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Abstract

Stress granules (SGs) are dynamic ribonucleoprotein granules induced by environmental stresses. They play an important role in
the stress response by integrating mRNA stability, translation, and signaling pathways. Recent work has connected SG dysfunc-
tion to neurodegenerative diseases. In these diseases, SG dynamics are impaired because of mutations in SG proteins or protein
quality control factors. Impaired SG dynamics and delayed SG dissolution have also been observed for SGs that accumulate
misfolding-prone defective ribosomal products (DRiPs). DRiP accumulation inside SGs is controlled by a surveillance system
referred to as granulostasis and encompasses the molecular chaperones VCP and the HSPB8-BAG3-HSP70 complex. BAG3 is a
member of the BAG family of proteins, which includes five additional members. One of these proteins, BAG6, is functionally
related to BAG3 and able to assist degradation of DRiPs. However, whether BAG®6 is involved in granulostasis is unknown. We
report that BAG®6 is not recruited into SGs induced by different types of stress, nor does it affect SG dynamics. BAG6 also does
not replace BAG3’s function in SG granulostasis. We show that BAG3 and BAG6 target different subsets of DRiPs, and BAG3
binding to DRiPs is mediated by HSPB8 and HSP70. Our data support the idea that SGs are sensitive to BAG3-HSP70-bound
DRiPs but not to BAG6-bound DRiPs. Additionally, only BAG3 is strongly upregulated in the stress recovery phase, when SGs
dissolve. These data exclude a role for BAG6 in granulostasis and point to a more specialized function in the clearance of a
specific subset of DRiPs.
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Introduction

Stress granules (SGs) are ribonucleoprotein (RNP) granules
that contain translationally repressed mRNAs and are induced
by different types of stresses such as high temperature, oxida-
tive stress, osmolarity changes, and viral infection (Anderson
and Kedersha 2002a). SGs are thought to assemble by liquid-
liquid phase separation (LLPS), a process by which a solution
of components separates into a dense phase (or condensate)
that stably coexists with a dilute phase (Molliex et al. 2015;
Patel et al. 2015). SG condensates have liquid-like properties
and are highly dynamic: their assembly and disassembly occur
rapidly, within minutes rather than hours. The components
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that condense into SGs are mRNAs released by disassembling
polysomes, RNA-binding proteins (RBPs), such as Ras
GTPase-activating protein-binding protein (G3BP) and T cell
intracytoplasmic antigen (TIA-1), and a large variety of
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additional proteins, such as translation factors, signaling mol-
ecules, and protein kinases (Protter and Parker 2016). SG
assembly can be triggered by two pathways: phosphorylation
and inactivation of the key translation initiation factor elF2
(Anderson and Kedersha 2002b; Sidrauski et al. 2015) or,
alternatively, inactivation of other translation initiation fac-
tors, such as elF4A or elF4G (Farny et al. 2009; Grousl
et al. 2009; Knutsen et al. 2015). Functionally, SGs have been
suggested to regulate signaling pathways by sequestering sig-
naling molecules such as raptor and mTOR (Kedersha et al.
2013; Thedieck et al. 2013). SGs have also been proposed to
protect certain mRNAs from degradation (Decker and Parker
2012; Ivanov et al. 2019).

During the last decade, SGs have received a great deal of
attention because their dysfunction has been connected to neu-
rodegenerative diseases such as amyotrophic lateral sclerosis
(ALS), frontotemporal dementia (FTD), and inclusion body
myopathy (IBM) (Nedelsky and Taylor 2019). Although clin-
ically distinct and heterogeneous, ALS, FTD, and IBM share
common pathomechanisms, which include impaired RNA
metabolism, formation of aberrant RNP granules, and dys-
functional protein clearance via autophagy (Nedelsky and
Taylor 2019; Taylor et al. 2016). Mutations in SG proteins
such as TAR-DNA binding protein-43 (TDP-43), fused in
sarcoma (FUS), heterogeneous nuclear ribonucleoprotein Al
(hnRNPAT1), or TTA-1 and mutations in protein quality control
(PQC) factors have been observed in familial forms of these
diseases. It has been proposed that these mutations impair the
dynamics of RNP granules through protein aggregation,
which eventually leads to cell death (Nedelsky and Taylor
2019; Taylor et al. 2016).

There is a great deal of evidence for this model. Mutated
RBPs linked to ALS/FTD or IBM change the dynamic behav-
ior of SGs both in vitro and in cells. In vitro, mutant RBPs
undergo LLPS but the formed condensates rapidly mature into
a solid-like state that is similar to the amyloid-like aggregates
found in patient samples. In cells, the mutated forms of these
RBPs show enhanced aggregation propensity and, when ac-
cumulating inside SGs, they promote the conversion of SGs
into a less dynamic, aggregate-like state (Nedelsky and Taylor
2019). These aberrant SGs are recognized by the protein qual-
ity control machinery, which targets them for clearance by
both the proteasome and the autophagy systems (Buchan
et al. 2013; Chitiprolu et al. 2018; Turakhiya et al. 2018). At
the same time, ALS-causing mutations have been identified in
genes coding for protein quality control factors, such as the
molecular chaperone valosin containing proteins (VCP) and
the autophagy receptor p62/sequestosome 1 (SQSTMI1)
(Fecto et al. 2011; Johnson et al. 2010).

The conversion of SGs into an aberrant state can also be
triggered by the accumulation of misfolded proteins, in par-
ticular newly synthesized defective ribosomal products
(DRiPs), which are prematurely terminated polypeptides that
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are released by disassembling polysomes, immediately prior
to SG assembly (Ganassi et al. 2016; Mateju et al. 2017;
Turakhiya et al. 2018). DRiPs are highly heterogeneous and
include prematurely terminated proteins that arise from errors
in protein biogenesis, products of non-canonical translation,
and mistranslation from initiation on downstream AUG co-
dons, non-AUG start codons, and stop codon read-through
(Schubert et al. 2000). DRiPs are unable to reach their native
state and are recognized by the protein quality control system
and cleared by proteasomes or the autophagy machinery (Qian
et al. 2006; Schubert et al. 2000). The molecular chaperone
VCP and also the chaperones Hsc70 and HSP70 form a first
line of defense against DRiPs and target them for disposal
with assistance by proteasomes and SQSTM1 (Defenouillere
et al. 2013; Frydman 2001; Hartl and Hayer-Hartl 2002;
Schubert et al. 2000; Szeto et al. 2006; Verma et al. 2013).

Recent evidence indicates that DRiPs have a tendency to
accumulate inside SGs, promoting the maturation of SGs into
an aberrant aggregate-like state (Ganassi et al. 2016; Mateju
et al. 2017; Seguin et al. 2014; Turakhiya et al. 2018). In
agreement with their role in the quality control of DRiPs,
VCP (Buchan et al. 2013; Seguin et al. 2014; Turakhiya
et al. 2018) and the HSPB8-BAG3-HSP70 chaperone com-
plex (Ganassi et al. 2016) have been shown to prevent or
reduce DRiP accumulation inside SGs. HSPBS is an ATP-
independent small HSP that binds to a large variety of
misfolded and aggregation-prone proteins and keeps them in
a state competent for further processing by HSP70, which is
an ATP-dependent chaperone (Carra et al. 2008a; Minoia
etal. 2014). BAG3 (Bcl2-associated athanogene 3) is a nucle-
otide exchange factor that acts as a co-chaperone of Hsc70/
HSP70 and regulates its activity (Takayama and Reed 2001).
The HSPB8-BAG3-HSP70 chaperone complex also interacts
with SQSTM1 and has been shown to facilitate autophagy-
mediated clearance of aggregation-prone proteins, including
DRiPs (Gamerdinger et al. 2011; Ganassi et al. 2016; Guilbert
et al. 2018). As such, the HSPB8-BAG3-HSP70 chaperone
complex limits the accumulation of DRiPs inside SGs, con-
tributing with VCP to maintain their dynamic liquid-like state,
a process that has been referred to as granulostasis (Ganassi
et al. 2016). However, given the diversity of DRiPs, it is not
known whether specific subsets of DRiPs preferentially accu-
mulate inside SGs and affect their dynamics. Recent findings
show that, under proteotoxic stress conditions, DRiPs can also
be targeted to other types of condensates, such as nucleoli and
PML nuclear bodies (Mediani et al. 2019), besides accumu-
lating in cytoplasmic foci and SGs (Ganassi et al. 2016;
Mateju et al. 2017; Szeto et al. 2006). Together these data
strongly support the idea that specific subsets of DRiPs, which
are handled by different types of PQC machinery, would dif-
ferentially affect several types of condensates.

BAG3 is a member of the BAG (Bcl-2 associated
athanogene) family of proteins, which includes 6 members
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in humans (BAG1-6) (Takayama and Reed 2001). All these
proteins share the conserved BAG domain and act as Hsc70/
HSP70 co-chaperones (Takayama and Reed 2001). However,
while BAG3 targets HSP70-bound substrates for clearance by
autophagy, through interaction with SQSTM1 (Carra et al.
2008a; Gamerdinger et al. 2011; Minoia et al. 2014), BAG1
mainly targets HSP70-bound substrates for clearance by the
proteasome, through interaction with the E3 ubiquitin ligase
CHIP (Demand et al. 2001). Similar to BAG1, BAG6 has
been linked to proteasome-mediated degradation of proteins,
including DRiPs (Minami et al. 2010). However, in contrast to
other BAG members, BAG6 was shown to interact with the
26S proteasomal complex and polyubiquitinated proteins
(Minami et al. 2010). Intriguingly, BAG6 directly interacts
with polyubiquitinated proteins via its N-terminal 471 amino
acids (N471) and not via the BAG domain (which recruits
HSP70), nor via the ubiquitin-like (UBL) domain (Minami
et al. 2010). This is in sharp contrast to other BAG proteins,
such as BAG3, for which the binding to polyubiquitinated
substrates is not direct but mediated by HSP70 (Takayama
and Reed 2001). Experiments performed to identify the origin
of polyubiquitinated proteins bound by BAG6 indicate that
BAG®6 associates with newly synthesized proteins, in particu-
lar newly synthesized transmembrane proteins and ER-
derived proteins, as well as to DRiPs, to favor their
proteasome-mediated clearance (Claessen and Ploegh 2011;
Kadowaki et al. 2015; Kawahara et al. 2013; Leznicki et al.
2010; Minami et al. 2010).

Here, we investigate whether BAG6 participates in
granulostasis by preventing the accumulation of DRiPs inside
SGs. Our data demonstrate that BAG6 is not recruited inside
SGs and that BAG6 depletion does not affect SG dynamics,
nor it can functionally replace BAG3, excluding a role for
BAG®6 in granulostasis. This functional difference relies on
the fact that BAG3 and BAG6 target different subsets of
DRIPs that have different subcellular destinations. Our data
support the idea that the subset of DRiPs directly bound by
HSP70 and cleared with the assistance of BAG3 is the one that
tends to accumulate inside SGs, thereby impairing SG dynam-
ics. Additionally, only BAG3 is significantly upregulated in
the stress recovery phase, when SGs dissolve, in primary fi-
broblasts from healthy donors.

Material and methods
Cell culture and transfection

HeLa cells were grown in Dulbecco’s modified Eagle’s me-
dium (DMEM) high glucose (4.5 g/L) (Euroclone) at 37 °C
and 5% CO, supplemented with L-glutamine (2 mM),
penicillin/streptomycin (100 U/mL), and 10% fetal bovine
serum (Corning). ON-TARGETplus BAG6 siRNA, ON-

TARGETplus BAG3 siRNA, and control siGENOME Non-
Targeting control siRNAs were from Dharmacon. cDNA
encoding for His-BAG3, His-BAG3-ABAG, and His-
BAG3-ABS8 were previously described (Carra et al. 2008b);
the cDNA encoding for V5-HSP70 was a kind gift from Dr.
H.H. Kampinga (Hageman and Kampinga 2009). Cells were
transfected using Lipofectamine 2000 (Life Technologies) ac-
cording to the manufacturer’s instructions.

Human skin fibroblasts were generated from skin biopsies
of three healthy donors. All donors provided written informed
consent for the collection of skin biopsies and the use of skin
fibroblast lines for research purposes. Human fibroblasts were
cultured in DMEM medium with high glucose (4.5 g/L)
(Euroclone), supplemented with L-glutamine (2 mM),
penicillin/streptomycin (100 U/mL), antibiotic/antimycotic
solution stabilized (100 U/ml), and 10% fetal bovine serum,
at 37 °C with 5% CO,.

Protein extraction and Western blotting

To extract total proteins, cells were lysed in Laemmli buffer
containing 2% SDS and homogenized by sonication. Protein
samples were boiled for 3 min at 100 °C, reduced with f3-
mercaptoethanol, and separated by SDS-PAGE. Separated
proteins were transferred onto nitrocellulose membranes.
Membranes were blocked with 3% BSA-Tris-buffered saline
(TBS) with Tween 20 (0.01%) for 1 h at room temperature,
then were incubated for 16 h at 4 °C with the following anti-
bodies: puromycin (Merck), BAG6 (Abcam), home-made
rabbit antibodies against BAG3 and HSPB8 (Carra et al.
2008a), HSPA1A (HSP70) (StressMarq Biosciences), ubiqui-
tin (Dako), and TUBA4A (Sigma-Aldrich). Blots were then
incubated with HRP-conjugated anti-mouse and anti-rabbit
antibodies (GE-Healthcare). After washes, bands were detect-
ed by chemiluminescence using Westar ECL reagents
(Cyanagen). Images were acquired with ChemiDoc Imaging
System (Bio-Rad).

Preparation of samples for confocal microscopy
analysis

Cells were grown on glass coverslip coated with poly-L-ly-
sine. After treatments, cells were washed with cold PBS 1x
(Euroclone), fixed with 3.7% formaldehyde in PBS 1x for
9 min at room temperature, followed by permeabilization with
cold acetone for 5 min at —20 °C. Cells were blocked in 3%
BSA in PBS 1x supplemented with 0.1% Triton X-100 for 1 h
at room temperature. After blocking, cells were incubated for
16 h at 4 °C with the following primary antibodies: home-
made rabbit polyclonal BAG3 antibody (Carra et al. 2008a),
BAG6 (Abcam), G3BP (BD-Bioscience), and TIA-1 (Santa
Cruz Biotechnology). Fixed cells were then incubated with
fluorescent-conjugated secondary antibodies (Thermo
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Scientific) and DAPI (Sigma-Aldrich) for 1 h at room
temperature.

Labeling of nascent peptides with puromycin or op-
PURO

Analysis of nascent proteins in whole-cell lysates: cells were
treated with puromycin dihydrochloride (5 pg/ml; Sigma-
Aldrich) for 10 min at 37 °C. For recovery experiments, cells
were washed three times and incubated for the indicated time
points in drug-free medium. Cells were lysed in Laemmli
buffer and subsequently processed for Western blot analysis
with the indicated antibodies.

Analysis of nascent proteins by confocal microscopy: new-
ly synthesized proteins were labeled by incubating the cells
with 25 uM O-propargyl-puromycin (OP-puro) (Jena
Bioscience) for the indicated time points; where indicated,
cells were co-treated with MG132 (Sigma-Aldrich) and
VER-155008 (Sigma-Aldrich). Treated cells were fixed with
cold methanol for 5 min at —20 °C. OP-puro-labeled peptides
were detected by click chemistry as previously described
(Seguin et al. 2014).

Ni-NTA agarose pull-down

HeLa cells were transfected with cDNA encoding for His-
tagged BAG3: His-BAG3, His-BAG3-ABAG, and His-
BAG3-ABS8 (Carra et al. 2008b; Fuchs et al. 2009) or V5-
HSP70 (Hageman and Kampinga 2009) or an empty vector.
Twenty-four hours post-transfection, cells were scraped and
homogenized in lysis buffer (20 mM Tris/HCI pH 7.4,
2.5 mM MgCl2, 3% (v/v) glycerol, 0.5% NP40 (Nonidet
P40), 150 mM NaCl, 10 mM imidazole, 1 mM DTT and 1x
complete protease inhibitor cocktail (Roche)). The cell lysates
were centrifuged at 14.000g at 4 °C to pellet NP40 insoluble
proteins. His-BAG3 proteins were purified from NP40-
soluble lysates using Ni-NTA agarose beads (Qiagen). After
1 h of incubation at 4 °C, the Ni-NTA beads were washed
several times with a washing buffer enriched in imidazole
(20 mM Tris/HCI pH 7.4, 2.5 mM MgCl2, 3% (v/v) glycerol,
0.5% NP40, 300 mM NacCl, 20 mM imidazole, and 1% com-
plete protease inhibitor cocktail (Roche)). The proteins bound
to the beads were recovered by boiling in 2% SDS sample
buffer and the fractions were then separated by SDS-PAGE,
followed by Western blotting with the indicated antibodies.

Analysis of stress granule sensitivity to RNase

HelLa cells were seeded on glass coverslip coated with poly-L-
lysine (Sigma-Aldrich). After 24 h, cells were treated with
MG132 (Sigma-Aldrich) to induce stress granules. Cells were
either immediately fixed (before RNase) or quickly washed
with PBS 1x containing Triton X-100 (0.05%), followed by
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washing with PBS 1x. Cells were then incubated for 30 min at
room temperature with the RNAse buffer (0.2 mg/ml RNAse
solution in PBS 1x; Sigma-Aldrich). After RNase treatment,
cells were fixed as previously described and subjected to im-
munofluorescence analysis, with the indicated antibodies.

Analysis of stress granule composition number and
size with high content imaging-based assays

Confocal images were obtained using a Leica SP2 and a Leica
SP8 AOBS system (Leica Microsystems) and a 63x oil im-
mersion lens. Enrichment of DRiPs and BAG®6 inside SGs,
area, and number of SGs were analyzed using the Scan"R
Analysis software (Olympus). SGs were segmented based
on G3BP or TIA-1 signal using edge detection algorithm
and the mean fluorescence intensity of the protein of interest
(DRiPs or BAG6) was measured in each segmented SG, as
well as in an area surrounding each SG. The relative enrich-
ment of DRiPs or BAG®6 in individual SGs was calculated as a
ratio of mean fluorescence intensity inside the SG divided by
the mean intensity in the region surrounding the SG. The
values obtained were plotted as column graphs; the fraction
of SGs with enrichment > 1.5 is shown.

RNA extraction and RT-qPCR analysis

Human fibroblasts were seeded and when optimal cell density
was reached, cells were either left untreated or treated with
sodium arsenite 0.5 mM (Carlo Erba Reagents) for 45 min to
induce SGs. Then cells were either collected immediately after
arsenite treatment or allowed to recover in drug-free medium
for 4 h. Total RNA was isolated from untreated and treated
human fibroblasts using TRIzol reagent (Zymo research).
Total RNA was purified with RNA Clean & Concentrator
Zymo kit (Zymo Research) according to the manufacturer’s
instructions. 0.25 pg of RNA was reverse transcribed using
Maxima First-strand cDNA Synthesis Kit with dsDNase
(Thermo Fisher) according to the manufacturer’s instructions.
PCR amplification was performed using Maxima SYBR
Green qPCR Master Mix polymerase (Thermo Fisher). The
expression levels of human BAG3 and BAG6 mRNAs were
determined using CFX96 Touch Thermal cycler (Bio-Rad) in
combination with SYBR green master mix. Data were nor-
malized against RPL0O, which was used as a housekeeping
gene. The primers used are as follows (Eurofins-Genomics):
BAG3 For (TCCTGGACACATCCCAATTC); BAG3 Rev
(TCTCTTCTGTAGCCACACTC); BAG6 For
(TTGGTGAAGACCTTGGACTC); BAG6 Rev
(TTCAGATGGGATGCTGACAG); RPLO For
(TTAAACCCTGCGTGGCAATCC); RPLO Rev
(CCACATTCCCCCGGATATGA). gqPCR was performed
as follows: one cycle of denaturation (95 °C for 3 min); 40
cycles of amplification (95 °C for 10 s, 60 °C for 30 s). A
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triplicate of each sample was analyzed with Bio-Rad CFX
Manager 3.1 (Windows 7.0).

Statistical analyses

Statistical analyses were performed using a one-way
ANOVA, followed by Bonferroni-Holm post-hoc test for
comparisons between three or more groups; for comparisons
between two groups, statistical analyses were performed using
Student’s t-test. The software used for statistical analysis is
Daniel’s XL Toolbox.

Results

BAG6 colocalizes with DRiPs and promotes their
clearance

We previously reported that BAG3 colocalizes with nascent
misfolded proteins generated by treating the cells with puro-
mycin or its analog OP-puro; we also found that BAG3 de-
pletion decreases the ability of the cells to clear puromycilated
proteins, suggesting a role for BAG3 in their clearance
(Ganassi et al. 2016). Like BAG3, BAG6 has been reported
to interact with puromycilated nascent chains; BAG6 also
binds to the 26S proteasomes, thereby facilitating the clear-
ance of the bound nascent proteins (Minami et al. 2010). By
confocal microscopy, we show that both BAG3 and BAG6
partially colocalize with OP-puro-labeled nascent chains that
accumulate in cytoplasmic and nuclear puncta in cells treated
with OP-puro alone or co-treated with the proteasome inhib-
itor MG132 (DRiPs; Fig. 1a).

To determine whether BAG6 plays a role in the clearance of
puromycilated proteins, we compared the amount of
puromycilated proteins in the presence or absence of BAG6.
BAG6-proficient and BAG6-deficient HeLa cells were treated
with puromycin for 45 min, followed by recovery in drug-free
medium for 13 h, to allow DRiP clearance. BAG6 depletion led
to a small, but significant, accumulation of puromycilated nascent
chains, compared with control cells (Fig. 1b). This result confirms
that, similar to BAG3 (Ganassi et al. 2016; Meriin et al. 2018),
BAG® participates in the degradation of DRiPs in HeLa cells.

BAGS6 is not recruited into stress granules and is not
required for their dissolution

Exposure of mammalian cells to environmental stressors in-
duces the assembly of SGs (Kedersha and Anderson 2002).
We previously reported that BAG3, but not BAG1, was
recruited into SGs (Ganassi et al. 2016). It was also previously
reported that BAG6 is not recruited into arsenite-induced SGs
in U20S cells (Alexander et al. 2018). SGs induced by different
types of stress are not uniform and differ in their composition

a OP-puro for1 h

b 0 13 0 13 hrecovery

t=0h t=13 h
- - + + siRNABAG6 = u
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8T 40
, 38 20
8 |8 28
= ||= e 0+ -
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Fig. 1 BAG6 colocalizes with DRiPs and participate in their clearance. a
HeLa cells were treated with OP-puro (25 uM) for 1 h or with OP-puro
(25 uM) and MG132 (20 uM) for 3 h. Cells were fixed and then subjected
to immunofluorescence using specific antibodies for BAG3 or BAG6.
OP-puro-labeled nascent chains were visualized by click chemistry with
Alexa594-Azide (DRiPs). Scale bars=10 um. b HeLa cells were
lipofected for 72 h with siRNA non-targeting control or against BAG6.
Then, cells were incubated with puromycin 10 pg/ml for 45 min, follow-
ed by recovery in drug-free medium for 13 h. Proteins were extracted
from the treated cells and subjected to SDS-PAGE, followed by immu-
noblotting using the indicated antibodies. Quantitation of the percentage
of puromycilated peptide chains is reported. n =3, +/— SEM, p =0.002

(Aulas et al. 2017). Thus, we verified the subcellular localiza-
tion of BAG6 in HeLa cells exposed to different types of
stressors that induce SG formation, namely, sodium arsenite,
heat shock, and inhibition of the proteasome with MG132
(Kedersha and Anderson 2002; Mazroui et al. 2007). SGs were
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labeled with an antibody for G3BP, a well-known SG compo-
nent (Tourriere et al. 2003). BAG6 was generally excluded
from SGs induced by arsenite, heat shock, or proteasome inhi-
bition and showed a diffuse distribution, both in the cytoplasm
and nucleus (Mock et al. 2017), under all condition tested
(Fig. 2a). In cells treated with MG132 and OP-puro, BAG6
did not colocalize with cytosolic SGs (Fig. 2b, upper panel).
The majority of these SGs rapidly dissolve during the recovery
phase (Ganassi et al. 2016) and are not enriched for DRiPs (Fig.
2b, upper panel). To induce aberrant SGs that contain high
levels of DRiPs (Ganassi et al. 2016), we co-treated cells with
MG132 and the HSP70 ATPase inhibitor VER-155008 (VER).
However, BAG6 did not colocalize with aberrant DRiP-
containing SGs (Fig. 2b, lower panel). Thus, we conclude that
unlike BAG3, BAGS6 is not recruited into aberrant SGs.

Next, we investigated whether BAG6 may play an indirect
role in regulating SG dynamics, for example by promoting
DRiP clearance. We depleted BAG6 levels with specific
siRNAs and determined SG dissolution time, enrichment for
DRiPs, and resistance to RNase digestion, all parameters that
were previously demonstrated to affect the conversion of SGs
into an aberrant state (Ganassi et al. 2016). BAG6 depletion
did not delay SG dissolution upon prolonged treatment with
MG132 (Fig. 3a) (Ganassi et al. 2016; Mazroui et al. 2007),
nor did it cause a significant accumulation of DRiPs inside
SGs (Fig. 3b); actually, BAG6 depletion slightly reduced the
levels of DRiPs inside SGs (Fig. 3b). This is in contrast to
BAG?3-deficient cells, which failed to dissolve SG upon

Fig. 2 BAG® is not recruited
inside stress granules. a HeLLa
cells were treated with arsenite
0.5 mM for 45 min or heat shock
(HS) at43.5 °C for 1 hor MG132
20 uM for 3 h. Cells were fixed
and subjected to immunofluores-
cence using antibodies specific
for the SG protein G3BP and
BAGS6. Scale bars=10 um. b
HeLa cells were treated with
MG132 20 uM and OP-puro

25 uM for 3 h, where indicated
HSP70 ATPase activity was
blocked using 40 uM VER-
155008. Cells were fixed and
subjected to immunofluorescence
using specific antibodies for
G3BP and BAG6. OP-puro-
labeled nascent chains were visu-
alized by click chemistry with
Alexa594-Azide. Scale bars =

10 um
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prolonged treatment with MG132, causing a delay in the res-
toration of normal translation rates (Ganassi et al. 2016). In
addition, both in control and BAG6-depleted cells the major-
ity of SGs were sensitive to RNase digestion, indicating that
SGs did not convert into proteinaceous aggregates (Fig. 3c, d).
Importantly, BAG6 depletion did not affect the expression
level, nor the MG132-mediated upregulation of BAG3 and
HSP70 (Fig. 3e). SG assembly occurs when polysomes disso-
ciate and the translation is inhibited; conversely, SG disassem-
bly correlates with the restoration of translation, which can be
monitored by measuring the incorporation of puromycin into
newly synthesized polypeptides (Anderson and Kedersha
2002b; Ganassi et al. 2016). Both in control and BAG6-
depleted cells puromycin incorporation strongly decreased af-
ter 3 h of treatment with MG132, when the SG response is
maximal; instead, puromycin incorporation was partly re-
stored after 68 h of treatment with MG132, when SGs dis-
assemble, both in control and BAG6-depleted cells (Fig. 3e).
We conclude that BAG6 depletion does not change the com-
position, dynamics, and biochemical properties of SGs.

BAG6 does not replace BAG3 function at the level of
stress granules

The observation that only depletion of BAG3, but not of
BAG®, affects SG composition and dynamics is intriguing,
considering that both BAG3 and BAG6 promote the clearance
of newly synthesized proteins and DRiPs (Ganassi et al. 2016;
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Fig. 3 BAG6 depletion does not affect SG dynamics. a HeLa cells were
lipofected for 72 h with siRNA non-targeting control or against BAG6.
Cells were exposed to MG132 (20 uM) for 3 or 6 h, fixed, and subjected
to immunostaining with antibodies specific for the SG proteins TIA1
(TIA) and G3BP. The percentage of cells with SGs is reported; from
342 to 589 cells were counted/sample; n =3, +/— SEM. b Quantitation
of DRiP enrichment inside SGs in control or BAG6-depleted cells. SGs
were induced with MG132 20 uM and OP-puro 25 uM for 3 h.
Automated imaging and SG segmentation is based on G3BP signal.
Number of SGs counted: 1188 (siRNA control); 855 (siRNA BAG6);
p=10" ¢ SGs were induced in control or BAG6-depleted cells. 3 h

Meriin et al. 2018; Minami et al. 2010). This may be due to
several reasons, one possibility being differences in expression
levels. BAG3 is strongly upregulated upon stress such as
prolonged proteasome inhibition and its depletion may hamper
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after treatment with MG132, cells were either immediately fixed or treat-
ed with RNAse A for 30 min at RT prior to fixation. Representative
pictures of TIA and G3BP positive SGs before and after RNAse diges-
tion. Scale bars = 10 pm. d Quantitation of SG size (um?) before and after
RNase treatment in cells from ¢. p <107'°, 4/~ SEM. Number of SGs
counted: 1330 (siRNA control before RNase); 1918 (siRNA control after
RNase); 1020 (siRNA BAG6 before RNase); 1350 (siRNA BAG6 after
RNase). e HeLa cells were lipofected for 72 h with siRNA non-targeting
control or against BAG6. Cells were exposed to MG132 (20 uM) for 3, 6,
or 8 h. Puromycin 5 pg/ml was added during the last 15 min of treatment,
prior to protein extraction. Samples were processed for Western blot

the cell stress response, leading to aberrant SG accumulation.
We thus determined whether BAG6 expression is induced upon
proteasome inhibition. Indeed, BAG6 was moderately upregu-
lated upon treatment of cells with MG132 for 6 h (Fig. 4a).
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BAGS3 has a binding affinity for HSP70 much higher than
other BAG members (Rauch and Gestwicki 2014), suggesting
that it may compete with other BAG proteins for HSP70 bind-
ing and has a specific function in the cellular response to
proteasome inhibition. We wondered whether there are any
functional redundancies between BAG6 and BAG3 and
whether BAG6 can functionally rescue cells that lack
BAGS3. To address this question, we depleted BAG3 with a
specific siRNA and analyzed BAG6 recruitment into SGs that
were induced using MG132 alone or combined with VER. We
found no evidence for BAG6 accumulation inside SGs in
BAG3 depleted cells compared with control cells (Fig.
4b, c). These data exclude a role for BAG6 in granulostasis,
also as a potential helper of BAG3.

We next sought to further understand the differential im-
pact of BAG3 and BAG6 on SG dynamics. It is currently
unknown whether specific subsets of DRiPs preferentially ac-
cumulate inside SGs, thereby impairing their dynamics. So
far, inhibition of HSP70 and VCP and depletion of the
HSPB8-BAG3 subcomplex have been shown to enhance
DRIiP accumulation inside SGs, suggesting that SGs may be
particularly sensitive to DRiPs bound to the HSPB8-BAG3-
HSP70 complex and to VCP (Buchan et al. 2013; Ganassi
et al. 2016; Mateju et al. 2017; Seguin et al. 2014;
Turakhiya et al. 2018). Significantly, BAG6 can directly bind
to 26S proteasomes and associates with puromycilated pro-
teins in an HSP70-independent manner (Minami et al. 2010).
By contrast, BAG3 binding to ubiquitylated and
puromycilated proteins is dependent on Hsc70/HSP70 bind-
ing via the BAG domain (Gentilella and Khalili 201 1; Minoia
et al. 2014). The small heat shock protein HSPB8 has also
been suggested to present misfolded proteins, including
ubiquitinated proteins and DRiPs, to the BAG3-HSP70
subcomplex for further processing (Ganassi et al. 2016;
Guilbert et al. 2018). We thus determined whether two vari-
ants of BAG3 unable to bind to HSPBS (His-BAG3-ABS) or
Hsc70/HSP70 (His-BAG3-ABAG) still associate with
puromycilated proteins (Carra et al. 2008b; Fuchs et al.
2009). HeLa cells were transfected with cDNAs encoding
wild-type BAG3 (His-BAG3), His-BAG3-AB8, or His-
BAG3-ABAG and the associated protein complexes were
purified using Ni-NTA agarose beads. Deletion of the
HSPB8-binding domain reduced the ability of BAG3 to inter-
act with HSPBS (Fig. 4d), and deletion of the BAG domain
abrogated BAG3 binding to HSP70 (both endogenous and
overexpressed V5-tagged HSP70), while leaving unaffected
BAG3 binding to HSPBS8 (Fig. 4e). Next, we treated His-
BAG3, His-BAG3-ABS, or His-BAG3-ABAG expressing
cells with puromycin to label nascent chains prior to purifica-
tion with Ni-NTA. Deletion of either the HSPB8 or HSP70
binding domains decreased the amount of puromycilated pro-
teins associated with BAG3 (Fig. 4f). Thus, we conclude that
BAG3 associates with puromycilated proteins that are

@ Springer

presented by chaperones such as HSPB8 or HSP70. This is
consistent with the idea that BAG6 and BAG3 bind to differ-
ent pools of DRiPs and suggests that SGs are sensitive to
DRiPs targeted by Hsc70/HSP70 or HSPBS, but not to
DRiPs that associate with BAG6 in a direct, HSP70-
independent manner.

BAG3, but not BAGS, is strongly upregulated during
the SG dissolution phase in fibroblasts from healthy
individuals

Conversion of SGs into an aggregate-like state because of the
accumulation of DRiPs or ALS-associated mutations in RBPs
has been reported in different cells types, from immortalized
mammalian cells such as HeLa cells to iPSC-derived neurons
and patient-derived fibroblasts (Ganassi et al. 2016; Marrone
et al. 2018; Mateju et al. 2017). Disassembly of these SGs is
facilitated by HSP70s, which act in concert with other chap-
erones and co-chaperones such as HSPB1, HSPBS, and
BAG3 (Ganassi et al. 2016). Importantly, experiments per-
formed in immortalized cancer cell lines demonstrated that
these chaperones are upregulated during stress to cope with
the increasing amounts of stress-induced misfolded proteins
(Ganassi et al. 2016; Minoia et al. 2014; Wang et al. 2008).
However, it is unclear whether BAG3 is also induced in pri-
mary cells. We analyzed the mRNA levels of BAG3 and
BAG®6 in fibroblasts from 3 healthy donors. The fibroblast
lines were either left untreated, exposed to sodium arsenite
to induce SGs, or exposed to sodium arsenite and a 4 h recov-
ery in drug-free medium to allow for SG dissolution. PCR
analyses showed that BAG3 mRNA is strongly upregulated in
the recovery phase, when SGs dissolve (Fig. 5a). By contrast,
the expression levels of BAG6 were not induced in all fibro-
blast lines analyzed (Fig. 5b). This further supports the notion
that these two co-chaperones exert distinct functions and that
in contrast to BAG6, BAG3 is specifically upregulated in the
SG dissolution phase to promote granulostasis (Fig. 6).

Discussion

DRiPs represent the major source of misfolded proteins in
cells (Schubert et al. 2000); they are cleared with the assis-
tance of chaperones and degradation systems (proteasomes
and autophagy) (Balchin et al. 2016; Schubert et al. 2000;
Verma et al. 2013). When clearance fails, DRiPs assemble
into cytoplasmic aggregates outside of condensates or they
accumulate in condensates, such as cytoplasmic SGs, but also
nucleoli and PML nuclear bodies (Ganassi et al. 2016;
Mediani et al. 2019). This can cause the conversion of con-
densates into an aggregated, amyloid-like state, thus affecting
their dynamics and functionality (Ganassi et al. 2016; Mediani
et al. 2019). Non-dynamic forms of condensates have been
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Fig.4 BAGO6 does not replace BAG3 in granulostasis and is not recruited
inside stress granules in BAG3-depleted cells. a HeLa cells were exposed
to MG132 20 puM for 3 or 6 h and protein extracts were prepared and
subjected to immunoblotting to measure the expression levels of BAG3,
BAG6, HSPBS8, and HSPA1A. Quantitation of BAG6 protein levels is
reported; n=3, +/— SEM. b HeLa cells were lipofected for 72 h with
siRNA non-targeting control or against BAG3. Cells were either left
untreated (control) or exposed to MG132 (20 uM) alone or with VER-
155008 (40 uM) for 3 h, fixed, and subjected to immunostaining with
antibodies specific for BAG6 and the SG protein G3BP. Scale bars =
10 um. ¢ Quantitation of BAG6 mean ratio inside/outside SG ROI in
cells from b. Number of SGs counted: 920 (siRNA control MG132);
1341 (siRNA control MG132 + VER); 419 (siRNA BAG3 MG132);
1619 (siRNA BAG3 MG132 + VER). d HeLa cells were transfected with
cDNAs encoding for His-BAG3, His-BAG3-ABAG, His-BAG3-ABS,
or empty vector. Twenty-four hours post-transfection, the NP-40 soluble

linked to aging and age-related neurodegenerative diseases,
including ALS, FTD, and IBM (Kwon et al. 2014; Lee et al.
2016; Molliex et al. 2015; Murakami et al. 2015; Nedelsky

fractions were subjected to Ni-NTA purification, and beads were proc-
essed for Western blotting using anti-BAG3 and anti-HSPBS antibodies.
e HeLa cells were transfected with cDNAs encoding for His-BAG3, His-
BAG3-ABAG, or V5-HSP70. Twenty-four hours post-transfection, the
NP-40 soluble fractions were subjected to Ni-NTA purification, and
beads were processed for Western blotting using BAG3, HSP70, and
HSPBS specific antibodies. f HeLa cells were transfected with cDNAs
encoding for His-BAG3, His-BAG3-ABAG, His-BAG3-AB8, or empty
vector. Twenty-four hours post-transfection, cells were treated with pu-
romycin (10 pg/ml) for 45 min and then the NP-40 soluble fractions were
subjected to Ni-NTA purification and beads were processed for Western
blotting using BAG3 and puromycin-specific antibodies. Quantification
of the amount of puromycilated proteins pulled-down by His-BAG3, His-
BAG3-ABAG, or His-BAG3-ABS in three independent experiments is
shown; **p <0.005, +/— SEM

and Taylor 2019; Patel et al. 2015; Qamar et al. 2018; White
et al. 2019; Zhang et al. 2019). Thus, identifying factors that
help maintain condensate dynamics may offer promising
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Fig. 5 BAG3, but not BAG®6, is induced during the recovery phase after
arsenite stress in fibroblasts from healthy donors. a, b Fibroblast lines
derived from 3 healthy donors were cultured for total RNA preparation
and analysis of BAG3 and BAG6 mRNA levels. The fibroblast lines were
left untreated (untreated), exposed to sodium arsenite (500 pM) for
45 min (arsenite), or allowed to recover for 4 h in drug-free medium after
treatment with sodium arsenite (500 pM) for 45 min (arsenite + recovery
4 h). BAG3 (a) and BAG6 (b) mRNA levels were normalized for RPLO.
n =3 independent experiments/condition, +/— SEM

therapeutic avenues for the treatment of these diseases. One
group of proteins that can prevent the irreversible accumula-
tion of DRiPs inside condensates are molecular chaperones,
including HSP70 and VCP (Ganassi et al. 2016; Mateju et al.
2017; Mediani et al. 2019). In the case of SGs, HSP70 acts in
concert with the co-chaperone BAG3 and HSPBS to target
DRIiPs for clearance, thereby maintaining SG dynamics, a
function referred to as granulostasis (Ganassi et al. 2016)
(Fig. 6). Here, we studied whether another BAG family mem-
ber, BAGO6, participates in the process of granulostasis.

Our findings show that both BAG3 and BAG6 promote the
clearance of DRiPs. Both BAG3 and BAG6 colocalize with
DRiPs in cytoplasmic foci in stressed cells and the depletion
of BAG3 and BAG6 decreases the ability of cells to clear
puromycilated proteins (Ganassi et al. 2016) (Fig. 1). This
establishes a clear function for both BAG3 and BAG6 in the
quality control of DRiPs, in line with published literature
(Ganassi et al. 2016; Meriin et al. 2018; Minami et al.
2010). In agreement with this, both BAG3 and BAG6 are
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cruits chaperones such as HSPB1, HSPBS, and BAGS3, likely
in an attempt to prevent their maturation into irreversible ag-
gregates (Ganassi et al. 2016; Mateju et al. 2017) (Fig. 6).
However, in contrast to BAG3, we found no evidence for
BAG®6 recruitment inside SGs, even in cells where HSP70
was inhibited to enhance the accumulation of DRiPs inside
SGs (Fig. 2). Moreover, depletion of BAG6 had no effect on
SG dissolution kinetics and did not delay translation restora-
tion during prolonged treatment with MG132, compared with
control cells. In addition, BAG6 depletion did not affect the
enrichment for DRiPs inside SGs, nor SG sensitivity to diges-
tion with RNase (Fig. 3). BAGO6 recruitment inside SGs was
also not observed under extreme conditions when BAG3 was
depleted and HSP70 was inhibited (Fig. 4). Collectively these
results exclude a role for BAG6 in granulostasis and point to a
specific function of BAG3. This interpretation is further sup-
ported by the finding that BAG3, but not BAGS, is strongly
upregulated in the stress recovery phase, the same time period
when SGs dissolve (Fig. 5).

Given the heterogeneity of DRiPs and the fact that under
stress conditions DRiPs can accumulate in different types of
condensates, including SGs, nucleoli, and PML nuclear bod-
ies, these data lead to two important unanswered questions:
(1) Are SGs particularly sensitive to a specific subset of
DRiPs? (2) Are different subsets of DRiPs handled by specific
types of PQC machinery? Our findings are in agreement with
the idea that BAG3 and BAG®6 target different pools of DRiPs
that have different subcellular destinations and/or functions,
and, by doing so, they differentially affect the functionality of
SGs. This notion is supported by the following considerations.
First, BAGO6 directly binds to DRiPs in an HSP70 independent
manner (Minami et al. 2010) (Fig. 6); by contrast, BAG3
binding to DRiPs is mediated by its interaction with HSP70
and HSPBS, demonstrating that both chaperones present sub-
strates to BAG3 (Fig. 4). The nucleotide exchange factor func-
tion of BAG3 may regulate the speed of processing of these
substrates by HSP70. Second, BAG6 directly binds to
proteasomes and immunoproteasomes, including the
thymoproteasomes, which have been identified specifically
in thymic epithelial cells, where they play a critical role in
the presentation of a unique set of self-peptides that are re-
quired for CD8(+) T cell development (Kawahara et al. 2013;
Murata et al. 2008). Antigenic peptides are transported to the
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Fig. 6 Distinct functions of BAG3 and BAG6. Upon stress, newly
synthesized proteins and DRiPs are released by disassembling
polysomes. mRNAs and RBPs are compartmentalized inside stress
granules. The VCP, HSPBS, and HSP70 chaperones bind to newly
synthesized polyubiquitinated (Ub) proteins, including DRiPs. HSPB§
and HSP70 form a multiprotein complex with BAG3, p62/SQSTMI,
and the motor protein dynein that targets DRiPs and polyubiquitinated
proteins to LC3-positive autophagosomes for degradation. As such,
DRiPs do not accumulate inside stress granules, which maintain their
liquid-like properties (Ganassi et al. 2016). BAG6 also binds to HSP70
and polyubiquitinated proteins. However, in contrast to BAG3 (Fig. 4),

cell surface and presented by MHC class I molecules, en-
abling the immune system to tolerate self-antigens, while
identifying and eliminating virally infected and cancerous
cells that expose non-self-antigens (Anton and Yewdell
2014; Rock et al. 2014). According to the DRiP hypothesis,
these antigenic peptides are predominantly generated from
defective newly synthesized proteins (Anton and Yewdell
2014; Rock et al. 2014). DRiPs that serve as antigenic pep-
tides may not be randomly generated but may derive from a
selection of peptidogenic substrates, for example from pro-
teins that are destined to a particular compartment. Third, the
BAG®6 gene is located on human chromosome 6, within the
MHC class III region, and BAG6 expression is strongly up-
regulated upon treatment of antigen-presenting cells with in-
flammatory cytokine interferon y (IFN-y), which initiates the
adaptive immune response (Kamper et al. 2012). Although the
exact function of BAG®6 in the context of antigen presentation
is still under debate, recent evidence supports a role of BAG6
in promoting proteasome-mediated degradation of antigens
(Bitzer et al. 2016), strengthening the link between BAGO,
DRiPs, immunoproteasomes and antigen processing (Fig. 6).
Fourth, a fraction of BAG6 associates with ribosomes that are
synthesizing nascent membrane proteins to regulate the

BAG6 can directly bind to polyubiquitinated proteins and 26S
proteasomes (as previously shown by Minami et al. 2010). BAG6 bound
to HSP70 and 26S proteasomes is not involved in granulostasis (red
cross). Instead, BAGO6 targets proteins of the secretory pathway that have
failed to insert into the ER to degradation via ERAD and ERpQC, in
cooperation with VCP (see Kadowaki et al. 2015; Wang et al. 2011).
BAG6 has also been implicated in the processing of antigens that are
generated via the degradation of newly synthesized proteins and in the
presentation of antigens at the cell surface, thereby participating in the
immune response (see Bitzer et al. 2016).

ubiquitination and proteasome-mediated degradation of mem-
brane proteins that have been erroneously processed or exhibit
non-inserted hydrophobic domains (Hessa et al. 2011). Fifth,
together with VCP, BAG6 promotes the cytosolic degradation
of newly synthesized ER substrates via two distinct processes,
namely endoplasmic reticulum—associated degradation
(ERAD) and ER stress—induced pre-emptive quality control
(ER pQC) (Kadowaki et al. 2015; Wang et al. 2011) (Fig. 6).
Together, these data support the notion that BAG6 targets a
specific subset of DRiPs presumably to enhance the cellular
immune response and clearly demonstrate that the subset of
DRiPs handled by BAG®6 is not targeted to SGs. Conversely,
SGs are sensitive to the subset of DRiPs bound by HSPBS8 and
HSP70, whose processing is influenced by BAG3 (Ganassi
et al. 2016; Mediani et al. 2019).

Considering that BAG6 is involved in the clearance of a
relatively small pool of DRiPs (its depletion does not
completely abrogate DRiP disposal; Fig. 1) and that, com-
pared with BAG3 and BAG1, BAG6 possesses a non-
canonical BAG domain that does not act as a bona fide
BAG domain to cooperate with Hsc70/HSP70 (Mock et al.
2015), our data suggest that BAG3 and BAG®6 bind to distinct
pools of DRIiPs, thereby exerting distinct functions. BAG3
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ensures the compartmentalization and processing of HSP70-
bound DRIiPs, participating in the maintenance of proteostasis
and granulostasis upon stress; in contrast, BAG6 binds direct-
ly to a subset of DRiPs, including ER-derived DRiPs and
aberrant membrane proteins, proteasomes, and
immunoproteasomes to facilitate their disposal, thus contrib-
uting to the maintenance of ER homeostasis and to the im-
mune response (Fig. 6).

Accumulation of DRiPs and misfolded proteins in SGs,
nucleoli, and PML nuclear bodies promotes their conversion
into a non-dynamic dysfunctional state and is prevented by the
HSP70 and VCP chaperones (Frottin et al. 2019; Ganassi et al.
2016; Mateju et al. 2017; Mediani et al. 2019; Turakhiya et al.
2018). Altered SG dynamics, nucleolar stress, and loss of
proteostasis are important emerging pathomechanisms in
ALS and other neurodegenerative diseases (Frottin et al.
2019; Lee et al. 2016; Mandrioli et al. 2019; White et al.
2019; Zhang et al. 2019). Thus, future lines of research should
focus on the identification of the subsets of DRiPs that accu-
mulate in specific cellular compartments and the specific types
of chaperone machinery that are responsible for their clear-
ance. This will enable us to identify which chaperones and co-
chaperones should be pharmacologically targeted for thera-
peutic purposes.
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