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NFκB is a central regulator of protein quality 
control in response to protein aggregation 
stresses via autophagy modulation

ABSTRACT During cell life, proteins often misfold, depending on particular mutations or 
environmental changes, which may lead to protein aggregates that are toxic for the cell. Such 
protein aggregates are the root cause of numerous diseases called “protein conformational 
diseases,” such as myofibrillar myopathy and familial amyotrophic lateral sclerosis. To fight 
against aggregates, cells are equipped with protein quality control mechanisms. Here we 
report that NFκB transcription factor is activated by misincorporation of amino acid ana-
logues into proteins, inhibition of proteasomal activity, expression of the R120G mutated 
form of HspB5 (associated with myofibrillar myopathy), or expression of the G985R and G93A 
mutated forms of superoxide dismutase 1 (linked to familial amyotrophic lateral sclerosis). 
This noncanonical stimulation of NFκB triggers the up-regulation of BAG3 and HspB8 expres-
sion, two activators of selective autophagy, which relocalize to protein aggregates. Then 
NFκB-dependent autophagy allows the clearance of protein aggregates. Thus NFκB appears 
as a central and major regulator of protein aggregate clearance by modulating autophagic 
activity. In this context, the pharmacological stimulation of this quality control pathway might 
represent a valuable strategy for therapies against protein conformational diseases.

heavy metals, bacterial/viral infection, and production of reactive 
oxygen species, as well as by physiological changes such as aging 
(Haigis and Yankner, 2010; Chen et al., 2011). Because of their al-
tered spatial arrangement, misfolded proteins are nonfunctional 
(loss-of-function effect) and tend to exhibit their hydrophobic 
domains, driving inappropriate protein association and protein 
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INTRODUCTION
Proteins fold into specific three-dimensional structures to acquire 
their functional native states. However, proteins can misfold as a 
result of inefficient protein biogenesis, mutations, or inefficient 
translocated secretory precursors (Herczenik and Gebbink, 2008). 
In addition, protein misfolding can be promoted by environmental 
stresses such as elevated temperatures, exposure to chemicals or 
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resulting in protein aggregation (Hightower, 1980; Kretz-Remy 
et al., 1998; Rodgers and Shiozawa, 2008). MG132 reversibly inhib-
its the chymotrypsin- and caspase-like activities of the 26S protea-
some and thus increases the level of polyubiquitinated proteins and 
induces protein aggregates and aggresome formation (Shen et al., 
2011). Of interest, cardiac dysfunctions, cataract formation, and 
neurodegenerative diseases (Alzheimer, Parkinson, and Huntington 
diseases and amyotrophic lateral sclerosis [ALS]) are associated with 
decreased proteasome activity (Dahlmann, 2007). HspB5 (CRYAB 
gene) is a member of the small heat shock protein family. It is abun-
dantly expressed in lens, cardiac, and skeletal muscles and, by chap-
eroning desmin and actin, participates in maintaining cytoskeletal 
integrity (Simon et al., 2013). The R120G missense mutation of 
HspB5 was the first to be identified in human patients and causes 
cataract, cardiomyopathy, and myofibrillar myopathy (Vicart et al., 
1998). At the cellular level, this mutation promotes HspB5 aggrega-
tion with intermediate filaments (desmin, vimentin), which ultimately 
leads to aggresome formation (Simon et al., 2007b; Elliott et al., 
2013). Cytoplasmic Cu, Zn-superoxide dismutase (SOD1) is an en-
zyme responsible for scavenging free radicals. More than 140 point 
mutations found in the SOD1 peptide sequence are associated with 
20% of familial ALS cases (Rosen et al., 1993). ALS is a progressive 
and fatal adult-onset motor neuron disease characterized by prema-
ture loss of spinal, cranial, and cortical neurons, muscle weakness, 
atrophy, and paralysis. At the cellular level, most SOD1 mutations 
alter its tertiary structure, leading to protein aggregation (Turner 
et al., 2005; Kim et al., 2014).

In this study, we show that NFkB-depleted cells are unable to 
induce autophagy and accumulate more aggregates than control 
cells in response to a wide range of protein aggregation stresses. 
Our data indicate that, in addition to heat stress, at least four other 
different protein aggregation stresses can activate NFkB transcrip-
tion factor through a noncanonical pathway that, in turn, induces the 
autophagic process. Moreover, we demonstrate that upon those 
stresses, NFkB activation enhances the expression of BAG3 and 
HspB8 proteins, which relocalize to a vast majority of protein ag-
gregates and activate selective autophagy and protein aggregate 
clearance. Thus NFkB can be considered as a central regulator of 
PQC via regulation of autophagy in response to protein aggrega-
tion stresses.

RESULTS
Amino acid analogues, MG132, and the expression of 
mutated forms of HspB5 or SOD1 induce the formation 
of protein aggregates
We previously reported that heat stress activates NFkB transcription 
factor via the induction of protein aggregation (Kretz-Remy et al., 
2001). We therefore investigated whether other types of protein ag-
gregation stresses could activate NFkB. We first analyzed, by immu-
nofluorescence (Figure 1) and filter trap assay (Supplemental Figure 
S1), the protein aggregation status of HeLa cells in response to four 
different protein aggregation stresses: amino acid analogue and 
MG132 treatment and expression of the mutated forms of HspB5 
and SOD1, which are prone to form aggregates. The distribution of 
multiubiquitinated proteins was rather diffused in the cytoplasm in 
nontreated cells (Figure 1, A–C, NT). In contrast, 5 mM canavanine or 
azetidine treatment induced the formation of small cytosolic gran-
ules containing multiubiquitinated proteins in ∼20% of the cells 
(Figure 1, A and B, graphs). Moreover, 15 mM of the same com-
pounds induced, in a higher percentage of cells (33–38%), aggre-
gates of larger size, colocalized with pericentrin, a component of the 
MTOC, and sometimes gathered around the nucleus, suggesting 

aggregation (Herczenik and Gebbink, 2008). Moreover, because 
protein aggregates can trap other functional cellular components, 
they are often toxic for the cell (gain-of-function effect), as evi-
denced by the growing list of so-called protein conformational dis-
eases, which result from the cellular accumulation of proteotoxic 
misfolded/aggregated proteins (Hightower, 1991; Holmes et al., 
2014). Consequently, cells can detect the presence of abnormal 
proteins (for a pioneering study, see Edington et al., 1989) and 
have developed machinery that maintains the health of its pro-
teome by refolding, sequestering, or degrading misfolded pro-
teins. Refolding is achieved by molecular chaperones (Vabulas 
et al., 2010); for example, spatial sequestering is fulfilled by ad-
dressing aggregates to the microtubule-organizing center (MTOC), 
forming a large, “storage-bin” structure called an aggresome 
(Garcia-Mata et al., 1999). Degradation is principally accomplished 
by the ubiquitin proteasome system (UPS), which clears most solu-
ble misfolded proteins (Goldberg, 2003), and lysosomal compart-
ments, such as the autophagy–lysosomal pathway.

Macroautophagy (hereafter referred to as autophagy) is a self-
eating process starting with the formation of double-membrane au-
tophagosomes that engulf parts of the cytoplasm and fuse with 
acidic lysosomes to form autolysosomes (Wirth et al., 2013; Wilson 
et al., 2014). Then the enclosed material is degraded by acid hydro-
lases and released for recycling. Autophagy occurs at a basal level 
in most tissues and allows the degradation of long-lived proteins 
and cytoplasmic organelles, contributing to the routine turnover of 
cellular trash (Mehrpour et al., 2010). Under nutrient starvation, au-
tophagy is up-regulated as an energy salvage process (Kuma et al., 
2004), but it can also be activated under nonmetabolic stresses such 
as accumulation of aggregated proteins. Of interest, loss of autoph-
agy function may cause an accumulation of misfolded/aggregated 
proteins (Rubinsztein, 2006; Williams et al., 2006; Villella et al., 
2013). Although autophagy has long been described as a bulk deg-
radation process, it is now largely accepted that autophagy can be 
selective via the use of autophagic receptors and adaptors (such as 
p62 or BAG3), linking cargoes to the autophagosomal membrane 
protein LC3-II (Behrends and Fulda, 2012). We showed that selec-
tive autophagy is activated by protein aggregates generated by 
hyperthermia via the stimulation of NFkB (Nivon et al., 2009, 2012).

NFkB is a key transcription factor of the cellular stress response. 
This inducible factor is inactivated by its binding to members of the 
IkB family (Hayden and Ghosh, 2004); hence activation of NFkB 
requires its dissociation from IkB subunits. This event mostly occurs 
through the “canonical” pathway consisting of IkB kinase (IKK) 
phosphorylation, which in turn leads to phosphorylation, ubiquitina-
tion, and degradation of IkB by the 26S proteasome (Hayden and 
Ghosh, 2004). However, some inducers stimulate NFkB through 
noncanonical pathways. Indeed, ultraviolet (UV) or amino acid ana-
logue treatments induce IkB degradation without prior phosphory-
lation (Kretz-Remy et al., 1998; Li and Karin, 1998). We also demon-
strated that heat stress induces NFkB/IkB dissociation independently 
of IkB phosphorylation or degradation (Nivon et al., 2009).

Here we sought to determine whether NFkB could act as a cen-
tral modulator of protein quality control (PQC) upon proteotoxic 
stress. We tested NFkB involvement in PQC after various protein 
aggregation stresses such as amino acid analogue treatment, pro-
teasome inhibition by MG132, and overexpression of mutated 
forms of proteins prone to form aggregates. The amino acid ana-
logues canavanine and azetidine mimic natural arginine and proline, 
respectively. They can escape detection by the protein synthesis 
machinery and thus are incorporated into nascent polypeptides, 
promoting translational errors and irreversible protein misfolding, 
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gates with a size >3 μm. Filter trap assay in-
dicated at least eightfold-increased level of 
multiubiquitinated protein aggregates after 
2.5 or 5 μM MG132 treatment (Supplemen-
tal Figure S1B). In overexpression experi-
ments, pcDNA3-HspB5WT–transfected cells 
(HspB5wt) showed a homogeneous and dif-
fuse localization of HspB5 (Figure 1D), as 
previously described (Simon et al., 2007a). In 
contrast, when cells expressed the missense-
mutated form of HspB5 (HspB5R120G, 
found in human disease), the protein was 
localized in cytoplasmic aggregates in 40% 
of the cells, with 14% of the aggregates >3 
μm. Moreover, some of the aggregates were 
gathered in the perinuclear region (colocal-
ization with pericentrin). Filter trap data indi-
cated approximately eightfold increase of 
HspB5 aggregates in those cells in compari-
son to cells expressing wild-type HspB5 
(Supplemental Figure S1C). Similar observa-
tions were made with SOD1 protein ex-
pressed in HeLa cells. The localization of 
wild-type SOD1-EGFP was diffuse in the cy-
toplasm and the nucleus (Figure 1E). In con-
trast, the expression of the G93A mutated 
form of SOD1 induced the appearance of 
cytoplasmic or juxtanuclear enhanced green 
fluorescent protein (EGFP) inclusions in 17% 
of the cells. SOD1G85R expression induced 
similar inclusions with a higher frequency of 
appearance (27%) but with a similar percent-
age of cells containing aggregates with a 
size >3 μm (∼9%). Filter trap analysis indi-
cated that SOD1G85R and SOD1G93A pro-
teins increased the level of protein aggre-
gates respectively by eightfold and fourfold 
compared with wild-type SOD1 (Supple-
mental Figure S1D). Hence, by submitting 
HeLa cells to these diverse stresses, we were 
able to control protein misfolding and in-
duce various types (quantitatively and quali-
tatively) of protein aggregates in the cells.

Amino acid analogues, MG132 
treatment, and expression of HspB5 
and SOD1 mutants activate NFκB 
through a noncanonical pathway
We then tested whether protein aggrega-
tion stresses could activate NFkB transcrip-

tion factor, as we previously reported for heat and amino acid ana-
logue treatments (Kretz-Remy et al., 1998, 2001). NFkB activity was 
quantified in HeLa cells constitutively expressing pNFkBluc reporter 
vector (see Materials and Methods) and subjected to increasing 
concentrations of azetidine, canavanine, and MG132 or transfected 
with wild-type or mutated HspB5 and SOD1 expression vectors 
(Figure 2). The kB-dependent luciferase reporter gene revealed that 
increasing concentrations of azetidine or canavanine gradually stim-
ulated NFkB activity by ∼2.5-fold for azetinine and 5-fold for cana-
vanine treatment (Figure 2A), as we previously showed (Kretz-Remy 
et al., 1998). Note that this activation was not as intense as that 
observed after a 43°C heat shock treatment (∼24-fold). Similarly, 

aggresome formation (Figure 1, A and B). Filter trap analysis con-
firmed the accumulation of protein aggregates with greater than 
fourfold increase in the level of multiubiquitinated protein aggre-
gates after amino acid analogue treatment in comparison to non-
treated cells (Supplemental Figure 1A). Similarly, we found that in-
creasing concentration of MG132 induced the formation of 
multiubiquitin positive inclusions of larger size and increased fre-
quency in the perinuclear region (aggresome-like structures) of 
treated cells (Figure 1C). Indeed, 38% of 2.5 μM MG132–treated 
cells contained aggregates, with 10% of these cells containing ag-
gregates >3 μm. In comparison, 74% of 5 μM MG132–treated cells 
contained aggregates, with 43% of these cells containing aggre-

FIGURE 1: Amino acid analogue or MG132 treatment and overexpression of mutated forms of 
HspB5 and SOD1 induce the formation of protein aggregates. HeLa cells were untreated (NT) or 
subjected to 5 and 15 mM azetidine (A) or canavanine (B) treatment or 2.5 and 5 μM MG132 
treatment (C) for 6 h and allowed to recover in fresh culture medium for 16 h. HeLa cells 
were transiently transfected with control (Cont) plasmids (see Materials and Methods) or 
plasmids expressing wild-type HspB5 or its mutated form, HspB5R120G (D), or wild-type 
SOD1-EGFP or its mutated forms, SOD1G93A-EGFP and SOD1G85R-EGFP (E), and were 
analyzed 48 h after transfection. Cells were fixed, permeabilized, and stained with antibodies 
against multiubiquitin (red staining) and pericentrin (indicator of MTOC localization; green 
staining; A–C) or HspB5 (red staining; D) and pericentrin (green staining; D). Nuclei were stained 
with Hoechst (blue), and cells were analyzed with a fluorescence microscope. The percentage of 
cells containing aggregates larger or smaller than 3 μm is reported in the histograms. n = 4.
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FIGURE 2: Protein aggregation stresses stimulate NFkB activity. pNFkBLuc stable HeLa transformants were untreated 
(NT) or treated with 5 or 15 mM azetidine (Aze) or canavanine (Cana; A) or with increasing concentration (0.5–10 μM) of 
MG132 (B) for 6 h. As a positive control for NFkB induction, cells were also subjected to 90-min heat shock treatment 
(HS) at 43°C (A). (C, D) HeLa cells were transiently transfected or not (NT) with control plasmids (Cont) or plasmids 
expressing wild-type HspB5 or its mutated form, HspB5R120G (C), or wild- type SOD1-EGFP or its mutated forms, 
SOD1G93A-EGFP and SOD1G85R-EGFP (D). (E) pNFkBLuc HeLa cells were either transfected with an empty vector or 
with expression vectors for dominant-negative mutants of IkBα (pLXSN-IkBα) or of IKKβ (pRK5-IKKβ(K44A)). The next 
day, cells were treated with 2000 U/ml TNFα for 4 h, followed by 16 h of recovery or subjected to the same treatments as 
described (15 mM Aze or Cana, 5 μM MG132, or expression of wild-type and mutated forms of HspB5 and SOD1). Insets, 
immunoblot analysis of HspB5 and SOD1-EGFP levels in transfected HeLa cells 48 h after transfection. Luciferase activity 
was measured 16 h after treatment or 48 h after transfection. Results are presented as fold stimulation (ratio between 
luciferase activity after treatment vs. luciferase activity in NT counterpart). Results are presented as mean ± SD. n ≥ 3.
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stimulation of protein aggregation, addition of these inhibitors fur-
ther enhanced the already elevated level of LC3-II (see Western 
blots and quantifications), indicating that treatment by amino acid 
analogue or MG132 and overexpression of HspB5R120G, 
SOD1G85R, or SOD1G93A activated the autophagic flux.

We next determined whether this increased autophagic flux 
upon protein aggregation stresses was NFkB dependent, by quan-
tifying autophagic activity in control HeLa cells and in HeLa cells 
depleted of the p65 subunit of NFkB (p65-KD#2). We observed that 
in nontreated p65-KD#2 cells, the LC3-II level was very slightly in-
creased, as observed in a previous study in which we demonstrated 
a minor role of NFkB in autophagosome maturation (Nivon et al., 
2012). However, those cells were still able to induce autophagy, for 
example, after TNFα treatment (Nivon et al., 2009). After azetidine, 
canavanine (Figure 4A), and MG132 treatment (Figure 4B), LC3-II 
level increased ∼3-fold in HeLa cells but not in p65-depleted cells 
(p65-KD#2). Similarly, expression of HspB5R120G (Figure 4C) or of 
SOD1G85R and SOD1G93A (Figure 4D) induced a 2- to 2.5-fold 
increase of LC3-II levels in control HeLa cells but not in p65-KD#2 
cells subjected to the same treatment. Therefore our results indicate 
that NFkB is a major activator of autophagic flux in response to di-
verse protein aggregation stresses.

NFκB-dependent autophagy is involved in the clearance of 
protein aggregates generated by treatment with amino 
acid analogues or MG132 or by expression of HspB5 and 
SOD1 mutants
Autophagy is a process involved in PQC via degradation of protein 
aggregates (Sridhar et al., 2012). We previously reported that 
NFkB-dependent autophagy helps the cell to recover from ther-
mal injury by clearing protein aggregates. We therefore analyzed 
the protein aggregation status in control and p65-depleted HeLa 
cells subjected to various protein aggregation stresses (Figure 5). 
Cell lines were subjected to amino acid analogue treatment, and 
protein aggregation was monitored by immunofluorescence and 
analysis of multiubiquitinated protein labeling (Figure 5A). In 
untreated control and p65-depleted HeLa cells (NT), labeling of 
multiubiquitinated proteins was faint and diffuse into the cyto-
plasm, although some rare and small cytoplasmic inclusions could 
be detected in p65-deficient cells. This is consistent with the fact 
that NFkB has a minor role in basal protein quality control by mod-
ulating autophagosome maturation, as we previously demon-
strated (Nivon et al., 2012). After 15 mM azetidine or canavanine 
treatment, we could distinguish some small inclusions in respec-
tively 31 and 38% of control HeLa cells, with rare (1.8 and 3.8%) 
aggregates of large size (Figure 5A). In contrast, in p65-depleted 
cells, those inclusions were more abundant and larger. Indeed 
58–62% of the cells contained aggregates, with aggregates >3 μm 
in 7% of azetidine-treated and 14% of canavanine-treated cells. 
We made similar observations in cells treated with MG132 (Figure 
5B), in which we distinguished inclusions in 38 and 70% of control 
HeLa cells treated with 2.5 or 5 μM MG132, respectively. This pro-
portion of aggregate-containing cells increased to 70% (2.5 μM) or 
98% (5 μM) in NFkB-deficient cells, with also an increased propor-
tion of aggregates of larger sizes. Those large inclusions colocal-
ized with pericentrin, indicating the formation of an aggresome-
like structure. After cell transfection with pcDNA3-αBCWT 
(HspB5wt), we observed a diffuse distribution of HspB5 into the 
cytoplasm, with the appearance of denser structures in only 7.5% 
of p65-depleted cells. Of interest, expression of the R120G mu-
tated form of HspB5 induced the formation of small inclusions in 
only 41% of the control HeLa cells, with only 6.5% of the cells 

increasing concentrations of MG132 gradually activated NFkB activ-
ity up to 6-fold (Figure 2B). Moreover, overexpression of the mu-
tated form of HspB5 stimulated NFkB activity by ∼2-fold, whereas 
overexpression of wild-type HspB5 did not. Indeed, NFkB activity in 
HspB5wt-expressing cells was similar to that in untreated or empty 
vector–transfected (Cont) cells (Figure 2C). The equivalent expres-
sion levels of wild-type and mutated HspB5 were established by 
Western bot analysis (Figure 2C, inset). Similarly, equivalent expres-
sion of G93A and G85R mutated forms of SOD1 increased NFkB 
activity approximately twofold, whereas the wild-type form did not 
(Figure 2D and inset). We then performed the same experiment in 
cells expressing either a dominant-negative mutant of the IKKβ sub-
unit of IKK (pRK5-IKKβ(K44A)) or a dominant-negative mutant of 
IkBα (pLXSN IkBαM), which both abrogate IkBα phosphorylation 
and thus the canonical activation pathway of NFkB (Figure 2E). NFkB 
stimulation by protein aggregation stresses was similar in the pres-
ence and absence of those dominant-negative mutants. In contrast, 
NFkB induction by tumor necrosis factor α (TNFα) treatment, which 
depends on the canonical pathway, was strongly impaired by the 
presence of those dominant-negative mutants (Figure 2E). Thus 
NFkB activation by these protein aggregation stresses appears to be 
independent of IkBα phosphorylation/degradation. Taken together, 
our results demonstrate that various protein aggregation stresses are 
able to activate NFkB via a noncanonical pathway. Moreover, they 
suggest that NFkB is a central sensor of cellular protein aggregation 
stress.

Amino acid analogues, MG132 treatment, and expression of 
mutated forms of HspB5 or SOD1 activate autophagy flux 
in an NFκB-dependent manner
We previously reported that protein aggregation stress induced by 
heat shock activates NFkB-dependent autophagy. We thus won-
dered whether the aggregation stresses studied here could induce 
the same process. To this end, we submitted HeLa cells to increas-
ing concentrations of azetidine, canavanine, or MG132 and quanti-
fied the LC3-II level by Western blot as a read-out of the abundance 
of autophagosomes in cells. We observed that LC3-II level increased 
in cells treated with increasing concentrations of amino acid ana-
logues (Figure 3A) or MG132 (Figure 3B) compared with nontreated 
cells. Regarding overexpression of HspB5, transfection by control 
plasmid or overexpression of wild-type HspB5 did not nearly modify 
LC3-II levels in comparison to nontransfected cells (1.2 ratio vs. 1 for 
nontransfected cells). In contrast, overexpression of HspB5R120G 
doubled the LC3-II level (Figure 3C). The same results were ob-
tained with G93A and G85R mutated forms of SOD1, whose over-
expression approximately doubled the LC3-II levels, whereas that of 
wild-type SOD1 did not (Figure 3D). These results were confirmed 
by immunofluorescence analysis in cells expressing GFP-LC3 or la-
beled with LC3 antibody (Supplemental Figure S2). Indeed, whereas 
we observed diffuse fluorescence in nontreated cells or in cells ex-
pressing wild-type HspB5 or SOD1 (Supplemental Figure S2, A–C, 
NT, Cont and wt), we observed the formation of numerous fluores-
cent puncta in cells treated by amino acid analogues and by MG132 
(Supplemental Figure S2A) and in cells overexpressing HspB5R120G 
(Supplemental Figure S2B) or SOD1G93A-EGFP and SOD1G85R-
EGFP (Supplemental Figure S2C). An increased number of autopha-
gosomes can be the consequence of either increased autophagic 
flux or inhibition of the maturation/degradation of autophagic vesi-
cles. To distinguish between those two events, we stressed HeLa 
cells as described earlier in the presence of 5 μM E64d and pep-
statin A, two inhibitors of lysosomal cathepsins that abrogate au-
tophagosome maturation into autolysosomes (Figure 3, E–G). On 
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containing large inclusions. In contrast, this 
mutated protein induced the formation of 
aggresome-like structures in nearly every 
p65-deficient cell, with 50% of the cells 
containing large inclusions (Figure 5C). Fi-
nally, the expression of SOD1G93A and 
SOD1G85R induced mostly the formation 
of small cytoplasmic inclusions in respec-
tively 15 and 25% of control HeLa cells 
(Figure 5D). However, inclusions were de-
tected in 45 and 70%, of p65-deficient cells 
expressing SOD1G93A and SOD1G85R 
rather than the diffuse and widespread flu-
orescence observed in control or p65-defi-
cient cells expressing SOD1wt. In addition, 
the percentage of cells containing large 
inclusions increased approximately three-
fold in the p65-KD#2 cell line. Taken to-
gether, our observations indicate that 
NFkB-deficient cells have impaired au-
tophagy induction in response to aggrega-
tion stresses, coinciding with altered PQC 
and clearance of protein aggregates.

NFκB modulates BAG3 and HspB8 
expression in response to various 
protein aggregation stresses
Studies have described the role of the 
BAG3-HspB8 complex in the selective re-
moval of misfolded proteins by autophagy 
(Carra et al., 2008a,b; Carra, 2009). More-
over, we demonstrated in a previous work 
that upon heat shock, NFkB modulates 
BAG3 and HspB8 levels (Nivon et al., 
2012). We thus wondered whether other 
types of protein aggregation stress could 
act in the same way. We quantified the 
level of BAG3 and HspB8 proteins in con-
trol and p65-depleted HeLa cells subjected 
to azetidine, canavanine, and MG132 treat-
ment (Figure 6A). We observed 1.6- to 
3-fold increases of BAG3 and HspB8 levels 
(Figure 6A) in control cells treated with 
amino acid analogues or proteasome in-
hibitor. This increase was strongly reduced 
in p65-depleted cells. Of interest, the ex-
pression of HspB5R120G mutant or 
SOD1G85R and SOD1G93A also increased 
BAG3 and HspB8 levels (two- to threefold) 
in control HeLa cells (Figure 6B), whereas 
expressions of their wild-type counterparts 
had no effect. In contrast, BAG3 and HspB8 
levels were steady in p65-depleted cells 
expressing HspB5 and SOD1 mutated 
forms (Figure 6B). Our results thus indicate 
that protein aggregation stresses activate 

FIGURE 3: Amino acid analogue or MG132 treatment and overexpression of mutated forms of 
HspB5 and SOD1 increase autophagic flux. HeLa cells were either nontreated (NT) or subjected 
to azetidine or canavanine (5 or 15 mM) treatment (A) or MG132 (0.5–5 μM) treatment (B) for 
6 h. (C, D) Cells were left untreated (NT) or transiently transfected with control plasmids (Cont) 
or plasmids expressing wild-type HspB5 and its mutated form, HspB5R120G (C), or wild-type 
SOD1-EGFP and its mutated forms, SOD1G93A-EGFP and SOD1G85R-EGFP (D). (E–G) HeLa 
cells were subjected to the same treatments as described in the presence of 5 μM cathepsin 
inhibitors pepstatin A (PepA) and E64d. The inhibitors were added concomitantly to the 
treatment or just after transfection and were not removed until protein extraction. Total protein 
extracts were prepared 16 h after treatment and 24 h after transfection and subjected to 
SDS–PAGE. Immunoblots were probed with antibodies against LC3-I and -II, HspB5, EGFP, and 
actin (as a loading control). The histograms show LC3-II/actin ratios, which were calculated from 

quantifications of LC3-II and actin bands of 
Western blots by ImageJ (n = 3; ratio was set 
at 1.0 for NT or Cont-transfected cells). 
Results are representative of three 
independent experiments.
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interest, these aggregates colocalized with BAG3, as shown by 
nearly total overlay of BAG3 and multiubiquitin fluorescence peaks 
corresponding to aggregates (Figure 7, B–D). In addition, Pearson’s 
r2 in aggregate-containing portions of the cells was ∼0.8–0.9 (Figure 
7, B–D). In contrast, r2 was 0.09 or 0.11 in nontreated cells or in por-
tions of cells devoid of aggregates. Moreover, we found that 88–96% 
of the multiubiquitinated aggregates detected after amino acid ana-
logue or MG132 treatment colocalized with BAG3 (Figure 7, B–D). 
As for HspB8 (Figure 8), its distribution was rather diffuse in the cyto-
plasm and less abundant in the nucleus; moreover, it did not colocal-
ize with multiubiquitin in nontreated cells (Figure 8A, r2 = 0.12). How-
ever, upon amino acid analogue and MG132 treatment, HspB8 
redistributed to multiubiquitinated granules, as evidenced by chan-
nel overlays, fluorescence intensity graphs, and r2 = 0.7–0.84. In ad-
dition, HspB8 colocalized with >90% of the multiubiquitinated ag-
gregates detected (Figure 8, B–D). pcDNA3-HspB5WT-transfected 
cells (HspB5wt) showed a homogeneous and diffuse cytoplasmic 

NFkB, which in turn enhances BAG3 and HspB8 expression, two 
proteins known to be involved in the stimulation of selective 
autophagy.

HspB8 and BAG3 colocalize with the protein aggregates 
generated by amino acid analogues, MG132 treatment, and 
expression of HspB5 and SOD1 mutants
Because BAG3 and HspB8 expression is up-regulated via NFkB 
upon proteotoxicity, we next asked whether they could localize to 
protein aggregates. We analyzed BAG3 and HspB8 localization by 
confocal immunofluorescence in untreated cells and cells submitted 
to azetidine, canavanine, and MG132 treatment (Figures 7 and 8, 
A–D). We observed a diffuse cytoplasmic pattern of expression of 
BAG3 and multiubiquitinated proteins in nontreated cells, with no 
colocalization (Figure 7A). In contrast, as previously observed (Figure 
1), amino acid analogue and MG132 treatment induced the forma-
tion of cytosolic granules containing multiubiquitinated proteins. Of 

FIGURE 4: p65 depletion alters autophagy induction by protein aggregation stresses. Control (HeLa) and p65-depleted 
cell lines (p65-KD#2) were left untreated or subjected to amino acid analogue (azetidine and canavanine; A) or MG132 
treatment (B) as described in Figure 3. (C, D) Cell lines were untreated (NT) or transiently transfected with control 
plasmids (Cont) or plasmid expressing wild-type or mutated forms of HspB5 (C) and SOD1-EGFP (D) as described in 
Figure 3. Total protein extracts were analyzed in immunoblots probed with LC3, HSPB5, EGFP, and actin antibodies. The 
histograms show LC3-II/Actin ratios calculated as described in Figure 3. Results are representative of four independent 
experiments.
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colocalization of BAG3 or HspB8 with HspB5 (r2 < 0.14; see respec-
tive tables). In contrast, the expression of HspB5R120G generated 
aggregates colocalizing with BAG3 (Figure 7F, r2 = 0.71) and HspB8 

localization of HspB5 (Figures 7E and 8E); moreover BAG3 (Figure 
7E) and HspB8 (Figure 8E) distribution in those cells was similar to 
the that in nontreated cells (NT, Figures 7A and 8A), with no obvious 

FIGURE 5: p65-deficient cells show increased protein aggregation in response to various protein aggregation stresses. 
Control (HeLa) and p65-depleted cell lines (p65-KD#2) were either untreated (NT) or treated for 6 h with 15 mM 
azetidine (Aze) or canavanine (Cana; A) or with 2.5 and 5 μM MG132 (B). (C, D) Cell lines were untreated or transiently 
transfected with plasmids expressing HspB5wt and HspB5R120G (C) or SOD1wt-EGFP, SOD1G93A-EGFP, and 
SOD1G85R-EGFP (D). Immunofluorescence analyses were performed 16 h after treatment or 48 h after transfection. 
Cells were fixed, permeabilized, and stained with multiubiquitin (red staining) and pericentrin (green staining) antibodies 
(A, B) or with HspB5 antibody (red staining; C). Fluorescent antibodies, SOD1-EGFP proteins, and nuclei stained with 
Hoechst (blue staining) were visualized under a fluorescence microscope. Percentage of cells containing aggregates 
larger or smaller than 3 μm is shown in the histograms (mean ± SD); n = 3.
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(Figure 8F, r2 = 0.79) proteins. In addition, 
this colocalization was observed in ∼88% of 
the aggregates detected (Figures 7F and 
8F). We made similar observations after ex-
pression of SOD1 protein in HeLa cells. 
BAG3 (Figure 7G) and HspB8 (Figure 8G) 
localization was not modified by the expres-
sion of wild-type SOD1. In contrast, the pro-
teins predominantly relocalized to the inclu-
sions generated by the expression of 
SOD1G85R-EGFP (Figures 7H and 8H) and 
SOD1G93A-EGFP (Figures 7I and 8I). In-
deed, ∼80–93% of the SOD1G85R and 
SOD1G93A aggregates detected colocal-
ized with BAG3 or HspB8 proteins (r2 = 0.71–
0.86, in comparison to r2 < 0.14 in wtSOD1-
expressing cells; see respective tables). 
Hence our results indicate that BAG3 and 
HspB8 redistribute toward a vast majority of 
the protein aggregates generated by di-
verse proteotoxic stresses.

Taken together, our results demonstrate 
that NFkB is a central sensor of protein ag-
gregation and can modulate protein quality 
control by increasing the expression of 
BAG3 and HspB8, which redistribute to pro-
tein aggregates and favor their selective au-
tophagic clearance.

DISCUSSION
Unchecked protein misfolding and/or ag-
gregation are the root cause of many di-
verse protein conformational diseases 
(Herczenik and Gebbink, 2008). Protein ag-
gregation can result in various structural ap-
pearances, ranging from unordered amor-
phous aggregates to highly ordered fibrils 
called amyloids. Here we studied the in-
volvement of NFkB in the cell response to 
protein aggregation stress, an event also 
described as proteotoxicity (Hightower, 
1991). To this end, we performed treat-
ments with structural analogues of amino 
acids that generate randomly abnormal pro-
teins, which are rapidly ubiquitinated, over-
whelming chaperones and the proteasome 
system, thus inducing the formation of cyto-
solic granules (Dasuri et al., 2011). We in-
deed observed that amino acid analogue 
treatment induced the formation of small, 

FIGURE 6: NFkB up-regulates BAG3 and HspB8 expression after various protein aggregation 
stresses. (A) Control (HeLa) and p65-depleted (p65-KD#2) cell lines were either untreated (NT) 
or treated with 5 and 15 mM azetidine (Aze) and canavanine (Cana) or 5 μM MG132 for 6 h. At 
16 h after treatments, total protein extracts were prepared and analyzed by immunoblots 
probed with antibodies against BAG3, HspB8, and actin (as a loading control). (B) As in A, but 
with HeLa and p65-KD#2 cell lines transiently transfected with control plasmids (Cont) or 
plasmids expressing HspB5wt, HspB5R120G, SOD1wt-EGFP, SOD1G93A-EGFP, or SOD1G85R-

EGFP. Analysis was performed 35 h 
posttransfection. Expression of HspB5 and 
SOD1-EGFP was checked by probing 
immunoblots with anti-HspB5 and anti-EGFP 
antibodies. BAG3 and HspB8 levels were 
quantified; the densitometric measurements 
were normalized to the corresponding actin 
bands, and ratios were calculated between 
HeLa or p65-KD#2-treated cells vs. 
nontreated counterparts and are reported in 
the graphs (n = 3).
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interactions. In addition, different types of aggregates can interact 
with and/or sequester various types of proteins; these interactions 
are determined by specific sequence features and/or enrichment of 
disordered regions of the coaggregating proteins (Olzscha et al., 
2011). Nonetheless, even if current knowledge does not allow a di-
rect comparison between aggregate sizes or levels and their capac-
ity to stimulate NFkB activity, our data highlight a new aspect of 
NFkB function; indeed, NFkB might be considered as a primary 
regulator of protein aggregation stress response, adding another 
item to the growing list of stress responses in which NFkB is in-
volved (viral infection, bacterial lipids, DNA damage, oxidative 
stress, ER stress, chemotherapeutic agents, etc.; Piva et al., 2006; 
Tam et al., 2012).

We next wondered about the consequences of protein aggre-
gate accumulation and NFkB activation in stressed cells and first 
focused on autophagy. Indeed, autophagy is widely described to be 
involved in the clearance of protein aggregates (Martinez-Vicente 
and Cuervo, 2007; Nivon et al., 2009, 2012). In this study, we dem-
onstrated that amino acid analogue treatment increased autopha-
gic flux (Figure 3 and Supplemental Figure S1). Similarly, we ob-
served that the autophagic flux is activated upon proteasome 
inhibitor MG132 treatment, as previously observed in cultured as-
trocytes (Janen et al., 2010). Finally, we found that overexpression of 
SOD1G85R, SOD1G93A, or HspB5R120G stimulated autophagic 
flux whereas the wild-type forms of these proteins did not. These 
results are consistent with a previous analysis with SOD1G93A mu-
tant in NSC34 neuron-like mouse cells (Wei, 2014). As for Hsp-
B5R120G, our results are in line with the description of autophagy 
activation after HspB5R120G expression in cardiomyocytes (Tannous 
et al., 2008). However, they contrast with reports that autophagy is 
inhibited (altered autophagosome maturation) in cardiomyocytes 
and lens from HspB5R120G knock-in mouse models (Maloyan and 
Robbins, 2010; Wignes et al., 2013). This discrepancy might be ex-
plained by the duration of expression of this mutant. Indeed, the 
previous work examined long-term expression of HspB5R120G, 
whereas in the present study we performed autophagy measure-
ments 24 h after the beginning of the transient expression of Hsp-
B5R120G. In addition, HspB5 is known to chaperone vimentin fila-
ments, which were shown to suppress autophagy dynamics by 
interacting with Beclin1, a protein crucial for autophagy initiation 
(Mostowy, 2014). Thus it could be hypothesized that the expression 
of HspB5R120G, whose chaperone activity is altered, can induce 
the formation of aggregates with vimentin filaments and provoke 
the release of Beclin1, which, in turn, could stimulate autophagy. 
Nonetheless, in the long-term context, the accumulation of Hsp-
B5R120G aggregates could overwhelm the autophagic process or 
the lysosome machinery and alter the autophagy–lysosome fusion 
process. Next we determined that NFkB-deficient cells subjected 
to these various protein aggregation stresses exhibited a strong 
impairment of autophagy stimulation (Figure 4). Thus, even though 
autophagy was described to be involved in the clearance of pro-
tein aggregates generated by MG132 treatment, expression of 
HspB8R120G in cardiomyocytes, or expression of SOD1G85R and 
SOD1G93A in a mouse neuroblastoma cell line (Kabuta et al., 2006; 
Janen et al., 2010; Pattison et al., 2011), to our knowledge, this is 
the first time that connections have been made between the activa-
tion of the NFkB transcription factor by these protein aggregation 
stresses and the stimulation of autophagy. We thus wondered 
whether the clearance of protein aggregates was modulated by 
NFkB-dependent autophagy and analyzed protein aggregation sta-
tus in NFkB-deficient cells subjected to amino acid analogues, 
MG132, and expression of HspB5 and SOD1 mutants. We observed 

multiubiquitinated cytosolic granules but also aggresome-like struc-
tures under more drastic treatments (Figure 1). In this respect, it is 
interesting to note that canavanine treatment seems to induce more 
frequent and larger aggregates in the cells; this might be related to 
a better incorporation into proteins of this analogue of arginine, 
since cells were cultured in medium devoid of arginine but not of 
proline. Cell treatment by MG132 provoked increased levels of mul-
tiubiquitinated proteins and formation of ubiquitin-containing ag-
gresomes, as previously described (Hightower, 1980; Gies et al., 
2010). We also induced other kinds of proteotoxicity by expressing 
mutated proteins that are prone to form aggregates. We observed 
the formation of perinuclear aggregates after expression of the 
R120G mutated form of HspB5, which is in line with the description 
of HspB5R120G aggregation with intermediate filaments leading to 
aggresome formation containing the amyloid oligomer (Meehan 
et al., 2007; Simon et al., 2007b). Finally, we expressed the G93A 
and G85R mutated form of SOD1 in HeLa cells and observed cyto-
plasmic and perinuclear inclusions. Those aggregates are described 
to contain various proteins or molecular complexes, such as the 
copper chaperone for superoxide dismutase (CCS), Hsp70, and pro-
teasomal proteins. Moreover, studies indicated that SOD1 aggre-
gates might be heterogeneous, ranging from amorphous aggre-
gates to amyloid fibrils (Matsumoto et al., 2005; Oztug Durer et al., 
2009). Of interest, the aggregates formed in response to the various 
stresses are of different sizes. This is a quite common observation, 
and this variability in size and also in structure was illustrated by the 
following observation: depending on the stress induced (tempera-
ture, pH, pressure) but also of the intracellular environment (e.g., 
protein concentration), a given protein can aggregate into diverse 
morphological/structural and toxic states (Wang et al., 2010). More-
over, many studies show that if the clearance system, such as UPS or 
autophagy, is overwhelmed, the aggregated proteins accumulate 
and usually gather at specific sites, generating larger aggregates 
such as aggresomes at MTOCs to minimize their toxic effects 
(Garcia-Mata et al., 1999). In this study, we therefore used various 
treatments that allow the induction of diverse types of protein ag-
gregation stress—random or selective aggregation of proteins, 
amorphous aggregates, or amyloid fibrils—and were able to dem-
onstrate that although these aggregates are diverse in origin, struc-
ture, and size, they all trigger NFkB activation.

Of interest, MG132 is usually described as an inhibitor of the 
canonical activation pathway of NFkB via its inhibitory effect on IkB 
degradation by the proteasome (Zanotto-Filho et al., 2012). Surpris-
ingly, we observed that MG132 treatment could activate NFkB, sug-
gesting the involvement of an alternative activation pathway. We 
also demonstrated that this stimulation does not occur through the 
canonical NFkB transduction pathway, since, by the use of dominant-
negative mutants, we observed that NFkB activation by MG132 or 
mutated HspB5 and SOD1 proteins is independent of IKKβ activity 
or IkBα phosphorylation/degradation (Figure 2). Hence our results 
suggest that NFkB is a central sensor of protein aggregation 
stresses, which is activated via a noncanonical pathway. However, 
we found that the intensity of NFkB activation varies depending on 
the type of treatment, with maximal induction after heat stress and 
minimal induction after overexpression of mutated proteins prone 
to form aggregates. One could hypothesize that heat stress or 
MG132 treatment affects all (heat stress) or a wide range (MG132) of 
proteins and induces numerous aggregates, whereas mutated pro-
teins induce specific and less numerous aggregates. Yet this expla-
nation might not reflect reality, since toxicity of aggregates and thus 
cell response to those aggregates not only depends on their quan-
tity but also correlates with their ability to promote aberrant protein 
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FIGURE 7: BAG3 colocalizes with protein aggregates induced by various aggregation stresses. (A–D) HeLa cells were 
either nontreated (A) or treated with 15 mM azetidine (B) and canavanine (C) or with 5 μM MG132 (D) for 6 h. At 16 h 
after treatment, cells were fixed and analyzed by confocal microscopy for BAG3 and multiubiquitin localization. 
(E–I) Cells were transiently transfected with plasmids expressing HspB5wt (E) or HspB5R120G (F) or SOD1 wt-EGFP (G), 
SOD1G85R-EGFP (H), and SOD1G93A-EGFP (I). At 48 h after transfection, cells were fixed and analyzed by confocal 
microscopy for BAG3, HspB5, and SOD1-EGFP localization. Single channels and channel overlays (merge) are shown. 
The intensity of red and green fluorescence measured along portions (white lines in inset pictures) that cross over 
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involvement of other regulators. Taken together, our data indicate 
that NFkB deficiency impairs BAG3/HspB8 up-regulation after vari-
ous protein aggregation stresses, which is associated with a defec-
tive autophagic process and an accumulation of protein aggregates. 
Of interest, this process seems to be rather restricted to BAG3 and 
HspB8 partners. Indeed, we could not detect any modulation of the 
transcript levels of other known players in protein aggregate clear-
ance, such as Alfy, NBR1, or optineurin, in a microarray analysis in 
control and p65-depleted HeLa cells submitted to heat stress, which 
is an inducer of the noncanonical NFkB pathway (unpublished data).

Finally, we checked whether up-regulated BAG3 and HspB8 
could associate with protein aggregates and observed strong colo-
calization of BAG3 and HspB8 with the aggregates generated by 
amino acid analogue and MG132 treatment or expression of HspB5 
and SOD1 mutated forms. These observation are in line with the 
colocalization of BAG3 with multiubiquitinated aggregates de-
scribed upon MG132 treatment (Minoia et al., 2014), the colocaliza-
tion of overexpressed BAG3 and HspB5R120G in HEK293 cells 
(Hishiya et al., 2011), the association of BAG3 and SOD1G85R ag-
gregates (Gamerdinger et al., 2011), and the colocalization of 
HspB8 and SOD1G93A in mouse models (Crippa et al., 2010), indi-
cating that the NFkB-dependent up-regulation of BAG3 and HspB8 
expression might facilitate the recruitment of BAG3/HspB8 to pro-
tein aggregates and strengthen the role of BAG3 and HspB8 in the 
selective removal of aggregates via chaperone-associated selective 
autophagy.

Taken together, our results further highlight the critical and 
central role played by NFkB transcription factor in protein quality 
control. Our data indicate that NFkB is a general sensor of protein 
aggregation stress that can be activated by random or selective 
aggregation of proteins, amorphous aggregates, or amyloid fi-
brils. Its activation induces an on-demand compensatory mecha-
nism, consisting of the up-regulation of the BAG3-HspB8 com-
plex, which in turn associates with protein aggregates and 
stimulates selective autophagy. This mechanism allows the clear-
ance of toxic protein aggregates and thus helps the cell to recover 
from proteotoxicity. Hence this molecular pathway may impact 
therapies for protein conformational diseases, notably cardiac 
dysfunction, cataract formation, or neurodegenerative diseases 
associated with proteasome impairment, myofibrillar myopathies 
associated with HspB5 mutations, or familial ALS linked to SOD1 
mutations.

MATERIALS AND METHODS
Cell culture and cell lines
HeLa cells were grown at 37°C and 5% CO2 in DMEM supple-
mented with 10% decomplemented fetal calf serum (FCS), 1 μg/ml 
Fungizone, and 50 U/ml penicillin/streptomycin (Nivon et al., 
2009). For amino acid analogue treatment, cells were first culti-
vated for 1 h in DMEM without l-arginine (PAN Biotec, Aidenbach, 
Germany) supplemented with 10% dialyzed FCS. Then cells were 
incubated with 5–15 mM of l-canavanine sulfate (abbreviated can-
avanine) or l-azetidine-2-carboxylic acid (abbreviated azetidine). 
For E64d and pepstatin A studies, 5 μM inhibitor was added 

a higher accumulation of protein aggregates in these cells than in 
control cells (Figure 5), leading to the conclusion that NFkB-
dependent autophagy is involved in the clearance of various kinds 
of protein aggregates generated by diverse aggregation stresses.

To determine how NFkB modulated autophagy in response to 
proteotoxicity, we focused on the BAG3/HspB8 complex. Indeed, 
the BAG3 cochaperone is a molecular switch that addresses pro-
teins to proteasomal or autophagic degradation; it also increases 
autophagic activity (Carra, 2009; Gamerdinger et al., 2011; Rapino 
et al., 2014). Moreover, BAG3 binds to chaperones such as Hsp70 
and HspB8, which allow recognition and binding to misfolded pro-
teins (Carra et al., 2008a; Chen et al., 2013). BAG3 is also reported 
to 1) facilitate the retrograde transport of misfolded proteins to the 
MTOC, 2) form aggresomes (Gamerdinger et al., 2009), and 3) pro-
mote both autophagy induction via its binding to Atg3 (Chen et al., 
2013) and selective autophagy through its interaction with p62 
(Gamerdinger et al., 2009). Accordingly, the BAG3/HspB8 complex 
selectively activates autophagic removal of aggregated proteins 
such as Htt43Q and SOD1G93A (Carra et al., 2008a; Crippa et al., 
2013). Of interest, in humans, BAG3 mutations induce severe myo-
fibrillar myopathy associated with cardiomyopathy and neuropathy, 
whereas HspB8 mutations are associated with neuropathy (Fontaine 
et al., 2006; Selcen et al., 2009; Konersman et al., 2015). Finally, we 
previously demonstrated that NFkB activates autophagy in re-
sponse to heat shock treatments via the up-regulation of BAG3 and 
HspB8 expression. In this study, we observed that amino acid ana-
logue or MG132 treatment, as well as expression of HspB5R120G, 
SOD1G85R, and SOD1G93A, induced an increase of BAG3 and 
HspB8 levels (Figure 6). Hence our results corroborate the increased 
transcription of bag3 and hspb8 observed after MG132 treatment 
(Du et al., 2009; Minoia et al., 2014) and the increased levels of 
BAG3 and HspB8 detected in muscles of SOD1G93A knock-in 
mouse models (Crippa et al., 2013). Of importance, to our knowl-
edge, our study reports for the first time a modulation of BAG3 and 
HspB8 levels after protein aggregation stresses such as amino acid 
analogue treatment or expression of the R120G mutated form of 
HspB5. Of interest in this context, it was reported that BAG3 inter-
acts with HspB5R120G and suppresses its aggregation and toxicity 
(Hishiya et al., 2011). Similarly, transfection of HspB8 in cardiomyo-
cytes blocks the amyloid oligomer formed by HspB5R120G (Sanbe 
et al., 2007). We next investigated whether increased BAG3 and 
HspB8 levels induced by proteotoxicity were dependent on NFkB 
activity, similar to what we found after heat shock treatment (Nivon 
et al., 2012). Impaired stimulation of BAG3 and HspB8 expression 
was observed after protein aggregation stresses in p65-depleted 
cells, indicating that NFkB is an important regulator of BAG3 
and HspB8 expression in response to amino acid analogue and 
MG132 treatment or expression of HspB5R120G, SOD1G85R, and 
SOD1G93A. As for MG132 treatment, these results are consistent 
with a previous study reporting that the heat shock response, the 
unfolded protein response, and the NFkB signaling pathway all par-
ticipate in BAG3 up-regulation upon proteasome inhibition (Minoia 
et al., 2014); indeed, we observed that the inhibition of BAG3 up-
regulation in NFkB-deficient cells is not complete, suggesting the 

aggregates is plotted for each condition. Each table indicates the r2 and the percentage of aggregates colocalizing with 
BAG3, where r2 is the mean of the squares of Pearson’s correlation coefficient r (mean ± SD) in aggregate-containing 
and random aggregate-devoid portions of the cells; a value close to 0 indicates a lack of colocalization, and a value 
close to 1 indicates complete colocalization, because all values are positive. The r2 values of the aggregate-containing 
vs. aggregate-devoid portions are statistically different with p < 0.001. Percentage of colocalization of BAG3 with 
multiubiquitinated aggregates (mean ± SD) is also indicated in the tables and was determined by geometrical center–
based colocalization. Results are representative of three identical experiments.
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NF-kB (p65-KD#2) have been described (Nivon et al., 2009). It was 
shown in previous studies that the p65-KD#2 cell line behaves like 
other p65-deficient clones in terms of growth, autophagic activity, 

concomitantly with the treatment or just after transfection and not 
removed until cellular protein extraction. HeLa cells expressing 
short hairpin RNA (shRNA) directed against the p65 subunit of 

FIGURE 8: HspB8 colocalizes with protein aggregates induced by various aggregation stresses. (A–I) Same as in 
Figure 7, but cells were analyzed by confocal microscopy for multiubiquitin, HspB5, SOD1-EGFP, and HspB8 localization.
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based on charge-coupled device detection technology. Image cap-
ture and analysis of Western blots were controlled by Image Lab 
software. Quantification of Western blots was performed by ImageJ 
software (National Institutes of Health, Bethesda, MD).

Filter trap assay
SDS-insoluble aggregates were analyzed by filter trap analysis as 
previously described (Nivon et al., 2012). Briefly, cells were scraped 
in 2% SDS-FTA buffer (FTA: 150 mM NaCl, 50 mM dithiothreitol, 
10 mM Tris-HCl, pH 8). Next samples were homogenized by three 
passages through a 25-gauge needle. The 2.5-μg protein extracts 
were diluted by a factor of 2–8 (1, 1:2, 1:4, and 1:8) and applied 
with mild suction into a slot blot apparatus onto a 0.22-μm Protran 
BA83 nitrocellulose membrane (Schleicher and Schuell, Dutscher, 
Brumath, France) prewashed with 0.1% SDS-FTA buffer. Then the 
membrane was washed with 0.1% SDS-FTA buffer and 0.1% Tween-
TBS buffer (TBS: 20 mM Tris-HCl, pH 7.6, 137 mM NaCl) and pro-
cessed for immunoblotting. Equivalent expression levels of wt and 
mutant constructs for HspB5 and SOD1 were checked on Western 
blots of total cell lysates in parallel experiments.

Fluorescence microscopy analysis
Nontreated, treated, or transfected cells were grown on glass 
coverslips, followed by various recovery periods, rinsed in cold 
PBS, and either fixed for 30 min in 2% paraformaldehyde, pH 7.4 
(EGFP-expressing cells), or fixed for 10 min with cold methanol 
and permeabilized with 0.1% Triton X-100. Cells were stained 
with primary antibodies (MultiUb, HspB5, HspB8, BAG3, pericen-
trin, LC3) and fluorescent secondary antibodies (goat anti-mouse 
Alexa Fluor 568 or 488 nm and goat anti-rabbit Alexa Fluor 488 
or 568 nm; Life Technologies, Thermo Fisher). Hoechst 33258 re-
agent was used to stain nuclei (5 min, 1 ng/ml). For quantification 
of aggregation, cells were photographed with a Zeiss Axiovert 
200M or a Zeiss (Marly-le-Roi, France) Axio Imager Z1 photomi-
croscope (40× objective). Images were digitized with a camera 
(CoolSNAP HQ2; Roper Scientific, Lisses, France) and acquired 
with the Metavue Imaging system. The number of cells containing 
aggregates smaller or larger than 3 μm was quantified three times 
on 100 cells. For colocalization experiments, z-stacks were per-
formed with a confocal Zeiss LSM 510 META (63× objective). Co-
localization was quantified by measuring on z-stacks Pearson’s r 
(all r values were positive) and geometrical center–based colocal-
ization with Fiji’s JACoP plug-in on ∼20 cells for each experimen-
tal condition.

Statistics
The unpaired Student’s t test was applied to compare results be-
tween two sample groups. Differences between groups were con-
sidered statistically significant for p < 0.05. *p < 0.05, **p < 0.01, 
***p < 0.001.

and response to heat stress; similarly, control HeLa cells used in 
this study had the same behavior as HeLa cells expressing single-
mutated or scrambled-mutated shRNA directed against p65 
(Nivon et al., 2009, 2012). Stable HeLa transfectants expressing 
GFP-LC3 have been described (Bampton et al., 2005).

Reagents and plasmids
E64d, pepstatin A, l-azetidine-2-carboxylic acid, l-canavanine sul-
fate, Hoechst 33258, and Triton X-100 were from Sigma-Aldrich 
(Saint Quentin Fallavier, France). MG132 was from Merck (Fontenay 
sous Bois, France). Mouse monoclonal antibodies used were di-
rected against actin, clone C4 (Millipore, Molsheim, France); p62/
SQSTM1, clone 3/p62 lck ligand (Becton Dickinson Biosciences, 
Le-Pont-de-Claix, France); multiubiquitin, clone FK1 (MBL, Woburn, 
MA); EGFP, clone 1GFP-2A5 (Euromedex, Souffelweyersheim, 
France); HspB8, clone 3C5 (Abnova, Walnut, CA); and alphaB crys-
talline/HspB5, clone 1B6.1-3G4 (Enzo, Villeurbanne, France). Anti-
LC3 (L7543; Sigma-Aldrich), BAG3 (Ab47124; Abcam, Paris, France), 
HspB8 (PAB15424; Abnova), and anti-pericentrin (Ab4448; Abcam) 
were rabbit polyclonal antibodies. pcDNA3-αBCWT and pcDNA3-
αBCR120G are expression vectors for wild-type HspB5 protein or its 
R120G mutated form (Simon et al., 2007b). pCDNA3.1(+) (Invitro-
gen, Thermo Fisher, Illkirch, France) was used as the empty plasmid 
control for those constructs. pEGFP-SOD1WT, pEGFP-SOD1G85R, 
and pEGFPSOD1G93A are expression vectors for wild-type hSOD1-
EGFP and its mutated forms hSOD1G85R-EGFP and hSOD1G93A-
EGFP. pEGFP-N1 (Clontech, Paris, France) was used as the empty 
plasmid control for those constructs (Turner et al., 2005). pLXSN-
IkBαM plasmid allows the expression of a dominant-negative mu-
tant of IkBα in which Ser-32, Ser-36, Ser-283, Ser-288, and Ser-293 
phosphorylation sites are mutated to alanine (Kretz-Remy et al., 
2001). pRK5-IKKß(K44A)-C-Flag plasmid encodes a dominant-neg-
ative mutant of IKKβ (Kretz-Remy et al., 2001). pNFkBluc was from 
Clontech.

Transfection
Cells were seeded the day before transfection at a density of 5 × 
105 cells/60-mm dish. They were then transfected with 5 μg of the 
desired plasmid according to the ExGen 500 (Euromedex) reagent 
procedure.

Luciferase assay
Stable transfectant HeLa cells expressing pNFkBluc (Clontech) were 
submitted to various treatments or transfections. Then they were 
resuspended into phosphate-buffered saline (PBS), and luciferase 
activity was quantified using the Steady-Glo luciferase assay system 
according to the manufacturer’s instructions (Promega, Charbon-
nières-les-Bains, France). The intensity of light produced was quanti-
fied with a Victor3 Luminometer (PerkinElmer, Courtaboeuf, France). 
The related light units produced were reported to 50 μg of total 
cellular proteins

Gel electrophoresis and immunoblotting
Briefly, 10 μg of total protein extracts was loaded onto SDS–PAGE. 
After electrophoresis, proteins were transferred onto a Protran BA85 
nitrocellulose membrane (Whatman, Perkin Elmer). Blots were hy-
bridized with primary antibodies and horseradish peroxidase–conju-
gated secondary antibodies (170-65-16 and 170-6515; Bio-Rad, 
Marnes-la-Coquette, France) and revealed with enhanced chemilu-
minescence (ECL) blotting detection reagents (Amersham, Velizy-
Villacoublay, France) or Clarity Western ECL substrate (Bio-Rad). 
Western blot imaging was performed with Chemidoc MP (Bio-Rad) 
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