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Cytosolic stress granules relieve the
ubiquitin-proteasome system in
the nuclear compartment
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Abstract

The role of cytosolic stress granules in the integrated stress
response has remained largely enigmatic. Here, we studied the
functionality of the ubiquitin-proteasome system (UPS) in cells
that were unable to form stress granules. Surprisingly, the inability
of cells to form cytosolic stress granules had primarily a negative
impact on the functionality of the nuclear UPS. While defective
ribosome products (DRiPs) accumulated at stress granules in ther-
mally stressed control cells, they localized to nucleoli in stress
granule-deficient cells. The nuclear localization of DRiPs was
accompanied by redistribution and enhanced degradation of
SUMOylated proteins. Depletion of the SUMO-targeted ubiquitin
ligase RNF4, which targets SUMOylated misfolded proteins for pro-
teasomal degradation, largely restored the functionality of the UPS
in the nuclear compartment in stress granule-deficient cells. Stress
granule-deficient cells showed an increase in the formation of
mutant ataxin-1 nuclear inclusions when exposed to thermal
stress. Our data reveal that stress granules play an important role
in the sequestration of cytosolic misfolded proteins, thereby pre-
venting these proteins from accumulating in the nucleus, where
they would otherwise infringe nuclear proteostasis.
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Introduction

Conditions that compromise protein homeostasis, that is, proteosta-

sis, form a serious threat to cells as this can lead to cellular dysfunc-

tion and cell death unless acute measures are taken to restore the

delicate equilibrium that allows proper functioning of the proteome

(Sala et al, 2017). Mechanisms that safeguard proteostasis are

adapted and rewired in the face of proteotoxic stress in order to

avoid the accumulation of aberrant proteins that may otherwise pol-

lute the intracellular environment with insoluble aggregates (Sher-

man & Goldberg, 2001). Reducing protein synthesis, optimizing

protein folding, and accelerating the degradation of misfolded pro-

teins are all measures that in a cooperative fashion promote pro-

teostasis during cellular stress.

Misfolded or otherwise aberrant proteins are primarily degraded

by the ubiquitin-proteasome system (UPS) (Kwon & Ciechan-

over, 2017). As such, this complex proteolytic system plays a critical

role in the maintenance of proteostasis in the nuclear and cytosolic

compartments of cells. Interception of misfolded proteins in the

cytosol is facilitated by specific ubiquitin ligases that associate with

molecular chaperones, such as Hsp70/HSPA1A, and ubiquitylate

their client proteins (Shao & Hegde, 2016). In the nuclear compart-

ment, the SUMO-targeted ubiquitin ligase RNF4 plays a central role

in facilitating the degradation of faulty proteins (Guo et al, 2014), as

it provides misfolded proteins that have initially been SUMOylated

with ubiquitin chains that target these proteins for proteasomal

degradation (Tatham et al, 2008). Importantly, the UPS also governs

cellular processes unrelated to protein quality control, some of

which are directly relevant to the coordination of the stress

response, through the temporally and/or spatially regulated destruc-

tion of key regulators (Dang et al, 2021). Hence, a saturation of the

UPS with misfolded proteins possesses a threat to cells as this may

compromise other functions of the UPS that are vital for coping with

proteotoxic stress and maintaining cell viability.

A final resort when misfolded proteins accumulate despite these

countermeasures is their sequestration at allocated, subcellular loca-

tions. The most prominent example is the cytosolic inclusion body

known as the aggresome, where in a coordinated and dynamic pro-

cess, protein aggregates are transiently stored and kept from doing

further harm (Kopito, 2000). While these protein deposits may not

bring final relieve, they may provide the cell with a crucial time

window to restore proteostasis and avoid a critical collapse caused
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by misfolded proteins overwhelming the folding and degradation

systems (Arrasate et al, 2004). In addition to aggresomes, also other

subcellular structures are involved in the sequestration of misfolded

and/or aggregation-prone proteins, such as stress granules and

nucleoli in the cytosolic and nuclear compartments, respectively

(Nollen et al, 2001; Mateju et al, 2017; Frottin et al, 2019).

Stress granules are membrane-less, stress-induced structures that

are part of the integrated stress response (Protter & Parker, 2016).

These cytosolic structures are primarily composed of RNA mole-

cules and RNA-binding proteins, which under proteotoxic stress

conditions that induce global stalling of protein translation coalesce

by liquid–liquid phase separation into small granules. Untranslated

mRNAs are kept temporarily in a dormant state in stress granules

until protein translation can be resumed upon which these struc-

tures will be rapidly resolved. In addition to their function as a tem-

porary storage for RNA molecules that are not engaged in protein

synthesis, it has been shown that cytosolic misfolded proteins also

localize to stress granules (Ganassi et al, 2016; Mateju et al, 2017).

This suggests that stress granules behave as a reservoir for mis-

folded proteins during the acute phase of the stress response.

In the nucleus, nucleoli have been identified as preferred sites for

the sequestration of misfolded proteins (Nollen et al, 2001). These

nuclear structures do not only share this functional feature with

stress granules but also equally rely on liquid–liquid phase separa-

tion for their formation (Molliex et al, 2015; Mediani et al, 2019a),

which implies that similar fundamental physical mechanisms may

be in play for the coalescence of misfolded proteins at these loca-

tions (Frottin et al, 2019). This is supported by the finding that

nucleoli can function as an overflow compartment for cytosolic aber-

rant proteins (Mediani et al, 2019a). Another similarity between

stress granules and nucleoli is their dependence on the ubiquitin-like

modifier SUMO for their structural integrity (Nacerddine et al, 2005;

Marmor-Kollet et al, 2020). As SUMO also regulates the clearance of

misfolded proteins by priming them for degradation through SUMO-

targeted ubiquitylation (Guo et al, 2014), this ubiquitin-like modifier

plays a multilayered role in the stress response by regulating both

the localization and destruction of misfolded proteins.

Sequestration of misfolded proteins has been suggested to be

important in keeping the UPS operative during proteotoxic stress as

in the absence of these sequestration mechanisms misfolded pro-

teins may saturate the UPS and distort its function (Maynard

et al, 2009; Ortega et al, 2010). Indeed, the accumulation of

aggregation-prone proteins that are linked to neurodegenerative dis-

eases can cause a global collapse of the UPS resulting in disturbance

in the timely degradation of regulatory proteins, which compromises

cellular functionality and can cause cell death (Bence et al, 2001;

Bennett et al, 2005, 2007). It has been proposed that a dysfunctional

UPS may contribute to the cellular pathology observed in neurode-

generative diseases that are characterized by the accumulation of

misfolded proteins and the presence of intracellular inclusions, such

as amyotrophic lateral sclerosis (ALS) and spinocerebellar ataxia

type 1 (SCA-1) (Ciechanover & Brundin, 2003).

Here, we investigated whether the formation of stress granules in

response to proteotoxic stress is important for the functionality of

the UPS. In line with this hypothesis, we found that cells that were

unable to form stress granules displayed aggravated UPS impairment

when challenged with acute proteotoxic stress. Surprisingly, the

inability to form these cytosolic stress structures had a predominant

negative effect on nuclear UPS activity, leading to disturbances in

nuclear proteostasis. Our analysis shows that nucleolar relocaliza-

tion of cytosolic misfolded proteins in stress granule-deficient cells

alters the stress response. We propose that stress granules contribute

to the preservation of UPS activity by sequestration of misfolded pro-

teins and revealed an unexpected connection between cytosolic and

nuclear stress responses aimed at restoring proteostasis.

Results

Stress granule-deficient cells display aggravated impairment of
the UPS

We have previously shown that short thermally induced proteotoxic

stress is followed by a recovery phase during which there is a tran-

sient state of UPS impairment resulting in the accumulation of ubiq-

uitylated proteins (Salomons et al, 2009). Mild heat shock is a

condition that also induces the formation of cytosolic stress granules,

which have been shown to sequester misfolded proteins (Ganassi

et al, 2016). As sequestration of misfolded proteins may be important

to avoid a collapse of the UPS under conditions of proteotoxic stress

(Maynard et al, 2009; Ortega et al, 2010), we investigated whether

the absence of stress granules would further compromise the func-

tionality of the UPS in stressed cells. To this end, we depleted a

human MelJuSo cell line stably expressing the UPS reporter substrate

ubiquitinGly76Val-yellow fluorescent protein (Ub-YFP) (Menendez-

Benito et al, 2005) from G3BP1 and G3BP2, two RNA-binding pro-

teins that are critical for the formation of stress granules (Kedersha

et al, 2016). We confirmed that G3BP1 and G3BP2 were depleted by

siRNA transfection (Fig EV1A). Whereas thermally stressed control

cells formed cytosolic stress granules, as evidenced by the cytosolic

puncta staining for the stress granule marker TIA1, G3BP1/2-

depleted cells did not form stress granules but instead showed a pre-

dominant nuclear granular TIA1 pattern (Fig 1A). Notably, G3BP1/2

depletion prevented the formation of stress granules but did not

interfere with the global inhibition of protein translation in response

to proteotoxic stress as illustrated by a similar reduced incorporation

of puromycin in newly synthesized proteins in thermally stressed

control and stress granule-deficient MelJuSo cells (Fig 1B).

As previously reported (Salomons et al, 2009), we detected an

accumulation of the Ub-YFP reporter substrate in cells during the

recovery phase after mild thermal stress (Fig 1C and D). Interest-

ingly, Ub-YFP increased to significantly higher levels in response to

the heat shock in cells that had been depleted of G3BP1/2, suggest-

ing that UPS impairment was aggravated in stress granule-deficient

cells (Fig 1C and D). Notably, G3BP1/2 depletion by itself did not

cause an increase in Ub-YFP levels in control cells, consistent with

the lack of a stress-induced action of G3BP1/2 being responsible for

compromised UPS functionality. Following the kinetics of Ub-YFP

levels in control and stress, granule-deficient cells confirmed a more

dramatic accumulation of Ub-YFP during the recovery phase of the

G3BP1/2-depleted cells (Figs 1E and EV1B). A similar phenomenon

was observed in cells expressing the aggregation-prone reporter sub-

strate YFP-CL1, carrying the CL1 degradation signal (Bence

et al, 2001; Menendez-Benito et al, 2005), which accumulated to a

larger extent in thermally stressed cells that had been depleted of

G3BP1/2 (Figs 1F and EV1C).
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In order to investigate whether the aggravated USP Impairment

is caused by the inability of G3BP1/2-depleted cells to form stress

granules, we performed a rescue experiment with siRNA-resistant

wild-type and mutant G3BP1. G3BP1 has been implicated in actions

that are independent of its role in stress granule formation but

require interaction with the deubiquitinase USP10 (Soncini

et al, 2001; Kedersha et al, 2016; Anisimov et al, 2019; Meyer

et al, 2020). It has been reported that the G3BP1F33W mutant is profi-

cient for stress granule formation but fails to interact with USP10

whereas the G3BP1DRGG is deficient for stress granule formation but

still binds USP10 (Panas et al, 2015; Kedersha et al, 2016). Micro-

scopic analysis confirmed that mCherry-tagged wild-type G3BP1

and G3BP1F33W but not G3BP1DRGG localized in cytosolic puncta in

response to heat shock in G3BP1/2 depleted cells (Fig EV1D). In line

with our model, we found that wild-type G3BP1 and G3BP1F33W

restored the UPS activity in thermally stressed cells to the levels

observed in control cells whereas the stress granule-deficient

G3BP1DRGG did not rescue UPS activity (Fig 1G).

The impairment of the UPS after thermal stress is confined to the

degradation of ubiquitin-dependent proteasome substrates (Salo-

mons et al, 2009). We therefore wondered if the aggravated UPS

impairment in stress granule-deficient cells could be attributed to an

additional defect in ubiquitin-independent proteasomal degradation.

However, the ubiquitin-independent proteasome substrate green flu-

orescent protein (GFP)-ODC did not accumulate in thermally

stressed control or stress granule-deficient cells, suggesting that the

obstruction only affects substrates that require ubiquitylation for

degradation (Fig EV1E and F). We conclude that impairment of

ubiquitin-dependent proteasomal degradation is aggravated in stress

granule-deficient cells recovering from proteotoxic stress.

Compromised nuclear UPS in stress granule-deficient cells

The UPS is the main proteolytic system responsible for the degrada-

tion of short-lived proteins in both the cytosolic and nuclear com-

partments of cells. Therefore, we next explored if the absence of

stress granules had a pan-cellular effect or predominantly affected

the UPS in one of these compartments. For this purpose, we took

advantage of two compartment-specific CL1 reporter substrates that

are engineered to localize to the nuclear (NLS-GFP-CL1) or cytosolic

compartment (NES-GFP-CL1) (Bennett et al, 2005). Surprisingly,

G3BP1/2-depleted cells displayed a significant increase in the accu-

mulation of the nuclear reporter substrate in response to proteotoxic

stress (Fig 2A and C), whereas there was no difference between the

levels of the cytosolic reporter in control and stress granule-deficient

cells (Fig 2B and D). Flow cytometric analysis of the mean fluores-

cent intensities confirmed that there was a selective increase in the

levels of the nuclear reporter in stress granule-deficient cells

whereas no significant difference was detected for the cytosolic

reporter (Fig EV2A). The relative increase in the levels of the

nuclear reporter in G3BP1/2-depleted cells was partly caused by the

accumulation of the NLS-GFP-CL1 reporter in nucleoli (Fig 2E).

Even though control cells also displayed a slight nucleolar enrich-

ment of NLS-GFP-CL1, quantitative analysis confirmed a more dra-

matic translocation of this reporter to nucleoli in stress granule-

deficient cells (Fig 2F). Together, these data show that the inability

of G3BP1/2-depleted cells to induce stress granules after heat shock

has a negative impact on the functionality of the UPS in the nuclear

compartment and causes sequestration of an aggregation-prone pro-

teasome substrate in nucleoli.

Stress granule-deficient cells accumulate defective ribosome
products (DRiPs) in nucleoli

It has been reported that G3BP1/2 is important for preserving pro-

teasome activity in unstressed cells by preventing protein aggrega-

tion in the cytosolic compartment (Anisimov et al, 2019). However,

we did not observe UPS impairment under control conditions in

G3BP1/2-depleted cells, suggesting that the phenomenon that we

observed is different from a possible effect on protein aggregates

(see Fig 1C and D). Moreover, whereas cytosolic protein aggregation

causes a global UPS impairment in both the cytoplasmic and nuclear

compartments (Bennett et al, 2005), we observed that G3BP1/2

depletion in thermal stressed cells aggravated UPS impairment in

◀ Figure 1. Stress granule-deficient cells display aggravated impairment of the UPS.

A Representative confocal images of immunofluorescent staining of the stress granule marker TIA1 in control (siControl, left panel) and G3BP1/2-depleted (siGRBP1/2,
right panel) MelJuSo cells. Cells were left untreated (� HS), exposed to 43°C for 30 min (+ HS), and followed for 4 h after heat shock (HS + 4 h Rec.). Arrows indicate
the stress granules in thermally stressed control cells. Scale bar, 10 lm.

B Analysis of puromycin incorporation in MelJuSo cells that were left untreated (� HS), exposed to 43°C for 30 min (+ HS), and followed for 4 h after heat shock
(HS + 4 h Rec.). The blots were probed with antibodies against puromycin, and GAPDH as a loading control.

C Representative images of MelJuSo cells expressing Ub-YFP, which were either left untreated (� HS), or exposed to 43°C for 30 min (+ HS) and followed for 4 h after
heat shock (HS + 4 h Rec.). Scale bar, 20 lm.

D Quantification of mean cellular YFP fluorescence intensities from the experiment shown in (C), normalized to untreated control cells (siControl - HS). The frequency
and distribution of the relative fluorescence intensities per cell are shown as violin plots. The solid lines in each distribution represent the median, and dash lines rep-
resent the upper and lower interquartile range limits (n = 3 independent experiments, > 1,000 cells analyzed per condition, Kruskal-Wallis test, **P < 0.01, n.s.—not
significant).

E Kinetics of Ub-YFP image intensities in control (siControl) and stress granule-deficient MelJuSo cells (siG3BP1/2) in response to a 30 min 43°C heat shock, followed by
4 h at 37°C (Recovery). Error bars indicate the standard error of the mean (n = 3 independent experiments, 12 images analyzed per condition, Student’s unpaired
t-test, **P < 0.01).

F Quantification of MelJuSo cells expressing YFP-CL1. Normalized to untreated control cells (siControl - HS). The frequency and distribution of the relative fluorescent
intensity per cell are shown as violin plots. The solid lines in each distribution represent the median, and dash lines represent the upper and lower interquartile range
limits (n = 3 independent experiments, > 1,000 cells analyzed per condition, Kruskal-Wallis test, **P < 0.01, n.s.—not significant).

G Quantification of MelJuSo Ub-YFP cells transfected with G3BP1/2 siRNA AND siRNA-resistant G3BP1 mutants YFP intensities. Normalized to mCherry untreated control
cells (� HS). The frequency and distribution of the relative fluorescent intensity per cell are shown as violin plots. The solid lines in each distribution represent the
median, and dash lines represent the upper and lower interquartile range limits (n = 3 independent experiments, > 1,000 cells analyzed per condition, Kruskal-Wallis
test, **P < 0.01, n.s.—not significant).
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the nucleus without detectable effects on the UPS in the cytosol.

Hence, we decided to further explore the molecular mechanisms

underlying the aggravated UPS impairment in stressed G3BP1/2-

deficient cells. For this purpose, we used a U2OS cell line in which

the genes encoding G3BP1 and G3BP2 have been deleted (Kedersha

et al, 2016). First, we introduced the Ub-YFP reporter substrate in

parental and G3BP1/2 knockout U2OS cells to analyze whether a

similar effect on UPS functionality was observed as in MelJuSo cells

subjected to siRNA-mediated downregulation of G3BP1/2. Micro-

scopic and flow cytometric analysis indeed confirmed that the lack

of G3BP1/2 aggravated stress-induced UPS impairment in U2OS

cells without causing accumulation of the reporter under control

conditions (Fig EV2B and C).

To probe into the mechanism responsible for aggravated UPS

impairment, we investigated how the lack of G3BP1/2 affects the

behavior of misfolded proteins in cells recovering from proteotoxic

stress. To this end, we labeled newly synthesized proteins during

the heat shock with puromycin. As puromycin causes premature ter-

mination of protein translation, the puromycin-labeled proteins are

a source of defective ribosome products (DRiPs) that are well-

established substrates for the UPS (Schubert et al, 2000) and that at

the same time can be readily detected with puromycin-specific anti-

bodies (Schmidt et al, 2009). In parental U2OS cells, thermal stress

resulted in the localization of DRiPs in cytosolic TIA1-positive

puncta (Fig 3A), consistent with the model that misfolded proteins

are sequestered at stress granules (Mateju et al, 2017). The lack of

stress granules in G3BP1/2 knockout cells was accompanied by

translocation of the DRiPs to the nucleus (Fig 3B), where they were

enriched in nucleoli (Fig 3C and D), similar to our observations with

the nuclear proteasome substrate NLS-GFP-CL1 (Fig 2E and F). The

nucleolar sequestration of DRiPs was more persistent as elevated

levels could still be detected 2 h after heat shock whereas the stress

granules and associated DRiPs were dispersed within 1 h after heat

shock (Fig EV2D and E). The difference between parental and

G3BP1/2 knockout cells was striking as the enrichment of the DRiPs

in nucleoli of the stress granule-deficient cells sharply contrasted

with the nucleoli in parental cells that were relatively devoid of

DRiPs. The integrity of nucleoli was critical for the sequestration of

DRiPs in stress granule-deficient cells as treatment of the cells with

actinomycin distorted the nucleolar structure and resulted in a dif-

fuse distribution of the DRiPs through the nucleoplasm (Fig EV3A).

To investigate whether the DRiPs are actively transported to the

nuclear compartment in stressed granule-deficient cells, we

analyzed the effect of administration of the importin a/b inhibitor

ivermectin on the distribution of the DRiPs in stressed cells. While

ivermectin prevented nuclear localization of the nuclear protein

ataxin-1 (Fig EV3B), it did not inhibit the accumulation of DRiPs

in nucleoli of stressed G3BP1/2 knockout cells (Fig EV3C), sug-

gesting that DRiPs passively diffuse into the nuclear compartment

(Mediani et al, 2019b). The altered localization of the DRiPs did

not affect their ubiquitylation status as similar amounts of ubiqui-

tylated DRiPs were pulled down with tandem ubiquitin-binding

entities (TUBEs) from parental and G3BP1/2 knockout cells

(Fig EV3D).

The molecular chaperone Hsp70, also known as HSPA1A, plays

an important role in the subcellular localization of DRiPs (Ander-

sson et al, 2021). Accordingly, we found that localization of DRiPs

in stress granules and nucleoli of parental and G3BP1/2 knockout

cells, respectively, was also dependent on Hsp70 as siRNA-mediated

depletion of this chaperone abrogated the translocation of DRiPs at

stress granules (Figs 3E and F and EV3E) and nucleoli (Figs 3G and

H and EV3E). Together these data show that DRiPs reach the

nuclear compartment of stress granule-deficient cells by passive dif-

fusion through the nuclear pore where they accumulate in nucleoli

in an Hsp70-dependent fashion.

Altered heat shock response in stress granule-deficient cells

Besides a difference in localization, the presence of DRiPs in nucle-

oli was also more persistent as this could still be detected in G3BP1/

2 knockout cells 1 h after exposure to the thermal stress whereas

the stress granules and stress granule-localized DRiPs in parental

cells had been dissolved at that time point (Fig 4A). Consistent with

a role of Hsp70 in the redistribution of the misfolded proteins, we

observed that Hsp70 also followed the distribution of DRiPs in

stressed parental and G3BP1/2 knockout cells, where enrichment of

Hsp70 could be observed at stress granules and in nucleoli, respec-

tively (Fig 4A). Like the DRiPs, Hsp70 could also still be detected

enriched in nucleoli 1 h after the heat shock in G3BP1/2 knockout

cells, a time point at which the stress granules and DRiPs localized

at stress granules had been resolved (Fig 4A). This suggests not only

a translocation but also a more persistent sequestration of DRiPs

and Hsp70 in stress granule-deficient cells.

The levels of misfolded proteins are an important determinant

for activation of the heat shock response as they titrate Hsp70 away

from heat shock factor 1 (HSF1), which once released from Hsp70

◀ Figure 2. Compromised nuclear UPS in stress granule-deficient cells.

A, B Representative images of stress granule proficient (siControl) and deficient (siG3BP1/2) MelJuSo cells expressing the nuclear UPS reporter NLS-GFP-CL1 (A) and the
cytoplasmic UPS reporter NES-GFP-CL1 (B). The cells were left untreated (� HS), exposed to 43°C for 30 min (HS), or exposed to 43°C for 30 min and followed by
4 h recovery (HS + 4 h Rec.). Nucleolar accumulation of NLS-GFP-CL1 during the recovery is indicated by arrows in (A). Scale bar, 20 lm.

C, D Quantifications of the mean cellular GFP fluorescence intensities of (A) and (B) normalized to untreated control cells (siControl - HS). The frequency and distribution
of the relative fluorescence intensities per cell are shown as violin plots. The solid lines in each distribution represent the median, and dash lines represent the
upper and lower interquartile range limits (n = 3 independent experiments, > 1,000 cells analyzed per condition, Kruskal-Wallis test, **P < 0.01, n.s.—not
significant).

E Representative confocal images of immunofluorescent staining of the nucleolar marker nucleolin and the nuclear UPS reporter NLS-GFP-CL1 in control (siControl,
left panel) and G3BP1/2-depleted (siGRBP1/2, right panel) MelJuSo cells exposed to a 30 min 43°C heat shock, followed by 4 h at 37°C (Recovery). Nucleolar accu-
mulation of NLS-GFP-CL1 is indicated by arrows. Scale bar, 10 lm.

F Quantification of the nucleolus/nucleoplasm ratios of NLS-GFP-CL1 intensities in images of the experiment shown in (E). The frequency and distribution of the ratio
per cell are shown as violin plots. The solid lines in each distribution represent the median, and dash lines represent the upper and lower interquartile range limits
(n = 3 independent experiments, 100 cells analyzed per condition, Kruskal-Wallis test, **P < 0.01).
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activates a transcriptional program aimed at restoring proteostasis

(Masser et al, 2020). Hence, we investigated whether the altered

behavior of Hsp70 in stress granule-deficient cells was accompanied

by changes in activation of the heat shock response. Two parame-

ters for activation of the heat shock response are the formation of

HSF1-positive nuclear stress bodies (nSBs) (Zhang et al, 2022) and

phosphorylation of HSF1 (Holmberg et al, 2001), which both posi-

tively correlate with activation of the heat shock response.

Microscopic analysis revealed that G3BP1/2 knockout cells have

more HSF1 nSBs directly after heat shock than parental cells (Fig 4B

and C). The nSBs had dissolved to a greater extent 2 h after the heat

shock in G3BP1/2 knockout cells, suggesting that the activation of

the heat shock response has shifted to an earlier time point in stress

granule-deficient cells. Phosphorylation of HSF1 followed a similar

pattern with an increase in phosphorylation of HSF1 directly after

heat shock in G3BP1/2 knockout cells, which had returned to basal

levels 2 h post-heat shock, whereas the parental cells still displayed

elevated levels of phosphorylated HSF1 at that time point (Fig 4D).

Quantitative analysis of Hsp70 transcripts, which is a transcriptional

target of HSF1 (Jolly et al, 1997), also confirmed a premature activa-

tion of the heat shock response in G3BP1/2 knockout cells (Fig 4E).

Together, these data suggest that in stress granule-deficient cells

misfolded proteins are sequestered together with Hsp70 in nucleoli,

which is accompanied by early activation of HSF1 during the recov-

ery phase.

Nuclear stress-induced SUMOylation is changed in stress
granule-deficient cells

Targeting of SUMOylated proteins for ubiquitin-dependent proteaso-

mal degradation plays an important role in the maintenance of

nuclear proteostasis during proteotoxic stress (Guo et al, 2014). A

key player in this stress response is the SUMO-targeted ubiquitin

ligase (STUbL) RNF4, which binds SUMOylated proteins and modi-

fies them with ubiquitin chains that direct them for proteasomal

degradation (Tatham et al, 2008). As stress-induced HSF1 stimulates

the ubiquitin-dependent degradation of SUMOylated proteins by

RNF4 (Hendriks et al, 2015), we wondered if the altered activation

of the heat shock response in stress granule-deficient cells was

responsible for the aggravated nuclear UPS impairment in these

cells.

To probe into this issue, we first had a closer look at the behav-

ior of SUMO conjugates in parental and G3BP1/2 knockout cells.

We noted that there was a striking difference in the localization of

SUMO2/3 in these cells with a clear enrichment of SUMO2/3 in

nucleoli of parental cells, whereas it was primarily localized in the

nucleoplasm and excluded from nucleoli in G3BP1/2 knockout

cells (Fig 5A and B). This was accompanied in stress granule-

deficient cells with an increase in SUMO2/3-positive puncta that

contained promyelocytic leukemia (PML) protein (Fig 5C and D), a

classic stress-induced substrate for SUMO-targeted ubiquitylation

(Tatham et al, 2008). As PML bodies are sites where SUMOylated

proteins are targeted for ubiquitin-dependent proteasomal degrada-

tion, the increased co-localization could be indicative of enhanced

activation of this pathway (Mediani et al, 2019b). In line with this

model, the levels of SUMOylated proteins rapidly declined during

the early recovery phase in thermally stressed G3BP1/2-deficient

cells, which could be prevented by administration of the protea-

some inhibitor epoxomicin (Fig 5E and F). Such a decline in SUMO

conjugates was not observed in stressed parental cells. There was

no significant difference in SUMO2 deconjugase activity in lysates

of stress granule-proficient and -deficient cells recovering from

thermal stress (Fig EV3F), consistent with the model that the dif-

ference in the levels of SUMO conjugates was due to enhanced

degradation of SUMOylated proteins and not accelerated disassem-

bly of SUMO chains. As the proteolytic activity (Fig EV3G) and

localization of proteasomes (Fig EV3H) did not differ between the

two cell lines, the enhanced degradation is most likely caused by

more efficient targeting of SUMOylated proteins for proteasomal

degradation rather than boosting proteasome activity. Together this

suggests that clearance of SUMOylated proteins during the early

recovery phase is accelerated in stress granule-deficient cells by

enhanced targeting of these substrates for ubiquitin-dependent pro-

teasomal degradation.

◀ Figure 3. Stress granule-deficient cells accumulate defective ribosome products (DRiPs) in nucleoli.

A Representative confocal images of immunofluorescent staining of the stress granule marker TIA1 and puromycin-labeled proteins in parental and G3BP1/2 knockout
U2OS cells. Cells were subjected to 43°C heat shock. Scale bar, 10 lm.

B Quantification of the nucleus/cytoplasm ratios of puromycin intensities in images from (A). The frequency and distribution of the ratio per cell are shown as violin
plots. The solid lines in each distribution represent the median, and dash lines represent the upper and lower interquartile range limits (n = 3 independent
experiments, > 50 cells analyzed per condition, Kruskal-Wallis test, **P < 0.01).

C Representative confocal images of immunofluorescent staining of the nucleolar marker nucleolin and puromycin-labeled proteins in parental and G3BP1/2 knockout
U2OS cells. Cells were subjected to 43°C heat shock. Scale bar, 10 lm.

D Quantification of the nucleolus/nucleoplasm ratio of puromycin intensities in images from (B). The frequency and distribution of the ratio per cell are shown as violin
plots. The solid lines in each distribution represent the median, and dash lines represent the upper and lower interquartile range limits (n = 3 independent
experiments, > 50 cells analyzed per condition, Kruskal-Wallis test, **P < 0.01).

E Representative confocal images of immunofluorescent staining of the stress granule marker TIA1 and puromycin-labeled proteins in control (siControl) and Hsp70-
depleted (siHsp70) U2OS cells. Cells were subjected to 43°C heat shock Scale bar, 10 lm.

F Quantification of the numbers of puromycin-positive TIA dots per cell in images from (E). The numbers of positive foci per cell are shown as violin plots. The solid lines
in each distribution represent the median, and dash lines represent the upper and lower interquartile range limits (n = 3 independent experiments, > 50 cells ana-
lyzed per condition, Kruskal-Wallis test, **P < 0.01).

G Representative confocal images of immunofluorescent staining of the nucleolar marker nucleolin and puromycin-labeled proteins in control (siControl) and Hsp70-
depleted (siHsp70) G3BP1/2 knockout U2OS cells. Cells were subjected to 43°C heat shock. Scale bar, 10 lm.

H Quantification of the nucleolus/nucleoplasm ratio of puromycin intensities in images from (G). The frequency and distribution of the ratio per cell are shown as violin
plots. The solid lines in each distribution represent the median, and dash lines represent the upper and lower interquartile range limits (n = 3 independent
experiments, > 50 cells analyzed per condition, Mann–Whitney test, **P < 0.01).
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Figure 4. Altered heat shock response in stress granule-deficient cells.

A Representative confocal images of immunofluorescent staining of and puromycin-labeled proteins and Hsp70 in parental and G3BP1/2 knockout U2OS cells exposed
to a heat shock at 43°C for 30 min (+ HS; left panel), and after 1 h recovery (HS + 1 h Recovery; right panel). Scale bar, 10 lm.

B Representative confocal images of immunofluorescent staining of HSF1 in parental and G3BP1/2 knockout U2OS cells directly after heat shock (+ HS) and 2 h after
2 h recovery (HS + 2 h Recovery). Scale bar, 10 lm.

C Quantification of the number of HSF1 foci per cell in images from (B), shown as a box plot with median and 5–95 percentiles (n = 3 independent experiments, > 300
cells analyzed per condition, Kruskal-Wallis test, **P < 0.01).

D Western blot analysis of parental and G3BP1/2 knockout U2OS cells that were left untreated (� HS), heat-shocked (HS), and followed for 1, 2, and 4 h after heat shock
(Rec). The blots were probed with antibodies against HSF1 and GAPDH (* indicated phosphorylated HSF1, and ** indicates unphosphorylated HSF1).

E Analysis of HSP70 mRNA levels in parental and G3BP1/2 knockout U2OS cells that were left untreated (� HS), heat-shocked (+ HS), and followed for 1, 2, and 4 h after
heat shock (Rec.). mRNA levels were normalized to untreated samples. Data represent the geometric mean with 95% confidence interval of triplicate samples
(Student’s unpaired t-test, **P < 0.01).
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Enhanced degradation of STUbL substrate TDP-43 in stress
granule-deficient cells

We decided to have a closer look at TDP-43 in stress granule-

deficient cells as this RNA-binding protein has been shown to be tar-

geted by the STUbL RNF4 for proteasomal degradation (Guo

et al, 2014) and is also involved in the formation of stress granules

(McGurk et al, 2018). Moreover, TDP-43 is linked to ALS and found

as a major component in the inclusion bodies of various neurode-

generative diseases (Sreedharan et al, 2008). Immunostaining

showed that there was a dramatic increase in nuclear puncta that

contained TDP-43 and SUMO2/3 in stress granule-deficient cells

(Fig 6A and B). Similar nuclear puncta were observed with GFP-

tagged TDP-43, which were found to co-localize with both SUMO2/

A B

C D

E F

Figure 5.
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3 and PML (Fig 6C), supporting the model that these are sites for

targeting TDP-43 for SUMO/ubiquitin-dependent degradation.

Enhanced degradation of TDP-43 was confirmed in fractionation

experiments in which we observed that the levels of SDS-soluble/

NP40-insoluble TDP-43 were reduced during the recovery phase in

stress granule-deficient but not stress granule-proficient cells

(Fig 6D and E). The reduction in SDS-soluble TDP-43 levels in

G3BP1/2 knockout cells could be prevented by administration of

proteasome inhibitor, confirming that proteasomal degradation is

responsible for the enhanced clearance of this population of TDP-43

(Fig 6D and E). These data suggest that there is enhanced targeting

of the STUbL substrate TDP-43 for proteasomal degradation during

the recovery phase of G3BP1/2 knockout cells.

Inhibition of SUMO-targeted ubiquitylation prevents
UPS impairment

We argued that the enhanced targeting of misfolded proteins for

ubiquitin/SUMO-dependent degradation during the early recovery

phase in G3BP1/2-deficient cells could be responsible for the

observed impairment of the nuclear UPS as these substrates may

overload the capacity of the UPS in this compartment. To address

this question, we investigated whether inhibition of the SUMO/ubiq-

uitin pathway could restore the UPS in the nucleus. Depletion of

RNF4 prevented to a large extent the reduction in SUMOylated pro-

teins G3BP1/2-deficient cells recovering from thermal stress

(Figs 7A and B and EV4A), although not to the same extent as pro-

teasome inhibition, indicating that RNF4 is responsible for targeting

the vast majority of SUMOylated proteins for degradation. Interest-

ingly, depletion of RNF4 had no effect on the accumulation of Ub-

YFP in stressed parental cells (Fig 7C and EV4B and C), whereas it

significantly reduced the accumulation of the Ub-YFP reporter sub-

strate in G3BP1/2 knockout cells, in agreement with RNF4 substrates

being primarily responsible for the aggravated impairment of the

UPS in stress granule-deficient cells (Figs 7D and EV4B and D).

Moreover, the nucleolar accumulation of the NLS-GFP-CL1 reporter

was also prevented by RNF4 depletion in stress granule-deficient

cells (Fig 7E). PML bodies play a pivotal role in SUMOylation and

ubiquitylation of nuclear proteins (Keiten-Schmitz et al, 2020). Inter-

estingly, depletion of PML, like RNF4 depletion, rescued the UPS

impairment in G3BP1/2 knockout cells (Fig EV4E and F). This under-

scores the role of SUMO-targeted ubiquitylation in the UPS dysfunc-

tion observed in stress granule-deficient cells. These data are in line

with our hypothesis that the enhanced targeting of misfolded

proteins for proteasomal degradation in the nuclear compartment

overwhelms the nuclear UPS and aggravates UPS impairment.

Enhanced formation of ataxin-1 nuclear inclusions in stress
granule-deficient cells

Given the important role of the UPS in nuclear proteostasis, its dys-

functional status in stress granule-deficient cells is likely to have

consequences in keeping this compartment devoid of aggregation-

prone proteins. We studied possible effects on nuclear proteostasis

by transiently expressing a mutant ataxin-1, which carries an

expanded polyglutamine repeat and is responsible for the inherita-

ble neurodegenerative disorder spinocerebellar ataxia type 1 (SCA-

1), characterized by the presence of intranuclear inclusions with as

main constituent mutant ataxin-1 (Zoghbi & Orr, 2000). We took

advantage of an artificial precursor protein that allows the identifi-

cation of ataxin-1-expressing cells independent on the expression

levels of the mutant protein (Verhoef et al, 2002). The FLAGUb-

ataxin-1 is cleaved by endogenous deubiquitylating proteins in

FLAG-tagged ubiquitin (FLAGUb) and mutant ataxin-1 allowing iden-

tification of transfected cells by the signal of the stable, soluble
FLAGUb, which is synthesized at stochiometric levels as ataxin-1.

Western blotting showed that similar expression levels were

obtained in both cell lines (Fig EV4G and H). Interestingly, ther-

mally stressed G3BP1/2 knockout cells contained more and larger

ataxin-1 inclusions than the parental cells (Fig 8A). Quantitative

assessment confirmed an overall increase in ataxin-1 inclusions in

G3BP1/2 knockout cells (Fig 8B). This supports the model that the

aggravated impairment of the nuclear UPS compromises the ability

of stress granule-deficient cells to eliminate aggregation-prone pro-

teins in the nuclear compartment.

Discussion

During recent years, the importance of stress granule formation as

part of the cellular response to proteotoxic stress conditions, and

their implication in various disorders has gained considerable inter-

est in the scientific community (Riggs et al, 2020). Not the least the

central role of liquid phase separation in the formation of these

molecular condensates has put the spotlight on stress granules as a

prime example of dynamic, membrane-less subcellular structures

consisting of self-assembled biomacromolecules (Boeynaems

et al, 2018). Since liquid phase transition is driven by proteins with

◀ Figure 5. Nuclear stress-induced SUMOylation is changed in stress granule-deficient cells.

A Representative confocal images of immunofluorescent staining of the nucleolar marker nucleolin and SUMO2/3 in parental and G3BP1/2 knockout U2OS cells. Cells
were subjected to a heat shock (30 min, 43°C) followed by 2 h recovery. Scale bar, 10 lm.

B Quantification of the nucleolus/nucleoplasm ratio of SUMO2/3 intensities in images from (A). The frequency and distribution of the ratio per cell are shown as violin
plots. The solid lines in each distribution represent the median, and dash lines represent the upper and lower interquartile range limits (n = 3 independent
experiments, > 50 cells analyzed per condition, Mann–Whitney test, **P < 0.01).

C Representative confocal images of immunofluorescent staining of PML bodies (PML) and SUMO2/3 in parental and G3BP1/2 knockout U2OS cells. Cells were heat-
shocked followed by 2 h recovery. Arrows indicate dots positive for PML and SUMO2/3 staining. Scale bar, 10 lm.

D Quantification of SUMO2/3 positive PML puncta in images from (C). Data represent the mean � SD (n = 3 independent experiments, > 50 cells analyzed per
condition, Mann–Whitney test, **P < 0.01).

E Analysis of SUMO2/3 conjugates in parental and G3BP1/2 knockout U2OS cells that were left untreated (� HS), exposed to a heat shock (+ HS), and followed for 2 h
(2 h Rec.) with or without 100 nM proteasome inhibitor epoxomicin (EPX).

F Quantification of the total SUMO2/3 conjugate band densities in (E). Data represent the mean � SD (n = 3 independent experiments, Student’s unpaired t-test,
*P < 0.05).
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Figure 6. Enhanced degradation of STUbL substrate TDP-43 in stress granule-deficient cells.

A Representative confocal images of immunofluorescent staining of SUMO2/3 and TDP43 in parental and G3BP1/2 knockout U2OS cells. Cells were exposed to a heat
shock (30 min, 43°C) followed by 2 h recovery. Arrows indicate dots positive for TDP-43 and SUMO2/3 staining. Scale bar, 10 lm.

B Quantification of the percentage of SUMO2/3 positive TDP43 puncta in images from the experiment shown in (A). Data represent the mean � SD (n = 3 independent
experiments, > 50 cells analyzed per condition, Mann–Whitney test, **P < 0.01).

C Representative confocal images of immunofluorescent staining of SUMO2/3 and PML bodies (PML) in parental and G3BP1/2 knockout U2OS cells transiently
transfected with GFP-TDP43. Cells were subjected to heat shock and followed by 2 h recovery. Scale bar, 10 lm.

D Analysis of detergent SDS and NP40 soluble fractions of TDP43 in parental and G3BP1/2 knockout U2OS cells that were left untreated (�HS), exposed to a heat shock
(+HS) followed by 2 h recovery (2 h Rec.) in absence or presence of 100 nM proteasome inhibitor epoxomicin (EPX).

E Quantification of the TDP43 band densities in the SDS-soluble fraction. Data represent the mean � SD (n = 3 independent experiments, Student’s unpaired t-test,
*P < 0.05).
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intrinsically disordered domains, it is not surprising that misfolded

proteins have a propensity to coalescence in subcellular structures

that rely on liquid phase separation for their macromolecular orga-

nization (Mateju et al, 2017). While the importance of stress

granules as a temporary storage for untranslated mRNA transcripts

is well-established, it is less clear if the localization of misfolded

proteins in these structures has functional significance for the cell’s

ability to deal with stress conditions. Since the translocation of

A B

C

E

D

Figure 7.
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misfolded proteins to inclusion bodies has been shown to reduce

the cellular toxicity caused by aggregation-prone proteins (Arrasate

et al, 2004), it is feasible that also this specific feature of stress gran-

ules contributes to their stress-coping abilities.

In this study, we show that the accumulation of DRiPs in stress

granules is important for keeping the UPS operative when cells

recover from acute exposure to proteotoxic stress. As it has been

well documented that a failure to maintain proteostasis causes cellu-

lar dysfunction (Sala et al, 2017), the compromised ability of stress

granule-deficient cells to execute ubiquitin-dependent proteasomal

degradation is expected to have negative consequences for main-

taining proteostasis. Given the connection between stalled protein

synthesis and stress granules, it is plausible that the proximity of

stress granules to stalled ribosomes is of particular importance as it

may facilitate the instant capturing of newly synthesized proteins

that have not been able to fold properly during proteotoxic stress.

Moreover, newly synthesized proteins constitute a major pool of

aberrant proteins even in the absence of extrinsic stress conditions

(Reits et al, 2000; Schubert et al, 2000), emphasizing the importance

of efficiently capturing this population of aberrant proteins.

Surprisingly, our study revealed that it is primarily the nuclear

UPS that is challenged in the stress granule-deficient cells. Because

of the cytosolic localization of stress granules, we initially expected

the pool of misfolded proteins that are not captured by stress gran-

ules to contaminate first and foremost the cytosolic compartment.

Unexpectedly, our analysis revealed that, in the absence of stress

granules, DRiPs rapidly translocate to the nuclear compartment,

where they accumulate primarily in nucleoli. A likely explanation

for this phenomenon may be the fact that, next to cytoplasmic stress

granules, nucleoli are liquid phase-separated structures that can also

function as a sink for the sequestration of misfolded proteins (Frot-

tin et al, 2019). Hence, in the absence of stress granules, the DRiPs

may condensate at these locations in the nucleus because their lim-

ited size will allow passive diffusion to the nuclear compartment

where they will be readily trapped in nucleoli due to the tendency of

these disordered polypeptides to participate in liquid phase separa-

tion. The sheer volume of nucleoli will increase the likelihood that

DRiPs will end up in these structures. It is noteworthy though that

we observed that localization of DRiPs at stress granules and nucle-

oli requires the presence of Hsp70, as has been reported by others

(Nollen et al, 2001; Askanas et al, 2009; Kotoglou et al, 2009; Frottin

et al, 2019). The interaction with Hsp70 may prevent aggregation of

the DRiPs or otherwise keep them in a state that is susceptible to

phase separation. The nuclear accumulation of DRiPs may be

unfortunate from the perspective of the integrated stress response as

this will transfer the burden of these potentially toxic proteins to the

nuclear compartment, which is less well equipped to eliminate them

due to, among others, the absence of the autophagic-lysosomal sys-

tem. Since the degradation of aggregated proteins is problematic for

the UPS (Verhoef et al, 2002), a situation may arise where any delay

in the removal of these aberrant proteins may cause an irreversible

disturbance of the nuclear proteostasis. Thus, our data suggest that

the temporary sequestration of misfolded proteins in stress granules

is important for the maintenance of nuclear proteostasis.

The nuclear accumulation of DRiPs directly affected the distribu-

tion of Hsp70, which largely followed the cellular distribution of

DRiPs. Buffering of the pool of nuclear Hsp70 by misfolded proteins,

thereby releasing HSF1 (Masser et al, 2020), is a likely cause for the

observed premature activation of HSF1 that was evidenced by an

increase in HSF1 nSBs, phosphorylation of HSF1 and transcription of

the HSP70 gene during the early recovery phase. It has been shown

that HSF1 stimulates ubiquitin-dependent proteasomal degradation of

SUMOylated proteins through the STUbL RNF4 (Hendriks

et al, 2015). In line with amodified SUMO landscape in nuclei of stress

granule-deficient cells, we observed an altered distribution and

increased co-localization of SUMO, ubiquitin, and PML, which coin-

cided with enhanced degradation of RNF4 substrates. Importantly,

curtailing this pathway through depletion of the STUbL RNF4

improved the functionality of the nuclear UPS in stress granule-

deficient but not stress granule-proficient cells. This supports our

hypothesis that the redistribution of DRiPs to the nucleolar compart-

ment buffers the pool of nuclear Hsp70, resulting in early activation of

the SUMO-ubiquitin-RNF4 protein quality pathway, which on its turn

overloads the nuclear UPS with substrates during the recovery phase

(Fig 8C). Our observation that degradation of ubiquitin-independent

substrates was not inhibited suggests that a ubiquitin-dependent

event prior the actual proteolysis in the proteasome is saturated in

stress granule-deficient cells. Thus, the inability of cells to temporarily

sequester DRiPs in cytosolic stress granules has persistent conse-

quences for nuclear ubiquitin-dependent proteasomal degradation,

compromising protein quality control in this compartment.

The disbalance in nuclear proteostasis in stress granule-deficient

cells is likely to bear relevance to neurodegenerative diseases as it

may cause a transient state of UPS dysfunction during which

aggregation-prone proteins can accumulate and precipitate into

insoluble protein aggregates. Indeed, we found that the propensity

of mutant ataxin-1 to form ubiquitin-positive nuclear inclusions,

which are a hallmark of SCA-1 cellular pathology (Skinner

◀ Figure 7. Inhibition of SUMO-targeted ubiquitylation prevents UPS impairment.

A Analysis of SUMO2/3 conjugates in control (siControl) or RNF4-depleted (siRNF4) G3BP1/2 knockout U2OS cells. Cells were left untreated (�HS), exposed to a heat
shock (+HS), followed by 2 h recovery (HS + 2 h Rec.) in the absence or presence of 100 nM proteasome inhibitor epoxomicin (EPX).

B Quantification of the total SUMO2/3 band densities. Data represent the mean � SD (n = 3 independent experiments, *P < 0.05).
C Quantification of mean cellular Ub-YFP fluorescence intensities in control (siControl) and RNF4-depleted (siRNF4) parental U2OS cells. Cells were left untreated (�HS)

or exposed to a heat shock followed by 4 h recovery (HS + 4 h Rec.). Fluorescence intensities are normalized to untreated control cells (siControl - HS). Frequency and
distribution of the relative fluorescence intensities are shown as violin plots. The solid lines in each distribution represent the median, and dash lines represent the
upper and lower interquartile range limits (n = 3 independent experiments, > 1,000 cells analyzed per condition, Kruskal-Wallis test, n.s.—not significant).

D Quantification of mean cellular Ub-YFP fluorescence intensities in control (siControl) and RNF4-depleted (siRNF4) G3BP1/2 knockout U2OS cells. Cells were left
untreated (�HS) or exposed to a heat shock followed by 4 h recovery (HS + 4 h Rec.). Fluorescence intensities are normalized to untreated control cells (siControl -
HS). Frequency and distribution of the relative fluorescence intensities are shown as violin plots. The solid lines in each distribution represent the median, and dash
lines represent the upper and lower interquartile range limits (n = 3 independent experiments, > 1,000 cells analyzed per condition, Kruskal-Wallis test, **P < 0.01).

E Representative confocal images of control (siControl), RNF4-depleted (siRNF4), G3BP1/2-depleted (siG3BP1/2) and G3BP1/2- and RNF4-depleted (siG3BP1/2 + siRNF4)
MelJuSo cells expressing the nuclear UPS reporter NLS-GFP-CL1. Cells were exposed to a heat shock followed by 4 h recovery in the absence or presence of the protea-
some inhibitor epoxomicin (EPX). The nucleolar marker nucleolin was stained by immunofluorescence. Scale bar, 10 lm.
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et al, 1997), is increased in cells that are unable to respond to stress

by the formation of stress granules. This may provide an explana-

tion why several proteins involved in stress granule formation are

linked to neurodegenerative diseases as a deficiency in forming

stress granules may give conditions that promote the precipitation

of misfolded proteins into nuclear aggregates (Daigle et al, 2013). In

this respect, it is noteworthy that for several aggregation-prone pro-

teins linked to neurodegenerative diseases localization to the

nucleus is critical for their cytotoxic effect underscoring the impor-

tance of a proper functioning nuclear protein quality control in order

to avoid protein aggregation in this compartment (Klement

et al, 1998; Saudou et al, 1998).

Material and Methods

Plasmids

The GFP-TDP43 expression plasmid was generated by PCR amplify-

ing the TDP43 open reading frame from mCherry-TDP43 using

primers 50-TAC AAG TCC GGA CTC AGA TCT CGA GGA ATG TCT

GAA TAT ATT CGG GTA AC-30 (forward primer) and 50-CGC GGT

ACC GTC GAC TGC AGA ATT CGG ATC CCT ACA TTC CC-30 (re-
verse primer) and inserting it into EcoRI-digested EGFP-C1 (Clontech

Laboratories) using NEBuilder HiFi DNA Assembly Master Mix

(New England Biolabs) according to the manufacturer’s

A

C

B

Figure 8. Enhanced formation of ataxin-1 nuclear inclusions in stress granule-deficient cells.

A Representative confocal images of immunofluorescent staining of FLAG-tagged ubiquitin (FLAGUb) and mutant ataxin1 (ATX1) in parental and G3BP1/2 knockout U2OS
cells. Cells were subjected to a heat shock followed by 4 h recovery. Scale bar, 10 lm.

B Frequency distribution of ataxin-1 inclusions per cell from three independent experiments.
C Schematic drawing of the model. In the absence of stress granules, proteotoxic stress causes DRiPs to translocate from the cytosol to the nucleus where they

accumulate in nucleoli and sequester Hsp70. This results in early activation of HSF1 and RNF4 and targeting of SUMOylated proteins for proteasomal degradation.
These substrates overload the nuclear UPS impairing the degradation of other ubiquitin-dependent proteasome substrates.
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instructions. The mCherry-G3BP1 expression constructs were gener-

ated by PCR amplifying the G3BP1 constructs from GFP-G3BP1

mutants (kind gift from Gerald McInerney) using the primers 50-
GAT CTC GAG AAG CTT CGA ATT CAA TGG TGA TGG AGA AGC

C-30 (forward primer) and 50-TCA GTT ATC TAG ATC CGG TGG

ATC CTC AAA GGC GAT TATA CTC GTC -30 (reverse primer for

mCherry-G3BP1 and mCherry-G3BP1F33W) or 50- TCA GTT ATC

TAG ATC CGG TGG ATC CTT ACT GCC GTG GCG CAA G-30 (re-
verse primer mCherry-G3BP1ΔRGG) and inserting it into EcoRI and

BamHI-digested EGFP-C1 (Clontech Laboratories) using NEBuilder

HiFi DNA Assembly Master Mix (New England Biolabs). The

siRNA-resistant mCherry-G3BP1 expression constructs were gener-

ated by PCR amplifying these mCherry-G3BP1 constructs using

primers 50-CTC ATG AAG TTG ATA AGT CGG AAC TGA ATG ATT

TCT TTC AAA GTT ATG-30 (forward primer) and 50-CAT AAC TTT

GAA AGA AAT CAT TCA GTT CCG ACT TAT CAA CTT CAT GAG-

30 (reverse primer). The NLS-GFP-NLS-GFP-CL1 (NLS-GFP-CL1) and

NES-GFP-NES-GFP-CL1 (NES-GFP-CL1) expression plasmids were a

generous gift from Dr. Ron Kopito (Stanford University; Bennett

et al, 2005). The FLAGUb-Ataxin1-82Q plasmid (Verhoef et al, 2002)

and a4-GFP plasmid (Dantuma et al, 2006) have been described

previously.

Cell culture and transfections

The human melanoma MelJuSo (RRID:CVCL_1403) and human

osteosarcoma U2OS (RRID:CVCL_0042) cell lines were cultured in

DMEM + GlutaMAX (ThermoFisher Scientific) supplemented with

10% Fetal Bovine Serum (FBS) in a humidified chamber at 37°C and

5% CO2. Cell lines are routinely tested for mycoplasma infection.

The MelJuSo GFP-ODC, NLS-GFP-CL1, and NES-GFP-CL1 cell lines

were created by transfection with corresponding expression plas-

mids using Lipofectamine 3000 (Invitrogen). Clones were selected

in the presence of 0.5 mg/ml G418 (Gibco) and screened for GFP

fluorescence by flow cytometry upon administration of the protea-

some inhibitor MG132 (Sigma, M8699). Transient transfection was

performed using Lipofectamine 3000 (Invitrogen) according to the

manufacturer’s instructions. For knockdown experiments, the fol-

lowing siRNA constructs were purchased from Invitrogen or Dhar-

macon: control siRNA (4390843), control siRNA (D-001210-01),

G3BP1 (s19754), G3BP2 (s19207), HSP70 (M-005168–01), RNF4

(custom, 50-GAA UGG ACG UCU CAU CGU U-30) and PML (J-

006547-07). Lipofectamine RNAiMax (#13778150; ThermoFisher

Scientific) was used for the transfection of siRNA according to the

manufacturer’s instructions.

Heat shock and recovery

Cell culture plates were sealed with parafilm and placed in 43°C

water bath for 30 min. After 30 min, the cells were placed in incu-

bator at 37°C and 5% CO2 for 2 h or 4 h for recovery.

Puromycin labelling

Puromycin (Sigma) was diluted to 5 lg/ml in prewarmed DMEM

medium and added to cells before being subjected to heat shock in

43°C water bath for 30 min. For heat shock samples, cells were

fixed with 4% PFA or lysed directly after heat shock. For recovery

samples, puromycin was washed away with prewarmed DMEM

medium (three times) and replaced with fresh medium, followed by

incubation at 37°C and 5% CO2 for the indicated recovery time. To

study the role of nucleolar integrity was treated for 3 h with 4 lM
actinomycin D (Sigma, A1410) before administration of puromycin.

Immunofluorescence

MelJuSo and U2OS cell lines were grown on coverslips overnight

and treated as indicated. Cells were fixed using 4% paraformalde-

hyde (Sigma) for 15 min, permeabilized using 0.2% Triton-X100 in

1× phosphate-buffered saline (PBS) for 15 min, and blocked using

3% BSA in 1× PBS for 30 min. The primary antibodies were diluted

in 0.1% Tween-20 in PBS and incubated overnight at 4°C. The fol-

lowing primary antibodies were used: anti-puromycin (MABE343;

Sigma), anti-TIA1 (#140595; Abcam), anti-SUMO2/3 (#109005;

Abcam), anti-PML (#53773; Abcam), anti-TDP43(#57105; Abcam),

anti-Nucleolin (#22758; Abcam), anti-HSF1 (#4356; Cell Signaling

Technology), anti-HSP70 (ADI-SPA-810; Enzo Life Sciences), anti-

Ataxin-1 (#703273; ThermoFisher Scientific), anti-FLAG (F4042;

Sigma). Goat anti-mouse or goat anti-rabbit IgG coupled to Alexa-

Fluor 488, 546, or 647 (ThermoFisher Scientific) were used as sec-

ondary antibodies and diluted 1:500 in 0.1% Tween-20 in PBS.

Nuclear counterstaining was performed using Hoechst 33342

(Molecular Probes) 1:5,000 in PBS for 15 min. Fixed cells were

examined with a Zeiss LSM 880 confocal laser scanning microscope

(Plan-Neofluar 63×/1.4 oil objective). Image processing was per-

formed with FiJi and quantitative analyses were performed using

cell profile software.

Immunoblotting

Equal amounts of cells were lysed in 1× LDS sample buffer (Ther-

moFisher Scientific) containing 10% NuPAGE reducing agent

(NP0004; ThermoFisher Scientific). Lysates were boiled at 95°C for

5 min. Cell protein extracts were resolved by Bis–Tris polyacry-

lamide gel electrophoresis gels (NP0323, NP04343; ThermoFisher

Scientific) and run in 1× MOPS buffer (NP0001; ThermoFisher Sci-

entific). Proteins were transferred onto nitrocellulose membranes

(#10600023; GE Healthcare) in a Tris–glycine transfer buffer con-

taining 20% methanol. After blocking in Tris-buffered saline (TBS)

containing 5% nonfat milk and 0.1% Tween-20, membranes were

incubated with primary antibodies, washed with TBS-Tween-20

0.1%, and incubated with secondary goat anti-rabbit or goat anti-

mouse antibodies linked to horse radish peroxidase (HRP)

(NA934V, NA931V; GE Healthcare). Detection was performed by

enhanced chemiluminescence (Amersham ECL reagents; GE Health-

care) on Medical X-ray films (Fujifilm). Alternatively, goat anti-

mouse or goat anti-rabbit coupled to a far-red fluorescent dye (#926-

68070, #926-32210; LI-COR) were used, and membranes scanned

with an Odyssey scanner (LI-COR) and analyzed with Image Studio

Lite analysis software version 5.2 (LI-COR). For quantification of

western blots, band intensities were determined with ImageJ from

independent experiments obtained with independent samples.

The following primary antibodies were used: anti-GFP (#290;

Abcam), anti-Hsp70 (ADI-SPA-810; Enzo Life Sciences), anti-

puromycin (MABE343; Sigma), anti-GAPDH (#9485; Abcam), anti-

b-actin (#8226; Abcam), anti-HSF1 (#4356; Cell Signaling
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Technology), anti-G3BP1 (PA5-29455; ThermoFisher Scientific),

anti-G3BP2 (#86135; Abcam), anti-SUMO2/3 (#109005; Abcam),

anti TDP43 (#57105; Abcam), anti-RNF4 (AF7964; R&D Systems),

anti-PML (#53773; Abcam), and anti-Ataxin-1 (#703273; Thermo-

Fisher Scientific).

Solubility assay

The solubility assay was done essentially as described previously

(Keiten-Schmitz et al, 2020). Parental U2OS or G3BP1/2 knockout

U2OS cells were grown in 6 well plates and transfected with control

siRNA or an siRNA directed against RNF4. Cells were either left

untreated or exposed to 43°C for 30 min after which they were

washed twice in cold PBS, followed by scraping the cells and collect-

ing them in 150 ll lysis buffer on ice (50 mM Tris–pH 8.8), 100 mM

NaCl, 5 mM MgCl2, 0.5% NP-40, 2 mM DTT, 250 U/ml benzonase

(Merck), 1 mM PMSF, 1× complete EDTA-free Protease Inhibitor

Cocktail (Roche), 20 mM N Ethylmaleimide (NEM) (Sigma-Aldrich).

After rotating the lysates for 30 min at 4°C, the samples were cen-

trifugated (18,000 g, 4°C, 15 min). The supernatants were diluted

with SDS–PAGE loading buffer and subsequently boiled for 5 min at

95°C (NP-40 soluble fraction). The pellets were resuspended in 50 ll
of resuspension buffer (20 mM Tris, pH 8.0, 15 mM MgCl2, 2 mM

DTT, 250 U/ml benzonase, 1 mM PMSF, 1× Complete EDTA-free

Protease Inhibitor Cocktail, and 20 mM NEM). After incubating the

resuspended pellets for 30 min on ice, 50 ll of SDS buffer (5% SDS,

100 mM DTT, 10% glycerin, bromophenol blue) was added to the

samples followed by boiling for 10 min at 95°C (SDS-soluble

fraction).

High content microscopy

For live imaging, MelJuSo Ub-YFP were seeded in a 96-well plate

(Falcon) at 4,000 cells per well and incubated overnight. After expo-

sure to 43°C for 30 min, the medium was replaced by Leibovitz’s L-

15 medium (ThermoFisher Scientific) and 4 sites per well were

imaged every 10 min using ImageXpress automated widefield

microscope (Molecular Devices) with a 20× objective. A similar pro-

cedure was used for high-content imaging of fixed cells. The fluores-

cence intensities were automatically quantified by CellProfiler. The

CellProfiler pipeline is available in the Appendix S1.

Rescue experiment

MelJuSo Ub-YFP cells were transfected with G3BP1/2 siRNA for

24 h followed by transiently transfected with siRNA-resistant expres-

sion plasmids: mCherry-C1, mCherry-G3BP1, mCherry-G3BP1F33W

or mCherry-G3BP1ΔRGG for 48 h. After transfection, these cells were

either left untreated (-HS), exposed to a heat shock for 30 min (HS),

or exposed to a heat shock and followed by 4 h recovery (4 h Recov-

ery). The yellow fluorescent intensities of the Ub-YFP reporter in

mCherry-positive cells were quantified by CellProfiler.

Flow cytometry

For analysis of the reporter levels by flow cytometry, MelJuSo cells

stably expressing NLS/NES-GFP-CL1 or parental U2OS and G3BP1/2

KO cells stably expressing Ub-YFP were seeded and treated in 12-

well plates. Cells were harvested with trypsin and washed with PBS.

Using the BD FACS Canto II (BD Biosciences), 20,000 cells were cap-

tured per group and cellular YFP and GFP intensities measured

using the 488-nm laser. Data were analyzed using FlowJo (TreeStar

V10). The reporter level was determined as the geometric mean of

green or yellow fluorescent intensities for each group.

Proteasome activity assay

Parental U2OS and G3BP1/2 KO cells were treated as indicated and

harvested in lysis buffer (25 mM HEPES pH 7.2, 50 mM NaCl,

1 mM MgCl2, 1 mM ATP, 1 mM DTT, 10% glycerol, 1% Triton X-

100). After centrifugation, protein concentrations were measured

with the protein assay dye reagent (Bio-Rad). Ten microgram pro-

teins were mixed with 80 ll reaction buffer (lysis buffer without Tri-

ton X-100) and 10 ll suc-LLVY-AMC (Enzo, BML-P802-005) for a

final concentration of 1 lM suc-LLVY-AMC. As a control, 100 nM of

the proteasome inhibitor epoxomicin (Sigma) was added to the reac-

tion mixture. Samples were analyzed in a microplate reader

(FLUOStar OPTIMA) at 355 nm/460 nm every minute for 1 h.

Proteasome distribution

Parental U2OS and G3BP1/2 KO cells were transfected with GFP-

tagged proteasome subunit a4 for 48 h and either left untreated or

subjected to heat shock for 30 min and recovery for 4 h. The nucleus

was stained by Hoechst before imaging by confocal microscopy.

SUMO2 deconjugase activity

Parental U2OS and G3BP1/2 KO cells were treated as indicated and

harvested in lysis buffer (25 mM HEPES pH 7.2, 50 mM NaCl,

1 mM MgCl2, 1 mM ATP, 1 mM DTT, 10% glycerol, 1% Triton X-

100). After centrifuge, protein concentrations were measured with

the protein assay dye reagent (Bio-Rad). Ten microgram of protein

were mixed with 80 ll reaction buffer (lysis buffer without Triton X-

100) and 10 ll SUMO2-AMC (R&D Systems, UL-758) for a final con-

centration of 1 lM. As a control, 20 mM N-ethylmaleimide (NEM;

ThermoFisher Scientific) to inhibit SUMO deconjugases. Samples

were analyzed in a microplate reader (FLUOStar OPTIMA) at

355 nm/460 nm every minute for 1 h.

TUBE pulldown

After the indicated treatment, U2OS cells were harvested and lysed

in RIPA buffer on ice for 30 min. After 10 min centrifugation at 4°C

and 16,000 g, the supernatant was mixed with pre-equilibrium TUBE

beads (Life Sensors) and incubated overnight at 4°C. The beads were

washed three times with detergent-free RIPA buffer. After the final

wash, 2× SDS sample buffer with the reducing agent was added to

the beads before boiling samples for 10 min at 95°C. Prior to pro-

ceeding with SDS–PAGE and western blotting, beads were spun

down at 2,500 g for 1 min. The supernatant was loaded on the gel.

Quantitative PCR

U2OS cells were subjected to heat shock or left untreated and col-

lected by cell scraping at the indicated time points. Total RNA was
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isolated with the RNeasy Mini Kit (QIAGEN) and subjected to

reverse transcription to generate cDNA. Quantitative PCR (qPCR)

was used to quantify the abundance of HSP70 transcripts using SYBR

Green dye. GAPDH was used to normalize qPCR signal and DMSO-

treated controls were used to calculate the fold change of gene

expression using the standard DDCt metric. Primer sequences were:

HSP70: 50-TTT GAG GGC ATC GAC TTC TAC A-30 (forward primer)

and 50-CCA GGA CCA GGT CGT GAA TC-30 (reverse primer);

GAPDH: 50-GGA GCG AGA TCC CTC CAA AAT-30 (forward primer),

50-GGC TGT TGT CAT ACT TCT CAT GG-30 (reverse primer).

Statistical analysis

Statistical analyses were performed using GraphPad Prism version

8.3. To test for Gaussian distribution, the D’Agostino, and Pearson

or Shapiro–Wilk normality test were used for smaller sample sizes.

If the normality test was passed, data were analyzed by the Stu-

dent’s unpaired t-test or by ANOVA. If the data failed the test for

normal distribution, statistical analysis was performed using the

nonparametric Mann–Whitney test or the Kruskal-Wallis test for

multiple comparisons, with the Dunnett’s or Tukey’s test to adjust

for multiple comparisons. The Grubbs’ test was used for the detec-

tion of outliers. Adjusted P-values are shown. Data are shown as

mean � standard deviation (S.D.) unless stated otherwise. The fol-

lowing P-values were considered significant: *P ≤ 0.05; **P ≤ 0.01.

Data availability

This study does not contain deposited data. Original data can be

provided upon request.

Expanded View for this article is available online.
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