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SUMMARY

Stress granules (SGs) are ribonucleoprotein com-
plexes induced by stress. They sequester mRNAs
and disassemble when the stress subsides, allowing
translation restoration. In amyotrophic lateral scle-
rosis (ALS), aberrant SGs cannot disassemble and
therefore accumulate and are degraded by auto-
phagy. However, the molecular events causing aber-
rant SG formation and the molecular players regu-
lating this transition are largely unknown. We report
thatdefective ribosomalproducts (DRiPs)accumulate
in SGs and promote a transition into an aberrant state
that renders SGs resistant to RNase. We show that
only a minor fraction of aberrant SGs is targeted by
autophagy, whereas the majority disassembles in a
process that requires assistance by the HSPB8-
BAG3-HSP70chaperonecomplex.We furtherdemon-
strate thatHSPB8-BAG3-HSP70ensures the function-
ality of SGs and restores proteostasis by targeting
DRiPs for degradation. We propose a system of
chaperone-mediated SG surveillance, or granulosta-
sis, which regulates SG composition and dynamics
and thus may play an important role in ALS.

INTRODUCTION

Stress granules (SGs) are membrane-less ribonucleoprotein as-

semblies that form upon proteotoxic stress, when translation is

inhibited (Kedersha and Anderson, 2002). SGs are enriched for

RNA-binding proteins (RBPs), such as TIA-1, hnRNPA1, and

FUS. These proteins contain RNA-binding domains and intrinsi-

cally disordered domains of low sequence complexity, which

promote assembly into SGs (Gilks et al., 2004). Recombinant
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hnRNPA1 and FUS undergo liquid-liquid phase separation

in vitro and form dynamic structures that resemble RNP granules

in living cells. However, these liquid-like structures are unstable

and mature with time into more solid hydrogels or fibers (Molliex

et al., 2015; Murakami et al., 2015; Patel et al., 2015). These

structures are reminiscent of pathological inclusions observed

in amyotrophic lateral sclerosis (ALS) and frontotemporal de-

mentia (FTD) (Robberecht and Philips, 2013).

There is increasing evidence that the formation of aberrant

RNP granules plays a central role in ALS and FTD. In patients

afflicted with these diseases, genetic mutations in TDP-43,

FUS and hnRNPA1 were identified (Kim et al., 2013; Robberecht

and Philips, 2013). These disease-linked mutations accelerate

FUS and hnRNPA1 conversion from a liquid-like to an aggre-

gated state (Molliex et al., 2015; Murakami et al., 2015; Patel

et al., 2015). Altered SG dynamics may be a key pathogenic

event, highlighting the necessity to define the mechanisms

governing SG dynamics in cells.

Pathological inclusions in ALS patients contain SG proteins

like eIF3 and TIA-1 (Liu-Yesucevitz et al., 2010), suggesting

that pathological inclusions may arise from SGs and that SGs

may undergo a slow maturation process that culminates in the

formation of pathological aggregates. This raises three important

questions: What are the mechanisms regulating SG assembly?

What are the molecular events causing aberrant SG formation?

And what prevents the conversion into pathological aggregates

in young cells?

A potential explanation comes from the observation that SGs

form when cells accumulate misfolded proteins, which may

interact with SGs and change their dynamics (Kedersha and An-

derson, 2002). Defective ribosomal products (DRiPs) are prema-

turely terminated polypeptides originating from the translation of

bona fide mRNAs. DRiPs are the predominant source of mis-

folded proteins in living cells and are released by disassembling

polysomes prior to SG formation (Meriin et al., 2012; Schubert

et al., 2000; Yewdell, 2002). We previously showed that deple-

tion of the chaperone VCP (valosin-containing protein) and its
Inc.
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co-factors UFD1L (ubiquitin fusion degradation protein 1-like)

and PLAA (phospholipase A2-activating protein), which target

DRiPs for degradation (Verma et al., 2013), results in the accu-

mulation of DRiPs in the proximity of SGs and affects their dy-

namics (Seguin et al., 2014). Thus, defective sorting and degra-

dation of DRiPs could promote the conversion of physiological

SGs into pathological aggregates.

In agreement with a central role of misfolded proteins, an

increasing number of patient mutations are identified in the pro-

tein quality control system (PQC), including chaperones, com-

ponents of the ubiquitin/proteasome or autophagolysosomal

system (Robberecht and Philips, 2013). Thus, PQC factors may

survey SG composition to prevent their conversion into an aber-

rant state. Indeed, in yeast and fruit flies, chaperones of the

Hsp70, Hsp110, or Hsp100 families promote the disaggregation

of mixed aggregates that consist of misfolded proteins and SG

components (Cherkasov et al., 2013; Kroschwald et al., 2015).

However, the role of chaperones inmammalian cells is less clear.

A previous report showed that genetic depletion of HSPA1A/

HSP70 delays SG dissolution in mammalian cells (Mazroui

et al., 2007), but themolecular basis of this observation remained

unclear. We previously showed that HSP70, in concert with the

nucleotide-exchange factor BAG3 and the small heat shock pro-

tein HSPB8, assists the degradation of ubiquitinated and mis-

folded proteins (Crippa et al., 2010; Minoia et al., 2014). Thus,

we hypothesized that the HSPB8-BAG3-HSP70 chaperone

complex could play a key role in SG quality control.

Here, we demonstrate that, when the HSPB8-BAG3-HSP70

chaperone complex is impaired, DRiPs accumulate in mamma-

lian SGs and that DRiP accumulation gradually changes compo-

sition, dynamics, and disassembly kinetics of SGs. We further

show that the majority of SGs disassemble with the assistance

of the HSPB8-BAG3-HSP70 complex. Based on these findings,

we propose a system of chaperone-mediated quality control,

which regulates the accumulation of misfolded proteins inside

SGs, thereby maintaining their dynamic behavior and ensuring

proper translation restoration after stress.

RESULTS

SGs Assemble upon Various Stresses
Exposure of mammalian cells to environmental stress, such as

oxidative stress (arsenite), heat shock, or proteasome inhibition,

elicits the assembly of RBPs and mRNAs into SGs (Kedersha

and Anderson, 2002). To test if different proteotoxic stress con-

ditions yield SGs of similar microscopic and molecular behavior,

we treated HeLa cells with arsenite or the proteasome inhibitor

MG132.We visualized SGs by immunofluorescence with an anti-

body against TIA-1, a ubiquitous marker for SGs. Arsenite and

MG132 induced SGs shortly after treatment (Figures S1A and

S1B). These structures were bona fide SGs, because SG forma-

tion was blocked by co-treatment with cycloheximide, a transla-

tion elongation inhibitor (Figures S1A and S1B). Arsenite- and

MG132-induced SGs disappeared 2 to 3 hr after drug removal

(Figures S1A and S1B). In line with previous reports (Mazroui

et al., 2007), SGs also disappeared during continuous treatment

withMG132 for 6 to 8 hr (Figure S1C), suggesting that cells adapt

to long-term MG132 treatment. Thus, SGs are reversible struc-
tures and dissolve shortly after release from stress or upon

adaptation.

HSPA1A, but Not HSPA6, Assists SG Disassembly
Continuous proteasome inhibition also induces the chaperone

HSP70/HSPA1A (Mazroui et al., 2007), which may explain the

observed adaptation and dissolution of SGs. Accordingly, deple-

tion of HSP70 increased the percentage of cells with persisting

SGs upon prolonged MG132 treatment and delayed translation

restoration. This suggests that HSP70 plays an important role

in restoring protein homeostasis and that interference with

HSP70 may generate a population of persisting SGs, which

cannot easily dissolve.

To investigate if HSP70 function is required for SG dissolution,

wemanipulated HSP70 activity or expression. First, we depleted

HSPA1A using a specific small interfering RNA (siRNA) (Fig-

ure S1D). Some HSPA1A was still detectable after 6 hr of

MG132 treatment, suggesting that cells respond to proteasome

inhibition with a strong HSPA1A upregulation, which partially

overcomes the inhibitory action of the siRNA. However, even un-

der these conditions, HSPA1A depletion significantly delayed

SG disassembly (Figure 1A). We next blocked HSP70 activity

with VER-155008 (VER), an ATP analog that binds to HSP70

nucleotide-binding domain and inhibits its ATPase activity. We

observed that VER does not induce SGs or affect their assembly

(Figure S1E and data not shown). This agrees with our finding

that HSP70-depleted cells form SGs normally (Figure 1A) and

suggests that HSP70 is not required for SG assembly per se.

To assess the impact of HSP70 inhibition on SG disassembly,

we induced SGs with MG132, and we allowed the cells to

recover in absence or presence of VER. Cells recovering in con-

trol medium disassembled most SGs within 2 hr, yet a small

number of persisting SGs was detectable (Figure 1B). However,

in the presence of VER, the fraction of cells with persistent SGs

was significantly increased (Figure 1B), demonstrating that

chemical inhibition of HSP70 delays SG disassembly.

Along with HSPA1A, HSPA6/HSP70B0, another inducible

member of the Hsp70 family, is strongly upregulated during pro-

teotoxic stress (Noonan et al., 2007). We then asked if HSPA6/

HSP70B0 also assists in SG disassembly. Depletion of HSPA6

did not affect SG assembly and disassembly in the presence

of MG132 (Figure S1F) and translation restoration in HSPA6-

depleted cells was similar to control cells (Figure S1G). These

data support a specific role for HSP70/HSPA1A during SG

disassembly.

Most SGs Dissolve in an Autophagy-Independent
Manner
We noticed heterogeneity of SGs with respect to their ability to

disassemble. One fraction of SGs disassembles over few hours,

whereas some SGs persist for longer. Persisting SGs are partic-

ularly observed in HSPA1A-depleted cells and upon HSP70 inhi-

bition with VER. This may result from defective SG disassembly

or deficient targeting of SGs for degradation, or both. Because

SGs can be degraded by autophagy (Buchan et al., 2013), we

asked whether persisting SGs require autophagy for clearance.

We inhibited autophagy using ammonium chloride (NH4Cl),

which blocks the activity of all lysosomal enzymes; in addition,
Molecular Cell 63, 796–810, September 1, 2016 797



Figure 1. Inhibition of HSP70 Delays SG Disassembly

(A) HeLa cells were lipofected with HSPA1A or nontargeting siRNA control for

72 hr. Then, cells were treated with MG132, 20 mM, for 3 or 6 hr. Cells were

798 Molecular Cell 63, 796–810, September 1, 2016
we used the lysosome inhibitors E64d and Leupeptin (Klionsky

et al., 2016). Treatment of HeLa cells with NH4Cl or E64d and

Leupeptin per se did not induce SGs (Figure S2A). Surprisingly,

addition of NH4Cl or E64d and Leupeptin did not inhibit SG

disappearance in cells treated with MG132 for prolonged times,

despite the fact that the autophagy marker LC3-II was induced

(Figure 2A; Figure S2A). When NH4Cl was added after MG132

removal in the recovery time, we observed a small but significant

delay in SGdisappearance in roughly 10%of the cells (Figure 2B;

Figure S2B), suggesting that only few SGs are degraded by

autophagy. In agreement with this, the protein levels of the SG

markers TIA-1 and TDP-43 were unchanged (Figures 2A and

2B). SG disassembly in the presence of lysosome inhibition

was confirmed by live imaging of HeLa cells expressing

G3BP2-GFP (Patel et al., 2015; Poser et al., 2008) (Figure 2C;

Movie S1). These results demonstrate that only a minor fraction

of SGs is degraded by autophagy, whereas the majority of SGs

is disassembled in a chaperone-mediated/autophagy-indepen-

dent fashion.

Inhibition of HSP70 Causes Accumulation of DRiPs in
SGs that Persist
DRiPs are the main source of misfolded proteins in cells and are

released by disassembling polysomes prior to SG formation

(Meriin et al., 2012; Schubert et al., 2000; Yewdell, 2002). DRiPs

are aggregation-prone, ubiquitinated, and degraded by protea-

some or autophagy with assistance by chaperones, such as

VCP (Verma et al., 2013) and HSP70 (Wegrzyn and Deuerling,

2005). We previously showed that DRiPs accumulate within or

adjacent to SGs when autophagy is impaired or when VCP is

depleted. Accumulation of DRiPs adjacent to or inside SGs

correlated with delayed SG disassembly (Seguin et al., 2014).

Thus, accumulation of misfolded proteins in SGs may change

their dynamics and render them persistent.

We hypothesized that chaperones like HSP70 prevent DRiP

accumulation inside SGs and, by doing so, facilitate the disas-

sembly of DRiP-containing SGs. To investigate this, we first veri-

fied that HSP70 promotes DRiP clearance. We incubated HeLa

cells with puromycin to label DRiPs. In line with the literature

(Schubert et al., 2000), bortezomib impaired DRiP degradation

and increased the fraction of DRiPs 2-fold comparedwith control

cells (Figure S2C). Inhibition of HSP70 with VER also significantly

increased the amount of DRiPs (Figure S2C), suggesting HSP70

involvement in DRiP processing. We then investigated if HSP70

inhibition leads to the accumulation of DRiPs inside SGs, using a

high content imaging-based assay (see Experimental Proced-

ures). Cells treated with VER contained MG132-induced SGs

with a significantly greater amount of DRiPs (Figures 3A and

3B). Accumulation of DRiPs inside SGs was also observed

when HSPA1A was depleted from cells (Figure 3C). We define

these DRiP-enriched SGs, which show delayed disassembly
fixed and stained for anti-TIA-1 andG3BP and the percentage of cells with SGs

was counted. n = 4/condition, ± SEM; **p < 0.01.

(B) Immunofluorescence of cells treated with MG132 followed by recovery for

1 or 2 hr in absence or presence of VER 40 mM. Quantitation of % of cells with

SGs. n = 4/condition, ± SEM; **p < 0.01.

See also Figure S1.



Figure 2. The Majority of SGs Disassemble Despite Inhibition of Autophagy

(A) Quantitation of percentage of HeLa cells with SGs after treatment with MG132 alone or with NH4Cl 20 mM or E64d, 10 mg/ml, and leupeptin 200 mM for the

indicated time points (n = 3–6) and western blot on total protein extracts. n.s., not significant. LC3-II/LC3-I ratio is shown.

(B) Cells were treatedwithMG132 for 3 hr and allowed to recover in absence or presence of NH4Cl for 1 or 2 hr. Quantitation of%of cells with SGs (n = 3–7, ± SEM;

*p < 0.05) and western blot on total protein extracts. LC3-II/LC3-I ratio is shown.

(C) Disassembly of SGs induced by MG132 treatment in G3BP2-GFP HeLa cells during the recovery in absence or presence of NH4Cl.

See also Figure S2 and Movie S1.
kinetics (see Figure 1), as ‘‘aberrant’’ SGs. Importantly, in cells

recovering from stress, aberrant SGs were particularly abundant

(Figures 3D and 3E), suggesting that the presence of DRiPs leads

to SG persistence.

A recent study proposed that SGs are composed of an RNase

resistant core, which is maintained by protein-protein interac-

tions and surrounded by an RNase-sensitive liquid-like shell

(Jain et al., 2016). Thus, we hypothesized that core formation
could be induced through the accumulation of DRiPs in SGs.

To test this hypothesis, SGs were induced using MG132 and pu-

romycin in the presence or absence of VER. At 3 hr after treat-

ment, when the SG response was maximal, the cells were fixed

or subjected to RNase treatment for 30min. Staining of total RNA

with SYTO RNASelect confirmed that the RNase significantly

depleted RNA from the cytoplasm (Figure S2D). Remarkably,

RNase treatment affected the number and size of SGs in control
Molecular Cell 63, 796–810, September 1, 2016 799



Figure 3. Inhibition of HSP70 Results in the Accumulation of DRiPs inside SGs

(A) SGs were induced in HeLa cells with MG132 alone or with VER for 3 hr, while labeling DRiPs with op-PURO 25 mM. TIA-1 SGs and DRiPs were visualized by

microscopy.

(B) Quantitation of DRiP enrichment in SGs. p < 10�10. Automated imaging and SG segmentation is based on TIA-1 signal. Data are presented as histogram.

(C) Quantitation of DRiP enrichment in SGs of control and HSPA1A-depleted cells. p < 10�10. Data are presented as histogram.

(D) SGs were induced as described in (A). Where indicated, cells were allowed to recover for 45 min in absence or presence of VER. TIA-1 SGs and DRiPs were

visualized by microscopy.

(E) Quantitation of DRiP enrichment in SGs from D. p < 10�10. % of SGs enriched for DRiPs > 1.5 is shown.

(legend continued on next page)
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cells, while it had no effect on SGs induced in cells treated with

VER (Figure 3F). We next asked if these RNase-resistant SGs

were enriched for DRiPs. Indeed, the SGs remaining after RNase

treatment in VER-treated cells were strongly enriched for DRiPs

compared to the control (Figures 3G–3I). This suggests a model

in which the RNA-based interactions of SGs are progressively

replaced by protein-protein interactions, which are mediated

by DRiPs.

Combined, these data support the idea that chaperones pre-

vent DRiP accumulation inside SGs, thereby maintaining their

dynamics. From this point on, we will refer to this chaperone-

mediated process of SG quality control that maintains SG dy-

namics and composition as ‘‘granulostasis.’’

The HSPB8-BAG3 Complex Cooperates with HSP70 to
Mediate SG Disassembly
HSP70 cooperates with chaperones and co-chaperones,

including the BAG family of proteins (BAG1–6). BAG proteins

are nucleotide exchange factors that interact with the ATPase

domain of HSP70. This interaction provides functional specificity

to HSP70. For example, targeting bound substrates for degrada-

tion via the proteasome requires BAG1, whereas degradation

via autophagy depends on BAG3 (Carra et al., 2008; Demand

et al., 2001; Lüders et al., 2000). BAG3 forms a complex with

HSP70 and HSPB8. HSPB8-BAG3-HSP70 is upregulated upon

proteasome inhibition (Crippa et al., 2010) and targets (poly)

ubiquitinated substrates (including DRiPs) for degradation (Min-

oia et al., 2014). This raised the question of whether HSP70 also

cooperates with HSPB8 and BAG3 in the clearance of DRiPs

from SGs and in the maintenance of SG dynamics.

To investigate this, we tested if these chaperones are recruited

to SGs or, alternatively, to deposition sites that contain DRiPs

and p62/SQSTM1, an autophagy receptor and marker for mis-

folded ubiquitinated proteins. We previously reported that

BAG3 and HSP70 colocalize with SQSTM1-positive deposition

sites, which are distinct from SGs (Minoia et al., 2014). Here,

we find that HSPB8 does not colocalize with SQSTM1-contain-

ing sites but is recruited to TIA-1-positive SGs upon treatment

with MG132 or arsenite (Figures 4A and S2E). In contrast,

BAG3 did not colocalize with the majority of TIA-1 positive SGs

under the same conditions (Figure 4A), suggesting that HSPB8

initially dissociates from BAG3-HSP70 to fulfil different func-

tions. In agreement, HSP70was also generally absent from arse-

nite or MG132-induced SGs (Figure S2F). Consistent with the

absence of BAG3 from SGs, we found a strong colocalization

of BAG3 with DRiP-containing deposition sites (Figure 4B).

Importantly, HSPB8 was specifically recruited into SGs in cells

exposed to proteotoxic stress (Figure 4C, arrowheads), but

in unstressed cells, it colocalized with DRiP-containing sites

(Figure 4C). We then performed co-immunoprecipitation
(F) SGs were induced in cells with MG132 and puromycin 5 mg/ml alone or with VE

for 30 min in absence or presence of RNase A 0.2 mg/ml. Representative image

(G) SGs were induced in cells with MG132 alone or with VER for 3 hr, while labe

treatment as described in (F). G3BP SGs and DRiPs were visualized after RNase

(H) Quantitation of average SG size (pixels) before and after RNase treatment in

(I) Quantitation of DRiP enrichment in SGs before and after RNase treatment in c

See also Figure S2.
experiments, which revealed that the amount of BAG3 co-immu-

noprecipitating with HSPB8 was indeed much lower in MG132-

treated cells than in control cells (Figure S2G). Thus, the

HSPB8-BAG3-HSP70 complex (partly) dissociates upon pro-

teotoxic stress, and HSPB8 and BAG3-HSP70 are targeted to

different locations.

Small HSPs often function as holdases, chaperones that bind

misfolded proteins and present the bound client to HSP70 for re-

folding or targeting to degradation (Lee and Vierling, 2000).

Consistent with the idea that HSPB8 presents misfolded sub-

strates to HSP70 for further processing, we found that DRiP-

containing SGs recruit increasing amounts of HSPB8 when

HSP70 is inhibited with VER (Figure 4D). To test whether

HSPB8 functions as a holdase inside SGs, we overexpressed

mCherry-Ubc9TS, a misfolding-prone protein that co-aggre-

gateswith heat-induced SGs (D.M. and S.A., unpublished obser-

vations). SGs enriched for misfolded Ubc9TS recruited HSPB8

quantitatively. As a control, the amount of eIF3, a canonical SG

component, did not correlate with the amount of Ubc9TS within

SGs (Figure 4E). This suggests that HSPB8 functions as a chap-

erone inside SGs to prevent irreversible aggregation of misfold-

ing-prone proteins, such as DRiPs.

Based on these findings, we reasoned that depletion of

HSPB8 itself or of BAG3 (which stabilizes HSPB8) could impair

SG disassembly. First, we confirmed that neither overexpression

of HSPB8 or BAG3 (Figures S3A–S3D), nor downregulation of

endogenous HSPB8 or BAG3 (Figures S3E–S3I; Movie S2) af-

fects normal SG assembly. Next, we determined the percentage

of cells with persistent SGs after prolonged MG132 treatment.

Indeed, depletion of HSPB8 and BAG3 significantly increased

the fraction of cells containing persistent SGs (Figures 5AC),

similar to what was observed in HSPA1A-depleted cells (Figures

1A and S1D). Consistent with SG persistence, translation resto-

ration was delayed in HSPB8- and BAG3-depleted cells (Fig-

ure 5D; Figure S4A). HSP70 was still induced upon prolonged

treatment with MG132 in BAG3- and HSPB8-depleted cells (Fig-

ure S4A), suggesting that HSP70 cannot act independently of

BAG3 or HSPB8 in SG disassembly. In contrast, induction of

HSPB8 was dependent on the presence of BAG3 and vice versa

(Figure S4B). This demonstrates that upregulation of both the

HSPB8-BAG3 subcomplex and HSP70 are required to ensure

SG disassembly and translation restoration upon prolonged pro-

teasome inhibition.

We next looked at SG disassembly in BAG3- and HSPB8-

depleted cells after MG132 removal, using fixed samples (Fig-

ures 5E and 5F) and live cell imaging (Figure S4C; Movie S3).

Again, SGs exhibited delayed disassembly in BAG3- and

HSPB8-depleted cells. Finally, we tested if depletion of BAG3

also leads to SG persistence after exposure to heat shock. The

induction of SGs by temperature-upshift was not affected by
R. After 3 hr, cells were fixed or permeabilized with Triton X-100 and incubated

s of TIA-1 and G3BP SGs before and after RNase A treatment are shown.

ling DRiPs with op-PURO. After 3 hr, cells were fixed or subjected to RNase

treatment by microscopy.

cells from (G). p < 10�10. n.s. = not significant.

ells from (G). p < 10�10. % of SGs enriched for DRiPs > 1.5 is shown.
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BAG3 depletion (Figure S4D), while SG disassembly was signif-

icantly delayed (Figure S4D; Movie S4). Thus, we conclude that

HSPB8-BAG3-HSP70 ensures SG disassembly under different

proteotoxic stresses.

HSPB8 Neutralizes Misfolded Proteins in Aberrant SGs
and Recruits BAG3 and HSP70
We sought to determine if delayed SG disassembly in HSPB8-

BAG3-depleted cells correlates with DRiP retention within SGs.

Despite incomplete depletion of HSPB8 or BAG3 using siRNA

(Figure S3E), we observed a significant retention of DRiPs inside

SGs (Figure 6A). We next evaluated the sensitivity of SGs to

RNase. Before RNase treatment SGs had similar size in all con-

ditions tested (Figures 6B and 6C). After RNase treatment, the

average size of SGs was significantly reduced in control cells,

whereas no effect was observed in BAG3-depleted cells (Figures

6B and 6C). Combined with the increased recruitment of HSPB8

into SGs that contain mCherry-Ubc9TS (Figure 4E), these data

suggest that HSPB8 acts as chaperone inside SGs to prevent

irreversible aggregation of misfolded proteins and DRiPs, which

may subsequently be transferred to BAG3-HSP70 to be targeted

for degradation.

We next investigated if depletion of BAG3 (that destabilizes

HSPB8) affects the cells’ ability to clear accumulated DRiPs.

The overall amount of DRiPs was significantly increased in

BAG3-depleted cells (Figure 6D; Figure S4E), suggesting that

BAG3-HSPB8 is required for DRiP removal. Next, we tested

whether HSPB8 in aberrant SGs promotes the transfer of mis-

folded clients to BAG3-HSP70. Indeed, aberrant DRiP-contain-

ing SGs heavily recruited BAG3 (Figures 6E and 6F). These

BAG3-containing SGs were large in size and often located in

an area close to the nuclear envelope (data not shown). Both

inhibition of HSP70 with VER or genetic depletion of HSPA1A

increased BAG3 recruitment into aberrant SGs (Figures 6F and

6G). In contrast, depletion of HSPB8 did not have such an effect

but rather reduced BAG3 recruitment into aberrant SGs (Fig-

ure 6G). This is consistent with a model in which HSPB8 recruits

BAG3 into aberrant SGs.

Previous reports showed that misfolded proteins accumulate

in the perinuclear region to be degraded via autophagy or stored

in the aggresome (Iwata et al., 2005). Thus, we tested whether

recovering cells contain high amounts of perinuclear DRiPs.

Indeed, after prolonged treatment with MG132, when the major-

ity of SGs have disassembled (Figures 1A and 2A), DRiPs

localized in clusters close to the nuclear envelope (Figure S4F).

These juxtanuclear DRiP aggregates contained high amounts

of HSPB8 and BAG3 (Figure S4F). Thus, we conclude that gran-

ulostasis by HSPB8-BAG3-HSP70 is a two-step process. First,
Figure 4. SGs Recruit HSPB8

(A) Immunofluorescence on HeLa cells untreated or exposed to arsenite (0.5 mM

TIA-1 SGs.

(B and C) Staining of DRiPs, HSPB8, and BAG3 in cells treated for 45 min with o

(D) Immunofluorescence on cells treated for 3 hr with MG132 and op-PURO a

p = 0.000102. Automated imaging and SG segmentation is based on G3BP sign

(E) Enrichment of eIF3h (used as control), HSPB8, and Ubc9ts-mCherry in SGs in

and SG segmentation is based on G3BP2-GFP signal. Pearson’s correlation coe

See also Figure S2.
HSPB8 accumulates in SGs and maintains misfolded proteins

in a competent state for further processing, preventing their

irreversible aggregation inside SGs. Second, HSPB8 recruits

BAG3-HSP70 to extract misfolded proteins, which subsequently

accumulate in the perinuclear region where they are targeted for

degradation by autophagy.

Other Proteins Cannot Functionally Replace BAG3,
HSPB8, and HSPA1A in Granulostasis
Depletion of BAG3, HSPB8, or HSPA1A affects SG properties.

To exclude that this is due to an indirect effect caused by general

impairment of proteostasis, we investigated BAG1 and HSPB1,

other members of the BAG or small HSP families. In HeLa cells,

BAG1 was not recruited into SGs induced by arsenite or MG132

(Figure S5A). Moreover, BAG1 depletion did not affect SG as-

sembly or disassembly (Figure S5B), nor did it influence the

translation rate or the expression of BAG3 and its partners

HSPB8 and HSP70 (Figure S5C). SGs forming in BAG1-depleted

cells were also not enriched for DRiPs (Figure S5D). Concerning

HSPB1, we found that in contrast to HSPB8, HSPB1 was not

generally recruited into arsenite or MG132-induced SGs (Fig-

ure S6A). However, aberrant SGs containing DRIPs significantly

recruited HSPB1 (Figure S6A; MG132 + VER for 3 hr). In agree-

ment, we found a mild delay in SG disassembly in HSPB1-

depleted cells upon prolonged treatment with MG132 (Figures

S6B and S6C). This correlated with a moderate increase in the

amount of DRiPs inside SGs in HSPB1-depleted cells (Fig-

ure S6D). This suggests that HSPB1 assists in the quality control

of SGs and is in line with a study that reported enrichment of

HSPB1 in heat-induced SGs (Jain et al., 2016). However, in

contrast to HSPB8, HSPB1 is recruited with a significant

delay into SGs, suggesting that it functions in the late phase

when SGs have accumulated high amounts of misfolded pro-

teins. Altogether, these data suggest a specific role for BAG3-

HSPB8-HSP70 in SG quality control.

HSPB8-BAG3-HSP70 Promotes Disassembly of SGs
Containing Mutant RBPs
FUS and hnRNPA1 form liquid droplets that convert with time

into hydrogels or fibers. This is accelerated by diseasemutations

in FUS or hnRNPA1 (Molliex et al., 2015; Patel et al., 2015). Thus,

we asked if aberrant SGs that contain mutated RBPs are subject

to protein quality control by HSPB8-BAG3-HSP70.

We used HeLa cells expressing GFP-tagged wild-type (WT)

FUS or the ALS-associated mutant G156E to study SG disas-

sembly or clearance (Patel et al., 2015). As before, we induced

SGs by MG132 treatment and allowed the cells to recover for

3 hr in absence or presence of NH4Cl. Inhibition of lysosomes,
) for 45 min or MG132 for 3 hr to visualize HSPB8 or BAG3 recruitment into

p-PURO alone or with arsenite.

lone (control) or with VER. Quantitation of HSPB8 enrichment in G3BP SGs.

al.

G3BP2-GFP HeLa cells exposed to heat at 43�C for 2 hr. Automated imaging

fficient (r) is shown.
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Figure 5. Depletion of HSPB8 and BAG3 Delays SG Disassembly

(A) SG disassembly in HeLa cells lipofected with BAG3, HSPB8, or nontargeting control siRNA for 72 hr and treated with MG132 for 6 hr.

(B) Quantitation of percentage of cells with SGs. n = 3–5, ± SEM; ***p < 0.001.

(C) Quantitation of the number of SGs/cell. n = 3�5, ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001.

(D) Quantitation of puromycin incorporation in control or in BAG3- or HSPB8-depleted cells after treatment with MG132 for the indicated time points. Puromycin

5 mg/ml was added during the last 15 min of treatment, prior to protein extraction. n = 3�4, ± SEM; *p < 0.05; **p < 0.01.

(E) TIA-1 and G3BP immunofluorescence to visualize SGs in control and in HSPB8- or BAG3-depleted HeLa cells treated for 3 hr with MG132 and allowed to

recover for 1 or 2 hr in drug-free medium.

(F) Quantitation of percentage of cells with persisting SGs. n = 3–5, ± SEM; **p < 0.01; ***p < 0.001.

See Figures S3 and S4 and Movies S2, S3, and S4.
which led to LC3-II accumulation (Figure 7A, right), did not cause

the persistence of SGs containing WT or G156E FUS (Figure 7A,

left). Next, we induced SGs in both cell lines with MG132 and al-

lowed the cells to recover overnight in the presence of protea-

some or lysosome inhibitors (Figure S7A). Again, nearly all cells

disassembled the pre-formed SGs (Figure 7B). To confirm that

lysosome inhibition was effective, we performed an immunoflu-

orescence staining with an anti-SQSTM1 antibody. SQSTM1
804 Molecular Cell 63, 796–810, September 1, 2016
positive structures were present in all cells, with SQSTM1 accu-

mulating at the microtubule-organizing center (MTOC) and form-

ing a structure that resembles the aggresome (Figure 7B). After

overnight inhibition of lysosomes, only a few cells (fewer than

1%) contained persisting SGs. These persisting SGs contained

high amounts of BAG3 (Figure 7C), suggesting that they were

subject to quality control by HSPB8-BAG3-HSP70. This demon-

strates that SGs containingWTormutant G156E FUS are treated



Figure 6. HSPB8-BAG3 Prevents the Accumulation of DRiPs in SGs

(A) TIA-1 and DRiPs immunofluorescence in control and in BAG3- or HSPB8-depleted HeLa cells co-treated with arsenite and op-PURO for 45 min. Quantitation

of DRiP enrichment in SGs. p < 10�10. % of SGs enriched for DRiPs > 1.5 is shown.

(B) SGs were induced in control or BAG3-depleted cells by treatment with MG132 for 3 hr, while labeling DRiPs with op-PURO. After 3 hr, cells were fixed (before

RNase A) or treated with RNase A (after RNase A). G3BP SGs and DRiPs were visualized by fluorescence microscopy before and after RNase treatment.

(legend continued on next page)
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similarly and that cells generally prefer to disassemble SGs

rather than target them to autophagy for degradation.

We next tested if depletion of BAG3 leads to persisting SGs in

cells expressingWTorG156E FUS. Depletion of BAG3 per se did

not change the expression level of the FUS transgenes (Fig-

ure S7B). We next exposed cells to 6 hr of MG132 and deter-

mined the number of remaining SGs. The percentage of cells

with persisting SGs was significantly higher for G156E than for

WT FUS, showing that the ALS-associated mutation affects

SG disassembly (Figure 7D). Depletion of BAG3 significantly de-

layed SG disassembly in both cell lines (Figures 7D, S7C, and

S7D). This indicates that G156E SGs cannot efficiently be disas-

sembled when cells are exposed to prolonged proteasome inhi-

bition and that the persisting G156E SGs are subject to control

by the granulostasis machinery.

We next exposed cells expressing G156E FUS to prolonged

treatment with MG132 to determine the fate of DRiPs and gran-

ulostasis factors when misfolded proteins cannot be degraded

by the proteasome. Under these conditions, DRiPs accumulated

at or nearby the MTOC in aggresome-like structures together

with SQSTM1 (Figure S7E) and HSPB8-BAG3 (Figure S4F). In

contrast, G156E FUS did not colocalize with SQSTM1 at the

aggresome (Figure 7E). This indicates that SGs containing

G156E FUS can be disassembled and that G156E FUS is not

recognized as a severely misfolded protein and is not generally

targeted to the aggresome for degradation. This also suggests

that the granulostasis machinery can extract DRiPs from SGs

containing mutant RBPs, and that these DRiPs are targeted to

the aggresome when they cannot be degraded.

We next investigated if the slower disassembly of G156E SGs

is due to accumulation of DRiPs. Indeed, SGs containing G156E

FUS entrap higher amounts of DRiPs than SGs containing wild-

type FUS (Figure 7F). Interestingly, during prolonged treatment

with MG132, SGs that failed to disassemble became progres-

sively more enriched for DRiPs (Figure 7F, lower panel; compare

3 and 6 hr), supporting the interpretation that co-aggregation of

SGs with DRiPs changes their dynamics. This effect was more

pronounced for SGs containing G156E FUS, suggesting that

there may be direct interactions between DRiPs and mutated

proteins, such as G156E FUS in SGs. A cross-talk between mis-

folded proteins and mutant RBPs is further supported by our

finding that aberrant SGs in fibroblasts from an ALS patient car-

rying a mutation in TDP-43 (G294V) (Del Bo et al., 2009) recruit

BAG3 more strongly than SGs in control fibroblasts (Figure S7F)

and entrap higher amounts of DRiPs (Figure 7G). Furthermore,

DRiP enrichment in SGs containing G294V TDP-43 correlated

with delayed disassembly when compared with SGs containing

WT TDP-43 (Figure 7H). Thus, we conclude that mutant RBPs

can affect SG dynamics in part due to intrinsic properties of
(C) Quantitation of SG size (pixels) before and after RNase treatment in cells from

(D) Quantitation of puromycilated proteins in control or BAG3-depleted cells treat

13 hr in drug-free medium. n = 3/condition, ± SEM; **p < 0.01.

(E) TIA-1 and BAG3 immunofluorescence and quantitation of BAG3 recruitment

(F) Quantitation of BAG3 enrichment in SGs in cells treated as described in E. p

(G) Quantitation of BAG3 enrichment in SGs inducedwithMG132 and VER in contr

DRiP enrichment > 1.5 is shown.

See also Figures S4–S6.
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the mutant protein itself and in part due to increased retention

of DRiPs inside SGs. As a consequence, aberrant SGs contain-

ing mutant RBPs and DRiPs have an increased dependence on

HSPB8-BAG3-HSP70 for disassembly.

DISCUSSION

Here, we show that in mammalian cells, when the PQC is

impaired or in the presence of mutated RBPs, SGs have ten-

dency to accumulate misfolded proteins, such as DRiPs, and

then become aberrant and persist. We find that disassembly of

these aberrant SGs relies on an active PQC system that surveys

SG composition and ensures SG dynamics. This, in turn, allows

translation restoration when the stress subsides. We refer to this

SG surveillance function of the PQC system as granulostasis.

We previously reported that SGs are generally devoid of

aggregated DRiPs, which can accumulate within SGs when

autophagy is impaired (Seguin et al., 2014). Here, we demon-

strate that, when a specific chaperone-mediated disposal mech-

anism is compromised, misfolded proteins and DRiPs accumu-

late inside SGs, thereby altering SG biochemistry and dynamics

and causing defects in SG disassembly. We identify the HSPB8-

BAG3-HSP70 chaperone complex as a key player of granulo-

stasis. The incidence of aberrant DRiP-containing SGs under

normal conditions is very low, suggesting that the protein quality

control machinery is highly efficient in preventing aberrant SG

formation.

We were surprised to find that, immediately after stress,

HSPB8 dissociates from the BAG3-HSP70 subcomplex and is

specifically recruited into SGs (Figure 4). BAG3 and HSP70 are

not recruited into SGs upon arsenite or MG132 treatment, but

colocalize with DRiPs in cytosolic aggregates that also contain

SQSTM1. Once inside SGs, HSPB8 seems to act as an ATP-in-

dependent chaperone ‘‘holder’’ that neutralizes misfolded pro-

teins (Ubc9TS) and DRiPs. In fact, the amount of HSPB8 and

misfolded proteins inside SGs strongly correlate (Figure 4). The

fast recruitment kinetics of HSPB8, coupled with the fact that

HSPB8 is an intrinsically disordered protein (Sudnitsyna et al.,

2012), suggest that dissociated HSPB8 has a high affinity for

phase-separated SGs and may increasingly be retained inside

SGs when it encounters misfolded proteins. In fact, an emerging

theme suggests that many proteins that partition into mem-

brane-less liquid-like compartments have extended regions

of intrinsic disorder (Brangwynne et al., 2015; Gilks et al., 2004;

Patel et al., 2015).

Once inside SGs, HSPB8 recruits BAG3 to promote client

transfer and processing by the BAG3-HSP70 machinery (Fig-

ure 6). Although HSPB8 binds to misfolded substrates to prevent

their irreversible aggregation, it cannot itself refold or target
B. p < 10�10. n.s. = not significant.

ed with arsenite and puromycin 10 mg/ml for 45 min and allowed to recover for

in SGs induced with MG132 and op-PURO alone or with VER for 3 hr.

= 0.00056. Data are presented as histogram.

ol and in HSPB8- or HSPA1A-depleted cells. p < 10�10. Percentage of SGswith



(legend on next page)
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bound substrates to degradation (Carra et al., 2005). Their fate

depends on HSPB8-dependent recruitment of BAG3 (Carra

et al., 2008). Indeed, association of BAG3 with SQSTM1 targets

HSPB8-BAG3-HSP70 bound clients to autophagy (Crippa et al.,

2010; Gamerdinger et al., 2011). Thus, we propose that HSPB8 is

recruited to SGs to maintain DRiPs (and other misfolding-prone

proteins) in a competent state for efficient transfer to BAG3-

HSP70. The neutralization of DRiPs inside SGs by HSPB8 and

the timely sorting by BAG3-HSPB8 of DRiPs into perinuclear

aggregates that are spatially separated from SGs are crucial

to maintain SG composition and dynamics (granulostasis). In

agreement with this, even a moderate depletion of BAG3-

HSPB8 causes a conversion of SGs into an aberrant, RNase-

resistant state (Figure 6).

We can also envision that, once inside SGs, HSPB8 prevents

the irreversible aggregation of RBPs with aggregation-prone

low complexity domains. However, the finding that depletion of

HSPB8 is sufficient to cause retention of DRiPs inside SGs,

despite the fact that HSP70 is functional and some BAG3 is still

present (Figure 6), points to a key role of HSPB8 in maintaining

DRiPs in a competent state for sorting and processing. This

may be either by directly acting on DRiPs or by preventing pro-

miscuous interactions between DRiPs and RBPs or both. A

similar function may be exerted by HSPB1, another small HSP

that holds misfolded proteins for transfer to HSP70 (Bryantsev

et al., 2007). In contrast to HSPB8, which is immediately re-

cruited into forming SGs, HSPB1 is only detected in aberrant

SGs, suggesting that it is an important player in a second line

of defense.

When the stress subsides and SGs disassemble, HSPB8,

BAG3-HSP70, and SQSTM1 all colocalize with DRiPs that

accumulate at the aggresome (Figures S4F and S7E). This

observation supports the notion that HSPB8-BAG3-HSP70

actively extracts DRiPs from aberrant SGs. We do not know

how misfolded proteins are extracted from aberrant SGs, but

we suspect that ATP-driven cycling of HSP70 may provide a

pulling force for misfolded protein removal. If the misfolded pro-

teins cannot be efficiently degraded after extraction, for example

because of the inhibition of autophagy, cells activate an alterna-

tive pathway to deposit misfolded proteins at the aggresome.

This suggests that cells avoid the degradation of entire SGs

but prefer to disassemble aberrant SGs into their components,

and then only target the misfolded proteins for degradation.
Figure 7. BAG3 Is Recruited into SGs Containing Mutated FUS to Assi

(A) GFP-FUS G156E HeLa cells treated with MG132 for 3 hr and allowed to recov

with SGs (left). n = 3/condition. Western blot on protein extracts (right).

(B and C) GFP and SQSMT1 (B) or BAG3 (C) immunofluorescence on GFP-FUSG1

presence of bortezomib 100 nM, a proteasome inhibitor, or E64d and leupeptin,

(D) Quantitation of SGs in GFP-FUS WT or G156E HeLa cells lipofected with B

condition, ± SEM; **p < 0.01; ***p < 0.001.

(E) GFP and SQSMT1 immunofluorescence in GFP-FUS G156E HeLa cells treate

(F) Quantitation of DRiP enrichment in SGs in GFP-FUS WT or G156E HeLa cells

(G) Quantitation of DRiP enrichment in SGs in fibroblasts from three healthy partic

arsenite for 45 min prior to fixation. p < 10�10. Data are presented as histogram.

(H) SGs in fibroblasts from three healthy participants, WT#1–3, disassemble more

mutation. Cells were exposed to arsenite for 45 min and fixed or allowed to rec

Percentage of cells with SGs was counted. n = 3/condition, ± SEM; ***p < 0.001

See Figure S7.
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Indeed, in contrast to DRiPs, most SG components, including

mutatedG156E FUS, will be released fromSGs and do not accu-

mulate with SQSMT1 at the aggresome (Figure 7E). Thus, target-

ing to autophagy is not the preferred pathway for SG compo-

nents such as FUS.

Despite the fact that G156E FUS was not recognized as a

granulostasis substrate, G156E FUS conferred aberrant dy-

namics to SGs. SGs containing G156E FUS accumulated signif-

icantly higher amounts of DRiPs as WT FUS SGs, supporting the

conclusion of a cross-talk between mutated RBPs and DRiPs. A

higher propensity of G156E SGs to convert into a solid state

could lead to increased retention of further aggregation-prone

DRiPs in SGs, an idea that is supported by observations in

fALS fibroblasts with a mutation in TDP-43 (G294V; Figure 7G).

Consistent with this, G156E SGs depend on a functional

HSPB8-BAG3-HSP70 complex for disassembly. These results

demonstrate that chaperone-assisted SG disassembly is the

preferred pathway adopted by the majority of SGs. This does

not exclude that extensive co-aggregation of SGswithmisfolded

proteins triggers a partial or complete digestion of SGs via auto-

phagy. Indeed, we noticed some colocalization of FUS G156E

with SQSTM1 in BAG3-depleted cells, supporting that, when

disassembly fails, components of aberrant RNP assemblies

can be targeted for autophagy. Combined, our data indicate

that, in ALS, mechanisms other than autophagy must fail on

the path to a full-blown disease, which is supported by genetic

evidence (Robberecht and Philips, 2013).

Genetic mutations associated with ALS and related diseases

can be placed into two groups. In the first group, there are mu-

tations inmisfolding-prone proteins, such as SOD1, ormutations

in PQC factors, such as VCP, SQSTM1, or optineurin (Robber-

echt and Philips, 2013). In the second group, there are mutations

in RBP components of SGs, which generally seem to increase

the aggregation propensity of these RBPs. It is still unclear if

these two groups of factors function in the same or distinct path-

ways of the disease. Our data suggest a model in which these

two sets of factors converge on a common pathway. Both

groups of factors share the ability to modify the properties and

compositions of RNP granules and determine if these compart-

ments remain dynamic or turn into dysfunctional aggregates.

This suggests that, at the core of such diseases as ALS may

be a failure to maintain RNP granules in a dynamic, liquid-like

state because of aberrant interactions between misfolded
st Their Disassembly

er in absence or presence of NH4Cl for 3 hr. Quantitation of percentage of cells

56E HeLa cells treated with MG132 for 3 hr and allowed to recover overnight in

lysosome inhibitors.

AG3 or nontargeting control siRNA and treated with MG132 for 6 hr. n = 3/

d with MG132 for 6 hr and allowed to recover for 2 hr in drug-free medium.

treated with MG132 for 3 or 6 hr. p < 10�10. Data are presented as histograms.

ipants and from one fALS patient with the TDP-43 G294V mutation exposed to

rapidly than SGs in fibroblasts from one fALS patient with the TDP-43 G294V

over in drug-free medium for 90 min. Cells were stained for TIA-1 and G3BP.

.



proteins and aggregation-prone RBPs. In fact, the misfolding-

prone proteins that may initiate a pathological state may directly

be produced at the ribosome as DRiPs. This is supported by

genetic evidence of a potential genetic link between ALS-like

diseases and general ribosomal PQC (Chu et al., 2009).

Approaches aimed at inducing the expression of HSPB8,

BAG3, and HSP70 should have a promising outcome in ALS

models by acting at the level of proteostasis and granulosta-

sis, ultimately ensuring proper translation restoration and RNA

expression. Conversely, mutations of HSPB8 and BAG3

associated with motor neuropathy and muscular dystrophy

may cause disease because of an impairment of granulostasis

(Ghaoui et al., 2016; Irobi et al., 2004; Selcen et al., 2009). In

fact, several proteins associated with motor neuron diseases,

including HSPB1, have been identified as new components of

SGs (Jain et al., 2016), further substantiating the notion that

defective granulostasis may represent a key pathomechanism

in motor neuron diseases.

EXPERIMENTAL PROCEDURES

Detailed methods are available in the Supplemental Information.

Ethics Statement

Protocols and informed consent were approved by the Institutional Ethics

Committee (Protocol n�375/04, 07/01/2004).

Cell Lines

HeLa-Kyoto cells stably expressing G3BP2-GFP, GFP-FUS wild-type (WT) or

G156E were previously described (Poser et al., 2008). HeLa HSPB8 and BAG3

Flp-In cells were produced using Flp-in System.

Stress, Inhibitor Treatment, and Labeling of Nascent Peptides with

op-PURO

Cells were treated for the indicated time-points, immediately fixed or let to

recover in growth medium (control) or in presence of inhibitors.

The protocol for op-PURO labeling was previously described (Seguin et al.,

2014).

Immunofluorescence Microscopy and Live Cell-Imaging Analysis

Cells were fixed with 3.7% formaldehyde for 9 min at RT and permeabilized

with acetone for 5 min at �20�C. Cells were analyzed using a confocal Leica

SP2 system.

Live-imaging was done using the DeltaVision imaging system and softWorx

4.1.2.

RNase Sensitivity

After SG induction, cells were washed with PBS containing Triton X-100

(0.05%), followed by wash with PBS. Cells were incubated in growth medium

with RNase A Solution (0.2 mg/ml) at RT for 30 min. Cells were fixed with

formaldehyde or methanol prior to staining with antibodies, Alexa 594-Azide,

or SYTO RNASelect (Seguin et al., 2014).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and four movies and can be found with this article online at

http://dx.doi.org/10.1016/j.molcel.2016.07.021.
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