. Further investigating 
the dynamics of stilbene-derived SGs, we discovered that SGs 
formed by resveratrol and piceatannol require at least one isoform 
of G3BP1 and have unusually rapid clearance kinetics. Resveratrol is 
known to bind to G3BP1, reducing its valency by displacing its 
binding partner, USP10 (Buchan et al., 2013; Wheeler et al., 2016; 
Kaganovich, 2017; Mediani et al., 2021). It is therefore interesting 
that it produces highly unstable SGs, which in many other aspects 
resemble SGs formed by conventional stresses such as heat, arse-
nite, and starvation.

RESULTS
Resveratrol, piceatannol, pterostilbene, and 
3,4,5,4′-tetramethoxystilbene induce stress granule 
formation in human cells
We identified piceatannol in a screen for inducers of PABPC1-posi-
tive SG formation (Amen and Kaganovich, 2020c). Piceatannol is a 
natural stilbenoid, analogous to resveratrol and other stilbene-con-
taining molecules, such as pterostilbene and 3,4,5,4′-tetrame-
thoxystilbene (Figure 1A). To confirm that we observed bona fide 
SGs, we visualized the canonical SG markers G3BP and TIA1 using 
immunofluorescence. Resveratrol and its analogs induced SG for-
mation at a concentration similar to that of arsenite treatment in 
HEK293T cells (Figure 1B). We confirmed that resveratrol also 
induces SGs in different human cell lines, HeLa and U2OS 

FIGURE 1:  Resveratrol, piceatannol, pterostilbene, and 3,4,5,4′-tetramethoxystilbene induce SG formation. 
(A) Chemical structure of resveratrol (CID 445154), piceatannol (CID 667639), pterostilbene (CID 5281727), and 
3,4,5,4′-tetramethoxystilbene (CID 5388065). (B) Immunofluorescence of SG markers in PABPC1-DDR2 HEK293T cells 
treated with resveratrol (100 μM), piceatannol (100 μM), pterostilbene (100 μM), 3,4,5,4′-tetramethoxystilbene (100 μM), 
and arsenite (100 μM) for 1 h. Cells were fixed and stained with anti-TIA1 and anti-G3BP antibodies. Hoechst (10 μg/ml) 
was used to stain the nucleus 15 min before the imaging. Confocal planes are shown; scale bar 5 μm. (C, D) Confocal 
microscopy and quantification of SG formation in HEK293T cells expressing endogenously tagged PABPC1-DDR2 
during treatment with resveratrol (200 μM), piceatannol (100 μM), pterostilbene (100 μM), 3,4,5,4′-tetramethoxystilbene 
(100 μM), and arsenite (100 μM) for 1 h, with and without cycloheximide (10 μg/ml, simultaneous addition); scale bar 5 
μm. Quantification shows the ratio of cells with SGs in the population, mean ± SEM, n = 3 ratios pooled from 300 cells. 
(E) Western blot of eIF2α phosphorylation on Ser51 in HeLa cell lysates. Cells were treated with resveratrol (Resv, 200 
μM), piceatannol (Picea, 100 μM), pterostilbene (Ptero, 100 μM), 3,4,5,4′-tetramethoxystilbene (Tms, 100 μM), and 
arsenite (Ars, 100μ M) for 1 h before lysis. * p < 0.01.
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(Supplemental Figure S1, A and B). Cycloheximide is known to block 
SG formation by inhibiting polysome disassembly (Kedersha et al., 
2002; Mollet et al., 2008). Addition of cycloheximide to resveratrol 
and stilbene derivatives prevented SG formation as with arsenite 
SGs (Figure 1, C and D). Next, we asked whether resveratrol triggers 
the integrated stress response by measuring eIF2α phosphorylation 
at Ser51 (Pakos-Zebrucka et al., 2016; Rabouw et al., 2020), as has 
been shown for arsenite (Farny et al., 2009). Resveratrol and analogs 
did not induce a significant increase in eIF2α phosphorylation 
(Figure 1E; Supplemental Figure S4A).

Resveratrol- and piceatannol-induced stress granules are 
smaller but show similar formation kinetics
Next, we analyzed the dynamics of SG formation. SGs form as 
smaller granules, gradually increasing in size by swelling and slowly 
coalescing (Figure 2A; Wheeler et al., 2016). Although the SGs in 
resveratrol and arsenite conditions were similar in appearance 
(Figure 2B; Supplemental Figure S1C), resveratrol-induced SGs 
showed a higher ratio of smaller to larger granules, significantly de-
creasing the average size of the SG population, even though larger 
SGs in the population were of a size similar to that of arsenite SGs 
(Figure 2C; Supplemental Figure S1D, arrow). Quantification of SG 
number showed an increase in SGs per cell, compared with arsenite 
SGs, in response to resveratrol treatment (Supplemental Figure 
S1D). We next looked at the formation kinetics by plotting the aver-
age size of SGs in the population over the time course of SG forma-
tion. The formation dynamics of SG under arsenite vs. resveratrol 
conditions was similar in HEK293T cells, plateauing at 30–40 min of 
the treatment, except for the difference in the average size of the 
resulting granules, explained by a higher proportions of smaller 
initiating clusters under resveratrol and piceatannol conditions 
(Figure 2, D and E). Next, we measured the internal dynamics of 
resveratrol and arsenite SGs, using an endogenously tagged 
PABPC1-Dendra2 cell line (Amen and Kaganovich, 2020b, 2021). 
Dendra2 is a photoconvertible fluorescent protein (Gurskaya et al., 
2006; Chudakov et al., 2007), and the PABPC1–Dendra2 fusion un-
dergoes red-shifted photoconversion upon a pulse exposure to a 
nonphototoxic dose of a 406-nm laser (Gurskaya et al., 2006; Figure 
2F). This enables us to track the photoconverted (red) protein pool 
in a single SG (Gura Sadovsky et al., 2017; Amen and Kaganovich, 
2020b; Figure 2F). When comparing internal dynamics of SGs under 
arsenite and resveratrol conditions, we measured only SGs that 
were equivalent in size (larger SGs from resveratrol conditions 
to match arsenite SGs) due to technical constraints (Amen and 
Kaganovich, 2020b). In each case we photoconverted a “tail” re-
gion of the SG and tracked the photoconverted proteins over time, 
measuring the intensity profile from photoconverted to nonphoto-
converted areas every minute, as was previously described (Figure 
2, G—resveratrol, H—arsenite; Amen and Kaganovich, 2020b). The 
equilibration of photoconverted and nonphotoconverted areas 
(Supplemental Figure S1, E–F) was considered as complete diffusion 
(Amen and Kaganovich, 2020a). Resveratrol and arsenite SGs did 
not show significant differences in their internal dynamics (as mea-
sured by PABPC1 diffusion rates in HEK293T cells; Figure 2I). 
Together these data indicate that resveratrol-induced SGs do not 
differ significantly from arsenite SGs in the formation kinetics and 
internal dynamics of PABPC1. Next, we asked how resveratrol might 
trigger SG formation.

Resveratrol-similar molecules do not induce stress granules
Resveratrol is capable of binding estrogen receptors due to struc-
tural similarity to their ligands, thereby activating transcription of 

estrogen-responsive reporter genes (Gehm et al., 1997). We there-
fore asked whether estradiol could trigger SG formation. Increasing 
concentrations of estradiol did not induce SGs (Supplemental 
Figure S2A). Additionally, we tested p-coumaric acid, the structural 
precursor of resveratrol (Shin et al., 2011). This compound did not 
induce the formation of SGs either (Supplemental Figure S2A).

Resveratrol does not induce stress granules in yeast, 
Saccharomyces cerevisiae
Resveratrol has been shown to extend lifespan in a wide range of 
eukaryotes from yeast to mammals through the activation of sirtuins: 
conserved NAD-dependent protein deacetylases (Howitz et  al., 
2003; Wood et al., 2004; Baur et al., 2006; Baur and Sinclair, 2006). 
Resveratrol activates yeast Sir2 and mammalian SIRT1 and SIRT2 
(Howitz et al., 2003; Hou et al., 2016; Pan et al., 2017). We asked 
whether resveratrol induces SGs in the yeast Saccharomyces cerevi-
siae. Treating yeast cells with increasing concentrations of resvera-
trol does not induce SG formation in yeast, indicating that sirtuin 
activation is not a sufficient condition to trigger resveratrol-induced 
SG formation (Figure 3A).

Resveratrol induces stress granules in Arabidopsis thaliana 
seedlings
Because resveratrol is a natural plant metabolite, we deemed it logi-
cal to ask whether exogenous resveratrol also induces SGs in plant 
cells. We used previously described transgenic seedlings of A. thali-
ana carrying a GFP-tagged SG marker—RNA-binding protein 
Rbp47b (AT3G19130; Gutierrez-Beltran et al., 2015; Kosmacz et al., 
2019); as a control for SG formation we used heat stress (Nover 
et al., 1989; Weber et al., 2008). Both resveratrol and heat stress 
induced SGs in the plants (Figure 3B). As a control, we incubated 
the A. thaliana seedlings with cycloheximide, which is known to in-
hibit SG formation, during resveratrol and heat stress treatments 
(Kedersha et al., 2002; Kosmacz et al., 2019). Indeed, cycloheximide 
prevented SG formation under both conditions (Figure 3, C and D), 
confirming that the inclusions are SGs.

G3BP is required for the formation of resveratrol-induced 
stress granules
Resveratrol is known to bind the core SG component, Ras-GTPase-
activating protein SH3 domain-binding protein 1 (G3BP1; Oi et al., 
2015). G3BP is an early SG nucleation factor, forming the intra-SG 
network of proteins though multivalent interactions of its intrinsi-
cally disordered regions with its binding partners (Kedersha et al., 
2016; Sanders et al., 2020; Yang et al., 2020). Mammalian cells de-
void of both isoforms of G3BP do not form arsenite-induced SGs 
(Yang et al., 2020). We therefore confirmed that resveratrol-induced 
SGs do not form in the G3BP1/2 KO cells (Yang et al., 2020; Figure 
4A), using another G3BP-binding protein, Caprin1 (Kedersha et al., 
2016), as a SG marker. Next, we overexpressed G3BP1 in a double 
knockout background (G3BP1/2KO) and triggered SG formation 
with arsenite and resveratrol (S2B). Overexpression of SG compo-
nents is known to trigger SG formation; however, only 1% of the 
cells formed SGs when overexpressing one isoform of G3BP in the 
G3BP1/2 KO background (S2C). Surprisingly, resveratrol induced 
rodlike SGs (Figure 4, B and C; Supplemental Figure S2D) com-
pared with round arsenite-induced SGs in the KO background. 
Both conditions induced SGs in a lower percentage of double 
knockout cells than in the wild-type cells. Resveratrol binding to 
G3BP1 is known to displace its binding factors; thus it is possible to 
conclude that the rodlike appearance in the absence of a second 
G3BP isoform results from a reduced valency of G3BP1 (Figure 4E; 
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FIGURE 2:  Resveratrol- and piceatannol-induced SGs are smaller with similar formation kinetics. (A) Confocal 
microscopy of SG fusion in HEK293T cells expressing endogenously tagged PABPC1-DDR2 treated with resveratrol 
(100 μM) and arsenite (100 μM) for 30 min; scale bar 5 μm. (B) Transmission electron microscopy of SGs in SHSY-5Y cells 
prestained with anti-G3BP gold antibodies. N indicates nuclei; arrowheads indicate SGs; scale bar 500 nm. 
(C) Quantification of the SG size in the population, box and whisker plot, mean ± SEM, n = 100. * p < 0.05. Confocal 
microscopy images were used for the quantification. (D, E) Quantification and confocal microscopy of SG formation in 
HEK293T cells expressing endogenously tagged PABPC1-DDR2 treated with arsenite (200 μM), piceatannol (200 μM), or 
resveratrol (200 μM) for indicated amounts of time. D, Line graph shows average SG size change over time, mean ± 
SEM, n = 30 for each time point and treatment. E, Representative confocal images are shown; scale bar 5 μm. 
(F) Schematic of photoconversion (PhoC) using PABPC1-DDR2. Confocal planes show single SGs in live HEK293T cells 
expressing CRISPR/Cas9 tagged PABPC1-DDR2 during and after photoconversion. (G, H) Fluorescence intensity profiles 
of a single SG during photoconversion and diffusion under resveratrol, B, and arsenite conditions, C. Red graphs 
represent photoconverted DDR2 population. (I) Quantification of the photoconverted PABPC1-DDR2 diffusion time 
inside single SGs under resveratrol and arsenite conditions; mean ± SEM; n = 15; nonsignificant differences.
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Soncini et al., 2001). To address this, we targeted the F33 residue 
of G3BP, which, when mutated to F33W, inhibits G3BP binding to 
Caprin1 and USP10 (Figure 4B; Panas et  al., 2015; Reineke and 
Lloyd, 2015; Kedersha et  al., 2016). Caprin1 displacement was 
more pronounced in the F33A mutants than in WT G3BP1. Dis-
placement of Caprin1 by resveratrol correlated with reduced levels 
of SGs compared with arsenite under the same conditions (Figure 
4D). It is possible that since Caprin1 promotes SG nucleation, res-
veratrol displacement of Caprin1 from G3BP has an inhibitory ef-
fect on SG formation (Kedersha et al., 2016). However, it is also 
possible that the F33A mutant has a lower affinity for resveratrol, as 
well as Caprin1, resulting in a lower rate of SG formation than for 
arsenite (Figure 4D). To further test whether SG formation stems 
from resveratrol reducing G3BP valency, we looked at the G3BP-
USP10 interaction.

Resveratrol- and piceatannol-induced stress granules clear 
immediately upon stress removal
The binding of resveratrol to G3BP displaces its binding other part-
ner, USP10 (Oi et al., 2015). USP10 has been shown to inhibit SG 
nucleation by occupying G3BP (Kedersha et al., 2016). USP10 over-
expression blocks arsenite-induced SG formation by binding avail-
able G3BP (Kedersha et al., 2016). Interestingly, these studies pro-
posed the possibility of SG formation by resveratrol (Oi et al., 2015; 
Kedersha et al., 2016). We hypothesized that if resveratrol blocks 
USP10 from binding G3BP, then overexpression of a USP10 binding 
fragment will not block resveratrol SGs as it does arsenite SGs. We 
used a previously described USP10 (1–40) fragment (Kedersha et al., 
2016), WT and F10A (mutation that prevents it from binding G3BP; 
Kedersha et al., 2016). Indeed, the WT USP10 fragment (fused to 
mCherry) abolished arsenite-induced SGs (Figure 5, A and B), 

FIGURE 3:  Resveratrol induces SGs in A. thaliana seedlings. (A) Confocal microscopy of yeast, S. cerevisiae expressing 
endogenously tagged Pab1-GFP SG marker grown to the mid-log phaser and treated with the indicated concentrations 
of resveratrol, or starved for 1 h; representative images are shown, Quantification shows the proportion of cells with 
SGs in the population; mean ± SEM; n = 3 pooled from 300 cells. * p < 0.01. (B) Confocal microscopy of A. thaliana root 
cells expressing GFP-tagged Rbp47b SG marker incubated in the control, heat stress (41°C for 40 min in darkness), or 
resveratrol (200 μM for 45 min). Representative images are shown; scale bar 10 μm. Cell walls are visualized by 
propidium iodide staining. (C) Confocal microscopy of A. thaliana root cells expressing GFP-tagged Rbp47b SG marker 
incubated in resveratrol or under heat stress with or without cycloheximide (CHX) for 45 min (CHX 200 ng μl−1 was 
added together with resveratrol). Cell walls are visualized by propidium iodide dye. Representative images are shown; 
scale bar 10 μm. (D) Quantification shows the ratio of cells with SGs in the population; mean ± SEM; n = 3 pooled from 
300 cells. * p < 0.01.
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whereas resveratrol SGs formed in both WT and F10A USP10-
mCherry overexpressing cells (Figure 5, A and B). This, in our esti-
mation, confirms the hypothesis that resveratrol competes with 
USP10 for G3BP binding. Further supporting this, in USP10 frag-
ment-expressing cells treated with resveratrol, we observed an anti-
correlation between fragment expression and SG formation—cells 
with higher USP10 levels formed fewer SGs (Figure 5C).

If USP10 displacement is the mechanism of resveratrol-induced 
SG formation, then it would follow that SG clearance kinetics should 
differ from that of arsenite-induced SGs, which are triggered by the 

integrated stress response and in which G3BP valency is higher, en-
abling more contacts within the intra-SG protein network (Figure 
5F). We measured SG clearance (the process of SG dissolution upon 
stress removal) by plotting SG size over time after removal of arse-
nite, resveratrol, or piceatannol. Arsenite recovery induced a grad-
ual 60-min clearance (comparable to the formation kinetics in re-
verse; Figure 5, D and E). Resveratrol and piceatannol removal, 
however, induced immediate dissolution of SG components, 
with complete clearance taking only 5 min in HEK293T cells (Figure 
5, D and E). We confirmed this rapid clearance in U2OS cells 

FIGURE 4:  G3BP is required for the formation of resveratrol-induced SGs. (A) Confocal microscopy of SG formation in 
U2OS WT and G3BP1/2 KO cells during treatment with resveratrol (400 μM) and arsenite (400 μM) for 1 h; scale bar 5 
μm. (B, C) Confocal microscopy of SG formation in U2OS G3BP1/2 KO cells overexpressing RFP-G3BP1 or RFP-G3BP 
F33A during treatment with resveratrol (400 μM) and arsenite (400 μM) for 1 h; scale bar 5 μm. (D) Quantification shows 
the proportion of cells with SGs in the population; mean ± SEM; n = 3 ratios pooled from 300 cells for each condition. 
(E) Model of hypothetical SG formation with a reduced valence of its core nucleating factor.
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(Supplemental Figure S3, A and B). Additionally, clearance of resve-
ratrol SGs was not perturbed by proteasome inhibition (Supplemen-
tal Figure S3B), unlike that of arsenite SGs. SGs formed by adding 
resveratrol and arsenite together did not show a significant differ-
ence in clearance from just arsenite SGs (Figure S3C).

DISCUSSION
G3BP is a core SG nucleating component and is therefore essential 
for SG formation (Tourriere et al., 2003; Yang et al., 2020). G3BP 
regulates SG assembly and clearance by binding to either Caprin1 
or USP10 (Kedersha et al., 2016), which compete for the same bind-
ing site. Binding to Caprin1 is thought to promote nucleation, 
whereas binding to USP10 drives SG clearance (Kedersha et  al., 
2016). Resveratrol binds the same domain of G3BP as USP10, thus 
displacing it (Oi et al., 2015). In this study, we show that resveratrol 
and other stilbene-containing molecules (piceatannol, pterostil-
bene, and 3,4,5,4′-tetramethoxystilbene) all induce SG formation in 
mammalian cells, and resveratrol induces SG formation in plants (we 
did not test other components in plant cells). Overexpressing USP10 
(or other proteins containing a FGDF domain) blocks SG formation 
(Kedersha et al., 2016). Resveratrol-induced SGs form in the pres-
ence of overexpressed USP10 (1–40), suggesting that resveratrol 
induces SG assembly by displacing USP10.

Interestingly, in plants, viral proteins bind G3BP orthologues to 
prevent SG functioning during infection (Panas et al., 2015; Krapp 
et al., 2017; Reuper et al., 2021; Reuper and Krenz, 2021). Plants 
that synthesize stilbene components up-regulate their synthesis dur-
ing stress and infection (Montero et al., 2003; Hasan and Bae, 2017; 
Li et al., 2017): it is therefore interesting to speculate that resveratrol 
binding to G3BP1 counteracts the block on SG formation induced 
by viral infection, though further investigation is needed to under-
stand the roles of resveratrol, SG formation, and SG clearance in 
plant stress defense mechanisms. It is clear, however, that resvera-
trol induces SG formation in plant cells (Figure 3, B and C).

Using photoconversion microscopy of the PABPC1 SG compo-
nent, we show that resveratrol- and arsenite-induced SGs have simi-
lar internal dynamics. We note, however, that the composition of 
these SGs and the dynamics of other SG components may or may 
not be similar. For example, resveratrol treatment in mice before SG 
formation induced by arsenite has been shown to change SG com-
position, preventing Rbfox2 localization to SGs (Choi et al., 2019).

Resveratrol- and piceatannol-induced SGs exhibit atypically 
rapid clearance kinetics, disappearing immediately upon resveratrol 
or piceatannol removal. This suggests a different clearance mecha-
nism from that of the arsenite-induced SGs. Indeed, our data show 
that resveratrol does not induce phosphorylation of eIF2α to the 
same extent, which is otherwise a common mechanism of SG nucle-
ation, also triggered by arsenite, because resveratrol drives SG for-
mation even in the presence of overexpressed USP10. Additionally, 
expressing G3BP F33A as a single isoform in the double knockout 
background partially reduces binding to Caprin1 and results in a 
significant reduction of resveratrol-induced SGs, compared with 
those induced by arsenite. Thus, it is possible that merely displacing 
USP10, which normally prevents G3BP nucleation, is sufficient to 
allow resveratrol to trigger SG formation. In this case, however, SGs 
are less pronounced (a larger portion of smaller SGs is present in 
resveratrol than in arsenite) since Caprin1, also important for nucle-
ating SGs, is similarly displaced (since USP10 and Caprin1 share the 
same G3BP binding site; Kedersha et al., 2016). This, in turn, re-
duces the complexity of the SG network, since G3BP forms fewer 
bonds, thus allowing SGs to disassemble faster. If this is indeed that 
case, our model indicates an auxiliary SG-forming pathway that is 

quicker and more transient than “typical” arsenite-derived SGs. This 
would enable the investigation of SG assembly in partial isolation 
from the signaling pathways that are typically involved. It is possible 
that clearance kinetics depends on the SG assembly pathway: fast-
clearing SGs may form in the absence, or with minimal involvement, 
of eIF2alpha phosphorylation (as we recently demonstrated for fas-
nall-induced fast clearing SGs; Amen and Kaganovich, 2020a). Ad-
ditionally, reducing SG complexity or size interferes with eIF2 activa-
tion (Reineke et al., 2015); indeed, smaller resveratrol SGs are not 
able to mount the eIF2 phosphorylation to the same extent as arse-
nite. On the other hand, resveratrol is known to have many mole-
cular targets, including those regulating SG formation (e.g., mTOR 
and PKC; Slater et al., 2003; Pirola and Frojdo, 2008; Kulkarni and 
Canto, 2015; Park et al., 2016). It is therefore possible that G3BP 
binding is only part of the mechanism regulating SG formation by 
resveratrol.

In contrast to the mechanisms governing SG formation, the pro-
cess of SG clearance remains relatively obscure, with a handful of 
recent studies beginning to investigate this question (Wheeler et al., 
2016; Amen and Kaganovich, 2020a; Marmor-Kollet et  al., 2020; 
Hofmann et al., 2021; Mediani et al., 2021). There are a number of 
reasons for thinking that SG clearance is a key aspect of SG biology. 
First, persistent SGs have been linked to pathological conditions 
caused by SG dysfunction, since they have a tendency to undergo 
aberrant aggregation with many harmful aftereffects (Li et al., 2013; 
Kroschwald et al., 2015; Patel et al., 2015; Mateju et al., 2017; Ma-
harana et al., 2018). Second, SGs have been shown to carry out im-
portant time-sensitive functions during stress, such that the persis-
tence of SGs determines the on/off dynamics of these functions 
(Takahara and Maeda, 2012; Takahashi et  al., 2013; Zhang et  al., 
2018b; Amen and Kaganovich, 2020d). For example, we recently 
showed that SGs form on mitochondria during prolonged starvation 
stress and inhibit the import of fatty acids for fatty acid oxidation 
(Amen and Kaganovich, 2021). Because SGs formed through other 
pathways nevertheless have an inhibitory effect on fatty acid oxida-
tion, the SG lifetime as determined by clearance kinetics will have a 
profound impact on cell metabolism (Amen and Kaganovich, 2021).

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture and cell lines
HEK293T, U2OS, and HeLa cells were maintained in DMEM supple-
mented with 10% fetal bovine serum (FBS), 1% penicillin/streptomy-
cin, at 37°C/5% CO2. SH-SY5Y cells were maintained in 1:1 F12/
DMEM media supplemented with 10% FBS, 1% penicillin/strepto-
mycin at 37°C/5% CO2. Construction of CRISPR/Cas9 PABPC1-
Dendra2 cell line was described previously (Amen and Kaganovich, 
2020b). Cells were transfected using RotiFect transfection reagent 
(Carl Roth) according to the manufacturer instructions.

We used standard conditions for culturing yeast cells (Sherman, 
2002). Yeast Pab1-GFP strain was described previously (Amen and 
Kaganovich, 2020d).

Stress granule formation in human cells
SGs were induced by treating 80–90% confluent cells with arsenite, 
resveratrol, or other stilbenes. It is of note that concentration of the 
drugs needs to be optimized for the cell line (HEK293T cells require 
100–200 μM, while U2OS cells require 400–500 μM) and the timing 
of the experiment (higher concentrations will usually result in a faster 
SG formation). It is important to note that since resveratrol SGs are 
very transient, the experiments that require PBS washes should be 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-02-0066
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FIGURE 5:  Resveratrol- and piceatannol-induced SGs clear immediately upon stress removal. (A, B) Confocal 
microscopy and quantification of SG formation in HEK293T cells expressing USP10(1-40)-mCherry WT and F10A 
fragment and CRISPR/Cas9 tagged PABPC1-DDR2 treated with resveratrol (100 μM) or arsenite (100 μM) for 1 h; scale 
bar 5 μm. Quantification shows the proportion of cells with SGs in the population of cells expressing the constructs; 
mean ± SEM; n = 3 pooled from 300 cells. * p < 0.01. (C, D) Quantification and confocal microscopy of SG clearance in 
HEK293T cells expressing endogenously tagged PABPC1-DDR2 treated with arsenite (200 μM), piceatannol (200 μM), or 
resveratrol (200 μM) for 1 h, washed three times with PBS, and imaged for 1 h. (E) Model of SG formation and clearance 
under arsenite and resveratrol conditions. Line graph shows average SG size change over time; mean ± SEM, pooled 
from at least 100 cells for each time point and treatment. (F) Representative confocal images are shown. Scale bar 5 μm.



10  |  T. Amen et al.	 Molecular Biology of the Cell

done expeditiously, and a higher concentration of resveratrol may 
be used (200 μM instead of 100 μM). It is of note that resveratrol is 
not stable in solution; in our hands the potency slowly decreased 
over a month of storage at –20°C.

The internal dynamics of SGs was assessed as previously de-
scribed (Amen and Kaganovich, 2020b).

Plant growth conditions and stress granule induction
A. thaliana 35S:GFP–Rbp47b seeds (Gutierrez-Beltran et al., 2015) 
were sterilized with 70% ethanol, stratified for 2 d at 4°C in the dark, 
and then germinated vertically at 22°C under continuous light 
(100 μE) on agar plates containing half-strength Murashige and 
Skoog (MS) medium (Murashige and Skoog, 1962). The SG induc-
tion analyses were performed on 5-day-old seedlings. To induce 
heat stress SGs, the seedlings were incubated for 40 min in darkness 
at 41°C. Control seedlings were kept at room temperature (RT). 
Seedlings were incubated with indicated amounts of resveratrol in 1 
ml for 45 min to induce SGs.

Seedlings were analyzed with a Leica Stellaris 5 inverted confocal 
microscope using a ×63 water immersion objective. For green fluo-
rophore, the following excitation and detection windows were used: 
488 nm, 500–530 nm; for propidium iodide dye (for cell walls): 
488 nm, 590–650 nm.

Antibodies
We used the following reagents to detect proteins: monoclonal anti-
G3BP (Sigma-Aldrich WH0010146M1), polyclonal anti-TIA1 produced 
in rabbit (Sigma-Aldrich SAB4301803), anti-GAPDH (sc-47724, Santa 
Cruz Biotechnology), eIF2α (9722, Cell Signaling Technology), 
Phospho-eIF2α (Ser51; 9721, Cell Signaling Technology).

Secondary antibodies: anti-Rabbit IgG Cy3-conjugated (Sigma-
Aldrich C2306), anti-Mouse IgG Cy3-conjugated (Sigma-Aldrich 
C2181), anti-rabbit IgG Cy5 conjugated (Invitrogen A10523), Goat 
Anti-Mouse IgG H&L (20 nm Gold) preadsorbed (ab27242).

Chemicals
Hoechst (Sigma), sodium arsenite (Fischer Chemical), cycloheximide 
(Sigma), DMEM (PAN Biotech), FBS (PAN Biotech), PBS (PAN Biotech), 
methanol (Roth), aprotinin (Roth), leupeptin (Roth), phenylmethylsul-
fonyl fluoride (PMSF, Sigma), resveratrol, piceatannol, pterostilbene, 
3,4,5,4,’-tetramethoxystilbene, p-coumaric acid, estradiol.

Plasmid Construction
All plasmids were constructed using Escherichia coli strain DH5α. 
Plasmids used in this study are summarized in Table 1.

Microscopy
For live cell imaging we used four-well microscope glass-bottomed 
plates (IBIDI), or Cellview cell culture dish (Greiner Bio One). Plates 
were coated with Concanavalin A (Sigma) for live-cell imaging of 
yeast. Confocal images and movies were acquired using a dual 
point-scanning Nikon A1R-si microscope equipped with a PInano 
Piezo stage (MCL) and a temperature and CO2 incubator, using a 
60× PlanApo VC oil objective NA 1.40. We used 406-, 488-, 561-, 
and 640-nm lasers (Coherent, OBIS). Movies for kymographs were 
acquired in resonant scanning mode. Image processing was per-
formed using NIS-Elements software.

Electron microscopy
We did preembedding immunogold labeling of SH-SY5Y cells treated 
with arsenite (200 μM) or resveratrol (200 μM), using monoclonal anti-
G3BP (Sigma-Aldrich WH0010146M1) and gold-conjugated second-

ary antibody (Goat Anti-Mouse IgG H&L; 20 nm Gold; preadsorbed; 
ab27242; Jones, 2016). The cells were pelleted and fixed with glutar-
aldehyde, treated with OsO4, dehydrated, and embedded in epoxy 
resin following the standard protocol (Jones, 2016). Ultrathin sections 
were produced with a microtome equipped with a diamond knife, 
placed on the copper grids, coated with uranyl acetate, and visual-
ized on the transmission electron microscope (Zeiss LEO906E, Ger-
many; (Jones, 2016).

Statistics and data analysis
Three or more independent experiments were performed to obtain 
the data. p values were calculated by a two-tailed Student’s t test or 
one-way ANOVA for samples following normal distribution. Normal 
distribution of the data was verified using the Shapiro–Wilk test and 
the equality of variances was verified by Levene’s test. Mann–Whit-
ney or Kruskal–Wallis tests were used for experiments when samples 
did not follow a normal distribution. The sample sizes were not pre-
determined. Plots were generated using Matplotlib (Hunter, 2007).

Additional data that support the conclusions of this study are 
available on reasonable request.
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