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Abstract

Conformational diseases, such as Alzheimer, Parkinson and Huntington diseases, are part of a common class of neurological disorders
characterized by the aggregation and progressive accumulation of proteins bearing aberrant conformations. Huntington disease (HD)
has autosomal dominant inheritance and is caused by mutations leading to an abnormal expansion in the polyglutamine (polyQ)
tract of the huntingtin (HTT) protein, leading to the formation of HTT inclusion bodies in neurons of affected patients. Interestingly,
recent experimental evidence is challenging the conventional view by which the disease pathogenesis is solely a consequence of the
intracellular accumulation of mutant protein aggregates. These studies reveal that transcellular transfer of mutated huntingtin protein
is able to seed oligomers involving even the wild-type (WT) forms of the protein. To date, there is still no successful strategy to treat
HD. Here, we describe a novel functional role for the HSPB1-p62/SQSTM1 complex, which acts as a cargo loading platform, allowing the
unconventional secretion of mutant HTT by extracellular vesicles. HSPB1 interacts preferentially with polyQ-expanded HTT compared
with the WT protein and affects its aggregation. Furthermore, HSPB1 levels correlate with the rate of mutant HTT secretion, which is
controlled by the activity of the PI3K/AKT/mTOR signalling pathway. Finally, we show that these HTT-containing vesicular structures
are biologically active and able to be internalized by recipient cells, therefore providing an additional mechanism to explain the prion-
like spreading properties of mutant HTT. These findings might also have implications for the turn-over of other disease-associated,
aggregation-prone proteins.
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Introduction
Cell-to-cell communication by extracellular vesicles (EVs) is a
growing field of investigation in basic cell biology research (1–
6), biomarker discovery (7–10) and therapeutic drug delivery
(11–14). EVs are now known to comprise a heterogenous popu-
lation of vesicles that can differ in size, density, composition as
well as biological function. One approach aimed at elucidating the
function of such vesicles is to identify their cargo; by identifying
the proteins that are found in distinct EV subpopulations and
exploiting them for visualization and tracking purposes, one
can unveil divergent roles of such vesicles. Thus, in the last two
decades, research efforts have sought to understand the mecha-
nism by which EVs form, are secreted, interact with recipient cells
and, similarly, how to best harness EVs as delivery vehicles (15–17).

One family of potential cargoes are the small heat shock pro-
teins (sHSPs), a family of 11 proteins, named HSPB1 through
HSPB11, some of which are ubiquitously expressed, while others
tissue specific (18,19). They are defined by their low molecular
weight (ranging from 16 to 28 kDa, as detailed in Supplemen-
tary Material, Fig. S1A) and are characterized by a conserved α-
crystallin domain (ACD) of 80 amino acids, normally present in
the central region of these proteins. This domain is important for
the formation of the oligomeric structure (20). The ACD is flanked
by a less conserved N-terminal domain and a variable C-terminal
extension, which both play an important role in oligomerization
(21,22). Some members of the sHSP family such as αA-crystallin,
αB-crystallin and Hsp27 form large oligomeric species (23).

Organisms and cells can respond and adapt to various stress
conditions by increasing the expression of these proteins. The
sHSPs are involved in many cellular physiological and patho-
logical functions such as cell death, cell cycle, protein degra-
dation and maintaining cytoskeletal integrity (24). Among the
others, sHSPs can interact with aggregation-prone proteins asso-
ciated to neurodegenerative diseases, preventing their aggrega-
tion (25,26). In this context, Huntington disease (HD), Alzheimer
disease (AD), Parkinson disease (PD) and amyotrophic lateral
sclerosis (ALS) are some examples of conformational diseases
characterized by the progressive accumulation of misfolded pro-
tein, formation of protein aggregates and inclusion bodies, which
ultimately lead to neuronal toxicity and death. In addition, several
chaperones can also undergo secretion and such a phenomenon
can impact on and contribute to the pathogenesis of several neu-
rodegenerative disorders (27–31). In particular, HSPB1 has been
shown to exert a protective effect by reducing the accumula-
tion of intracellular toxic oligomers and to be released by astro-
cytes in response to production of amyloid-beta (32,33). Notably,
(macro)autophagy has emerged as a critical pathway in regulating
the unconventional secretion of several intracellular proteins
(34–36). Indeed, we have recently reported how autophagy can
contribute to the unconventional secretion of the small heat
shock protein HSPB5/CRYAB, by hampering the autophagosome–
lysosome heterotypic fusion step, which is critical for the proper
turn-over of autophagy substrates, including the PD-associated
A53T variant of alpha-synuclein (37).

Our laboratory is interested in understanding the functional
interactions between sHSPs and aggregation-prone proteins that
are features of neurodegenerative diseases. Huntington disease
(HD) is a neurodegenerative disorder caused by the expansion of a
CAG repeat (>35) in exon 1 of huntingtin HTT gene, which results
in an abnormal polyglutamine tract (38,39). HD is characterized
by the deposition of large intracellular protein aggregates, or
inclusion bodies, composed of N-terminal fragments of mutant

HTT. The accumulation of soluble oligomeric species of HTT
can cause neurotoxicity (39–42). The turn-over of mutant HTT is
largely dependent on the activity of the autophagic pathway (43).
Mutant HTT can be degraded by autophagy through both mTOR-
dependent and -independent autophagic pathways. In addition,
mutant HTT can interact with the autophagy cargo receptor pro-
tein p62/SQSTM1 to initiate autophagosome formation, and such
a mechanism promotes autophagic degradation of the mutant
HTT protein (43–48).

Importantly, mutant HTT may have the propensity to propa-
gate by a prion-like mechanism (49). For example, Masnata et al. in
2019 have shown that SH-SY5Y cells, THP1-derived macrophages
and iGABA human neurons take up toxic HTT-Exon1 fibrils (50).
Uptake is accompanied by the aggregation of endogenous HTT.
In addition, several reports have shown how mutant HTT can be
subjected to inter-cellular spreading by means of EVs, misfolding-
associated protein secretion (MAPS) and the formation of nan-
otubular structures (NTNs) (51–55).

As part of an ongoing screen aimed at identifying novel
signalling pathways and components capable of regulating
unconventional secretion, we found that HSPB1 is able to interact
with p62/SQSTM1 to modulate synergistically its unconventional
secretion in an autophagy-independent manner. In addition, both
proteins form a platform for the functional disaggregation, sorting
and secretion of mutant HTT, via a mechanism that is regulated
by the PI3K/AKT/mTOR signalling axis (56–59). Finally, we
demonstrate how the pool of HSPB1-loaded EVs are functionally
capable of guaranteeing the transcellular spreading of mutant
HTT. Importantly, these findings reveal a novel mechanism for
the spreading and seeding of protein aggregates, which may
have wider implications for and impact the pathobiological
mechanisms underlying other neurodegenerative disorders.

Results
Screening for the identification of HSPB family
members unconventionally secreted
Small heat shock proteins (HSPBs) are a family of proteins with
chaperone-like activity, which can prevent protein aggregation.
We have previously reported how the small heat shock protein
HSPB5 is secreted by an unconventional secretion pathway that
involves multi-vesicular bodies (MVBs). Importantly, we found
that HSPB5 secretion was regulated by phosphorylation at ser-
ine residue 59, which acts by inhibiting its recruitment to the
autophagosomes (37). To identify whether other HSPB family
members undergo a similar unconventional secretion, HeLa cells
were transiently transfected with V5-HSPB1 to V5-HSPB8 over-
expressing constructs. Using SDS-PAGE to analyse the cell lysate
and secreted fraction, we found that HSPB1, HSPB4, HSPB5 and, to
a lesser extent, HSPB6 were secreted into and readily detectable
in the culturing media (Fig. 1A–B).

We first evaluated whether endogenous HSPB1 was contained
within EVs (60,61). In particular, we found that endogenous HSPB1,
as well as the exosomal markers CD63 and CD9, were present
in the P100 fraction representing the EVs isolated by means
of differential ultracentrifugation (37) of conditioned media
derived from HeLa cells (Supplementary Material, Fig. S1B–D).
To confirm the presence of EVs purified with our experimental
approach, we decided to further characterize the P100 fractions
by electron microscopy and nanoparticle tracking analysis. As
reported in Figure 1C, by transmission electron microscopy we
could observe in the P100 fractions processed and analysed

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad047#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad047#supplementary-data


Human Molecular Genetics, 2023, Vol. 32, No. 14 | 2271

Figure 1. Screening for the identification of HSPB family members unconventionally secreted. (A–B) HeLa cells were transiently transfected with
constructs encoding the different V5-tagged HSPBs. Twenty four hours after transfection, cells were cultured in DMEM with 1% FBS for 8 h to allow
protein secretion. Both secreted fraction and cell lysate were collected and processed by western blot analysis. All the proteins were present in the
cell lysate, but only HSPB1, HSPB4 and HSPB5 were detected in the secreted fraction. (C–D) EVs were isolated from conditioned media of HeLa cells
transiently transfected with the GFP-CD63 over-expression construct by differential ultracentrifugation. P100 fractions were processed and ultrathin
sections (60 nm) prepared as detailed in Materials and Methods section and the grid observed by transmission electron microscopy (C, scale bar: 50 nm).
For the immunogold staining of sections, an anti-CD63 specific antibody and 10-nm gold particles were used (D, scale bar: 100 nm). (E–F) HeLa cells were
kept in culture in 10-cm dishes for 48 h. In the last 8 h, a secretion assay was performed. Secreted fractions were subjected to ultracentrifugation at
100000xg for 2 h. Pellet (P100) fractions were subjected to nanoparticle tracking analysis. The plots in (E) and (F) report the concentration and particles
size average distribution of EVs. (G–H) HeLa cells were placed in DMEM 1% FBS for 8 h in the presence or not of 5-mg brefeldin A, then secreted fraction
and cell lysate were collected. Secreted fractions were centrifuged at 100 000×g for 2 h. Pellet (P100) was resuspended in lysis buffer and processed for
western blot analysis using an HSPB1 antibody. HSPB1 is present in the P100 fraction and in the cell lysate but not in the S100, also upon brefeldin A
treatment, confirming that HSPB1 is secreted in EVs unconventionally. (I–K) Western blot analysis of ATG16L1 WT and KO cells, which are unable to
conjugate LC3 and form autophagosomes (E). Parental and ATG16L1 KO HeLa cells were transfected with V5-HSPB1 over-expression construct. After
24 h, cells were placed in DMEM 1% FBS for 8 h, then secreted fraction and cell lysate were collected. Secreted fraction was centrifuged at 100 000 g
for 2 h. Pellet (P100) fractions were lysed and processed for western blot analysis using a HSPB1 antibody. HSPB1 is present in the P100 fraction and
in the cell lysate but not in the S100, also in ATG16L1 KO Hela cells, suggesting that HSPB1 secretion is autophagy independent. The graphs in (B), (D)
and (G) report the quantitative analysis of protein secretion relative to loading control from at least three independent experiments. The y-axis values
are shown as the OUT/IN relative ratio and the error bars denote standard deviations. The P-values for the densitometric analyses were determined by
Student’s t-test using STATVIEW v4.53 (Abacus Concepts) (n = 3, NS: non-significant).
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by electron microscopy a number of heterogeneous vesicular
structures (arrowheads in Fig. 1C) of different size. We also
performed immunogold labelling on these sections, confirming
the presence of the exosomal marker CD63 on at least on some of
these structures (Fig. 1D, white arrowhead in the magnified inset).
As expected, these structures were non-homogeneous in terms of
size and composition. In order to corroborate these observations,
we analysed the size distribution of particles in our samples by
means of nanoparticle tracking analysis (NTA). Consistent with
the electron microscopy analysis, our results showed how the
diameter of the particles contained in the P100 fractions ranged
from 70 to 200 nm (Fig. 1E–F), with a mean value of 124.6 ± 0.8 nm,
which is compatible with the size range of exosomes and EVs (50–
140 nm) reported in the literature (1–6). All together, these data
confirm that our experimental protocol allows us to successfully
isolate EVs derived from conditioned media of cultured cells,
in which we could detect both endogenous and over-expressed
HSPB1.

In order to provide further evidence that HSPB1 is secreted
by unconventional secretion, HeLa cells were transiently trans-
fected with V5-HSPB1 and treated for 8 h with 5 μg/ml brefeldin
A (Bref. A), which reversibly blocks the protein transport from
the endoplasmic reticulum to the Golgi compartment, without
affecting endocytosis or lysosomal function (62). Both secreted
fractions and cell lysates were collected and EVs were isolated by
ultracentrifugation. HSPB1 secretion was not affected by brefeldin
A treatment (Fig. 1G–H), therefore confirming that HSPB1 can be
secreted unconventionally.

We next investigated whether the autophagic pathway
might be involved in the unconventional secretion of HSPB1
by measuring the amount of HSPB1 secreted in ATG16L1 KO
HeLa cells (63), which are unable to produce autophagosomes
(Fig. 1I). We did not observe any reduction in HSPB1 secretion
compared with the isogenic control cells (Fig. 1J–K). Hence, our
results showed that HSPB1 can undergo unconventional secretion.
However, differently from what previously reported for the
HSPB5 protein (37), such a phenomenon occurs in an autophagy-
independent manner.

HSPB1 interacts with p62/SQSTM1 and
synergistically supports its unconventional
secretion
Despite the lack of functional correlation between the activity of
the autophagic pathway and the secretion of HSPB1, it has been
previously shown that HSPB1 interacts with the autophagy cargo
receptor p62/SQSTM1 (64). Interestingly, the interaction between
HSPB1 and p62/SQSTM1 is instrumental for allowing cells some
initial steps required for the regulation of autophagosome bio-
genesis (64). We initially performed a number of complemen-
tary experiments to validate the interaction between HSPB1 and
p62/SQSTM1 and to evaluate whether the two proteins were able
to be secreted together. To this end, HeLa cells were co-transfected
with HA-p62/SQSTM1 and V5-HSPB1. Anti V5-tag antibody was
used to immunoprecipitate HSPB1. As shown in Figure 2A (top
panel), p62/SQSTM1 did specifically interact with HSPB1 (Fig. 2A,
lane 3), as no pull-down was observed by using a control antibody
(Fig. 2A, lane 4 and Supplementary Material, Fig. S2A). We then
performed the reverse immunoprecipitation with an HA antibody
to pull down p62/SQSTM1, and once again we were able to validate
its interaction with HSPB1 (Fig. 2A, bottom panel, lane 3).

We did also perform co-immunoprecipitation experiments and
we were able to validate the interaction between endogenous
HSPB1 and p62/SQWSTM1 (Supplementary Material, Fig. S2B–C).

To confirm and further understand the spatial relationship
between HSPB1 and p62/SQSTM1, we performed a co-localization
analysis by immunofluorescence and confocal imaging. HeLa
cells were transiently transfected with HA-p62/SQSTM1 and GFP-
HSPB1 and then subjected to semi-permeabilization by digitonin
treatment, as previously reported (37,65). Co-localization analysis
showed a strong co-localization between HSPB1 and p62/SQSTM1
(Mander’s coefficient higher than 0.6, in both ways) in HeLa cells
(Fig. 2B–C), therefore reinforcing the co-IP-based interaction data.
Such an observation was also confirmed by looking at the co-
localization of endogenous HSPB1 and p62/SQSTM1 proteins upon
digitonin treatment (Supplementary Material, Fig. S2D–E). In view
of the relevance of p62/SQSTM1 for the regulation of both the
autophagy and the ubiquitin–proteasome system (UPS) (66), we
also asked whether the over-expression of HSPB1 could influence
the activity of these pathways. To this end, we performed a panel
of experiments to measure the activity of the autophagic pathway.
The over-expression of HSPB1 did not show any effect on the LC3-
II and p62/SQSTM1 levels in basal conditions or in the presence
of bafilomycin A1 (Supplementary Material, Fig. S3A–D). We also
looked at the effect of HSPB1 over-expression on the number of
aggregates generated by the GFP-Q74HTT exon 1 reporter, which
is a well-established autophagy substrate (43). GFP-HTT(Q74)
levels were reduced in cells over-expressing HSPB1, albeit to a
lesser extent than in those treated with trehalose (Supplementary
Material, Fig. S3E), a well-known autophagy enhancer (46). Despite
the lack of any direct effect of the HSPB1 over-expression on the
activity of the autophagic pathway, the latter effect is entirely con-
sistent with previous reports and can be explained by the key role
played by HSPB1 and other small HSPBs in regulating the activity
of disaggregation machineries (27,30–32). We also performed a
UbiquitinG76V-GFP (degron) assay to assess proteasome activity
(66,67) and we could not observe any significant effect deriving
from the HSPB1 over-expression (Supplementary Material, Fig.
S3F). Hence, we can conclude that the unconventional secretion of
over-expressed HSPB1 does not depend on or reflect any substan-
tial change in the activity of the major systems controlling cellular
proteostasis, including the autophagic pathway and the UPS.

In view of the interaction between HSPB1and p62/SQSTM1 and
of the observations that also endogenous HSPB1 could be detected
in the EVs isolated from cells (Supplementary Material, Fig. S1C),
we asked whether p62/SQSTM1 itself could undergo secretion.
Indeed, we found that endogenous p62/SQSTM1 was present in
the P100 fraction, representing the EVs isolated upon differen-
tial ultracentrifugation of conditioned media derived from non-
transfected HeLa cells (Fig. 2D).

In order to infer about the potential functional correlation
between HSPB1 and the secretion of p62/SQSTM1, we performed
secretion assays in HeLa cells that were transiently transfected
with V5-HSPB1 alone, HA-p62/SQSTM1 alone or in combination.
We found that p62/SQSTM1 was present in the secreted frac-
tion and that upon over-expression of HSPB1 the secretion of
p62/SQSTM1 was significantly increased, whereas the levels of
HSPB1 levels remained unchanged, suggesting the existence of
a directional synergism (i.e. HSPB1 on p62/SQSTM1, but not the
opposite), in the unconventional secretion of the two proteins
(Fig. 2E–F). In view of these data, we decided to look at the general
effect deriving from the HSPB1 over-expression on the generation
of EVs. To this end, we performed nanoparticle tracking analysis
by comparing P100 fractions obtained from either empty vector
or HSPB1-transfected cells. Interestingly, the particle profiling did
not show any overt effect deriving from the HSPB1 over-expression
neither in terms of concentration, nor in terms of size distribution
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Figure 2. HSPB1 interacts with p62/SQSTM1 and supports synergistically its unconventional secretion. (A) HeLa cells were transiently transfected with
V5-HSPB1-V5 and HA-p62/SQSTM1. Twenty four hours after transfection, cell lysates were prepared and immunoprecipitation was performed using
either anti-V5 or anti-HA antibody. HSPB1 and p62/SQSTM1 interaction was detected in both orientations. In addition, an unconjugated control IgG
antibody was used to verify the specificity of the interaction (lane 4 of the top and bottom panels). (B–C) HeLa cells were transiently transfected
with GFP-HSPB1 and HA-p62/SQSTM1. After 24 h, cells were semi-permeabilized by digitonin treatment, fixed, subjected to immunofluorescence and
analysed by confocal microscopy. Magnifications (10×) of the merged channels are shown in the insets. The co-localization analysis was performed using
an ImageJ plug-in (JaCoP). The graph shows Mander’s coefficient (fraction of HSPB1-positive structures overlapping with p62-positive structures and
reverse, grey bars). Scale bars: 10 μm. (D) HeLa cells were placed in DMEM 1% FBS for 8 h, then secreted fraction and cell lysate were collected. Secreted
fraction was centrifuged at 100 000 g for 2 h. Pellet (P100) was resuspended in lysis buffer and processed for western blot analysis using a p62/SQSTM1
antibody. P62/SQSTM1 is present in the P100 fraction and in the cell lysate but not in the S100. (E–F) HeLa cells were transfected with HSPB1-V5, P62-HA
or both. After 24 h, the cells were placed in 1% FBS for 8 h to allow protein secretion. Both cell lysate and secreted fraction were collected and analysed.
p62/SQSTM1 secretion is increased by HSPB1 over-expression as shown also in the quantification (F). (G–H) HeLa cells were co-transfected with V5-HSPB1
and HA-p62/SQSTM1. Twenty four hours after transfection, cells were washed three times and placed in serum-free DMEM (NO FBS) for the indicated
times (from 0 to 24 h). Secreted fractions were collected from 0.5 up to 24 h. Both HSPB1 and p62/SQSTM1 secretion increases over time, but the amount
of p62/SQSTM1 is decreased after 24 h. (I–J) Schematic diagram depicting the experimental protocol deployed to assess the dynamic variations of HSPB1
and p62/SQSTM1 secretion upon serum deprivation. HeLa cells were serum starved or left in complete medium. Then cells were placed in 1% FBS or NO
FBS for 8 h to allow protein secretion and 1 h before collection 1% FBS was added to the rescue condition. Cell lysates were collected and analysed using
the indicated antibodies. AKT phosphorylation is reduced by serum deprivation and is increased again after re-addition of FBS. (K–L) HeLa cells were
transiently transfected with V5-HSPB1 and HA-p62/SQSTM1. After 24 h, cells were serum starved or left in complete medium. Then, cells were placed
in 1% FBS for 8 h to allow protein secretion, and 1 h before collection, FBS was added back to the rescue condition. p62/SQSTM1 secretion is increased
after serum starvation and the secretion is reversible. The graphs in (F), (H) and (L) report the quantitative analysis of HSPB1 and p62/SQSTM1 protein
secretion relative to loading control from at least three independent experiments. The y-axis values are shown as the OUT/IN relative ratio and the error
bars denote standard deviations. The P-values for the densitometric analyses were determined by factorial ANOVA or Student’s t-test using STATVIEW
v4.53 (Abacus Concepts) (n = 3, ∗∗P < 0.001; NS: non-significant).
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of the analysed particles (Supplementary Material, Fig. S4A–D).
Consistent with this, we could not observe any effect of HSPB1 on
the secretion rate of the exosomal marker CD63 (Supplementary
Material, Fig. S4E–F). All together, these data prompted us to
hypothesize that HSPB1, under certain conditions, could play a
role in regulating the loading and/or composition of (at least
some) of the EVs that can be secreted by cells.

It is known that p62/SQSTM1 serves as a signalling hub in
nutrient sensing, activating mTORC1, which regulates protein
translation, anabolism, cell growth and autophagy (68,69). In order
to evaluate whether serum starvation could regulate secretion
of both HSPB1 and p62/SQSTM1, we performed a run-on secre-
tion assay in HeLa cells transiently transfected with HSPB1 and
p62/SQSTM1, in the absence of serum (NO FBS). To this end,
secreted fractions were collected over a time-course, from 0.5
to 24 hours. Interestingly, we found that the secretion of both
HSPB1 and p62/SQSTM1 were increased over time; however, the
kinetics of the secretion of the two proteins displayed some
remarkable differences. In particular, HSPB1 secretion increased
up to 8 h, when it reached a plateau. Conversely, p62/SQSTM1
secretion progressively increased up to 12 h and then decreased
at 24 h (Fig. 2G–H), suggesting that its secretion is temporally
regulated and reversible. We hypothesized that the amount of
p62/SQSTM1 present in the secreted fractions might represent
the result of a dynamic equilibrium between secretion and re-
uptake of these vesicular carriers (EVs). Hence, we decided to fur-
ther investigate the modulation of the signalling axis that could
regulate this phenomenon. In particular, in order to understand
the variations of the dynamic properties induced by serum star-
vation, we performed the experiments comparing control cells
kept in full medium (FM) to serum-starved cells (NO FBS) and
cells where the signalling was restored (RESCUE), by adding back
the serum (as schematically depicted in Fig. 2I). To monitor the
experimental protocol, we looked at the phosphorylation state
of PKB/AKT, which is a direct substrate of the PI3K pathway, in
response to full medium, starvation and the rescue condition
(47). As expected, the phosphorylation of AKT was blunted upon
serum deprivation and fully rescued by re-adding serum to cul-
tured cells (Fig. 2J). Notably, the secretion of p62/SQSTM1, but
not HSPB1, was strongly increased by serum starvation. Impor-
tantly, the re-addition of serum was able to revert the effect
on p62/SQSTM1 (Fig. 2K–L). However, such a phenomenon was
not due to any change in either the interaction (Supplemen-
tary Material, Fig. S5A) or the co-localization between HSPB1
and p62/SQSTM1 (Supplementary Material, Fig. S5B–C), induced
by serum starvation. Importantly, we were also able to confirm
the effect of serum starvation by looking at the secretion of
endogenous p62/SQSTM1, which was detected in the P100 fraction
derived from HeLa cells and increased in serum starvation condi-
tions (Supplementary Material, Fig. S5D–E). Finally, we performed
an experiment to assess whether the synergistic effect exerted
by the over-expression of HSPB1 could still be observed upon
serum starvation. Differently from what is reported in steady-
state condition, the HSPB1 over-expression does not induce any
further increase in the serum-starvation increased secretion of
p62/SQSTM1 (Supplementary Material, Fig. S6A–B). Likewise, we
could not observe any additional effect deriving from the over-
expression of HSPB1 when we looked at the progressive secretion
of p62/SQSTM1 in a run-on experiment performed in serum
starvation condition (Supplementary Material, Fig. S6C–D), sug-
gesting that the latter acts upstream of HSPB1 and results in a
‘bottle-neck effect’ (i.e. saturating effect) on this phenomenon,
at least under these experimental conditions. Hence, our data

strongly suggest that the modulation of growth-factor-dependent
signalling response, elicited, for instance, upon serum deprivation,
can indeed trigger the unconventional secretion of p62/SQSTM1.
Nonetheless, the over-expression of the small heat shock protein
HSPB is sufficient to synergistically enhance the secretion of
p62/SQSTM1 even in steady-state conditions.

Effect of HSPB1 mutants on the unconventional
secretion of p62/SQSTM1
HSPB1 contains within the N-terminal domain three serine
residues that can undergo phosphorylation, namely Ser15, Ser78
and Ser82 (70). It is known that the combined phosphorylation of
these serine residues can influence the oligomerization status of
the protein (71) and, as a consequence, modulate the chaperone
function of HSPB1 (Supplementary Material, Fig. S7A) (72). Indeed,
it has been proposed that the alpha-crystallin domain of HSPB1
is responsible for its ability to form dimers and, in response to
variations of the phosphorylation of the N-terminal domain,
the protein can further multimerize (72,73). As such, these
dynamic transitions between low and high molecular weight
isoforms allow HSPB1 to interact with different client proteins
and/or to modulate the affinity towards substrate proteins
(72). In view of these considerations, we asked whether the
phosphorylation/oligomerization state of HSPB1 could be relevant
for its own secretion, and for the interaction with p62/SQSTM1
(and, ultimately, for the effect on the secretion of the latter). To
this end, HeLa cells were transfected with either HSPB1 WT, HSPB1
3A (S15A/S78A/S82A) mutant or HSPB1 3D (S15D/S78D/S82D)
mutant constructs, and we performed cell fractionation exper-
iments followed by isopycnic ultracentrifugation to evaluate the
oligomerization status of HSPB1 (71). In particular, cell lysates
were loaded on a discontinuous sucrose gradient (5–20%, w/v)
and ultracentrifuged at 100 000 g for 24 h at 4◦C. Twelve fractions
were collected from the top to the bottom of the gradient and
the remaining pellet was resuspended in sample buffer. All the
samples were subjected to immunoblot analysis. As previously
described by Bolhuis and Richter-Landsberg (71), the fraction
distribution was different between the WT and 3A/3D-HSPB1
mutants (Supplementary Material, Fig. S7B–C). In particular, the
3A-HSPB1 mutant closely resembled the distribution of the WT
protein (with peaks positioned between fractions 9 and 10, plus
the presence of a right-side shoulder), whereas the 3D-HSPB1 was
shifted towards the left (i.e. lighter) part of the gradient (peak at
fraction 7–8 interface), consistent with a lower oligomerization
state of the 3D-variant protein (Supplementary Material, Fig.
S7B–C). We then evaluated the secretion of both phospho-
mutant proteins and found that both 3A-HSPB1 and 3D-HSPB1
were present in P100 fractions at comparable levels (Fig. 3A–B)
indicating that, differently from what was previously reported for
the HSPB5/CRYAB protein (37), HSPB1 can be conveyed into and
secreted by means of vesicular structures independently of its
phosphorylation (and therefore oligomerization) state.

In order to understand whether the phosphorylation state of
HSPB1 could affect its interaction with p62/SQSTM1, we per-
formed co-immunoprecipitation experiments in HeLa cells tran-
siently co-transfected with the phospho-mutant HSPB1 variants,
along with HA-p62/SQSTM1. We confirmed that both the 3A-
and 3D-HSPB1 variants were able to interact with and to co-
immunoprecipitate p62/SQSTM1 (Fig. 3C). However, when we per-
formed the co-immunoprecipitation in reverse (i.e. with an HA
antibody to pull down p62/SQSTM1), we were able to appreci-
ate a higher co-immunoprecipitation of the 3D-HSPB1 mutant
with p62/SQSTM1 compared with the 3A variant (Fig. 3D). This
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Figure 3. Effect of HSPB1 mutants on the unconventional secretion of p62/SQSTM1. (A–B) HeLa cells were transiently transfected with 3A-HSPB1 and
3D-HSPB1 phosphorylation mutants. After 24 h, cells were placed in DMEM 1% FBS for 8 h and secreted fractions were collected, pre-cleared and
centrifuged at 100 000×g for 2 h. Pellet (P100) fractions were lysed and processed for western blot analysis using an anti-FLAG antibody. The graph in
(B) reports the quantitative analysis of 3A-HSPB1 and 3D-HSPB1 protein levels contained in the P100 fractions, relative to the inputs, from at least three
independent experiments. (C–D) HeLa cells were transiently transfected with HA-p62/SQSTM1 and either 3A-HSPB1 or 3D-HSPB1 expression constructs.
After 24 h, cell extracts were collected and 3A-HSPB1, 3D-HDSPB1 (E) or p62/SQSTM1 (F) was immunoprecipitated using the indicated antibodies. Co-
immunoprecipitation was then evaluated with specific antibodies, as indicated. 3A-HSPB1 and 3D-HSPB1 are both able to co-immunoprecipitate with
p62/SQSTM1, but the phospho-mimetic mutant (3D) shows a higher affinity for p62/SQSTM1 compared with the 3A. (E–F) HeLa cells were co-transfected
with p62-HA and either 3A-HSPB1 or 3D-HSPB1. Twenty four hours after transfection, cells were serum starved overnight or left in complete medium.
Then, cells were washed and placed in 1% FBS or serum-free DMEM (NO FBS) to allow protein secretion, and 1 h before collection, FBS was added to the
rescue condition. Both cell lysates and secreted fractions were collected. 3D-HSPB1 strongly increases p62/SQSTM1 secretion both in steady state and
in serum starvation. The graph in (F) and the inset report the quantitative analysis and the best-fit functional curve of HSPB1 and p62/SQSTM1 protein
secretion, respectively, relative to loading control from three independent experiments. The y-axis values in the graph are shown as the OUT/IN relative
ratio and the error bars denote standard deviations. The P-values for the densitometric analyses were determined by factorial ANOVA or Student’s t-test
using STATVIEW v4.53 (Abacus Concepts) (n = 3, ∗P < 0.05; ∗∗P < 0.01; NS: non-significant).

is consistent with previous studies, reporting that the 3D-HSPB1
variant, in view of its reduced oligomerization ability, can display
a higher promiscuity and/or affinity towards some client proteins
(74,75). We then decided to test whether such a different affinity
of p62/SQSTM1 for the 3A/3D phospho-mimetic variants of HSPB1
could affect its secretion. To this end, HeLa cells were transfected
with HA-p62/SQSTM1 in combination with either the 3A-HSPB or
3D-HSPB1 and we performed our standardized secretion assays.
Strikingly, the over-expression of the phospho-mimetic protein
(3D)-HSPB1 was able to increase, compared with the 3A variant,
the secretion of p62/SQSTM1, both at steady state and upon

serum starvation/rescue (Fig. 3E–F and inset). Collectively, these
data suggest that HSPB1 interacts with p62/SQSTM1 and is able to
regulate its unconventional secretion, indicating that the HSPB1-
p62/SQSTM1 complex can exert in cis a tangential effect on the
cargo loading and secretion step.

The HSPB1 over-expression induces the
clearance and secretion of mutant HTT
HSPB1 is able to protect cells from toxicity caused by misfolded
proteins, for instance, in the case of disease-associated mutant
proteins, such as α-synuclein, the mutated Superoxide Dismutase
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1 (SOD1) and HTT, which are able to cause neurodegeneration
(76–78). In addition, it has been recently reported how some
proteotoxic stress can favour the p62/SQSTM1- and autophagy-
dependent clearance of protein aggregates bearing an expanded
polyglutamine (polyQ) tract, such as mutant huntingtin (79).
We therefore decided to investigate the potential role of the
HSPB1-p62/SQSTM1 complex in the turn-over and secretion of
aggregation-prone proteins, such as mutant HTT. To this end,
HeLa cells were transfected for 48 h with WT-HSPB1 and either
the WT N-terminal fragment of huntingtin (1-588, 17 poly-
Q, hereafter referred to as WT-HTT) or the expanded mutant
huntingtin (1-588, 138 poly-Q, hereafter referred to as mut HTT),
as detailed (Fig. 4A). Importantly, we did not observe any overt
change in cellular viability induced by the over-expression of
either WT- or the mut HTT when compared with non-transfected
cells (Supplementary Material, Fig. S8A), ruling out any potential
effect deriving from cellular toxicity. In HSPB1 over-expressing
cells, we could observe the secretion of both forms of HTT
(Fig. 4B); interestingly, the secretion of the mutant protein was
much greater than the wild-type (WT) form, suggesting that
HSPB1 preferentially regulates the secretion of the aggregation-
prone mutant HTT. As an additional control, we performed
the Triton X-100 soluble/insoluble fractionation protocol on the
intracellular fractions of cells transfected with HA-p62/SQSTM1
and mut HTT (as schematically detailed in Supplementary
Material, Figure S8B), a well-described and standardized method
to determine protein solubility and aggregation (80). This allowed
us to show how, at steady state, the fractionation profile of
mut HTT, p62/SQSTM1 and endogenous HSPB1 were different
(confirming also the sufficient dynamic range of the analysis we
have deployed in this study) and largely unaffected by serum
starvation (Supplementary Material, Fig. S8C). In addition, we
observed how both the soluble and insoluble levels of mut HTT in
the cell lysate were remarkably reduced upon over-expression of
HSPB1 (Fig. 4C–E), with a less pronounced effect observed on the
levels of WT-HTT (Supplementary Material, Fig. S8D).

Collectively, these data are entirely consistent with previous
reports, showing that HSPB1 is indeed capable of reducing the
aggregation propensity of several disease-associated mutant
proteins such as huntingtin, α-synuclein and SOD1 (30,31,34,76–
78) by means of its disaggregation activity (81). Notably, our data
do confirm and integrate such a scenario, showing how the
over-expression of HSPB1 is capable of preferentially reducing
the aggregation of mut HTT and at the same time to favour
its secretion. Consistent with this, we observed the same effect
of HSPB1 over-expression on the secretion of the GFP-Q74-HTT
reporter vector (Fig. 4F–G), whereas the secretion of the control
GFP-Q21-HTT reporter remained unchanged (Supplementary
Material, Fig. S8E–F). As HSPB1 was able to preferentially increase
the secretion of mut HTT, we tested whether this difference was
due to a different affinity of HSPB1 towards the mutated form. To
this end, we performed co-immunoprecipitation experiments in
HeLa cells transiently transfected with HSPB1 and either WT or
mut HTT. HSPB1 was immunoprecipitated using an anti-V5 anti-
body and co-immunoprecipitation was assessed using an anti-
Flag antibody to detect HTT. Strikingly, we observed how HSPB1
interacts preferentially with mut HTT (Fig. 4H–I), suggesting that
the higher affinity for the mutant protein bearing the expanded
polyQ-tract might favour the cargo loading of mut HTT, therefore
facilitating its increased secretion observed upon HSPB1 over-
expression. Finally, in order to assess the physiological relevance
of these observations, we decided to test whether the HSPB1

over-expression could exert any effect on the secretion of endoge-
nous p62/SQSTM1 and huntingtin proteins. To this end, P100
fractions were isolated from HeLa cells transiently transfected
with either empty vector or V5-HSPB1 and analysed by western
blot. Consistent with the effect observed upon serum starvation
(Supplementary Material, Fig. S5D–E), we could observe a
significant increase of secreted p62/SQSTM1 in HSPB1-over-
expressing cells, compared with control cells (Supplementary
Material, Fig. S9A–B). However, such an effect was not observed
for the full-length endogenous huntingtin, whose low levels
of secretion remained unchanged upon HSPB1 over-expression
(Supplementary Material, Fig. S9A–B).

Serum starvation acts upstream of the
HSPB1-p62/SQSTM1 complex and triggers the
secretion of mutant HTT
HSPB1 contains three serine residues that can be phosphorylated
by several kinases (70), particularly mitogen-activated protein
kinases associated protein kinases (MAPK/MK2,3). The phos-
phorylation status regulates the function of an oligomerization
form of HSPB1 (71). Notably, p62/SQSTM1 represents one of the
major cellular hubs regulating autophagy cargoes selection and
loading (44,82). Among others, the functional interaction with
ubiquitinated and polyQ-bearing proteins is essential for their
degradation (83,84). Since we have shown that serum starvation
can modulate p62/SQSTM1 secretion but not HSPB1 secretion, we
asked whether the secretion of mut HTT could be regulated by
the same signalling pathway. As shown in Figure 5(A) and (B), mut
HTT secretion was increased upon serum starvation. However,
we performed co-immunoprecipitation experiments in HeLa
cells transiently transfected with HSPB1 and mut HTT and we
did not observe any variation in the interaction of HSPB1 with
mut HTT upon serum starvation (Fig. 5C–D), suggesting that the
increased secretion is not consequent to a direct change in the
affinity or binding of HSPB1 for the mut HTT. Notably, we could
appreciate how the HTT appears as a doublet, with the faster
migrating band of the doublet being preferentially secreted upon
serum starvation (Fig. 5A). Both WT and mut HTT can undergo
a number of different post-translational modifications, including
phosphorylation, SUMOylation, ubiquitination, acetylation,
proteolytic cleavage and palmitoylation (85). HTT can undergo
several proteolytic cleavages by caspases under basal and
apoptotic conditions. In particular, it has been reported that
HTT can be cleaved by caspase-6 and caspase-3. There are two
primary sites of caspase cleavage in HTT that map to locations
associated with cellular toxicity, Asp552 and Asp586 (85–88),
which reside within the 1-588 N-terminal fragment used in
our study (Fig. 4A).

Based on this evidence, we investigated whether the lower band
of mut HTT could be the result of a proteolytic cleavage operated
by a caspase. We therefore performed a secretion assay on HeLa
cells transfected with mut HTT upon serum starvation, which is
likely responsible for inducing (in the long term) the activation of
apoptotic cell death-related pathways, because of growth factor
deprivation (89), in the absence or presence of Z-VAD, a well-
known pan-caspase inhibitor (90). As shown in Figure 5E, caspase
inhibition was able to blunt almost completely the appearance of
the lower band of mut HTT in the secreted fraction, nonetheless
still allowing the secretion and accumulation, compared with
both control and serum-starved condition, of the full-length frag-
ment in the secreted fraction. This data therefore confirms that
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Figure 4. The HSPB1 over-expression induces the clearance and secretion of mutant huntingtin. (A) Schematic representation of HTT WT and mutant
(MUT) huntingtin constructs. (B) HeLa cells were transiently transfected with V5-HSPB1 and WT or mut HTT. Cells were placed in 1% FBS for 8 h and
cell lysate and secreted fractions were analysed with the indicated antibodies. (C–E) HeLa cells were transfected with mutant HTT with or without
V5-HSPB1. Cells were placed in 1% FBS for 8 h and secreted fractions were collected and processed as previously described. Cell lysates were subjected
to solubility fractionation, as detailed in Supplementary Material, Figure S5(B) and analysed by western blot. HSPB1 over-expression reduces both the
soluble and insoluble fractions and increases HTT mutant secretion. The graph in (D) and (E) report the quantitative analysis of mut HTT protein levels
and secretion relative to loading control from three independent experiments. The y-axis values are shown as the OUT/IN relative ratio and the error
bars denote standard deviations. (F–G) HeLa cells were transiently transfected with the GFP-HTT Q74 over-expression construct with or without V5-
HSPB1 for 24 h. Cells were placed in 1% FBS for 8 h. Cell lysate and secreted fraction were collected and analysed by western blot. The graph in (G) reports
the quantitative analysis of GFP-HTT Q74 protein secretion relative to loading control. The y-axis values are shown as the OUT/IN relative ratio and
the error bars denote standard deviations. (H–I) HeLa cells were transfected with V5-HSPB1 and WT or mutant huntingtin. Cell lysates were collected
and HSPB1 was immunoprecipitated using an anti-V5 antibody. Both WT and mut HTT co-immunoprecipitate with HSPB1. The graph in (I) reports the
quantitative analysis of WT and mut HTT co-immunoprecipitated by HSPB1. The y-axis values are shown as the mean values with standard deviations
deriving from three independent experiments. The P-values for the densitometric analyses were determined by factorial ANOVA using STATVIEW v4.53
(Abacus Concepts) (n = 3, ∗P < 0.05; ∗∗P < 0.01; NS: non-significant).
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Figure 5. Serum starvation acts upstream of HSPB1-p62/SQSTM1 and triggers the secretion of mutant huntingtin. (A–B) HeLa cells were transiently
transfected with mutant HTT. After 24 h, cells were serum starved or left in complete medium. Secreted fractions were collected and analysed by
western blot. Serum starvation increases mut HTT secretion. (C–D) HeLa cells were co-transfected with V5-HSPB1 and mut HTT. After 24 h, cells were
either kept in full medium or serum starved overnight. Cell lysates were collected and HSPB1 was immunoprecipitated using an anti-V5 antibody. The
graph in (D) reports the quantitative analysis of mut HTT co-immunoprecipitated by HSPB1. Serum starvation does not affect the HSPB1/mut HTT
interaction. (E) HeLa cells were transiently transfected with mut HTT for 24 h. Cells were left in complete medium or serum starved overnight in the
presence or absence of 10-mm Z-VAD, and then secretion assays were performed in the same conditions. Secreted fractions were collected and analysed
by western blot. Z-VAD treatment inhibit the proteolytic cleavage of mut HTT, without interfering with its secretion. (F–G) HeLa cells were transiently
transfected with mut HTT. After 24 h, cells were treated or not with 10 μm LY-294002 overnight. Then cells were placed in 1% FBS (replenishing the
LY-294002) for 8 h and both cell lysates and secreted fraction were collected and analysed. LY-294002 is able to mimic serum starvation and increases
mut HTT secretion. (H–I) HeLa cells were transiently transfected with mut HTT with or without HA-AKT. Cells were kept in complete medium or serum
starved overnight. Then, cells were placed in 1% FBS to allow protein secretion and 1 h before collection FBS was added to the rescue condition. The
over-expression of AKT reduces mut HTT secretion both at steady state and in response to serum starvation/rescue conditions. The P-values for the
densitometric analyses were determined by factorial ANOVA or Student’s t-test using STATVIEW v4.53 (Abacus Concepts) (n = 3, ∗∗P < 0.01; NS: non-
significant).
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mut HTT is preferentially secreted as a caspase-dependent prote-
olytic cleavage product in response to serum starvation. However,
such a cleavage does not represent a limiting factor, or a required
step, for the secretion itself.

Huntingtin protein contains many phosphorylation sites, and
it has been reported that phosphorylation status regulates aggre-
gation of the protein and, in turn, neuronal toxicity and cell death
(91–94). Importantly, huntingtin is a substrate of PKB/AKT and
phosphorylation of huntingtin by AKT is crucial to mediate the
neuroprotective effects exerted by IGF-1 (95). We performed a
secretion assay to look for mut HTT secretion in the presence
or absence of the selective PI3K inhibitor, LY294002. Consistent
with the effect exerted by serum starvation, mut HTT secretion
was increased in the presence of LY294002 (Fig. 5F–G), therefore
confirming that the activity of the PI3K pathway can modulate
HTT secretion.

Next, to test whether the modulation of the PI3K pathway
activity could also have an effect in the opposite direction, we
deployed the serum starvation and rescue protocol to modulate
the nutrient-dependent signalling pathway, previously used for
assessing the secretion of p62/SQSTM1 (Fig. 2I), by looking at
the effect of AKT over-expression on the secretion of mut HTT.
To this end, HeLa cells were transiently transfected with mut
HTT, in the presence or absence of HA-AKT over-expression. The
secretion assay was performed in the presence or absence of
serum and with the re-addition of serum for the rescue condition.
As already observed in the case of p62/SQSTM1 (Fig. 3K–L), the
secretion of mut HTT, which was induced by starvation, could
be promptly reversed by adding back serum. In addition, the
AKT over-expression largely hampered the response of mut HTT
to both starvation and rescue conditions (Fig. 5H–I). Notably, we
could also observe how AKT itself can be secreted by cells at
steady state and in response to serum starvation/rescue (Fig. 5H),
mirroring the behaviour observed for p62/SQSTM1 (Fig. 3K–L).
Together, these data confirm that nutrient and growth factor
availability can regulate the unconventional secretion of mutant
HTT by means of the PI3K/AKT signalling pathway.

The formation of the
HSPB1-p62/SQSTM1-mutant HTT ternary
complex is instrumental for the unconventional
secretion of mutant HTT
To dissect and better understand the molecular mechanisms
linking the unconventional secretion of mutant HTT with the
activity of the HSPB1-p62/SQSTM1 complex, we first sought
to analyse their reciprocal interactions and to understand
whether and how they could be regulated. We found that
in HeLa cells, both HSPB1 and p62/SQSTM1 were able to co-
immunoprecipitate with mut HTT in the intracellular fraction
(Fig. 6A–B). Interestingly, when mut HTT was immunoprecipitated
from the secreted fraction, we found that only HSPB1 was
co-immunoprecipitated (Fig. 6A). This is consistent with the
expectation that the large majority of the mut HTT-p62/SQSTM1
complexes will be engulfed into autophagosomes and delivered
to the lysosomal compartment for degradation (44). In addition,
when we performed the co-immunoprecipitation experiment
in serum starvation condition, we observed a reduction in the
amount of p62/SQSTM1 being co-immunoprecipitated by mut
HTT (Fig. 6B), suggesting therefore that serum starvation can
modulate the intracellular interaction of mut HTT with the
components of the described complex and, in turn, influence
their secretion. It is worth noting that both p62/SQSTM1 and HTT
have been reported to interact with mTOR on the lysosome (68,96),

which represents a key hub in controlling nutrient sensing and
energy metabolism, as well as autophagy (69). In view of these
observations, we examined whether the HSPB1-p62/SQSTM1-
mut HTT ternary complex described here could be related to the
one containing the mTOR complex. By co-immunoprecipitation
and confocal imaging analysis, we could show a significant
co-localization between mut HTT with mTOR (Supplementary
Material, Fig. S10A–B) and the lysosomal marker LAMP1 (Sup-
plementary Material, Fig. S10C–D), which remained unchanged
upon serum starvation. Furthermore, we could observe an
increased co-localization between mut HTT and LAMP1 upon
serum starvation (Supplementary Material, Fig. S10E–F). Finally,
we could also confirm by co-immunoprecipitation experi-
ments the interaction between mTOR and mut HTT, as well
as p62/SQSTM1, which was slightly increased upon serum
starvation (Supplementary Material, Fig. S10G). However, we
could not detect any HSPB1 in these pull-down experiments,
suggesting therefore that the HSPB1-p62/SQSTM1-mut HTT
ternary complex we have described here is independent and acts
differently from the one containing mTOR and localized at the
lysosome (68,96).

In order to further characterize the mechanisms underlying
the secretion of mutant HTT and its dependency on the HSPB1-
p62/SQSTM1 complex, we performed HSPB1 and p62/SQSTM1
depletion experiments using siRNA. HeLa cells were trans-
fected with a siRNA pool (smart pool; Dharmacon) targeting
either HSPB1 or p62/SQSTM1 for 5 days. On day 3, mut HTT
was transfected in HeLa cells. Depletion of both HSPB1 and
p62/SQSTM1 was assessed by western blot (Fig. 6C). First, we used
control, HSPB1- and p62/SQSTM1-depleted cells to perform co-
immunoprecipitation experiments, by pulling down mut HTT
and looking at the interaction with HSPB1 and p62/SQSTM1. We
found that the interaction between mut HTT and p62/SQSTM1
was reduced upon depletion of HSPB1. Conversely, there was
no effect on the amount of HSPB1 co-immunoprecipitated with
mut HTT when p62/SQSTM1 was depleted (Fig. 6D). Likewise,
the reduced interaction between mut HTT and p62/SQSTM1 was
confirmed by the confocal imaging analysis, showing a reduced
co-localization between mut HTT and p62/SQSTM1 upon serum
starvation or in HSPB1-depleted cells (Fig. 6E–F). Interestingly,
these data suggest a precise hierarchy dictating the formation
and the stabilization of this secretory cargo complex, whereby
HSPB1 acts upstream of and can interact with p62/SQSTM1,
mut HTT or both (Fig. 6G), with the PI3K/AKT pathway being
able to regulate upstream its assembly and/or activity. Finally,
the same siRNA-based approach was deployed to perform a
secretion assay to examine the effect of this complex on mut
HTT secretion. The depletion of HSPB1 strongly reduced mut HTT
secretion compared with control cells (Fig. 6H–I). Likewise, the
p62/SQSTM1 knockdown had a significant, albeit smaller, effect
on the secretion of mut HTT. Together, these data confirm how
the HSPB1-p62/SQSTM1 functional complex plays a critical role
for the secretion of mutant huntingtin and that the activity of the
complex can exert a tangential effect on the cargo loading and
secretion step.

The over-expression of HSPB1 facilitates the
spreading of mutant HTT and is regulated
in trans by the PI3K/AKT signalling axis
Recently, it has been shown that mutant huntingtin can
be secreted by neuronal cells or spread between neurons
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Figure 6. The formation of the HSPB1-p62/SQSTM1-MUT HTT ternary complex is instrumental for the unconventional secretion of mutant huntingtin.
(A) HeLa cells were transfected with mut HTT, HA-p62/SQSTM1 with or without V5-HSPB1. Twenty four hours after transfection, cells were placed in
DMEM 1% FBS and cell lysate and secreted fraction were collected. Mutant HTT was immunoprecipitated using anti-FLAG antibody and Co-IP assessed
with the indicated antibodies. Mutant HTT is able to interact with HSPB1 both intracellularly and in the secreted fractions, whereas p62/SQSTM1 interacts
with mut HTT only intracellularly. (B) HeLa cells were transiently transfected with mut HTT and p62/SQSTM1. Twenty four hours after transfection, cells
were kept in full medium or serum starved overnight, cell lysates were prepared and mut HTT immunoprecipitated with an anti-FLAG antibody. Serum
starvation does reduce the interaction between mut HTT and p62/SQSTM1. (C–D) HeLa cells were silenced for scramble CTRL, HSPB1 or p62/SQSTM1 with
100-nm siRNA mix. HSPB1 and p62/SQSTM1 depletion were confirmed using specific antibodies. After 72 h, cells were re-transfected with the same mix,
supplemented with 2 μg of FLAG-tagged mut HTT over-expression construct. After 48 h, cell lysates were prepared and mut HTT was immunoprecipitated
using an anti-FLAG antibody and co-immunoprecipitation analysis performed with the indicated antibodies. (E–F) HeLa cells were silenced for Ctrl, HSPB1
or p62/SQSTM1 and transfected with mutant HTT as detailed in (C–D). Cells were semi-permeabilized with digitonin immediately before fixation. Indirect
immunofluorescence was performed and analysed by confocal microscopy. Co-localization analysis was performed by using ImageJ software. Thirty
cells per experimental condition were analysed and mean values with standard deviations are reported in the graph. Scale bar: 10 μm. (G) Schematic
representation of the hierarchy dictating the assembly and function of the HSPB1-p62-mut HTT ternary complex. (H–I) HeLa cells were silenced for
scramble control, HSPB1 or p62/SQSTM1 with 100-nm siRNA and transfected with 2 μg of FLAG mut HTT, as detailed above. Cell lysate and secreted
fraction were collected and analysed by western blot. The P-values for the co-localization and densitometric analyses were determined by Student’s
t-test using STATVIEW v4.53 (Abacus Concepts) (n = 3, ∗∗P < 0.01; ∗∗∗P < 0.001).
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(55,56,97,98). We have shown that HSPB1 plays an impor-
tant role in regulating the disaggregation and secretion of
mut HTT.

In view of the role exerted by the HSPB1-p62/SQSTM1 complex
in secretion of mutant HTT, we next asked whether HSPB1 could
be equally instrumental for its transcellular spreading. To this
end, we established a spreading assay in order to understand
whether HSPB1 could also regulate the ability of mut HTT-loaded
EVs to be up-taken in trans by recipient cells (Supplementary
Material, Fig. S11A). Briefly, HeLa cells were transiently trans-
fected with mut HTT with or without HSPB1 for 48 hours (feeder
cells). The culturing medium of feeder cells (namely, cells tran-
siently transfected with either mut HTT or mut HTT + HSPB1)
was replaced with DMEM supplemented with 1% FBS and kept
overnight. The following day, the conditioned medium derived
from feeder cells was cleared by centrifugation. We first con-
firmed that mut HTT and HSPB1 were present in the secreted
fraction from feeder cells (Fig. 7A), then transferred on recipient
(i.e. non-transfected) cells, that were previously incubated at 4◦C
for 30 min in order to block and synchronize the uptake. When
the conditioned medium was added, the cells were promptly
warmed up and shifted back at 37◦C for the indicated time points,
ranging from 0.5 up to 8 hours. At the end of incubation, both
secreted and intracellular fractions of the recipient cells were
collected and analysed. Strikingly, both HSPB1 and mut HTT
were present in the cell lysate of recipient cells, indicating that
both proteins were able to be internalized in a time-dependent
manner (Fig. 7B–D). In addition, we could show how the HSPB1
over-expression was able to induce a faster and higher uptake
of mut HTT (Fig. 7C–D). In particular, the integral amount of
the total mut HTT uptake (AUC, area under the curve) showed
a normalized fold increase of 2.851 ± 0.5627, compared with
empty vector transfected cells (Fig. 7D), suggesting how HSPB1
is not only able to favour the loading of mut HTT into EVs but
might also functionalize these carriers in terms of docking/up-
take at the interface with recipient cells. Furthermore, such a
phenomenon was also observed in the human SK-N-BE2 neuronal
cell line, suggesting that the HSPB1-dependent induced spreading
of mut HTT might affect also the inter-neuronal spreading of
the protein (Supplementary Material, Fig. S11B–C). Importantly, to
confirm that the plateauing in uptake observed with mut HTT
was not due to depletion of EVs from the conditioned media,
we checked the levels of mut HTT and HSPB1 that remained in
the conditioned media that had been applied to the recipient
cells (Fig. 7E). Such observation was instrumental to confirm that
an abundance of mut HTT and HSPB1 remained in the condi-
tioned media after 8 hours of treatment, indicating that the levels
of mut HTT that were internalized represented the maximum
internalization rather than an exhaustion of EVs available in the
conditioned media.

In view of the previous observations linking nutrient avail-
ability (i.e. serum starvation) and the activity of the PI3K/AKT
signalling axis on the secretion of mut huntingtin (Fig. 5A–B, D–E
and F–G), we next went on to assess whether the PI3K/AKT activity
could exert an effect, also in trans, on the ability of recipient
cells to uptake HSPB1/mut HTT-loaded vesicles. To this end, we
performed a spreading assay by dispensing conditioned medium
derived from HSPB1-mut HTT co-transfected cells (Fig. 7E) on
recipient cells at steady state (control) or in recipient cells where
the activity of the PI3K pathway was either up-regulated (by over-
expression of AKT) or blunted (by pre-treatment with the PI3K
inhibitor LY-294002). Strikingly, we could observe how the AKT
over-expression was able to reduce, compared with control cells,

the kinetic and the total uptake of both mut HTT and, albeit to
a lesser extent, HSPB1. Conversely, in the presence of the PI3K
inhibitor LY-294002, recipient cells showed a remarkable increase
of the intracellular pool of mut HTT (Fig. 7F–H), indicating the
existence of a dynamic equilibrium between the uptake and
recycling that these EVs are subjected to by recipient cells.
Collectively, the results from starvation and rescue experiments
(Fig. 5) and PI3K/AKT manipulation confirm how the effect of
HSPB1 and serum starvation on mut HTT secretion is coordinated
and 2-fold: on one hand, the activity of the HSPB1-p62/SQSTM1
complex is able to facilitate in cis the cargo loading and secretion
step. On the other hand, these EVs are biologically active and can
undergo uptake (or re-uptake) and recycling by recipient cells in a
PI3K/AKT-dependent manner. In particular, our data indicate that
the inward/outward dynamic equilibrium of HSPB1/mut HTT-
loaded EVs is regulated also in trans by the PI3K/AKT signalling
axis.

Discussion
A novel role for the HSPB1-p62/SQSTM1
functional complex in the unconventional
secretion of aggregation-prone mutant proteins
In this work, we provide a working model for the HSPB1–p62-
SQSTM1-mediated regulation of the unconventional secretion of
the HD-associated mutant HTT protein (Fig. 8). As part of an
ongoing screen, we have found that HSPB1 is secreted uncon-
ventionally by means of EVs in HeLa cells and MEF cell lines.
HSPB1 interacts with the autophagy cargo receptor p62/SQSTM1
and regulates synergistically its unconventional secretion. The
phospho-mimetic form of the chaperone (3D-HSPB1) was able to
increase p62/SQSTM1 secretion, showing a higher affinity com-
pared with the 3A phospho-null form. This can likely be explained
because the phosphorylation of HSPB1 favours the recognition of
a subset of client proteins dedicated to specific cellular functions,
as previously reported (70–72,74).

Our data suggest also that HSPB1 and p62/SQSTM1 form an
intracellular complex, acting like a cargo selection platform
where, among other potential substrates, aggregation-prone
proteins are sorted and sent for either degradation or secretion
(Fig. 8). In particular, we propose a working model in which HSPB1
and p62/SQSTM1 interact, generating a platform for the cargo
selection and loading of EVs. The activity of this platform can
be regulated in response to nutrients and growth-factor-activated
cellular signalling, or in response to the accumulation of neurode-
generative disease-associated, aggregation-prone proteins, such
as mutant HTT, whose degradation and turn-over has previously
been shown to be mediated by the autophagosome–lysosome
system (43–48). Our data demonstrate how a significant pool of
mutant HTT can be directed towards the HSPB1-p62/SQSTM1
complex, which displays a higher affinity for the mutant protein,
bearing the polyQ-expanded tract (namely, Q138, in this work).
This is consistent with previous reports showing the critical role
exerted by p62/SQSTM1 in recognizing and delivering to the
autophagosomes ubiquitinated and aggregation-prone proteins
(79,84,99–101).

The formation of the HSPB1-p62/SQSTM1 ternary complex is
instrumental for the loading of mutant HTT, with the assistance
of HSPB1, into these vesicular transport structures. Thereby,
we propose an additional mechanism that cells can harness
to remove aggregation-prone proteins and ultimately minimize
cellular toxicity deriving from their progressive accumulation, as
observed in several neurodegenerative disorders (102). Indeed, we

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad047#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad047#supplementary-data


2282 | Human Molecular Genetics, 2023, Vol. 32, No. 14

Figure 7. The spreading of mutant huntingtin is facilitated by HSPB1 over-expression and is regulated in trans by the PI3K/AKT signalling axis. (A–
D) Feeder cells were prepared by transiently transfecting HeLa cells with FLAG-tagged mut HTT, with or without V5-HSPB1. Twenty four hours after
transfection, cells were placed in DMEM 1% FBS for 12 h to allow protein secretion. Cell lysate and secreted fractions were collected and analysed (A).
In addition, secreted fractions were used as conditioned medium for assessing the EV-mediated spreading of secreted proteins on recipient cells, as
detailed in Supplementary Material, Figure S7. HSPB1 over-expression increases the uptake of mut HTT in recipient cells (B). The graph in (C) reports
the relative levels of HSPB1, mut HTT alone or in the presence of HSPB1, internalized over time by recipient cells, whereas in (D), the cumulative value
(area under curve, AUC) of the total uptake, for each experimental condition, is reported. In particular, for the quantification of the internalized mut
HTT, it was taken in consideration and factored in the increased amount of protein present in the conditioned medium derived from HSPB1 over-
expressing cells (fold increase: 2.267 ± 0.017) compared with empty vector transfected cells (A). The integral amount of the total mut HTT uptake (AUC,
area under the curve) reported in (D) represents a normalized value (fold increase: 2.851 ± 0.5627) compared with empty vector transfected cells. The
same approach has been applied to determine the AUC reported in (H) and in the Supplementary Figure S11(C). Histograms indicate mean values with
standard deviations from three independent experiments. (E–H) Feeder cells were prepared by transiently co-transfecting HeLa cells with FLAG-tagged
mut HTT and V5-HSPB1. Cell lysates and secreted fractions were collected and conditioned medium, prepared as already detailed in (A–B), was used
for the spreading experiment on recipient cells. In order to infer about the potential effect in trans of the PI3K/AKT signalling pathway, recipient cells
were kept at steady state (Ctrl), transfected with HA-AKT or pre-treated with 10 μM LY-294002, 24 h before receiving the conditioned medium obtained
from feeder cells for the indicated time points (0.5 to 8 h). The graph in (G) reports the relative levels of mut HTT internalized over time by recipient
cells, whereas in (H) the cumulative value (area under curve, AUC) of the total uptake, for each experimental condition, is reported. Histograms indicate
mean values with standard deviations from three independent experiments. The P-values for the densitometric analyses were determined by factorial
ANOVA using STATVIEW v4.53 (Abacus Concepts) (n = 3, ∗P < 0.05; ∗∗P < 0.01).
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Figure 8. Proposed model for the HSPB1/p62-mediated regulation of the unconventional secretion and transcellular spreading of mutant huntingtin. In
response to both physiological and pathological conditions, such as variation of nutrient availability or the accumulation of aggregation-prone proteins,
cells can activate a number of pathways, including the PI3K/AKT signalling axis, autophagy and unconventional secretion, aimed at counteracting
cellular stress (1). The HSPB1/p62 functional complex can act as cargo selection platform, allowing the loading of cellular components, such as mutant
HTT and other aggregation-prone proteins, destined to secretion (2). The activity of this complex can allow the generation and the regulated secretion
of diverse extracellular vesicles (i.e. EVs and exosomes), which can display a different content and composition (3). These vesicular transport carriers
are biologically active and capable of being taken up by recipient cells, contributing to the prion-like transcellular spreading of aggregation-prone
proteins. Such a phenomenon can represent an additional pathophysiological mechanism underlying the onset of neurodegenerative diseases, such as
Huntington disease (HD) (4).

have shown that HSPB1 over-expression increases the secretion
of mutant HTT. Conversely, siRNA-mediated depletion of HSPB1
decreases HTT secretion, indicating that HSPB1 is necessary for
this mechanism. Moreover, we have found that both HSPB1 and
p62/SQSTM1 can interact with mutant HTT (Q138). However,
HSPB1 interacts with HTT both intracellularly and extracellularly,
whereas p62/SQSTM1 is able to interact with HTT only inside
that cell, suggesting that upon interaction and loading into EVs,
HTT is likely secreted along with HSPB1. Nutrient availability and
growth-factor-induced signalling can influence this process, as we
have shown that serum starvation reduces the HTT interaction
with p62/SQSTM1 and promotes its secretion. Consistent with
this, treatment with the class I PI3K inhibitor LY-294002 mimics
the effect of serum starvation and induces mut HTT secretion,
whereas the PKB/AKT over-expression exerts the opposite effect.
Finally, it is worth noting how the expression of HSPs, HSPB1
and other members of the small heat shock protein family can
be transcriptionally induced by a number of stress conditions
and how this can be harnessed and have a beneficial effect
for a number of pathological conditions (103–106). For instance,
the transcriptional activation of CRYAB/HSPB5, mediated by the
inhibition of the glutaminyl cyclase (QPCT) enzyme, has been
proved to reduce mutant huntingtin HTT aggregation and toxicity
and to rescue the HD phenotype both in in vitro and in vivo
disease models (107). Likewise, the transcriptional up-regulation
of HSPB8 mediated by colchicine and doxorubicin treatment
is able to induce the clearance of ALS-associated mutant
forms of TDP-43 (108). Hence, it will be definitely interesting in
future studies to test whether the up-regulation of endogenous
HSPB1 is sufficient to modulate and if so, to which extent, the

activity and/or the selectivity of the functional complex we have
described here.

The HSPB1-p62/SQSTM1 functional complex can
exert a tangential effect on the cargo recruitment
and loading of EVs
In this work, we provide a number of converging observations
supporting the idea that the HSPB1-p62/SQSTM1 functional
complex can exert in cis a ‘catapult-like’ tangential effect (i.e. the
sequential identification, cargo binding/entry and release/egress
from the platform we describe here) during the cargo selection
and loading steps of EVs: (i) the over-expression of both WT and
mutant HSPB1 can synergistically induce the unconventional
secretion of p62/SQSTM1, but not of HSPB1 itself; (ii) any variation
in the affinity (for instance with the 3D-HSPB1 phosphomimic
mutant) and the increased intracellular interaction between
HSPB1 and p62/SQSTM1 is not maintained in the secreted
fraction; (iii) the increased secretion of both p62/SQSTM1 and
mutant HTT, observed upon serum starvation, is not mirrored by
an increased interaction with HSPB1, neither at intracellular nor
at extracellular level; (iv) the siRNA-based functional data suggest
a precise hierarchy dictating the formation and the stabilization
of this secretory cargo complex, whereby HSPB1 acts upstream
of and can interact independently with either p62/SQSTM1 or
mutant HTT, or both. In this scenario, the PI3K/AKT pathway
is able to regulate the assembly, stability and/or activity of the
HSPB1-p62/SQSTM1 complex. In our working model, the activity
of the functional complex could act in a coordinated fashion
with both the inward membrane fusion events as well as with
the egress from the MVBs, which ultimately allow the regulated
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release of EVs-containing aggregates of mutant HTT within them.
In such a scenario, the over-expression of HSPB1 (Fig. 4) likely
allows an increase in the loading and secretion of mut HTT,
compared with the WT protein. Such a scenario, along with
the higher affinity of the HSPB1-p62/SQSTM1 complex for the
expanded-poly-Q mutant protein, could also explain why the
over-expression of HSPB1 is not capable of increasing the secretion
rate of the full-length endogenous (i.e. ‘wildtype’) huntingtin
protein (Supplementary Material, Fig. S9).

The activity of p62/SQSTM1 as an autophagy cargo receptor,
widely described in the literature, depends on the state of
phosphorylation of the UBA domain. The phosphorylation
of the Ser407 residue within the UBA domain involves the
monomerization of p62/SQSTM1 and the ability to interact with
ubiquitin: once this pathway is activated, p62/SQSTM1-positive
structures are recruited and lead to autophagosome-mediated
degradation (79,82–84). Nevertheless, our data show how a small
but significant fraction of mutant HTT can escape degradation
route and be secreted extracellularly with the assistance of
HSPB1. It is therefore conceivable that p62/SQSTM1 is capable
of pursuing an alternative, albeit complementary, pathway.
This allows the cargo to be transported to the unconventional
secretion platform described in this study, rather than to the
autophagosome. Collectively, this leads us to propose that the
HSPB1-p62/SQSTM1 platform can facilitate the transfer of mutant
HTT-positive multi-protein complexes into highly dense vesicular
structures: future ultrastructural studies of the abovementioned
vesicles will be necessary to shed further light on such a
hypothesis.

In this regard, it is worth highlighting how the formation of
the ternary complex favours the unconventional secretion of
mutant HTT, despite the fact these proteins are neither secreted
simultaneously, or necessarily together. The evidence for this is
2-fold: immunofluorescence and biochemical studies confirm
the interaction between p62/SQSTM1 and mutant HTT and in
particular highlight the high co-localization of these proteins in
membrane-associated (i.e. digitonin extraction resistant) struc-
tures within cells. Nevertheless, our immunoprecipitation studies
performed on conditioned media reveal the absence of interaction
of p62/SQSTM1 and HSPB1 in the same EVs, whereas the mut HTT-
HSPB1 interaction is still maintained. Hence, all together our evi-
dence strongly suggests the existence of a tangential effect oper-
ated by the complex, which ultimately allows the generation and
differential secretion of HSPB1-mut HTT-loaded exosomes/EVs
(Fig. 8).

These data, along with the effect exerted by the HSPB1
over-expression (Fig. 4A–E) suggest that, in the context of the
functional complex, HSPB1 is the major factor responsible for
the loading and secretion of mutant HTT. Consistent with this,
when HSPB1 was depleted with siRNA, HTT secretion was
strongly affected (Fig. 6I), suggesting that HSPB1 is necessary
for its secretion. Furthermore, this occurs by means of the
same subset of vesicular structures, where their interaction
is likely preserved (Fig. 6A). Collectively, these data imply
that the activity of HSPB1 is critical for allowing the cargo
loading and selection of mutant HTT into both autophago-
somes (mediated by p62/SQSTM1) and secretory vesicles (EVs).
Interestingly, a precise hierarchy dictates the formation and the
stabilization of this secretory cargo complex, whereby HSPB1
acts upstream of and can interact with p62/SQSTM1, mut
HTT or both (as summarized in Fig. 6H), with the PI3K/AKT
pathway being able to regulate upstream its assembly and/or
activity.

The HSPB1 can facilitate the transcellular
spreading of mutant huntingtin
Finally, HSPB1 has also a positive role in facilitating the spreading
of mutant HTT (Figs. 7 and Supplementary Material, Fig. S11).
It is worth noting (Fig. 7B–D) how the transcellular transfer of
mut HTT shows a time-dependent kinetic variation, namely that,
when HSPB1 is over-expressed, the uptake of mut HTT is acceler-
ated. Interestingly, in this condition, a doublet of HTT bands can
be readily detected. In this regard, it is conceivable to hypothesize
that cleaved mut HTT is preferentially transferred into the EVs
(as suggested by the effect of z-VAD, Fig. 6C), as well as inter-
nalized by recipient cells. Nevertheless, one could still envisage
the occurrence of some in-trans effects, such as the cleavage
and/or degradation of the pool of mutant HTT being transferred
in recipient cells. Finally, the question remains as to how mutant
HTT is secreted and taken up in the absence of HSPB1 over-
expression. Here, it should be noted that the kinetics of mut HTT
entry may be partly dependent on HSPB1 expressed endogenously
by feeder cells.

The EV-based secretion mechanism described here is likely
necessary for the disposal of the mutant HTT aggregates, which
can be considered, along with other mechanisms regulating exo-
cytosis, an alternative to the canonical degradation route con-
trolled by the autophagosome–lysosome system (102). Hence, one
cannot rule out that other proteins resistant to either proteaso-
mal or lysosomal degradation may also undertake this pathway.
Furthermore, it should be emphasized that the three-component
model proposed here represents only a part of a much more
complex pathway likely involving other proteins. Further studies,
such as MS-based or siRNA-based screenings, will be necessary
to identify other molecular partners involved in the regulation of
this mechanism.

Unconventional secretion, complementary to the canonical
degradation, plays a main role in the pathophysiology of many
neurodegenerative diseases. Notably, we did not observe any sig-
nificant change in the intracellular levels of mutant huntingtin
with none of the experimental perturbations operated, such as
serum starvation (Fig. 5A–B) or the PI3K pathway pharmacological
inhibition (Fig. 5F–G) capable of impacting the secretion of mutant
huntingtin HTT, suggesting that the increased secretion of mutant
HTT does not lead to a detectable decrease in intracellular levels
of the protein, at least in our experimental set-up (8 hours of
secretion). Together, these data suggest that mutant HTT uncon-
ventional secretion is unlikely to have a major contribution to
its clearance. However, we cannot exclude a possibility that a
small rate of mutant huntingtin HTT exocytosis over a prolonged
period might eventually have an impact on the clearance of the
mutant protein in HD patients. In such scenarios, although it is
conceivable to expect that, on one hand, such a mechanism could
be advantageous to alleviate the proteostatic stress induced by
the intracellular accumulation of protein aggregates, on the other
hand this may lead to the transcellular propagation of patho-
logical aggregates. With this in mind, there is a pressing need
to further characterize the molecular determinants (i.e. recep-
tors, co-receptors and other membrane components) responsible
for the biogenesis and the acquisition of the specific biological
properties of these vesicles. By doing so, one could identify novel
druggable targets for HD capable of inhibiting specifically the
ability of mutant HTT-loaded exosomes/EVs to undergo the cell-
to-cell transfer and therefore to limit the toxicity deriving from
progressive spreading and accumulation of these protein aggre-
gates within neighbouring cells. Such characterization would also
elucidate whether other aggregation-prone proteins are handled
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in a similar fashion and would have an impact on our understand-
ing of the pathogenesis of and potential therapeutic targets for
other neurodegenerative diseases.

Materials and Methods
Antibodies
The following antibodies were used: mouse monoclonal anti-
HSP27 antibody (Santa Cruz Biotechnology, USA; #sc13132)
and mouse monoclonal anti-p53 (Santa Cruz Biotechnology;
#sc126); mouse monoclonal anti-HSP27 antibody (clone G3.1)
(ThermoFisher, USA, catalogue #MA3-015), mouse IgG isotype
control antibody (ThermoFisher, USA, catalogue #10400C),
mouse monoclonal anti-huntingtin antibody (Millipore, USA,
#MAB2166), mouse monoclonal anti-CD63 (Santa Cruz Biotech-
nology, sc-51662),) and mouse monoclonal anti-FLAG antibody
(Sigma-Aldrich, Milan, Italy; #F1804); mouse monoclonal anti-
HA (Sigma-Aldrich; #H9658, clone HA7); rabbit polyclonal anti-
LC3 (Novus Biologicals, USA; #NB100-2220); mouse monoclonal
anti-LAMP1 (clone H4A3, obtained from Developmental Studies
Hybridoma Bank, University of Iowa); rabbit polyclonal anti-
p62 (MBL International, Woburn, MA; #PM045); mouse mon-
oclonal anti-V5 (Santa Cruz, USA; #sc271944); rabbit poly-
clonal anti-actin (Sigma-Aldrich, Milan, Italy; #A2066); mouse
monoclonal anti-α-tubulin antibody (Sigma-Aldrich, Milan,
Italy; #T6199); rabbit polyclonal anti-ATG16L1 antibody (MBL
Life Sciences, Woburn, MA; #PM040); rabbit polyclonal anti-
mTOR (Cell Signaling Technologies, Danvers, MA; #2983); rabbit
polyclonal anti-phospho AKT (Cell Signaling Technologies,
Danvers, MA; #4060); anti-total AKT (Cell Signaling Technologies,
Danvers, MA; #4691); peroxidase conjugated anti-mouse and anti-
rabbit IgG (Sigma-Aldrich, Milan, Italy); Texas-Red-conjugated
anti-mouse and anti-rabbit IgG, FITC-conjugated goat anti-
mouse and anti-rabbit IgG, Cy5-conjugated goat anti-mouse
and anti-rabbit IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA).

Reagents and chemicals
Clarity Western ECL Substrate was from Bio-Rad (California, USA;
#170-5061), and Protein A–Sepharose was from Roche (Milan,
Italy; #CL4B 17-0780-01). Digitonin, bafilomycin A1, brefeldin-A,
rapamycin and trehalose were purchased from Sigma-Aldrich,
Milan, Italy. LY-294002 and Z-VAD were purchased from Tocris
Biosciences (UK).

Constructs and siRNA reagents
The Frt-V5/HSPB1-HSPB8 expression vectors have been previously
described (109). The pFLAG-CMV-HSP27 3A (S15A/S78A/S82A)
and 3D (S15D/S78D/S82D) were purchased from ADDGENE
(catalogue: #84997 and #85188). The pCDNA3-HA-Akt1 was
purchased from ADDGENE (catalogue #73408). The EGFP-CD63
was purchased from ADDGENE (catalogue #62964) (110). The HA-
tagged p62/SQSTM1 construct has been previously described
(83) and was purchased from ADDGENE (catalogue: #28027).
The EGFP-HDQ21 and EGFP-HDQ74 vectors were characterized
previously (111). The constructs expressing the WT and mutant
FLAG-tagged huntingtin N-terminal fragment (1-588) have been
previously described (112). The Ub-G76V/GFP over-expression
construct has been previously described (113). The smart pool
siRNA against human HSPB1, p62/SQSTM1 and scramble control
were purchased from Horizon Discoveries (Cambridge, UK). The
construct expressing the GFP-tagged HSPB1 have been described

previously (114). The CD9-mEGFP construct was purchased from
ADDGENE (catalogue #182864) (115).

Cell culture and transfections
HeLa cells, SK-N-BE2 cells, isogenic WT and ATG16L1 KO HeLa
cells were grown in Dulbecco’s modified essential medium
(DMEM), containing 10% fetal bovine serum (FBS), 100 U/ml
penicillin/streptomycin and 2-mm l-glutamine at 37◦C in a
humidified atmosphere of 5% CO2 and 95% O2. For the serum
starvation experiments, cells were washed twice and incubated
in serum-free DMEM, in the presence of l-glutamine. Cells
were transfected using X-tremeGENE™ 9 DNA Transfection
Reagent (Roche, Milan, Italy) according to the manufacturer’s
instructions. For the siRNA-based experiments, cells were
transfected with Lipofectamine 2000 (Invitrogen, USA), according
to the manufacturer’s instructions.

Western blot analysis
Cells were washed twice with 1× PBS and lysed on ice for 30 min
in 1× lysis buffer, containing 150-mm NaCl, 10-mm Tris–HCl
pH 6.8, 1-mm EDTA pH 8.0, 10% glycerol and 1% Triton X-100,
and supplemented with a protease inhibitor cocktail (cOmplete-
mini EDTA-free tablets-Roche) and, when appropriate, with
phosphatase inhibitors (Sigma-Aldrich). After centrifugation for
15 min at 14 000 rpm at 4◦C, cleared lysates were obtained. Sample
proteins were separated using 12% SDS-PAGE gels, followed by
their transfer onto PVDF and detection using primary antibodies
(1:1000) followed by incubation with HRP mouse or rabbit IgG
(1:5000) (GE Healthcare Amersham, Little Chalfont, UK) in PBS
containing 5% non-fat dry milk (Bio-Rad Laboratories). In all the
experiments, unless otherwise indicated, the volumes of both
lysis buffer and conditioned media used were kept constant
(namely, 600 μL for the six multi-well format and 1500 μL for
the 10-cm dish format) and the same ratio between intracellular
and extracellular pool samples was used (1:10 IN/OUT ratio,
volume/volume) in order to allow and optimize the detection
of even small amounts of secreted proteins.

Isolation of exosomes and EVs by differential
ultracentrifugation
For the isolation of EVs, cells were grown in 10-cm dishes and
conditioned media obtained and cleared by a first centrifugation
at 1500 rpm for 5 min at 4◦C to eliminate cellular debris. Equal
volumes of cleared conditioned media were subjected to ultracen-
trifugation at 100 000 g (45 000 rpm) in MLS-50 Swinging-Bucket
Rotor (Beckman Coulter, cat. no. 367280) mounted on the Optima
MAX-130K Ultracentrifuge (Beckman Coulter) for 2 h at 4◦C. The
floating (S100) and pellet (P100) fractions were then subjected to
further analysis.

Nanoparticle tracking analysis of of extracellular
vesicles
For the NTA, the P100 fractions obtained as indicated above were
resuspended in 200 μl of sterile 1× PBS. Mean diameter of EVs and
the number of particles were measured by using the NanoSight
NS300 apparatus (NanoSight; Alfatest, Rome, Italy) equipped with
a blue laser (Blue488). Briefly, 10 μl of the P100 fractions was
further diluted with 1× PBS to a final volume of 1 ml (dilution
factor = 1:100) and loaded into the instrument. The instrument’s
software NTA 3.4 Build 3.4.4 was used for the measurement.
Instrumental settings for the measurements were camera type:
sCMOS; number of frames: 1498.
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Analysis of EVs by transmission electron
microscopy
For the analysis by electron microscopy, the P100 fractions
were fixed with a solution of 4% paraformaldehyde (PFA) and
0.05% glutaraldehyde (GA), prepared in 0.2-M HEPES (pH 7.4)
for 30 min (RT), followed by 10 min washes in acetone graded
solutions (50 to 100%). Samples were then embedded in resin
overnight (RT) and baked for 24 h at 65◦C. Ultrathin sections
(60 nm) were finally obtained and double stained with 2% uranyl
acetate for 20 min and lead citrate for 10 min and collected
on a nickel grid. Ten microliters of exosome suspension was
used for negative staining. An antibody against CD63 (Santa
Cruz Biotechnology, sc51662) and protein A gold (PAG 10 nm)
were used for the immunostaining of exosomes. The grids
were observed by transmission electron microscopy (TEM). EM
images were acquired at 80 kW using an FEI Tecnai-12 electron
microscope (ThermoFisher) equipped with a VELETTA CCD digital
camera.

Triton X-100 soluble/insoluble fractionation
The soluble/insoluble fractionation protocol was performed as
already described (80) and schematically depicted in Supplemen-
tary Material, Figure S5(B). Briefly, cells were lysed on ice in 1×
buffer B (150 mm NaCl, 10 mm Tris–HCl pH 7.4, 1 mm EDTA pH
8.0) containing 1% Triton X-100. After 30 min, cell lysates were
centrifuged at 14 000 rpm for 15 min at 4◦C. Supernatants were
collected and Laemmli buffer was added. These were considered
as Triton X-100 soluble fractions. For the Triton X-100 insoluble
fractions, the pellets were resuspended in 1× lysis buffer (con-
taining 150-mm NaCl, 10-mm Tris–HCl pH 6.8, 1-mm EDTA pH 8.0,
10% glycerol, 1% Triton X-100) and kept on ice for 30 min. Finally,
Laemmli buffer was added and samples processed for western
blot analysis.

Immunoprecipitation and
co-immunoprecipitation assays
For immunoprecipitation experiments, cells were lysed in 1×
buffer B (150-mm NaCl, 10-mm Tris–HCl pH 7.4, 1-mm EDTA pH
8.0) containing 0.6% CHAPS in the presence of protease inhibitor
cocktail. For the isolation of Flag-, V5-, HA-tagged or endogenous
proteins, 1–2 mg of the cell extracts was first subjected to a pre-
clearing step (1 h in protein A/G-conjugated agarose beads) and
then incubated with 5–10 μg of the specific primary antibodies
for 16 h at 4◦C. Next, 30–40 μl of a 50% Protein-A/G beads slurry
solution prepared in the same buffer (Amersham GE Healthcare)
was added and incubated for 1 h at 4◦C. The beads were then pel-
leted by centrifugation and washed three times in lysis buffer. The
bound protein was eluted by adding 50 μl of 1× Laemmli sample
buffer and subjected to SDS-PAGE and western blot analysis as
detailed above.

Quantification of poly-Q74 huntingtin aggregate
formation
Quantification of GFP/Q74 aggregate formation were assessed as
already previously described. Briefly, for each experimental con-
dition, at least 200 EGFP/HDQ74-transfected cells were selected
and the number of cells with aggregates analysed and scored by
using a fluorescence microscope. The identity of the slides was
unavailable to the observer until all slides had been analysed. The
experiments were performed in triplicate and repeated at least
three times.

UbG76V-GFP reporter degradation assay
HeLa cells were seeded in six-well plates and transfected with
the UbG76V-GFP reporter (107), in combination or not with V5-
HSPB1 and cultured in full medium for 48 h. To allow the block
of the proteasome, HeLa cells were incubated (8 h; 37◦C) with
either DMSO or with 10-mm MG132. Cells were then placed at
4◦C, washed with cold 1× PBS, recovered by trypsinization and
fixed in 1× PBS/3.7% PFA for 30 min at room temperature. The
amount of GFP-derived fluorescence was finally quantified by
flow cytometry on a FACSCalibur apparatus (Becton Dickinson).

Mutant huntingtin transcellular spreading assay
Feeder cells (HeLa) were transiently transfected with mut HTT
alone or mut HTT plus WT V5-HSPB1. After 48 h, cells were placed
in DMEM supplemented with 1% FBS for 12 h to allow protein
secretion. Secreted fractions were collected and centrifuged at
1500 rpm for 5 min to remove any cellular debris. Recipient cells
were washed twice with prechilled serum-free DMEM medium
supplemented with 10-mm HEPES pH 7.4 and placed at 4◦C for
30 min in the same medium to stop endocytic activity and syn-
chronize the uptake. Cells were then washed with pre-warmed
medium and equal volumes of conditioned medium were added
to each well at different time points, ranging from 0.5 up to 8 h.
After 8 h, both conditioned medium and intracellular fractions
were collected. For the intracellular fractions, cells were lysed in
150 ml of lysis buffer and analysed by western blot, as detailed
above.

Cell fractionation by discontinuous sucrose
gradient isopycnic ultracentrifugation
HSPB1 and huntingtin oligomerization status was analysed by
isopycnic ultracentrifugation on a discontinuous sucrose gradient
(5–20% w/v), as described by Martin and Ames (116), with some
slight modifications. Briefly, cytoplasmic extracts were prepared
with reassembly buffer (100 mM Tris, 0.5-mm MgSO4, 1-mm EGTA,
2-mm dithiothreitol; pH 6.8), containing protease inhibitors and
phosphatase inhibitors (Roche Diagnostics, Mannheim, Germany).
Equal amounts of protein were loaded on a 5–20% sucrose gradi-
ent and centrifuged at 100 000 g (45 000 rpm) in MLS-50 Swinging-
Bucket Rotor (Beckman Coulter, cat. no. 367280) mounted on the
Optima MAX-130K Ultracentrifuge (Beckman Coulter) for 24 h at
4◦C. Twelve fractions (450 ml each) were collected from the top
to the bottom of the gradient. The remaining pellets were resus-
pended in sample buffer (50 μl) and subjected to immunoblot
analysis as above indicated.

Immunofluorescence, confocal microscopy and
co-localization analysis
Cells were grown on glass coverslips washed with ice-cold KHM
buffer (110-mm KOAc, 20-mm HEPES, pH 7.2, 2-mm MgOAc). Cells
were permeabilized with digitonin at 40 μg/ml in KHM buffer for
5 min on ice and fixed in 4% formaldehyde in PBS for 30 min at
room temperature. After blocking in PBS with 1% BSA, the cells
were incubated with the primary antibodies diluted in PBS–5%
BSA for 1 h at room temperature. After washing in 1× PBS, the pri-
mary antibodies were detected using anti-Ig secondary antibodies
conjugated to Alexa Fluor (Alexa Fluor 488, 568 and 647) (Molecu-
lar Probes, Invitrogen). DNA was stained with 250 ng/ml DAPI for
5 min. Confocal images were acquired at 63× magnification (63×
NA 1.4 Plan-Apochromat oil-immersion lens) on a LSM710 Meta
(Carl Zeiss, Jena, Germany). For co-localization analysis, 20 images
containing on average four cells per field were taken for each
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experimental condition. Each experiment was run at least three
independent times. Exposure settings were unchanged through-
out acquisition. Images were analysed using the JaCoP plug-in
within the ImageJ software. Pearson’s and Mander’s (original, non-
threshold) coefficients were used for assessing co-localization.
Student’s t-tests were performed to determine statistical signif-
icance for correlation and co-localization coefficients. Images
shown are single plane projections of representative images using
ImageJ and Photoshop software (Adobe).

Statistical analysis
In all the experiments, we determined the significance levels
for comparisons between groups by a two-tailed Student’s t-test,
repeated measurements or Factorial ANOVA test using STATVIEW
v4.53 (Abacus Concepts), where appropriate. Densitometric
analysis on the immunoblots was performed using ImageJ
software. Experiments were performed at least three times
in triplicate. In all the main or supplementary figures, error
bars denote standard deviations. The P-values for assessing
densitometric analysis on the immunoblots, EGFP-HDQ74
aggregation, co-localization analysis and spreading/uptake assays
were determined using Student’s t-test (∗∗∗P < 0.001; ∗∗P < 0.01;
∗P < 0.05; NS, non-significant).

Supplementary Material
Supplementary Material is available at HMG online.
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