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ABSTRACT
HSPB1 (heat shock protein family B [small] member 1) is a ubiquitously expressed molecular chaperone.
Most mutations in HSPB1 cause axonal Charcot-Marie-Tooth neuropathy and/or distal hereditary motor
neuropathy. In this study we show that mutations in HSPB1 lead to impairment of macroautophagic/
autophagic flux. In HSPB1 knockout cells, we demonstrate that HSPB1 is necessary for autophagosome
formation, which was rescued upon re-expression of HSPB1. Employing a label-free LC-MS/MS analysis
on the various HSPB1 variants (wild type and mutants), we identified autophagy-specific interactors. We
reveal that the wild-type HSPB1 protein binds to the autophagy receptor SQSTM1/p62 and that the PB1
domain of SQSTM1 is essential for this interaction. Mutations in HSPB1 lead to a decrease in the
formation of SQSTM1/p62 bodies, and subsequent impairment of phagophore formation, suggesting
a regulatory role for HSPB1 in autophagy via interaction with SQSTM1. Remarkably, autophagy deficits
could also be confirmed in patient-derived motor neurons thereby indicating that the impairment of
autophagy might be one of the pathomechanisms by which mutations in HSPB1 lead to peripheral
neuropathy.

Abbreviations: ACD: alpha-crystallin domain; ALS: amyotrophic lateral sclerosis; ATG14: autophagy
related 14; BAG1/3: BCL2 associated athanogene 1/3; CMT: Charcot-Marie-Tooth; dHMN: distal hereditary
motor neuropathy; GFP: green fluorescent protein; HSPA8: heat shock protein family A (Hsp70) member
8; HSPB1/6/8: heat shock protein family B (small) member 1/6/8; LIR: LC3-interacting region; LC3B:
microtubule associated protein 1 light chain 3 beta; PB1: Phox and Bem1; SQSTM1: sequestosome 1;
STUB1/CHIP: STIP1 homology and U-box containing protein 1; UBA: ubiquitin-associated; WIPI1: WD
repeat domain, phosphoinositide interacting 1; WT: wild-type
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Introduction

HSPB1 (heat shock protein family B [small] member 1) is
a ubiquitously expressed molecular chaperone belonging to
the small heat shock protein family. Under acute stress con-
ditions, such as heat shock or oxidative stress, HSPB1 is
upregulated and will protect cells from protein aggregation
and stress-unfolded proteins [1]. HSPB1 performs its chaper-
one function by binding to non-native proteins, aggregates or
misfolded proteins and mediating their refolding by ATP-
dependent chaperones or degradation by the proteasome
molecular machinery [2]. In addition to its chaperone activity,
HSPB1 is involved in several essential cellular functions, such
as apoptosis and redox balance, as well as in the regulation of
cytoskeletal dynamics [3].

Mutations inHSPB1 lead to axonal Charcot-Marie-Tooth neu-
ropathies (CMT2), distal hereditary motor neuropathy (dHMN)
[4,5], and sporadic amyotrophic lateral sclerosis (ALS) [6]. The
majority of disease-causing mutations in HSPB1 occur in the
evolutionarily conserved α-crystallin domain (ACD) which is

important for its oligomerization and interaction with other
small heat shock proteins [7], but some mutations do exist in the
N- or C-termini [8]. Functional analysis of the different reported
mutations show that the location of the mutation can affect
different functions of the protein [9]. Recent studies suggest that
HSPB1might play a role in macroautophagy and that overexpres-
sion of HSPB1 upregulates macroautophagy in renal tubular cells
[10,11].

Macroautophagy, hereafter referred to as autophagy, is
a homeostatic cellular process by which protein aggregates and
cellular organelles are targeted, degraded and recycled. Autophagy
proceeds through a series of steps including: induction,membrane
nucleation and elongation, to finally form a double-membraned
autophagosome. The autophagosome then fuses with a lysosome
to ensue degradation of the autophagic contents [12]. Impairment
of autophagy has been linked to neuropathic and neurodegenera-
tive diseases strengthening the current assumption that a healthy
autophagy machinery is crucial for the health and maintenance of
neurons, and for the removal of dysfunctional organelles and
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cellular waste that accumulate with ageing [13,14]. Interestingly,
mouse models in which key autophagy genes have been knocked
out, display features of peripheral neuropathy as evident from
poormotor behavior [15]. These observations suggest that impair-
ment of the autophagy pathway could contribute to the pathome-
chanisms of CMT neuropathies and other neurodegenerative
diseases. Indeed, recently several genes associated with inherited
neuropathy have been linked to disturbances in autophagy [16].

The various autophagy steps are commanded by awide array of
proteins and protein complexes [17]. Disruption of these regula-
tory complexes may lead to defects in autophagy [15]. Two other
small heat shock proteins, HSPB6 andHSPB8 have been shown to
play a role in autophagy in that they bind to other autophagy-
related proteins: HSPB6 can bind to the autophagy regulator
BECN1/Beclin 1 to stimulate autophagy [18] and HSPB8 forms
a complex with the co-chaperone BAG3 (BCL2 associated atha-
nogene 3), HSPA8 (heat shock protein family A [Hsp70] member
8) and STUB1/CHIP (STIP1 homology and U-box containing
protein 1) to activate the autophagic degradation of protein aggre-
gates [19]. Mutations in HSPB6 and HSPB8 leading to disease
conditions block the autophagy pathway by disturbing the inter-
actions of these HSPB protein family members with their autop-
hagy-related partners [18,20]. Conversely, HSPB1 interacts with
a wide variety of other molecular partners mediating different
cellular processes including cytoskeletal dynamics and apoptosis
through such interactions [21,22].

In this study we investigated the function of HSPB1 in autop-
hagy. We show that HSPB1 plays a role in autophagy via interac-
tion with the autophagy receptor SQSTM1/p62 (sequestosome 1),
a function which is impaired by CMT-causing mutations.

Results

HSPB1 mutations decrease the autophagic flux

In order to assess the effect of HSPB1 mutations on the autop-
hagic flux, immunofluorescence labelling of autophagosomes
and western blotting analysis were performed in HeLa cells
stably expressing HSPB1 wild type (WT), or one of the mutants:
R127W, S135F and P182L. Characteristically, the expression of
the C-terminal P182L mutant in these cell lines led to the
aggregation of the HSPB1 protein and decreased its solubility
without hindering the proliferation rate of the cells [4,5] (Figure
S1). Upon induction of autophagy, MAP1LC3/LC3 (microtu-
bule associated protein 1 light chain 3) is usually converted from
the LC3-I form to the lipidated LC3-II form, which correlates
with the number of autophagosomes [23]. Cells were treated for
3 h with serum starvation (an inducer of autophagy) and the
lysosomal blocker bafilomycin A1 (Baf) or were left untreated
[24], allowing us to compare the ‘autophagic flux’ between the
different cell lines [25]. The mutant cell lines showed a lower
number of LC3-positive puncta upon starvation and bafilomycin
A1 treatment, compared to theWT and control lines (Figure 1(a,
b)). In line with this, mutant cells displayed a significantly lower
amount of LC3-II on western blot compared to the WT after
treatment, indicating lower levels of autophagic flux in these cells
(Figure 1(c,d)).

These results were also confirmed in the neuroblastoma
SH-SY5Y cell lines stably expressing the different HSPB1

variants (Figure S2). Whereas the autophagic flux was
impaired in the mutant SH-SY5Y cell lines upon induction
by serum starvation, basal autophagy was not affected as
observed upon treatment with bafilomycin A1 alone (Figure
S3). The autophagy levels in the different HeLa cell lines were
also monitored using transmission electron microscopy
(TEM) (Figure 2(a)). The number of autophagosomes per
100 µm2 cytoplasm area was lower in the mutant cell lines
compared to controls after treatment with serum starvation
and bafilomycin A1 (Figure 2(b)). Because HSPB1 has been
shown to interact with the proteasome and is able to direct
some protein substrates to the proteasome for degradation
[26], we examined whether mutations in HSPB1 also affect
the proteasome activity. A compensatory mechanism exists
between autophagy and proteasomal degradation, which is
mediated by a shift in the expression ratio of the BAG
(BCL2 associated athanogene) family proteins BAG3 and
BAG1 [27]. Western blotting analysis showed no difference
in the BAG3:BAG1 ratio between mutant and WT HeLa cell
lines even under conditions of serum starvation (Figure S4A
and B). Similarly, no difference in the chymotrypsin-like
activity of the 20S proteasome was seen in the mutant cell
lines compared to the WT or non-starved control cells (Figure
S4(c)). These results indicate that CMT-causing mutations in
HSPB1 specifically impair autophagy.

Knockout of HSPB1 leads to a lower autophagic flux and
expression of WT HSPB1 rescues the autophagy deficits

Considering the prominent effect of HSPB1 mutations on the
autophagic flux, we investigated whether HSPB1 is required for
autophagy. Using CRISPR technology, we knocked out HSPB1 in
HeLa cells and then performed automated immunofluorescence
microscopy to quantify the number of LC3-positive puncta
(autophagosomes) upon autophagy induction. After starvation
and bafilomycin A1 treatment, cells lacking HSPB1 exhibited
lower levels of autophagosomes compared to the control cell
lines (Figure 3(a,b)). We also confirmed our results using western
blotting analysis of LC3-II levels (Figure 3(c,d)). Importantly, the
LC3-II levels returned to normal upon reintroduction of WT
HSPB1 in the CRISPR knockout cell lines via transfection
(Figure 3(c,d)), illustrating that HSPB1 is needed for starvation-
induced autophagy and that the expression of HSPB1 rescues the
reduced autophagy levels in the knockout cell lines.

HSPB1 binds to SQSTM1 and the mutant HSPB1 forms
show increased binding to SQSTM1

To elucidate how HSPB1 regulates the autophagic flux, HeLa
cells stably expressing V5-tagged WT or mutant HSPB1 were
used. Cells were grown with or without serum and V5 affinity
isolation was performed, followed by LC-MS/MS analysis
(Figure 4(a)). Following statistical analysis and non-supervised
hierarchical clustering, proteins significantly enriched in the
HSPB1-expressing samples were identified as interaction part-
ners of: R127W and S135F mutants (cluster 1), WT and all
mutants (cluster 2), or the P182L mutant (cluster 3) (Figure S5;
Tables S2 and S3). Whereas the pattern of interactors did not
differ between starved and fed conditions, the R127W and S135F
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Figure 1. HSPB1 mutations impair the autophagic flux. (a) Immunofluorescence staining of HeLa cells transduced with a plasmid encoding V5-tagged WT HSPB1, the
mutant forms (R127W, S135F, P182L), or GFP. Cells were treated or not with serum starvation and bafilomycin A1 (Baf) for 3 h. NT cells are not transduced. LC3
(green), HSPB1 (red), and the DAPI nucleus stain (blue). Scale bar: 10 µm. (b) Quantification of LC3-positive puncta detected by immunofluorescence. Data originates
from 4 independent experiments (50+ cells per experiment). (c) Western blotting analysis of LC3-II in the same cell lines under no starvation conditions or treated
with 3 h starvation and bafilomycin A1. (d) The level of LC3-II calculated from 3 independent western blotting experiments and normalized to ACTB (loading control).
One-way ANOVA, with Tukey’s correction range test. Error bars = mean with 95% CI (B) and S.D (D), **** = p < 0.0001.
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mutants clustered separately from the P182L mutant (Figure S5
(b)). The different interaction partners were then screened using
Gene cards (www.genecards.org) and via literature search for
their role in autophagy (Table S1). Themost relevant autophagy-

related interactor detected was SQSTM1, a well-established
autophagy component [28,29].

To validate SQSTM1 as an interactor of HSPB1, immuno-
precipitation of V5-tagged HSPB1 was performed in HeLa

Figure 2. HSPB1 mutations decrease the number of autophagic vesicles upon autophagy stimulation. Transmission electron microscopy of HeLa cells transduced or
not (NT) with a plasmid encoding V5-tagged WT HSPB1, the mutant forms (R127W, S135F, P182L) and treated or not (NT control) with serum starvation and 10 nm
bafilomycin A1 (Baf). (a) Representative images of the different genotypes. Scale bar: 500 nm. AV, autophagic vesicle; Go, Golgi; ER, endoplasmic reticulum; Mi,
mitochondrion; Ly, primary lysosome. (b) Quantification of the number of autophagosomes. Autophagosomes were identified based on ultrastructural morphological
characteristics. Per cell, the total number of autophagosomes present on the section was counted and expressed per cytoplasmic area covered. One-way ANOVA,
with Tukey’s correction range test. Error bars = mean with S.D. *** = p < 0.001 **** = p < 0.0001.
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Figure 3. Knockout of HSPB1 impairs autophagy and expression of WT HSPB1 rescues the phenotype. (a) Immunofluorescence microscopy analysis of naïve, WT
HSPB1-expressing (WT), and HSPB1 knockout (KO) HeLa cell lines treated with serum starvation and 10 nM bafilomycin A1. LC3 (green), HSPB1 (red) and the nuclear
stain DAPI (blue). Scale bar: 20 µm. (b) Average number of LC3 puncta per cell from more than 500 cells from 3 independent experiments. One-way ANOVA, with
Tukey’s correction range test. Error bars = mean with 95% CI, **** = p < 0.001. (c) Western blotting analysis of naïve HeLa cells, HSPB1 KO cells, and KO cells
transfected with a plasmid encoding V5-Tagged HSPB1 or an empty vector (E.V). The levels of LC3-II were detected, together with the expression levels of HSPB1.
ACTB was used as a loading control. (d) Levels of LC3-II calculated from 3 independent western blotting experiments and normalized to ACTB (loading control). One-
way ANOVA, with Tukey’s correction range test. Error bars = mean S.D, * = p < 0.05.
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Figure 4. HSPB1 interacts with SQSTM1. (a) Design of the proteomics analysis. (b) Co-immunoprecipitation analysis of HSPB1 followed by western blotting of SQSTM1
in HeLa cells expressing GFP or V5-Tagged WT HSPB1 or mutant (R127W, S135F, P182L). (c) Quantification of the mean gray values of SQSTM1 affinity isolation
normalized to HSPB1 levels from 3 different western blotting experiments of V5-HSPB1 immunoprecipitation. One-way ANOVA, with Tukey’s correction range test.
Error bars = mean S.D, * = p < 0.05, *** = p < 0.001. (d) Co-immunoprecipitation analysis of HSPB1 followed by western blotting of SQSTM1 in lymphoblasts derived
from patients carrying the HSPB1 mutations R127W or P182L and from a healthy control. (e) HeLa cells transduced with wild-type (WT) HSPB1 were immunostained
for SQSTM1 and HSPB1. Representative images of the different channels are shown. The box shows the position of the zoomed region. The fluorescence intensity
along the indicated line is plotted. Scale bar: 5 µm. AU, arbitrary units. (f) HeLa cells transduced with a lentivirus encoding wild-type HSPB1 and transfected with
a plasmid encoding mCherry-SQSTM1 (magenta) were immunostained HSPB1 (green) and processed for expansion microscopy. The overview image is the summed
projection of a z-stack of the expanded sample and for each indicated boxed region the XY, YZ and XZ planes are shown. Boxed regions with a SQSTM1/p62 body in
the center were selected and the arrowheads indicate the position of cut through the different planes. Scale bar: 2 µm in the expanded sample, which corresponds to
a size of approximately 500 nm.
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cells expressing V5-tagged WT HSPB1 or the mutant forms
(R127W, S135F and P182L). We found that SQSTM1 preci-
pitated with WT and mutant HSPB1 (Figure 4(b)).
Interestingly, the alpha-crystallin mutant forms of HSPB1
showed increased binding to SQSTM1 compared to the WT
in HeLa cells (Figure 4(b,c)). This increased binding feature of
HSPB1 mutants to interacting proteins has been reported to
be at the center of their functional pathogenicity [9,24].
Additionally, immunoprecipitation of endogenous HSPB1
was performed in lymphoblasts from patients carrying the
R127W or P182L mutation, and from a healthy control
(Figure 4(d)). All the different lymphoblast lines showed co-
immunoprecipitation of SQSTM1 with the affinity isolation of
endogenous HSPB1 confirming that the HSPB1-SQSTM1
interaction is not an artefact of the V5-tagging.

Next, immunofluorescence microscopy was used to assess the
colocalization of SQSTM1-mediated structures, called SQSTM1/
p62 bodies, and HSPB1 after autophagy stimulation. Despite the
overall abundance of HSPB1 in the cytoplasm, HSPB1 intensity
peakswere clearly detected at the site of some SQSTM1/p62 bodies
(Figure 4(e)). This partial colocalization on a subset of SQSTM1/
p62 bodies was similarly observed for cells expressing WT and
mutant forms of HSPB1 (Figure S6). Furthermore, when we
examined the localization of HSPB1 near SQSTM1/p62 bodies
(mCherry-SQSTM1) using expansion microscopy to achieve
a resolution below 100 nm, we found that HSPB1 was typically
not present inside the core of SQSTM1/p62 bodies, but wasmostly
accumulating at their periphery (Figure 4(f)).

HSPB1 binding to SQSTM1 requires an intact
oligomerization domain (PB1)

The autophagy receptor SQSTM1 contains 3 domains that are
crucial for its function in autophagy: an N-terminal Phox and
Bem1 (PB1) domain that mediates its homo- and hetero-
oligomerization, an LC3-interacting region (LIR) motif that
mediates its interaction with the autophagy protein LC3, and
a C-terminal ubiquitin-associated (UBA) domain that binds
ubiquitin [30,31]. To test whether HSPB1 binding depends on
one of these domains of SQSTM1, HeLa cells stably expres-
sing V5-tagged WT HSPB1 or the mutants (R127W, S135F,
P182L) were subjected to SQSTM1 knockdown using shRNA
followed by transient transfection of shRNA-resistant FLAG-
tagged wild-type SQSTM1 or one of the deletion constructs
comprising the PB1 or UBA domains (delPB1, delUBA)
(Figure 5(a)). Afterwards, HSPB1 was pulled down by immu-
noprecipitation and SQSTM1 was detected by immunoblot-
ting. While WT SQSTM1 and SQSTM1-delUBA co-
immunoprecipitated with HSPB1, we did not detect SQSTM1-
delPB1 (Figure 5(b)). This shows that deletion of the PB1
domain prevented binding of HSPB1 to SQSTM1, and that
HSPB1 requires an intact PB1 domain to bind to SQSTM1.
A similar approach was used to study the binding of HSPB1
to SQSTM1 with a mutation in its LIR domain (LIR-MUT); in
this case we used mCherry-tagged SQSTM1 constructs (WT
SQSTM1 and SQSTM1-LIR-MUT). In both cases SQSTM1
co-immunoprecipitated with HSPB1, ruling out the LIR
domain as an interaction domain between SQSTM1 and
HSPB1 (Figure S7).

HSPB1 mutants display decreased formation of SQSTM1/
p62 bodies

The deletion of the PB1 domain was shown to abolish the forma-
tion of SQSTM1-mediated punctate structures (SQSTM1/p62
bodies) and prevent the function of SQSTM1 in autophagy
(Figure S8) [32,33]. To investigate whether HSPB1 is required
for SQSTM1 puncta formation, we quantified the number of
SQSTM1/p62 bodies in HeLa cells expressing WT HSPB1 or the
mutant forms (S135F, P182L). Cells expressing mutant forms of
HSPB1 showed a significantly lower number of SQSTM1/p62
bodies compared to the WT. This trend was more pronounced
after serum starvation treatment (Figure 6(a,b)). Similarly, HeLa
cells with CRISPR knockout of HSPB1 showed a lower number of
SQSTM1/p62 bodies compared to the WT cells (Figure 6(a,b)).
These results show that interaction of HSPB1 with SQSTM1 is
necessary for SQSTM1/p62 body formation, which is disrupted by
mutations in HSPB1.

HSPB1 mutants display a lower number of phagophores

SQSTM1 forms scaffolds of oligomers using its PB1 domain [26].
These scaffolds have been suggested to be important hubs for the
nucleation of phagophores, which are then elongated to become
mature autophagosomes. To test if HSPB1 mutants then also lead
to a decrease in the formation of phagophores, the stable HeLa cell
lines were transfected with a plasmid encoding the phagophore
marker ATG14 [24,34] tagged to GFP. Using fluorescence micro-
scopy to count the number of GFP-ATG14 puncta formed, we
found thatmutant cell lines displayed a significantly lower number
of phagophores compared to the WT [34] (Figure 7(a,b)). These
results were confirmed using another phagophore marker, i.e.
WIPI1 (WD repeat domain, phosphoinositide interacting protein
1) tagged to GFP (Figure S9) [35]. These results suggest that the
interaction between HSPB1 and SQSTM1might be important for
the function of SQSTM1 in the nucleation of phagophores des-
tined to become autophagic vesicles.

Autophagy is impaired in motor neurons differentiated
from patient-derived iPSCs

After having established that expression of neuropathy-
causing mutations in HSPB1 lead to decreased levels of autop-
hagy, we validated these results in a patient-derived motor
neuron model. Induced pluripotent stem cell (iPSC) lines
derived from fibroblasts of a patient carrying the P182L muta-
tion were used along with those of a healthy control indivi-
dual and then differentiated to motor neurons [36]. Successful
differentiation was validated by the expression of 2 motor
neuron markers, CHAT (choline O-acetyltransferase) and
ISL1/ISLET1 (ISL LIM homeobox 1) (Figure 8(a,b)). The
motor neuron cultures were treated with nutrient-free med-
ium and the lysosomal inhibitor bafilomycin A1 to induce
autophagy or left untreated. The P182L mutant motor neu-
rons displayed lower levels of LC3-II upon treatment com-
pared to those derived from a healthy control, reflecting an
impairment in the autophagic flux (Figure 8(b,c)). The for-
mation of autophagic puncta was also examined by immuno-
fluorescence (Figure 8(d)). Quantification of LC3 puncta from
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different neurite-dense areas confirmed the lower autophagic
flux in the P182L mutant iPSC lines upon starvation and
bafilomycin A1 treatment (Figure 8(e)).

Discussion

In this study, we present evidence that HSPB1 is required for
autophagy and that neuropathy-causing mutations in HSPB1
decrease the autophagic flux.We show that the deficit in autopha-
gic flux in HSPB1 knockout cell lines is rescued by the expression

of wild-type HSPB1. Furthermore, we identified the autophagy
receptor SQSTM1 as an interactor of HSPB1. We show that
deletion of the PB1 domain of SQSTM1, necessary for its oligo-
merization, abolishes the binding of HSPB1. The oligomerization
of SQSTM1 is essential to form SQSTM1/p62 bodies and scaffolds
that allow the formation of phagophores destined to become
autophagosomes [28,37]. We reveal that the ability of SQSTM1
to form SQSTM1/p62 bodies is impaired by neuropathy-causing
mutations in HSPB1, which display a decreased formation of
phagophores upon starvation.

Figure 5. HSPB1 binds to SQSTM1 at the oligomerization domain PB1. (a) Overview of SQSTM1 deletion constructs used. (b) Co-immunoprecipitation analysis of HeLa
cells expressing V5-tagged WT HSPB1 or mutant (R127W, S135F, P182L) and FLAG-tagged WT SQSTM1, or delPB1 or delUBA constructs.
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Figure 6. HSPB1 mutations and KO lead to decreased formation of SQSTM1/p62 bodies. Immunofluorescence microscopy analysis of HeLa cells expressing WT HSPB1
(WT) or the mutants (S135F and P182L) and of KO cell lines, treated with serum starvation for 3 h or left untreated. (a) Cells were stained for HSPB1 (red), SQSTM1
(green) and DAPI (blue). Scale bar: 20 µm. (b) Quantification of average SQSTM1/p62 bodies per cell. N > 2000 cells from 2 independent experiments. One-way
ANOVA analysis with Tukey’s correction test. ** = P < 0.01, **** = p < 0.0001, Error bars are mean with 95% C.I.
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Autophagy has been recently proposed as a common
pathomechanism in inherited neuropathies [16]. Defects in
autophagy found in neuropathy-causing mutations may pro-
vide an answer to the puzzling question of how mutations in
ubiquitously expressed genes can lead to neuron-specific
symptoms. The fact that neurons are more vulnerable to
defects in autophagy [29,30] suggests that they are more likely
to suffer from the defects in this protein degradation pathway.

Another important aspect of neuropathic and neurodegenera-
tive disorders is the fact that they aggravate with aging, which
directly correlates with the accumulation of dead organelles
and aggregating proteins due to failure of pro-degradation
processes such as autophagy [31]. While a role for HSPB1 in
stimulating the proteasomal degradation of some client pro-
teins has been reported [26,38], we found that only autophagy
is impaired by mutations in HSPB1 and by knocking out

Figure 7. HSPB1 mutants display a lower number of phagophores. HeLa cells expressing WT HSPB1 (WT) or the mutant forms (R127W, S135F, P182L) were
transfected with GFP-ATG14 and then subjected to immunofluorescence microscopy. (a) The staining shows ATG14 (green), HSPB1 (red), and the DAPI nucleus stain
(blue). Scale bar: 10 µm. (b) Comparison of the percentage of cells with 10 or more ATG14-positive puncta (left graph) and the average number of puncta per cell
(right graph). One-way ANOVA, with Tukey’s correction range test. N > 200, error bars = mean with 95% CI, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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Figure 8. Motor neurons differentiated from patient-derived iPSCs show decreased autophagic flux. (a) Immunofluorescence analysis of motor neurons differentiated
from iPSCs derived from patient fibroblasts carrying the P182L mutation and from a healthy control. The motor neurons were stained with the neuronal marker ISL1/
Islet-1 (red). Scale bar: 20 µm. (b) Western blotting analysis of motor neurons treated and untreated with 3 h starvation and bafilomycin A1. (c) Quantification of the
ratio of LC3-II (autophagy marker) over ACTB (loading control) from 3 independent western blotting experiments. Two-tailed t-test, with Tukey’s correction range
test. Error bars = S.D, * = p < 0.05. (d) Immunofluorescence staining of the autophagy marker LC3 (green) in motor neurons at 20X and 63X. Scale bar: 20 µm. White
arrows indicate LC3-positive puncta. (e) Quantification of LC3 puncta per 100 µm2 neurite area. One-way ANOVA, with Tukey’s correction range test. Error bars = S.D,
ns = non-significant, **** = p < 0.0001.
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HSPB1. This might indicate that HSPB1 is more important for
autophagic degradation or that its function in proteasomal
degradation is limited to certain client proteins.

Our findings are in line with studies showing that other small
heat shock proteins might be required for autophagy. As such,
HSPB8 and HSPB6 have both been shown to play a role in
stimulating the autophagic degradation of protein substrates and
organelles [39,40]. In line with our findings, mutations in HSPB6
andHSPB8 causing cardiomyopathy and neuropathy respectively,
were found to disturb their ability to stimulate autophagy [18,20].
A key difference in the function of the various HSPB proteins in
autophagy might be related to the different autophagy induction
routes. While HSPB8 together with the chaperone-assisted selec-
tive autophagy complex is activated by the presence of protein
aggregates [41], HSPB6 regulates the balance between autophagy
and apoptosis [18]. Conversely, in this study, we show that HSPB1
is required for starvation-induced autophagy. Other studies have
shown that HSPB1 plays a role in autophagy in infection condi-
tions and in kidney injury [10,11]. HSPB1 also has the ability to
interact with other proteins and mediate several functions and
pathways in the cell [21], and as such might be necessary for
mediating the formation of autophagosomes through interaction
with other protein(s) involved in autophagy.

In this study, we have shown that HSPB1 interacts with
proteins with known functions in autophagy. Previous studies
of the interactome of HSPB1 have ascribed other potential
functions to HSPB1, which was presented as a regulatory
protein with actions beyond its molecular chaperoning role
[3,42,43]. Our results show that the autophagy-regulating
protein SQSTM1 is an interactor of HSPB1. Our findings
corroborate the results of previous studies showing that muta-
tions in HSPB1 can affect its binding to other proteins and
lead to detrimental effects on the functions of these interac-
tors [9,24]. We show that the binding of HSPB1 to SQSTM1 is
relevant to the function of the latter in autophagy, and that
this interaction is affected by mutations or by knocking out
HSPB1 leading to detrimental effects on autophagy. HSPB1
and SQSTM1 modulate similar cellular processes [34,44] and
both are involved in the HSF1 (heat shock transcription factor
1) stress response pathway. Whereas HSPB1 is under the
transcriptional control of HSF1 [35], the proteostatic activity
of SQSTM1 and its phosphorylation status have been recently
shown to be regulated by the HSF1 stress response pathway
[45]. Intriguingly, mutations in both HSPB1 and SQSTM1
have been associated with ALS [6,46].

Our results show that the binding of HSPB1 to SQSTM1
requires an intact PB1 domain via which SQSTM1 is able to
bind to other proteins containing this domain, and to formhetero-
and homo-oligomers [47]. The PB1 domain may also be respon-
sible for signalling that does not necessarily involve PB1-PB1
interactions, as is the case with MAPK7/ERK5 kinase, which
lacks a PB1 domain yet requires an intact PB1 region of the kinase
MAP2K5/MEK5 for their interaction [48]. SQSTM1-positive
cytosolic speckles or SQSTM1/p62 bodies are formed of PB1-
driven SQSTM1 oligomers and SQSTM1-aPKC complexes
[33,49,50]. Deletion of the PB1 domain abolishes the formation
of SQSTM1 oligomers and the formation of intracellular
SQSTM1/p62 bodies [32,51]. Similarly, depletion of SQSTM1 or
introduction of mutations affecting the oligomerization of

SQSTM1 have been reported to abolish the formation of LC3-
positive autophagosomes [51].

Our results equally point to a decrease in SQSTM1/p62
bodies and in LC3 speckles in cells expressing mutant HSPB1,
an interactor of SQSTM1. Several studies have shown that
interruption of autophagy, independently of SQSTM1, may
lead to accumulation of SQSTM1 puncta in the cells [52],
lending support to the notion that in our study SQSTM1 is
integral to the impairment of autophagy by mutant HSPB1.
The exact way in which the oligomerization of SQSTM1
contributes to the formation of autophagosomes remains
unclear. Recently, it has been reported that SQSTM1, through
its PB1 domain, forms flexible helical filaments that might be
key to the scaffolding of the phagophore membrane and
establishing the template for the forming membranes [28].
Our results suggest that HSPB1 might be essential in shaping
the phagophore that later develops to form the autophago-
some. Because HSPB1 is classically described as a molecular
chaperone and a transient stabilizer of other proteins [53], it
could be hypothesized that HSPB1 plays a role in the oligo-
merization, stability or flexible assembly and disassembly of
the SQSTM1 scaffolds necessary for phagophore formation,
and that this function is prevented by mutations in HSPB1. By
confirming the deleterious effect of HSPB1 mutants in
patient-derived motor neurons, our study presents strong
evidence of autophagy impairment as a pathomechanism of
HSPB1-linked neuropathies. Taking into consideration that
autophagy has been the target of therapeutic treatment in
several neurodegenerative disease conditions [54], this study
also identifies autophagy as a possible target for treatment of
neuropathic conditions.

Materials and methods

Creation of constructs and stable cell lines

Constructs used to generate stable HeLa and SH-SY5Y cell lines
were designed using the Gateway recombination system (Life
Technologies). The open reading frames (ORFs) of HSPB1 and
EGFP were amplified by PCR using specific primers flanked by
attB recombination sites to allow insertion of the PCRproduct into
a pDONR221 vector. The HSPB1 mutations used in this study
(HSPB1-R127W, HSPB1-S135F, and HSPB1-P182L) were gener-
ated by site-directed mutagenesis. Sequence-validated pDONRs
were transferred by recombination to a pLenti6/V5 destination
vector (Life Technologies, V49610) to generate constructs in
which the ORF is fused to a V5 tag. All plasmids obtained were
validated by Sanger sequencing. Stable cell lines were generated by
lentiviral transduction of HeLa cell lines or the neuroblastoma cell
line SH-SY5Y according to a previously described method [55].
The expression levels and growth rates of the generated cell lines
were monitored and shown to be similar (data not shown).

Cell culture material and conditions

TheHeLa cell linewas purchased fromATCC (CCL-2) and grown
at 37ºC and 5% CO2 in MEM (Life Technologies, 11095080)
supplemented with 10% fetal calf serum (FCS; Life Technologies,
10270106), 1% glutamine (Life Technologies, 25030149) and
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penicillin-streptomycin (Life Technologies, 15140122). The
human neuroblastoma cell line SH-SY5Y was purchased from
ATCC (CRL-2266) and cultured at 37ºC and 5% CO2 in DMEM
(Life Technologies, 11966025) supplemented with 10% FCS, non-
essential amino acids (Life Technologies, 11140035), glutamine
and penicillin-streptomycin (Life Technologies, 15140122).
Lymphocytes were obtained from patients through venipuncture
and lymphoblastoid cell lines were EBV-transformed and culti-
vated at 37°C and 6% CO2 in Gibco® RPMI 1640 (Life
Technologies, 11875085) supplemented with 15% FCS, sodium
pyruvate (Life Technologies, 11360070) and penicillin-
streptomycin (Life Technologies, 15140122). Lymphocytes were
obtained fromanHSPB1-P182L (CMT391.21) patient, anHSPB1-
R127W patient (CMT751.01) and a healthy control individual
(CEPH1454.14), as described in Evgrafov et al. (2004) [4].
Medical ethical approval to performour experimentswith patient-
derived material was obtained from our local medical ethical
committees.

alamarBlue® assay

Cells were seeded in a 96-well plate at 20,000 cells per well
density and allowed to adhere and grow for 24 h. Eight repli-
cates per cell line were used, together with 8 replicates of no-
cell control samples. Ten microliters of alamarBlue® reagent
(ThermoFisher Scientific, Y00-100) was added directly to cells
in culture medium. The cell culture and reagent mixture were
incubated for 2 h at 37°C in a cell culture incubator, protected
from direct light. Then the absorbance of alamarBlue® was
monitored at 570 nm with 600 nm reference wavelength
using a Synergy HT spectrophotometer (BioTek, Bad
Friedrichshall, Germany) and the values obtained were normal-
ized to non-cell controls.

Antibodies and plasmids used

The following antibodies were used in this study: anti-HSPB1
(Enzo Life Sciences, ADI-SPA-800), anti-V5 (Life Technologies,
R960-25), anti-LC3B (Sigma-Aldrich, L7543), anti-GFP (Abcam,
ab6556), anti-SQSTM1 (Cell Signalling Technology, 5114), anti-
FLAG (Sigma-Aldrich, F7425), anti-ACTB/beta-Actin (Sigma-
Aldrich, A5316), anti-BAG1 (Santa Cruz Biotechnology, sc-
376848), anti-BAG3 (ImTec Diagnostics, ab47124), anti-CHAT
(Bio-Connect Life Sciences, HPA048547), anti-ISL1/Islet-1
(Abcam, ab109517). The pEGFPC2-DFCP1 plasmid was a kind
gift from the group of Prof. Nicholas Ktistakis (Babraham
Institute, Cambridge, UK). The pEGFP-ATG14L (deposited by
the lab of Prof. Tamotsu Yoshimori, Osaka University, Japan) and
the pMXs-IP GFP-WIPI1 (deposited by the lab of Noburo
Mizushima, Tokyo Medical and Dental University, Japan) were
purchased from Addgene (21,635 and 38,272). The pCS2-FLAG-
WT-p62, pCS2-FLAG-deltaUBA-p62, and pCS2-FLAG-deltaPB
1-p62 constructs were a kind gift from the group of Prof. Aaron
Ciechanover (Technion-Israel Institute of Technology, Haifa,
Israel). The mCherry-p62 WT, mCherry-p62 LIR mutant (335
DDDW 338 -> AAAA), and mCherry-p62 ΔBP1 (Δ2-102) plas-
mids were a kind gift from the lab of Prof. Sascha Martens (Max
F. Perutz Laboratories, University of Vienna, Vienna Biocenter,
Vienna, Austria). shRNAs against SQSTM1/p62 were purchased

from Sigma Aldrich and contained the following clone IDs and
sequences:(TRCN0000007234,CCGGCGAGGAATTGACAATG
GCCATCTCGAGATGGCATTGTCAATTCCTCGTTTTT);(TR
CN0000007236,CCGGCCGAATCTACATTAAAGAGAACTC
GAGTTCTCTTTAATGTAGATTCGGTTTTT);(TRCN0000007
237,CCGGCCTCTGGGCATTGAAGTTGATCTCGAGATCAA
CTTCAATGCCCAGAGGTTTTT)

The shRNAs against HSPB1 were purchased from GE
Healthcare Dharmacon, Inc. and the following clones were
used: shRNA752: TRCN0000008752 and shRNA466: Clone
ID: TRCN0000011466

Transient transfection and shRNA treatment

HeLa cell lines were transfected using polyethylenimine (PEI;
Sigma-Aldrich, 9002-98-6) according to an in-house opti-
mized protocol. Briefly, cells were seeded out in a 24-well
plate at 7 × 104 cells per well 24 h before transfection. On
the day of transfection, 500 ng plasmid DNA (or shRNA
plasmid) was diluted in 36 µl Opti-MEM (Life Technologies,
31985062) and in parallel, 2.5 µl PEI (1 µg/µl) was diluted in
36 µl Opti-MEM. The diluted PEI was then added to the DNA
and mixed by vortexing for 10 s. afterwards, the PEI-DNA
mix was incubated for 10 min at room temperature, and then
added drop-wise onto the cells. Cells were used 24 h post-
transfection for plasmid DNA and 48 h post-transfection for
shRNA treatment.

Autophagy induction and treatment

Autophagy was induced by serum starvation by culturing cells
in culture medium deprived of FCS for the indicated amount
of time. Whenever necessary, the lysosomal inhibitor bafilo-
mycin A1 (Enzo Life Sciences, BML-CM110-0100) was used at
10 nM concentration to block lysosomal degradation. For the
motor neurons, the culture medium was replaced with med-
ium lacking any supplements or growth factors for 3 h.

Western blotting analysis

Cells were lysed in lysis buffer [0.5%Nonidet P-40 (IGEPAL® CA-
630 Sigma-Aldrich I3021), 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, 4 mM sodium orthovanadate,
20 mM glycerol-2-phosphate, 10 mM sodium fluoride, 1 mM
sodium pyrophosphate], together with complete protease and
Phospho-STOP inhibitor mixtures (Roche Applied Science, 05
892 970 001) for 30 min on ice and cleared by centrifugation for
10min at 20,817 g force. After the protein concentration had been
determined with the Pierce BCA protein assay kit (ThermoFisher
Scientific, 23225), cell lysates were boiled for 5 min at 95°C in
reducing Laemmli buffer (Life Technologies, NP0007) supple-
mented with 100 mM 1,4-dithiothreitol (ThermoFisher
Scientific, 20290). Proteins were separated on NuPAGE gels (Life
Technologies, NP0322BOX) or on 18% gels made in-house (for
detection of LC3 isoforms) and transferred to a nitrocellulose
membrane HybondTM-P (GE Healthcare Life Sciences,
RPN132D). Blocking of the membrane was performed using 5%
milk powder diluted in PBS (ThermoFisher Scientific, 14190250),
supplemented with 0.1% Tween 20 (ThermoFisher Scientific,
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28352). Afterwards, membranes were incubated with a primary
antibody overnight at 4°C and with a secondary horseradish
peroxidase conjugated antibody (Jackson ImmunoResearch
Europe Ltd, goat anti-mouse: 115-035-003, goat anti-rabbit: 111-
035-144) for 1 h. Blots were developed by using the enhanced
chemiluminescence ECL PlusTM detection system (ThermoFisher
Scientific, 32134) and imaged with an Amersham 600 Imager
operated with ImageQuant software (GE Healthcare Life
Sciences) and using the automated exposure program. As stated
in the operating instructions, the automated exposure includes
a short pre-exposure to determine the signal intensity. The system
then uses this information to calculate which exposure time will
give the highest possible signal below saturation to enable accurate
quantification of the sample, resulting in unsaturated signals
within the linear range. The images were then saved in 16-bit
image files. Band intensities were determined by quantifying the
mean pixel gray values using ImageJ software [56]. Mean pixel
gray values were measured in a rectangular region of interest.

Generation of HSPB1 CRISPR knockout cell lines

Knockout cell lines for HSPB1 were generated according to the
protocol of Ran et al. (2013) [57]. In brief, 2 guide RNAs (gRNAs)
targeting the first nucleotides after the start codon, were selected
based on its specificity score and number of off-targets (online tool
MIT, http://crispr.mit.edu). The gRNAs were ordered as phos-
phorylated primers from IDT (www.idtdna.com) and cloned into
the pSpCas9(BB)-2A-Puro (PX459) plasmid (Addgene, 62988;
deposited by Feng Zhang). gRNA efficiency was verified by quan-
tifying the reduction in HSPB1 protein expression in HEK293T
cells after transfecting the gRNAs with PEI and performing
a western blot after 72 h. Next, HeLa cells were transfected in
6-well dishes with the PX459 plasmids using Lipofectamine LTX
Plus (Life Technologies, 15338100) and puromycin was added
(1 µg/ml) for 72 h. Surviving cells were then serially diluted in a 96-
well plate (Greiner Cell Star, 655161) in order to isolate single
colonies. After expansion of the single colonies, complete knock-
out of HSPB1was assessed bywestern blotting and the presence of
premature stop codons was verified by Sanger sequencing.

Differentiation of motor neurons from iPSC lines

Induced pluripotential stem cells (iPSCs) derived from fibro-
blasts of a patient with the HSPB1P182L mutation (provided
by M. A-G) and a healthy control individual were obtained
from the VIB Stem Cell Center, Leuven, Belgium. iPSCs were
cultured on Matrigel matrix (VWR biotechnologies, 354234)
and in Essential 8 flex medium and supplement (Life
Technologies, A2858501) and penicillin-streptomycin.
Differentiation of the iPSCs into motor neurons was per-
formed as published by Guo et al. (2017) [36]. In brief,
on day 0, the Essential 8 flex medium was removed and
iPSCs were detached using collagenase (Stem Cell
Technologies, 07902). The cells were then collected by cen-
trifugation (50 g for 3 min) and incubated in a new neuronal
medium consisting of neurobasal medium (Life Technologies,
21103049), DMEM/F12 medium (Life Technologies,
11320033) (both media in a 1:1 ratio) in addition to penicillin-
streptomycin, N2 supplement (Life Technologies, 17502001),

B27 supplement (Life Technologies, 17504044), beta-
mercaptoethanol (Life Technologies, 31350010), ascorbic
acid (Sigma-Aldrich, 50-81-7), ROCK inhibitor (for embryoid
body formation; ThermoFisher Scientific, A2858501), SB
(dual SMAD, inhibitor; Bio-Techne, 1614), LDN (dual
SMAD inhibitor; Selleck Chemicals, S2618), and CHIR
(WNT antagonist, Bio-Techne, 4423/10). The following days
the medium was sequentially refreshed or replaced with
media containing compounds necessary for motor neuron
differentiation as described by Guo et al (2017) [36].
Compounds used include: retinoic acid (Sigma Aldrich, 302-
79-4), SAG (Bio-Techne, 4366/1), the growth factors BDNF
(Immunosource, CSB-EL016134MO) and GDNF
(Immunosource, 21-8506-U002), DAPT (Bio-Techne, 2634/
10), LAMA/laminin (Sigma Aldrich, 114956-81-9), ROCK
inhibitor, Culture One (CO) supplement (ThermoFisher
Scientific, A3320201), and CNTF (Sigma Aldrich, C3710).
The differentiated motor neurons were treated and collected
at day 22. Medical ethical approval to perform experiments
with patient-derived material was obtained from our local
medical ethical committees and the corresponding material
transfer agreements to obtain the iPSC lines were secured.

Proteasome activity assay

Proteasome activity was measured using a fluorometric pro-
teasome 20S assay kit and according to the supplied protocol
(Sigma Aldrich, MAK172). In brief, cells were seeded in 96-
well plates at equal density (80,000 cells/well/90 µl medium)
and cultured overnight in growth medium. Subsequently,
100 µl of Proteasome Assay Loading Solution was added,
and the light-protected 96-well plates were incubated over-
night at room temperature. Next, fluorescence intensity was
measured using a Synergy HT spectrophotometer at excita-
tion = 490 nm and emission = 525 nm. Blank wells with
medium but without cells were used and background fluores-
cence was corrected by subtracting the blank fluorescence
from the fluorescence in the test wells. Comparison between
the corrected fluorescence intensities revealed relative protea-
some 20S activity.

Co-immunoprecipitation

Cells were lysed in a buffer containing 20 mM Tris-HCl, pH
7.4, 2.5 mM MgCl2, 100 mM KCl, 0.5% Nonidet P-40,
together with complete protease inhibitor and were left on
ice for 20 min. Sepharose 6B (Sigma Aldrich, 9012-36-6) and
V5-coupled protein G beads (Sigma Aldrich, A7345) were
used at a 3:1 ratio and incubated overnight at 4ºC together
with the protein lysate. Afterwards, beads were pulled down
by centrifugation (100 g, 5 min) and repeatedly washed with
lysis buffer. Co-immunoprecipitated proteins were sent for
LC-MS/MS analysis or, together with total lysates, resolved
by SDS-PAGE.

LC-MS/MS analysis

After HSPB1 affinity isolation, washed beads were resus-
pended in 150 µl trypsin digestion buffer (SigmaAldrich,
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T6567) and incubated with 1 µg trypsin (Promega, V511A)
for 4 h at 37°C. Beads were removed by centrifugation and
another 1 µg of trypsin was added to the supernatants to
complete digestion overnight at 37°C. Peptides were purified
on Omix C18 tips (Agilent, A57003100), dried and redis-
solved in 20 µl loading buffer (0.1% trifluoroacetic acid in
water:acetonitrile [98:2, v:v]) of which 2 µl was injected for
LC-MS/MS analysis on an Ultimate 3000 RSLC nano LC
(ThermoFisher Scientific, Bremen, Germany) in-line con-
nected to a Q Exactive mass spectrometer (ThermoFisher
Scientific). The peptides were first loaded on a trapping col-
umn (in-house, 100 μm internal diameter [I.D.] × 20 mm,
5 μm beads C18 Reprosil-HD, Dr. Maisch, Ammerbuch-
Entringen, Germany). After flushing the trapping column,
peptides were loaded in solvent A (0.1% formic acid in
water) on a reverse-phase column (in-house, 75 µm I.
D. x 250 mm, 3 µm beads C18 Reprosil-Pur, Dr. Maisch),
packed in the needle and eluted by an increase in solvent
B (0.1% formic acid in acetonitrile) in a linear gradient from
2% solvent B to 55% solvent B in 120 min, followed by
a washing step with 99% solvent B, all at a constant flow
rate of 300 nl/min. The mass spectrometer was operated in
data-dependent, positive ionization mode, automatically
switching between MS and MS/MS acquisition for the 10
most abundant peaks in a given MS spectrum. The source
voltage was set at 3.4 kV, and the capillary temperature at
275°C. One MS1 scan (m/z 400−2,000, AGC target 3 × 106

ions, maximum ion injection time 80 ms), acquired at a reso-
lution of 70,000 (at 200 m/z), was followed by up to 10
tandem MS scans (resolution 17,500 at 200 m/z) of the most
intense ions fulfilling predefined selection criteria (AGC tar-
get 5 × 104 ions, maximum ion injection time 60 ms, isolation
window 2 Da, fixed first mass 140 m/z, spectrum data type:
centroid, underfill ratio 2%, intensity threshold 1.7xE4, exclu-
sion of unassigned, 1, 5–8, >8 positively charged precursors,
peptide match preferred, exclude isotopes on, dynamic exclu-
sion time 20 s). The HCD collision energy was set to 25%
normalized collision energy and the poly-dimethyl-
cyclosiloxane background ion at 445.120025 Da was used for
internal calibration (lock mass).

Protein identification and statistical analysis

Data analysis was performed with MaxQuant (version
1.5.3.30) [58] using the Andromeda search engine with default
search settings including a false discovery rate set at 1% at
both the peptide and protein level. Spectra were searched
against the human proteins in the Uniprot/Swiss-Prot data-
base (database release version of April 2015 containing 20,193
human protein sequences (www.uniprot.org) expanded with
the eGFP sequence). Mass tolerances for precursor and frag-
ment ions were set to 4.5 and 20 ppm, respectively, during the
main search. Enzyme specificity was set as C-terminal to
arginine and lysine, also allowing cleavage at proline bonds
with a maximum of 2 missed cleavages. Variable modifica-
tions were set to oxidation of methionine residues and acet-
ylation of protein N-termini, phosphorylation of serine,
threonine and tyrosine residues and biotinylation of lysine
residues. Proteins were quantified by the MaxLFQ algorithm

integrated in the MaxQuant software [59]. A minimum ratio
count of 2 unique or razor peptides was required for quanti-
fication. Further data analysis was performed with the Perseus
software (version 1.5.2.6) after loading the protein groups file
from MaxQuant. Proteins only identified by site, contami-
nants and reverse database hits were removed and replicate
samples were grouped. Proteins with less than 3 valid values
in at least 1 group were removed and missing values were
imputed from a normal distribution around the detection
limit. For each identified protein, a two-way ANOVA test
calculated a -log p-value. Proteins with a -log p-values > 2
were then considered significantly up- or downregulated. The
intensities of these significantly regulated proteins were then
visualized on a heat map after non-supervised hierarchical
clustering.

Immunocytochemistry and immunofluorescence
microscopy

Immunostainings were performed according to standard pro-
tocols. Briefly, cells were seeded on glass coverslips the day
before fixation. Fixation was performed by incubating cells in
4% paraformaldehyde (ThermoFisher Scientific, 28906) or ice
cold methanol (Sigma-Aldrich, 67-56-1) for 20 min.
Afterwards, cells were permeabilized with 0.1% Triton X-100
(Sigma-Aldrich, 9002-93-1) in phosphate-buffered saline
(PBS; ThermoFisher Scientific, 14190250). Blocking was per-
formed with 5% BSA (Sigma-Aldrich, 9048-46-8) diluted in
PBS for 1 h, primary and secondary antibodies were incubated
for 1 h diluted in 1% BSA in PBS supplemented with 0.1%
Tween 20. Nuclear staining was done by using Hoechst33342
(Life Technologies, H3570). Cells were mounted with fluor-
escent mounting medium (Dako, S3023). Confocal micro-
scopy (Figures 1, 4, 7, 8, S1, S6, S8 and S9), images were
taken on a Zeiss LSM700 laser scanning confocal microscope
using a 40 x /1.3 Plan-Neofluar objective. All images used for
quantification were acquired using identical fluorescence exci-
tation and detection settings that avoid channel crosstalk. For
assays using automated image acquisition (Figures 3 and 6),
cells were seeded (15,000 cells per well) in Ibidi µ-Plate
IbiTreat 96-well plates (Life Technologies, 89626) and fixed
24 h later in 4% paraformaldehyde. Three replicate wells were
used per genotype and immunocytochemical staining was
performed as described above. Images were acquired with an
automated Nikon Eclipse TiE microscope, equipped with DS-
Qi2 camera, PFS3, 40x Plan Fluor 0.75 NA objective
(DIC M N2), Spectra X epifluorescence excitation source,
motorized stage (Prior) and using the JOBS module of
Nikon Elements software (Nikon Instruments Europe B.V.).
Per well, 30 randomly positioned multichannel image sets
(1608 x 1608 pixels, 4 channels, 0.183 µm pixels) were
acquired using the PS3 hardware autofocus. Image analysis
and quantification was performed using CellProfiler software
[60]. An image analysis pipeline was designed in CellProfiler
to automatically quantify the number of punctate structures
(LC3-II puncta, SQSTM1/p62 bodies, autophagosomes) per
individual cell. To this end, nuclei were segmented using the
Hoechst channel (Adaptive thresholding Otsu method), which
were used as seeds to segment the cells (Propagation method
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with global Otsu thresholding). Punctate structures were seg-
mented in the appropriate channel using the global MoG
thresholding channel. Standard CellProfiler modules were
used for relating the different masks, for measurements of
shape and intensity parameters and to create output tables.
Statistical analysis was then performed in R and GraphPad
Prism.

Expansion microscopy

HeLa cells transduced with HSPB1 (WT) and transfected with
mCherry-SQSTM1 were processed for expansion microscopy
following a protocol by Chozinski et al, 2016 [61]. Cells were
grown on standard cover glasses (12 mm #1.5), fixed for
20 min in 3.2% paraformaldehyde and 0.1% glutaraldehyde
(Sigma-Aldrich, 111-30-8) in PBS with 5 min reduction in
sodium borohydride (Sigma-Aldrich, 16940-66-2). Standard
immunocytochemical staining for HSPB1 was followed by
crosslinking for 10 min in 0.25% glutaraldehyde in PBS.
Gelation was done in a mixture of 2 M NaCl (Sigma-
Aldrich, 7647-14-5), 2.5% (w:w) acrylamide (Sigma-Aldrich,
79-06-1), 0.15% (w:w) N,N’-methylenebisacrylamide (Sigma-
Aldrich, 110-26-9), 8.625% (w:w) sodium acrylate (Sigma-
Aldrich, 7446-81-3) in PBS with polymerization initiated
with TEMED (Sigma-Aldrich, 110-18-9) and APS
(ThermoFisher Scientific, 17874). Polymerized gels were incu-
bated for 30 min at 37°C in a digestion buffer containing 8 U/
ml proteinase K (ThermoFisher Scientific, 25530049). Cover
glasses were removed from the digested gels, which were
placed in high volumes (>30 ml) of distilled water that were
exchanged at least 5 times until full expansion of the gels.
Finally, the gels that had expanded over 4 times in all dimen-
sions were trimmed, positioned in 50-mm diameter glass
bottom dishes (WillCo Wells GWSt-5040) and immobilized
using 2% UltraPure LMP agarose (Invitrogen 16520-050).
Image stacks of the expanded sample were acquired on
a Zeiss LSM700 with Plan-Apochromat 63 x /1.40 objective,
using 85 nm x 85 nm x 604 nm voxel dimensions (corre-
sponding to approximately 21 nm x 21 nm x 150 nm in
a non-expanded sample). Image stacks were registered with
the Stackreg plugin [62] in the Fiji distribution of ImageJ
[63,64] and XZ and YZ cuts were created after Gaussian
Blur (σ = 0.7) noise removal.

Transmission electron microscopy

HeLa cells were grown in 8-well chambered Permanox slides
(Nunc, Lab-Tek, C7182-1PAK) and treated to induce accu-
mulation of autophagosomes as described above. Cells were
fixed in 0.1 M sodium cacodylate-buffered, pH 7.4, 2.5%
glutaraldehyde solution for 2 h at 4°C. After rinsing
(3 × 10 min) in 0.1 M sodium cacodylate, pH 7.4 (Sigma-
Aldrich, 6131-99-3) containing 7.5% saccharose (Sigma-
Aldrich, 57-50-1), they were post-fixed in 1% OsO4 solution
(Sigma-Aldrich, 20816-12-0) for 1 h. After dehydration in an
ethanol gradient (70% ethanol for 20 min, 96% ethanol for
20 min, 100% ethanol for 2 × 20 min), cells were embedded in
EM-bed812 (Electron Microscopy Sciences, EMS14120).
Ultrathin sections were stained with uranyl acetate and lead

citrate, and examined in a Tecnai G2 Spirit Bio Twin
Microscope (FEI, Eindhoven, The Netherlands) at 100 kV.

Autophagosome quantification was performed on blinded
samples. Autophagosomes were identified based on ultra-
structural characteristics described in [65] and the total num-
ber of autophagosomes was counted by visual inspection at
43,000 magnification of the complete cytoplasmic area in the
section of the cell. Overview images of each quantified cell
were captured at 4300x magnification to measure the covered
cytoplasmic area with the imageJ polygon selection tool [56].
In total, 424 autophagosomes were identified in 59 cells with
an average cytoplasmic area of 80 µm2 covered per cell.

Statistical analyses

Statistical analyses were performed using Student’s two-tailed
t-test or ANOVA. Data were analyzed using the GraphPad
Prism statistical program and presented as the mean ±
Standard deviation (SD). Values of p < 0.05 were considered
significant.
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