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The heat shock response (HSR), a transcriptional response that up-
regulates molecular chaperones upon heat shock, is necessary for cell
survival in a stressful environment to maintain protein homeostasis
(proteostasis). However, there is accumulating evidence that the HSR
does not ubiquitously occur under stress conditions, but largely
depends on the cell types. Despite such imbalanced HSR among
different cells and tissues, molecular mechanisms by which multi-
cellular organisms maintain their global proteostasis have remained
poorly understood. Here, we report that proteostasis can be
maintained by molecular chaperones not only in a cell-autonomous
manner but also in a non—cell-autonomous manner. We found that
elevated expression of molecular chaperones, such as Hsp40 and
Hsp70, in a group of cells improves proteostasis in other groups of

cells, both in cultured cells and in Drosophila expressing aggregation-

prone polyglutamine proteins. We also found that Hsp40, as well as
Hsp70 and Hsp90, is physiologically secreted from cells via exosomes,
and that the J domain at the N terminus is responsible for its exo-
some-mediated secretion. Addition of Hsp40/Hsp70-containing exo-
somes to the culture medium of the polyglutamine-expressing cells
results in efficient suppression of inclusion body formation, indicat-
ing that molecular chaperones non-cell autonomously improve the
protein-folding environment via exosome-mediated transmission.
Our study reveals that intercellular chaperone transmission mediated
by exosomes is a novel molecular mechanism for non-cell-autono-
mous maintenance of organismal proteostasis that could functionally
compensate for the imbalanced state of the HSR among different
cells, and also provides a novel physiological role of exosomes that
contributes to maintenance of organismal proteostasis.

molecular chaperones | proteostasis | exosome | non-cell autonomous |
polyglutamine

Molecular chaperones are protective molecules that are
necessary for cell survival in stressful environments, which
function to maintain protein homeostasis (proteostasis) (1).
Upon exposure to various types of cellular stresses, such as heat,
oxidative stress, or the intracellular accumulation of misfolded
proteins, the expression of molecular chaperones, including heat
shock proteins (HSPs), is rapidly up-regulated by the activation
of heat shock transcription factors (HSFs) (2). HSPs typically
bind to proteins with nonnative or denatured conformations and
assist the proper folding of such proteins to prevent their ag-
gregation (3, 4). The inability to maintain cellular proteostasis is
likely to result in deleterious consequences, including protein
conformation diseases, such as Alzheimer’s disease, Parkinson’s
disease, and the polyglutamine diseases (5-8).

Although molecular chaperones are essential for cell survival,
the heat shock response (HSR), a transcriptional response that
up-regulates these chaperones upon heat stress, is not ubiqui-
tously maintained in all cells and tissues, but occurs in a cell type-
specific manner (9, 10). Whereas cerebellar neurons and glial
cells show vigorous transcriptional up-regulation of heat shock

www.pnas.org/cgi/doi/10.1073/pnas. 1412651112

genes upon exposure to stress, hippocampal neurons show less or
almost no such response (11). The absence of chaperone ex-
pression up-regulation has also been observed in several types of
cultured cells, which was directly linked to their enhanced vul-
nerability to various types of proteotoxic stresses (12, 13). De-
spite such imbalanced transcriptional responses of chaperone
expression against proteotoxic challenges among different cells
and tissues, the molecular mechanisms by which multicellular
organisms maintain their global proteosta31s have remained
poorly understood.

In our previous study, viral vector-mediated heat shock pro-
tein Hsp40 (DnalB1) overexpression in the brain of a polyglut-
amine disease mouse model unexpectedly suppressed inclusion
body formation even in the virus-noninfected cells, in addition
to the virus-infected cells (14), implying that elevated levels
of chaperone expression in one group of cells might affect
proteostasis in other groups of cells. We here provide direct
evidence that proteostasis is indeed non-cell autonomously
maintained in some cells by molecular chaperones expressed in
other remote cells, using cell culture and Drosophila models of
the polyglutamine diseases. Surprisingly, we found that exosome-
mediated secretion and intercellular transmission of molecular
chaperones are responsible for this non—cell-autonomous main-
tenance of proteostasis. Our study reveals novel insight into a
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molecular mechanism of non-cell-autonomous maintenance of
proteostasis at the multicellular organismal level, which can func-
tionally compensate for the imbalanced HSR among different cells
and tissues under stressed conditions.

Results

Elevated Expression of HSPs in Cells Restores the Protein-Folding
Environment in Other Cells. To examine whether cellular proteo-
stasis is affected by the expression levels of chaperones in other
cells, we set up an in vitro coculture experiment in which Neu-
ro2A cells with different levels of chaperone expression were
incubated separately across cell culture inserts (Fig. 14). An
expanded polyglutamine stretch of 81 repeats fused with EGFP
(Q81-EGFP), a model aggregation-prone protein (15), readily
forms insoluble aggregates as inclusion bodies in these cells, which
can be easily visualized under the fluorescence microscope, and
overexpression of HSPs has been reported to suppress such
polyglutamine inclusions (16). We found that coculturing Q81-
EGFP-expressing cells with cells overexpressing Hsp40 surpris-
ingly resulted in less inclusion bodies (Fig. 1C), which was calcu-
lated as a 26% decrease in the number of inclusion bodies formed
relative to the mock-transfected control cells (Fig. 1D). In ad-
dition, coincubation with the Hsp40-expressing cells resulted in
improvement of cell viability of the Q81-EGFP-expressing cells
(21% increase relative to the mock-transfected cells) (Fig. 1E).
In contrast, coincubation with cells expressing Hsp40 mutants
that are deficient for chaperone function {i.e., deletion mutants
of Hsp40 that lack cither the C-terminal and Gly/Phe-rich
domains (Hsp40-J) or the N-terminal J domain (Hsp40-GC)
(Fig. 1B)] showed no suppression of inclusion body formation
(Fig. 1 C and D) or improvement of cell viability (Fig. 1E).
These results indicate that elevated expression of Hsp40 in the
cells leads to a non-cell-autonomous beneficial effect on the
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other cells, and that the chaperone activity of Hsp40 is re-
sponsible for this effect. Likewise, coculturing with Hsp70-
expressing cells also decreased inclusion body formation (32%
decrease) (Fig. 1 F and G) and improved cell viability (39%
increase) (Fig. 1H) in the Q81-EGFP-expressing cells, whereas
Hsp70 mutants lacking either ATPase activity [Hsp70(K71E)]
(17) or substrate-binding activity (Hsp70dS) (Fig. 1B) had no
such effects (Fig. 1 F-H). These results reveal that elevated
levels of HSPs in a group of cells can improve the protein-folding
environment and suppress polyglutamine-mediated cytotoxicity
in another group of cells.

Hsp40 Is Secreted from Cells via a Nonclassical Pathway. Because the
restoration of cellular proteostasis occurred without any physical
contact between the two types of cells, we next asked whether
extracellular factors released by the chaperone-expressing cells
(i.e., activated signaling molecules or the overexpressed chap-
erones themselves) could be responsible for this non—cell-au-
tonomous effect. We therefore focused our attention on the
culture medium of Neuro2A cells in which Hsp40 was tran-
siently transfected and investigated the responsible extracellular
factors. To avoid contamination from dead cells, the culture
medium was replaced with fresh medium at 24 h after trans-
fection. Subsequent Western blot analysis of the culture medium
revealed that Hsp40 itself was detected abundantly and accu-
mulated over time in the culture medium (Fig. 24), suggesting
that cellular Hsp40 is released from cells into the extracellular
space. Significant cell death was not detected by the lactate de-
hydrogenase release assay (Fig. S4), which excludes the possi-
bility of Hsp40 leakage from the dead cells under this condition.
We further confirmed that endogenous Hsp40, as well as Hsc70
and Hsp90, is clearly detected in the culture medium, whereas
the endoplasmic reticulum (ER)-resident chaperone Grp78

A B 1 ! 863 IF‘ISOCTD 340
_~ Hsp40/Hsp70- Hsp40 -myc
overexpressing cells Hsp40-J czE-myc

~ Hsp40-GC CEEEEEEEEED-MY C
Q81-EGFP-
overexpressing cells 1 AD 351 SBD 444
Hsp70 :_K_:__m
- Inclusion body formation Hsp70(K71E) sSS
-~ Cell viability Hsp70dS S
Fig. 1. Elevated expression of HSPs in cells restores
C Q81-EGFP D,.\ E the folding environment in other cells. (4) Sche-
Py— +Hspd0  + Hspd0-J +Hspd0-GC &£ N matic representation of the coculture experiment.
P : ’ rpe 2100 - = Neuro2A cells expressing Q81-EGFP were coincu-
a T a0 [ bated with other Neuro2A cells overexpressing
6 o ] 2 either Hspd0 or Hsp70 using a cell culture insert.
w & 60 ] (B) Hsp40, Hsp70, and their functionally deficient
»(;, 5 40 > mutants used in this study. AD, ATPase domain;
-§ e 20 g CTD, C-terminal domain; G/F, Gly/Phe-rich domain;
2 £ 0 J, J domain; SBD, substrate-binding domain. (C and
?,, i D) Confocal microscopy images (C) and ratio of in-
o} T x clusion body formation (D) of Q81-EGFP-expressing
E © cells that were cocultured with Hsp40-expressing
cells for 20 h. (E) Cell viability of Q81-EGFP-express-
F Q81-EGFP G,\ H ing cells that were cocultured with Hsp40-expressing

cells for 20 h. Incubation with the Hsp40-expressing
cells significantly reduced inclusion body formation
and increased survival rates in Q81-EGFP-express-
ing cells. (F-H) Inclusion body formation (F and G)
and cell viability (H) of Q81-EGFP-expressing cells
that were cocultured with Hsp70-expressing cells
for 20 h. Data are represented as the mean + SEM
of three independent experiments (*P < 0.05, **P <
0.01, ***P < 0.001; Student's t test). Hoechst 33342
(Invitrogen) was used for nuclear staining in C and
F. (Scale bars: C and F, 50 um).

cell viability (%)
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was not detected (Fig. 2B). Incubation of the cells at a low
temperature, however, resulted in significant or almost complete
suppression of Hsp40 release (64% and 95% decrease at 25 °C
and 4 °C, respectively) compared with incubation at 37 °C (Fig. 2
C and D). These results reveal that Hsp40 is physiologically se-
creted from cells via a temperature-dependent cellular process,
but not via cell death or passive diffusion across cell membranes.

Because Hsp40 is believed to be an intracellular protein, we
then asked how Hsp40 gains access to the outside of cells. Most
proteins targeted to the outside of cells have a signal sequence at
their N terminus, which allows them to be secreted via the
classical ER/Golgi pathway (18). However, Hsp40 lacks a distinct
signal sequence for classical secretion, as analyzed by the signal
peptide prediction program SignalP 4.1 (19). In agreement with
this prediction, we found that Hsp40 secretion was insensitive
to the treatment of cells with brefeldin A, an inhibitor of the
ER/Golgi-dependent pathway (Fig. 2 C and E), whereas secretion
of Metridia luciferase (MetLuc), a secretory protein containing an
N-terminal signal peptide (18), was completely inhibited under the
same condition (Fig. S1B). These results suggest that Hsp40
is secreted via a pathway that is different from the classical
ER/Golgi-dependent pathway.

We then tested various chemical compounds that are reported to
affect the nonclassical secretion pathways and examined their effects
on the secretion levels of Hsp40. Treatment of Neuro2A cells with
these compounds revealed that the chemicals that raise the in-
tracellular Ca™ level, such as thapsigargin, monensin, and ionomycin,
significantly increased the secretion levels of endogenous Hsp40 (Fig.
2F). In addition, chloroquine and bafilomycin A, both of which
perturb endosomal trafficking, affected Hsp40 secretion (Fig.
2F). Likewise, treatment of these chemicals resulted in an in-
crease in secretion levels of other chaperones, including Hsp/Hsc70
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o no treatment
with chemicals

Fig. 2. Hsp40 is secreted from cells via a nonclassical
pathway. (4) Western blotting analysis of culture
media (CM) and cell lysates (CL) of Neuro2A cells that
were transfected with myc-tagged Hsp40 (Hsp40-
myc) (Left) and relative Hsp40 levels in the CM plot-
ted against incubation time (Right). Serum albumin,
which was stained by Coomassie Brilliant Biue (CBB),
was used as a loading control for the CM. Hsp40 was
detected abundantly and accumulated over time in
the CM. IB, immunoblot. (B) Western blotting anal-
ysis of the CM and CL of nontransfected Neuro2A
cells using antibodies against the indicated proteins.
Endogenous Hsp40, Hsc70, and Hsp90 were detected
in the CM of cells that were incubated 6 h after
changing media, whereas the ER-resident Grp78 was
not. (C-£) Western blotting analysis of the CM and CL
of Hsp40-myc-expressing cells that were incubated
for 6 h at different temperatures (C, Left) or that
were treated with brefeldin A (BFA), an inhibitor of
the classical secretion pathway (C, Right), and bar
graphs demonstrating relative Hsp40 levels in the CM
(D and E). Extracellular Hsp40 levels decreased at low
temperatures but were not affected by BFA treat-
ment, suggesting the involvement of a nonclassical
pathway in the secretion of Hsp40. (F) Western
blotting analysis showing the levels of endogenous
Hsp40 in the CM and CL after 6 h of treatment with
various chemicals that affect intracellular Ca®* levels
or endosomal transport (Left) and a bar graph
showing relative Hsp40 levels in the CM (Right). Data
are shown as the mean + SEM of three independent
experiments (*P < 0.05, **P < 0.01, ***P < 0.001; n.s.,
not significant; Student’s t test). (Also Fig. S1.)

02 10
BFA (ug/ml)

and Hsp90 (Fl0 S1C). These results strongly indicate that in-
tracellular Ca®* levels and endosomal transport act as key reg-
ulators of Hsp40 secretion.

Hsp40 Is Secreted via the Hsp/Hsc70 Dependent Exosome Pathway.
Because both intracellular Ca** levels and endosomal transport
have been suggested to be involved in the generation of exosomes
(20), we decided to examine whether an exosome-mediated path-
way could be involved in Hsp40 secretion. Following the established
centrifugation protocol for the isolation of exosomes (21), we sep-
arated the supernatant (S100) and the pellet (P100) fractions from
the culture medium of Neuro2A cells (Fig. 34). We confirmed that
the isolated P100 fraction contained small vesicles with uniformly
rounded and cup-shaped morphology with a 50- to 100-nm di-
ameter (Fig. 34), which is in good agreement with the character-
istics of exosomes (22). Western blotting of these fractions revealed
that Hsp40 is indeed present in the P100 fraction, together with
exosome-specific proteins, such as Alix, Flotillin-1, and GAPDH
(23), but is not present in the S100 fraction (Fig. 3B). We further
confirmed that Hsp40 is also detected in the P100 fractions from
a broad range of cell lines, including SH-SYSY, U373MG, C6,
and mouse embryonic fibroblast (MEF) cells (Fig. 3C), and also
in the P100 fraction purified from mouse serum (Fig. 3D). The
P100 fraction was further analyzed by sucrose-density gradient
centrifugation, showing that Hsp40 cofractionates with Hsc70
and Alix at a density of ~1.15 g/mL (Fig. 3E), which is con-
sistent with the density of exosomes (1.13-1.19 g/mL) among
various extracellular membrane vesicles (22). Immunoelec-
tron microscopic analysis of this fraction revealed that Hsp40 is
indeed detected inside the membrane vesicles (Fig. 3F). Fur-
thermore, treatment of cells with GW4869, an exosome in-
hibitor (24), significantly suppressed the secretion of Hsp40, as
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Fig. 3. Hsp40 is secreted via an exosome-mediated pathway. (4) Experimental scheme of the exosome purification. Sequential centrifugations of the CM
eventually yield the supernatant (5100) and pellet (P100) fractions. (Bottom Left) EM image of the P100 fraction that was negatively stained with uranyl
acetate. ppt, pellet; sup, supernatant. (Scale bar: 100 nm.) (B) Western blotting analysis of the $100 and P100 fractions obtained from the CM of Neuro2A cells
using antibodies against the proteins indicated. Hsp40 was detected in the P100 fraction but not in the S100 fraction. {C and D) Western blotting analysis of
the fractions obtained from the CM of SH-SY5Y, U373MG, C6, and WT MEF cells (C) and from the serum of 5-mo-old mice (D). (E) Western blotting analysis of
the P100 fraction that was further separated by sucrose density gradient centrifugation with a sucrose gradient of 0.25-2.5 M. (F) Immunoelectron micro-
scopic images of the P100 fraction that was stained with an Hsp40 antibody and a secondary antibody conjugated with 10-nm gold nanoparticles. For the
control experiment, the P100 fraction was treated with the secondary antibody alone. (Scale bars: 50 nm.) (G) Western blotting analysis of the P100 fractions
obtained from Neuro2A cells that were treated with the exosome inhibitor GW4869 (5 uM) for 6 h (Left) and a bar graph showing relative Hsp40 levels in the
P100 fractions (Right). Data are shown as the mean + SEM of three independent experiments (*P < 0.05, **P < 0.01; Student’s t test).

well as the secretion of Hsc70 and Alix (Fig. 3G). Taken to-
gether, we conclude that Hsp40 is secreted via an exosome-
mediated pathway.

We next examined the mechanism by which Hsp40 is secreted
via the exosome pathway. To identify the domain within Hsp40
that is required for its secretion, we transfected plasmid vectors
expressing deletion mutants of Hsp40 (Fig. 1B) and examined
their secretion levels in the culture medium of Neuro2A cells.
We found that Hsp40-J, which consists of the J domain alone,
showed high levels of secretion, whereas Hsp40-GC, which lacks
the J domain, was undetectable in the culture medium (Fig. 44),
suggesting an essential role of the J domain for Hsp40 secretion.
To confirm this observation further, we designed an artificial
chimeric protein, J-MetLucASP, in which the N-terminal signal
peptide of the model secretory protein MetLuc was replaced
with the Hsp40 J domain (Fig. 4B). Whereas the original MetLuc
was detected in the S100 fraction (Fig. 4C) and its classical se-
cretion was completely inhibited by treatment with brefeldin A
(Fig. 4D, Left), we found that J-MetLucASP was detected in the
P100 fraction (Fig. 4C) and its secretion was not affected by
brefeldin A (Fig. 4D, Right). These results strongly suggest that
domain swapping of the signal peptide to the J domain resulted
in a pathway switch from classical to nonclassical secretion,
confirming that the J domain is responsible for Hsp40 secretion
via an exosome-mediated pathway. We also examined whether
other Hsp40 family proteins that also have the highly conserved
J domain (4) are secreted via an exosome-mediated pathway.
Among those Hsp40 family proteins tested, the proteins that are
localized in the cytosol, such as DnaJAl, DnaJA2, and DnaJB6a,
were detected in the P100 fraction (Fig. 4E), whereas the pro-
teins that are localized in the mitochondria (DnaJA3) or ER
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(DnalCl) were not detected in either the P100 or S100 fraction
(Fig. 4E). Thus, these results indicate that the cytosolic Hsp40s
share the characteristic of exosomal secretion from cells.

Because the J domain acts as an interaction domain with
Hsp/Hsc70 (4), we then examined whether Hsp/Hsc70 is involved in
the exosome-mediated secretion of Hsp40. As expected, Hsc70
knockdown using RNAI resulted in significant suppression of
Hsp40 secretion in the P100 fraction (51% decrease relative to
control siRNA) (Fig. 4F), despite the increased cellular levels of
Hsp40 that probably resulted from compensatory mechanisms in
response to the decreased Hsc70 levels. This finding indicates that
the exosomal secretion of Hsp40 is affected by the in-
tracellular levels of Hsc70. In support of this finding, over-
expression of Hsp70 resulted in a 122% increase in Hsp40
secretion relative to the mock-transfected cells (Fig. 4G). Thus,
these results suggest that exosomal secretion of Hsp40 is reg-
ulated by Hsp/Hsc70 levels, probably by its interaction with
Hsp/Hsc70 via its conserved J domain.

Exosomal Hsp40 Is Transmitted Intercellularly and Restores the
Protein-Folding Environment in Recipient Cells. It has been repor-
ted that exosomes secreted from donor cells are internalized by
recipient cells in an endocytosis-dependent manner (23). Ac-
cordingly, we either coincubated cells with the P100 fraction
containing Hsp40-enhanced yellow fluorescent protein (EYFP)
(Fig. 5 A and B) or cocultured them with other cells expressing
Hsp40-EYFP (Fig. S24), and found that Hsp40-EYFP fluores-
cent signals were clearly detected in the recipient cells, con-
firming that Hsp40 is also transmitted intercellularly using
exosomes. Likewise, exosomal Hsp70 and Hsp90 are internalized
by other cells (Fig. S2B). The transmitted HSPs in these experiments
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Fig. 4. Exosomal secretion of Hsp40 is dependent on the J domain and is regulated by Hsp/Hsc70. (A) Western blotting analysis of the CM and CL of Neuro2A
cells expressing the Hsp40 deletion mutants. (B) Schematic representation of MetLuc and its mutants used in this experiment. SP, signal peptide. (C) Western
blotting analysis of the fractions obtained from the CM of cells expressing the MetLuc mutants. The mutant J-MetLucASP, which contains a J domain instead
of a secretory SP, was detected in the P100 fraction, whereas the original MetLuc was detected in the $100 fraction. (D) Western blotting analysis showing the
extracellular secretion levels of the MetLuc mutants after treatment with BFA (10 pg/mL). (E) Western blotting analysis of the P100 fractions separated from
the CM of Neuro2A cells using antibodies against various Hsp40 family proteins. The cytosolic family proteins of Hsp40, including DnaJA1, DnalJA2, and
DnaJB6a, were detected in the P100 fraction, whereas mitochondrial DnalA3 and ER-resident DnaJC1 were not. (F and G) Western blotting analysis of the
P100 fractions obtained from cells transfected with an Hsc70 siRNA (F, Left) or an Hsp70-encoding plasmid (G, Left) and bar graphs showing relative levels of
Hsp40 secretion (F, Right and G, Right, respectively). siCont, small interfering RNA for negative control. Data are shown as the mean + SEM of three in-

dependent experiments (*P < 0.05, **P < 0.01; Student's t test).

showed almost identical punctate fluorescent patterns that
were distributed around the nucleus, which are in good agree-
ment with the endocytosis-mediated internalization of exo-
somes. Because exosomes are known to deliver various biomolecules
transcellularly, such as mRINAs, microRNAs, and proteins, which
function to exert their bioactivities in recipient cells after their
internalization (25, 26), we hypothesized that Hsp40 transmitted
intercellularly in an exosome-dependent manner also exerts its
function as a molecular chaperone in recipient cells to restore
the protein-folding environment.

To test this hypothesis, exosomes purified from the culture
medium of donor cells were added to recipient cells expressing
polyglutamine protein, and aggregation was analyzed (Fig. 54).
Incubation of the P100 fraction purified from Hsp40-expressing
donor cells significantly suppressed inclusion body formation in
the Q81-EGFP-expressing recipient cells (Fig. 5C), resulting in a
57% decrease in the number of inclusions relative to the un-
treated control recipient cells (Fig. 5D). The filter trap assay
confirmed that insoluble aggregates in the Q81-EGFP-express-
ing cells were effectively reduced by treatment with the P100
fraction derived from the Hsp40-expressing cells (Fig. 5E). The
P100 fraction purified from the Hsp70-expressing cells also
showed similar suppressive effects (Fig. S3 4 and B). These re-
sults suggest that extracellularly added exosomes that are se-
creted from the chaperone-expressing donor cells improve the
protein-folding environment in the recipient cells. It is noted
that the P100 fraction, but not the S100 fraction, suppressed
Q81-EGFP aggregation (Fig. 83 C and D) in a dose-dependent
manner (Fig. S3F), indicating that the suppressive effects may be
due to endogenous molecules within the exosomes. Because the
amount of Hsp40 secreted in the P100 fraction was significantly
increased by overexpression of Hsp40 in the donor cells (Fig.
S3F, Left), which resulted in enhanced suppressive effects in the
recipient cells (Fig. 5 C-E), the Hsp40 that is transmitted by
exosomes should be one of the factors responsible for these ef-
fects. In support of this idea, the P100 fraction with a lower level
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of Hsp40, which was purified from donor cells transfected with
an Hsp40-specific siRNA (Fig. S3F, Right), showed less ability to
suppress inclusion body formation (Fig. 5 F and G) and to re-
duce the insoluble aggregates of Q81-EGFP (Fig. 5H) than the
P100 fraction from the control siRNA-transfected cells. Thus,
these results indicate that exosome-mediated intercellular trans-
mission of Hsp40 restores the cellular protein-folding environ-
ment in a non—cell-autonomous manner.

Exosome-Mediated Intercellular Transmission of HSPs Is Activated
Under Stressed Conditions and Compensates for the Protein-Folding
Environment in HSR-Deficient Cells. When challenged by proteo-
toxic stresses, cells transiently activate the HSR, which is a
cell-autonomous mechanism to maintain cellular proteostasis.
Therefore, we next asked whether the exosome-mediated non—
cell-autonomous mechanism that improves the protein-folding
environment in surrounding cells could also be activated under
stressed conditions. Cells were heat-shocked at 42 °C, and the
contents of the exosomes produced by these cells were examined
as above. We found that heat stress indeed resulted in an in-
crease in the levels of HSPs, including Hsp40, Hsp70, and Hsp90,
not only in the cytosol but also in the P100 fraction from the
Neuro2A cells (Fig. 5I). Addition of the P100 fraction purified
from the heat-shocked donor cells resulted in more effective
suppression of inclusion body formation in the Q81-EGFP-
expressing recipient cells compared with the P100 fraction from
the unstressed cells (Fig. 5 J and K). These results indicate that,
under stressed conditions, not only the expression of intracellular
HSPs but also the exosome-mediated intercellular transmission
of HSPs is activated to non-cell autonomously improve the cel-
lular protein-folding environment.

The above findings led us to hypothesize that cells with only
limited levels of chaperone induction even under stressed con-
ditions might be protected by the exosome-mediated trans-
mission of HSPs from other chaperone-expressing cells. To
test this hypothesis, we used HSF1-null MEF cells, an HSR-
deficient cell line that lacks the heat shock-mediated induction
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Fig. 5. Exosomal Hsp40 is transmitted intercellularly and restores the protein-folding environment in recipient cells. (A) Schematic representation of the
exosome-transfer experiment. P100 fractions were purified from the culture medium of donor Neuro2A cells and added to the culture medium of recipient
Neuro2A cells that were overexpressing Q81-EGFP. (B) Confocal microscopy images of Neuro2A cells that were incubated with the P100 fraction obtained
from Hsp40-EYFP-expressing cells. (C and D) Confocal microscopy images (C) and a bar graph showing the ratio of inclusion body formation (D) of Q81-EGFP-
expressing recipient cells that were incubated with the P100 fraction obtained from the mock- or Hsp40-transfected donor cells. (E) Filter trap assay of Q81-
EGFP-expressing cells that were incubated with the P100 fraction obtained from the mock- or Hsp40-transfected cells. Incubation with the P100 fraction from
the Hsp40-expressing cells resulted in a significant reduction in the number of inclusion bodies (D) and in the amount of insoluble aggregates (E) formed in
the recipient Q81-EGFP-expressing cells compared with the untreated control cells. (F~H) Inclusion body formation (F and G) and filter trap assay (H) of Q81-
EGFP-expressing cells that were incubated with the P100 fractions from cells transfected with the control siRNA or Hsp40 siRNA. () Western blotting analysis
(Top) and a bar graph (Bottom) of P100 fractions that were separated from the heat-shocked Neuro2A cells. Heat shock (HS) resulted in an increase in the
secretion of HSPs via exosomes. (J and K) Confocal microscopy images (J) and a bar graph showing the ratio of inclusion body formation (K) of Q81-EGFP-
expressing Neuro2A cells that were incubated with the P100 fraction isolated from the unstressed or heat-shocked Neuro2A cells at 42 °C for 30 min. (L and M)
Bar graphs showing the ratio of inclusion body formation of Q81-EGFP-expressing recipient HSF1-null MEF cells that were incubated with the P100 fractions isolated
from the heat-shocked donor HSF1-null MEF cells (L) or the heat-shocked donor WT MEF cells (M). Data are represented as the mean + SEM of three independent
experiments (*P < 0.05, **P < 0.01, ***P < 0.001; Student's t test). Hoechst 33342 was used for nuclear staining in B, C, F, and J. (Scale bars: B, 10 pm; C, £, and J, 50 pm.)
(Also Figs. S2 and S3.)

of HSPs (27), and repeated the above experiments. In contrast to  but also the exosome-mediated intercellular protective response
Neuro2A cells, incubation of HSF1-null MEF cells at 42 °C  against proteotoxic stresses, both of which may contribute to
resulted in no significant increase in the expression levels of  their vulnerability to stress. However, the extracellular addition
HSPs or their secretion levels in the P100 fraction (Fig. S3G). As  of the P100 fraction purified from the heat-shocked WT MEF
expected, addition of the P100 fraction purified from the heat-  cells resulted in efficient suppression of inclusion body formation
shocked HSF1-null MEF cells resulted in no enhancement of the ~ even in the Q81-EGFP-expressing HSF1-null MEF cells (Fig.
suppressive effects on Q81-EGFP aggregation in the recipient SM and Fig. S3I), suggesting that the lack of the protective re-
HSF1-null MEF cells compared with the P100 fraction from the  sponses in HSR-deficient cells could be functionally compen-
unstressed cells (Fig. 5L and Fig. S3H). These results indicate  sated for by exosomes secreted from other HSR-inducible cells.
that HSR-deficient cells lack not only the cell-autonomous HSR ~ Thus, these results indicate that the proteostasis in cells that lack
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the cell-autonomous HSR could be non-cell autonomously main-
tained by the surrounding chaperone-expressing cells, via the en-
hanced exosomal release and intercellular transmission of HSPs.

Elevated Expression of HSPs Non-Cell Autonomously Suppresses
Polyglutamine-Mediated Neurodegeneration in Remote Tissues in
Vivo. We next asked whether this non—cell-autonomous restora-
tion of proteostasis is also conserved at the multicellular organ-
ismal level in vivo. We used Drosophila melanogaster models, in
which the conditional expression of transgenes in a tissue-specific
manner can be easily achieved using the Gal4-upstream activation
sequence (UAS) system. To monitor the non—cell-autonomous
effect of HSPs, flies conditionally expressing HSPs under the
control of various tissue-specific Gal4 drivers were crossed with
GMR-HttQ120 flies, a polyglutamine disease model fly line that
constitutively expresses a mutant huntingtin protein with 120
polyglutamine repeats;, under the compound eye-specific GMR
promoter (28). We then examined whether progression of poly-
glutamine-mediated degeneration in photoreceptor neurons could
be affected by the elevated expression of HSPs in other tissues.
In the control GMR-HttQ120 flies, the compound eyes pro-
gressively degenerated due to expression of the polyglutamine
protein (Fig. 64, i-iv) (28). Increased expression of Hsp40 in the
same. tissue using the GMR-Gal4 driver resulted in cell-auton-
omous suppression of photoreceptor degeneration (Fig. 6D, vi)
compared with the control flies expressing GFP (Fig. 6D, ii), as
reported previously (29). Surprisingly, Hsp40 overexpression in
the pigment cells, which are located next to the photoreceptor
neurons, using the 54C-Gal4 driver (30) also resulted in mor-
phological improvement of photoreceptor degeneration during
the 7-21 d after eclosion (Fig. 64, vi~viii). Upon quantitative
evaluation by counting the number of remaining rhabdomeres in
each ommatidium, we found that elevated expression of Hsp40

A GMR-HIIQ120
GFP

in the pigment cells resulted in a significant increase in the
number of rhabdomeres per ommatidium, calculated as 64%,
66%, and 45% rescue in the GMR-HttQ120 flies at 7, 14, and
21 d of age relative to the GFP-expressing control flies, respectively
(Fig. 6B). Consistently, Hsp40 expression using another pigment
cell-specific driver, rdhB-Gal4, also ameliorated the photore-
ceptor degeneration in the GMR-HttQ120 flies (Fig. 6E and Fig.
S44, vi vs. ii). These results indicate that pigment cell-specific
expression of Hsp40 non-cell autonomously suppresses the de-
generation of photoreceptor neurons in neurotoxic HttQ120-
expressing flies. Similarly, Hsp70 expression in the pigment cells
also resulted in non—cell-autonomous suppression of photorecep-
tor degeneration in these flies (Fig. 68 and Fig. S4B). In contrast,
GMR-HttQ120 flies bearing the UAS-Hsp40/Hsp70 transgenes,
but not the pigment cell-specific Gal4 drivers, showed no im-
provement in rhabdomere number or photoreceptor degeneration
(Fig. 6C and Fig. S4C), suggesting that possible leak expression of
these chaperones from the UAS-Hsp40/Hsp70 transgenes is at a
negligible level in this study. These data suggest that the increased
level of Hsp40/Hsp70 in the pigment cells leads to non~cell-
autonomous suppression of polyglutamine-dependent degenera-
tion in the neighboring photoreceptor neurons in vivo, although
we cannot exclude the possibility that the rescue of photoreceptor
degeneration may be attributed to the improved appearance of
the overall structures of the eyes by pigment-specific expression
of HSPs.

To exclude such a possibility, we next examined whether non—
cell-autonomous restoration of proteostasis is maintained be-
tween not only adjacent tissues but also physically remote tissues.
We therefore generated GMR-HttQ120 flies with elevated
Hsp40 expression in remote tissues, such as muscle and fat body.
The expression patterns of the tissue-specific Gal4 drivers used
in this experiment were confirmed using GFP as a reporter
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Fig. 6. Elevated expression of HSPs non-cell autonomously suppresses polyglutamine-mediated neurodegeneration in remote tissues in vivo. (A) Microscopic
images of compound eye sections of adult GMR-HttQ120 flies expressing GFP or Hsp40 in pigment cells at 1-21 d of age. (Right) Magnified images of a
representative ommatidium. (/) Rhabdomeres are indicated by arrowheads. Whereas control GFP flies (i-iv) showed progressive eye degeneration due to the
expression of toxic polyglutamine proteins in photoreceptor neurons, flies coexpressing Hsp40 in the pigment cells (v-viii) showed significant morphological
improvement of neurodegeneration. (B) Average number of rhabdomeres per ommatidium in GMR-HttQ120 flies expressing GFP, Hsp40 (A) or Hsp70 (Fig.
S4B) in the pigment cells. GMR-HttQ120 flies expressing either Hsp40 or Hsp70 in the pigment cells showed a greater number of surviving rhabdomeres than
control flies between day 7 and day 21. (C) Number of rhabdomeres per ommatidium in GMR-HttQ120 flies without the pigment cell-specific Gal4 driver at 7 d
of age (Fig. $4Q). (D) Microscopic images of compound eye sections of GMR-HttQ120 flies at 11 d of age that were coexpressing GFP (ji-iv) or Hsp40 (vi-viii) in
specific tissues, including compound eyes (GMR-Gal4, ii and vi), muscle (Mef2-Gal4, iii and vii), and fat body (Lsp2-Gal4, iv and viii). (i and v) As a negative
control, GMR-H1tQ120 flies without tissue-specific Gal4 drivers are shown. (E) Number of rhabdomeres per ommatidium calculated from D and from Fig. S4A.
Data are represented as the mean + SEM of at least five flies (**P < 0.01, ***P < 0.001; Student’s t test). (Scale bars: A and D, 5 pm.) (Also Figs. 54 and 56.)
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(Fig. S54). Surprisingly, muscle-specific expression of Hsp40
using either the Mef2-Gal4 or Mhe-Gal4 driver resulted in
effective suppression of photoreceptor degeneration in the
GMR-HtQ120 flies (Fig. 6D, vii vs. ifi and Fig. S4A, vii vs. iii),
calculated as 56% or 47% rescue in the number of rhabdo-
meres, respectively (Fig. 6F). Similarly, fat body-specific expres-
sion of Hsp40 using either the Lsp2-Gal4 or r4-Gal4 driver also
improved photoreceptor degeneration (49% and 43% rescue,
respectively) (Fig. 6 D, viii vs. iv and E and Fig. S44, viii vs. iv).
Moreover, tissue-specific expression of Hsp70 in muscle and fat
body also ameliorated the photoreceptor degeneration in the
GMR-H1tQ120 flies, whereas expression of a deficient mutant of
Hsp70 lacking a substrate-binding domain (Hsp70dS) did not
show such beneficial effects under the same condition (Fig. S6 4
and B). The leak expression of UAS transgenes was excluded by
immunohistochemistry and quantitative RT-PCR analyses using
GFP as a reporter, showing that no GFP expression was detected
in the compound eyes of the UAS-GFP flies bearing the Mef2-
Gal4 or Lsp2-Gal4 driver (Fig. S5 B and C). Thus, these results
reveal that elevated levels of HSPs in one tissue can non-cell
autonomously suppress polyglutamine-mediated degeneration
in another remote tissue without any direct cell-to-cell contact.

Non-Cell-Autonomous Suppression of Polyglutamine-Mediated
Neurodegeneration by Hspd40 Occurs via Ykt6-Dependent Exosomal
Secretion. We then asked whether exosomal secretion from
Hsp40-expressing tissues is responsible for the non—cell-auton-
omous restoration of proteostasis observed in our Drosophila
models. Ykt6, which is one of the R-SNARE proteins, has been
reported to be necessary for exosome secretion in Drosophila,
because depletion of this protein caused the accumulation of
exosome proteins inside cells, resulting in a corresponding decrease
in the extracellular levels of those proteins (31). Therefore, we
reduced the level of Ykt6 in the Hsp40-expressing tissues by
RNAi-mediated knockdown and examined its effect on polyglut-
amine-mediated degeneration in photoreceptor neurons in the
GMR-HttQ120 flies, as above.

The GMR-HitQ120 flies coexpressing Hsp40 and an inverted
repeat RNA (IR) against Ykt6 in pigment cells under the rdhB-Gal4
driver showed a similar level of severe photoreceptor degeneration
to the control GMR-HttQ120 flies coexpressing GFP (Fig. 74,

A GMR-HitQ120

iv vs. iif ), demonstrating that Ykt6 knockdown almost completely
cancels the non-cell-autonomous improvement observed in the
Hspd0-expressing GMR-HttQ120 flies without Ykt6 knockdown
(Fig. 74, ii vs. i). Quantitative analyses revealed that GMR-
HttQ120 flies with pigment-specific expression of Hsp40 and Ykt6
knockdown failed to show a significant increase in the number of
rhabdomeres per ommatidium relative to the corresponding GFP-
expressing GMR-HttQ120 flies, whereas significant rescue (42%)
was observed in the Hsp40-expressing GMR-HttQ120 flies with-
out Ykt6 knockdown (Fig. 7B, Left). Expression of the Ykt6 IR
using the rdhB-Gal4 driver had no significant effects on pho-
toreceptor degeneration in the control GFP-expressing GMR-
HttQ120 flies (Fig. 7 A, iii vs. i and B, Left), suggesting that
pigment-specific knockdown of Ykt6 itself has no deleterious
effects in photoreceptor neurons. These results indicate that
Ykt6 expression in the Hsp40-expressing tissues plays a critical
role in the non—cell-autonomous improvement of photorecep-
tor degeneration in the GMR-Htt(Q120 flies. Consistent with this
finding, Ykt6 knockdown in the fat body using the Lsp2-Gal4
driver in the Hsp40-expressing GMR-HttQ120 flies also largely
cancelled the non—cell-autonomous improvement of photorecep-
tor degeneration (Fig. 74, v-viii), whereas 49% rescue was ob-
served in the corresponding Hsp40-expressing GMR-HttQ120 flies
without Ykt6 knockdown (Fig. 7B, Right). Thus, we conclude that
non-cell-autonomous suppression of polyglutamine-mediated
neurodegeneration by remote tissue-specific expression of Hsp40
in Drosophila depends on Ykt6-mediated exosomal secretion.

Discussion

In this study, we demonstrated that elevated expression of HSPs,
such as Hsp40 and Hsp70, in specific cells and/or tissues leads to
the suppression of polyglutamine-mediated proteotoxicity in
other remote cells and/or tissues, both in cultured cells and in
Drosophila. We further provide definite evidence that this non—
cell-autonomous beneficial effect is mediated by exosomes, one
of the extracellular membrane vesicles secreted from cells, by
which HSPs are transmitted intercellularly and improve the
protein-folding environment in the recipient cells. Our obser-
vations are compatible with previous reports showing non-cell-
autonomous effects of molecular chaperones in polyglutamine
disease mice models and Caenorhabditis elegans (32), although

B
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Fig. 7. Non-cell-autonomous suppression of polyglutamine-mediated neurodegeneration by Hsp40 occurs via Ykt6-dependent exosomal secretion. (4) Microscopic
images of compound eye sections of GMR-HttQ120 flies coexpressing both Hsp40 and Ykt6 IR in pigment cells using rdhB-Gal4 (Top) or in fat body using Lsp2-Gal4
{Bottom). Ykt6 knockdown cancelled the morphological improvement of photoreceptor degeneration of GMR-HttQ120 flies expressing Hsp40 in either pigment cells
or fat body. (Scale bars: A, 5 pm.) (B) Number of rhabdomeres per ommatidium in GMR-HttQ120 flies expressing both Hsp40 and Ykt6 IR in pigment cells (rdhB-Gal4,
Left) or in fat body (Lsp2-Gal4, Right). Data are represented as the mean + SEM of at least five flies (*P < 0.05, **P < 0.01, ***P < 0.001; Student's ¢ test).
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their molecular bases remained unclear. Thus, the present study
is the first report, to our knowledge, to reveal the molecular mech-
anism for the non—cell-autonomous maintenance of organismal
proteostasis that relies on cell-to-cell communication of HSPs
using exosomes.

We propose the following model for the mechanism by which
multicellular organisms maintain their global proteostasis under
stressed conditions, despite the imbalanced transcriptional re-
sponses of chaperone expression among different cells (Fig. S7).
Upon exposure to stresses, some cells activate the HSR to pro-
tect themselves from the proteotoxic consequences, whereas
some cells do not, resulting in a cell- and/or tissue-specific im-
balance in the expression levels of HSPs in multicellular organisms
(9-11). Although the biological significance of the imbalanced
transcriptional responses remains to be elucidated at the present
stage, this chaperone imbalance is functionally compensated for by
the intercellular transmission of HSPs via exosomes. We showed

_ that proteotoxic challenges, such as heat stress, activate the exo-

some-mediated secretion of HSPs (Fig. 5I), which transcellularly
increases the proteostasis capacity not only of the WT recipient
cells (Fig. 5J and K) but also of the HSF1-null recipient cells, an
HSR-deficient cell line lacking HSF1-mediated up-regulation of
molecular chaperones (Fig. 5M and Fig. S37). Our results indicate
that exosome-mediated regulation of proteostasis does not require
HSF1 in the recipient cells, and thus is capable of compensating
the imbalanced activity of the HSR among different cells without
the involvement of transcription. In this regard, the compensatory
mechanism presented in this study is distinct from the neuronal
control of HSF1 activity in peripheral tissues in C. elegans (33).
We speculate that multicellular organisms have developed an in-
tegrated protective system against cellular stresses consisting of the
cell-autonomous HSR and the exosome-mediated transmission of
HSPs, both of which complementarily serve as a global stress
response to maintain organismal proteostasis.

It has been reported that HSPs, such as Hsp27, Hsp70, and
Hsp90, are secreted from cells and that this process is signifi-
cantly activated by heat stress and physical stress, including
exercise (34-36). However, the physiological roles of the ex-
tracellular HSPs have remained poorly understood, except for
the immunological function of Hsp70, which stimulates cytokine
production in monocytes (37). In this study, we clearly demon-
strate that the secreted Hsp40 is transmitted intercellularly via
exosomes, which improves the protein-folding environment in
the other cells. This observation is.quite reasonable because it is
unlikely that Hsp40, a cochaperone of Hsp70 that requires ATP for
its function, would exert chaperoning activity in the extracellular
space where ATP does not exist; rather, the secreted Hsp40 moves
back to the intracellular environment where ATP is supplied so
that it can function as a molecular chaperone. In agreement with
our findings, the glia-to-neuron transmission of proteins, including
heat shock-induced proteins, has been suggested, which may
protect neurons from acute injury or stress (38, 39). Our results in-
dicate that the maintenance of organismal proteostasis by exosome-
mediated transmission is a previously unidentified role of the
extracellular HSPs.

Exosomes are reported to mediate the intercellular trans-
mission of their cargo molecules, thereby facilitating the non-
cell-autonomous control of various physiological functions: for
example, the transfer of RNAs that regulate the expression of
specific target genes (25) or can be translated into proteins (26)
and the stimulation of adaptive immune responses that can en-
hance antitumor activity (40). Here, we reveal a novel physiolog-
ical function of exosomes, namely, the transmission of molecular
chaperones among different cells that contributes to the mainte-
nance of organismal proteostasis. Interestingly, proteins bearing
a J domain, such as cytosolic Hsp40 families and the artificial
chimeric protein J-MetLucASP, are secreted via exosomes, and
Hsp40 secretion highly depends on the cellular levels of Hsp/Hsc70

Takeuchi et al.

(Fig. 4). These findings indicate that the J domain serves as a
sorting tag for Hsp/Hsc70 to load the cytosolic J proteins selectively
into exosomes, although how Hsp/Hsc70 is sorted into exosomes is
unknown. Recently, sumoylation of hnRNPA2B1 has been re-
ported to regulate the sorting of microRNAs into exosomes
through binding to their short-sequence motifs (41). Taken to-
gether, J domain-dependent loading of J proteins by Hsp/Hsc70
could be one of the sorting mechanisms by which different cel-
lular proteins and nucleic acids can be specifically sorted into
individual exosomes, which may determine and regulate the di-
verse functions of exosomes.

Accumulation of misfolded proteins is a characteristic of several
neurodegenerative diseases; thus, the induction of molecular
chaperones has been suggested as a therapeutic strategy for such
diseases (8). We showed that polyglutamine-mediated photore-
ceptor degeneration in Drosophila is suppressed by the increased
expression of HSPs not only in the same tissues but also in other
remote tissues (Fig. 6), and that this non—cell-autonomous effect is
canceled by the disruption of Ykt6-mediated exosome secretion
(Fig. 7). We further demonstrated that the secretion levels of HSPs
via exosomes correspond well to their expression levels in the cy-
tosol in cell culture (Fig. S3F). Furthermore, heat shock has
been reported to enhance the exosomal release of HSPs highly
(42). These findings suggest that the induction of HSPs in one
tissue increases the secretion of HSPs via exosomes, which fa-
cilitates the exosome-mediated transmission of HSPs among dif-
ferent cells and improves proteostasis in other remote tissues. Thus,
we propose that the enhancement of the exosomal secretion of
HSPs, as well as the activation of the cell-autonomous HSR, is a
potential therapeutic strategy for the protein-misfolding diseases.

Materials and Methods

Purification of Exosomes. Exosomes were prepared as described previously
(21). Briefly, the culture medium of cells harvested in a 100-mm dish was replaced
with exosome-depleted medium in which serum-derived exosomes were
removed by ultracentrifugation at 100,000 x g for 16 h. After 24-h in-
cubation, culture supernatants were collected and centrifuged sequentially
at 2,000 x g for 15 min, 10,000 x g for 30 min, and 100,000 x g for 120 min.
The pellet (P100) containing exosomes was resuspended in appropriate
buffers. All centrifugations were performed at 4 °C.

Analysis of Inclusion Body Formation of Polyglutamine Proteins. Cells were
transfected with a Q81-EGFP-encoding plasmid vector using Lipofectamine
LTX and PLUS reagent (Invitrogen) and incubated for 4 h. The medium was
then replaced with fresh medium with or without P100 fractions. The cells
were further incubated for 20 h and then subjected to microscopic analysis
using a confocal microscope (FV1000; Olympus). Inclusion body formation
was calculated as the ratio of the number of cells with inclusion bodies to
the total number of transfected cells. For each sample, 700-1,300 trans-
fected cells were analyzed, and the experiments were independently
repeated at least three times.

EM. Membrane vesicles, including exosomes, were prepared as described
above. Vesicles were deposited on collodion-carbon-coated grids and fixed
with 2% (wt/vol) paraformaldehyde. For immunoelectron microscopy, the
vesicles were permeabilized with 0.1% saponin, followed by immunolabel-
ing with an anti-Hsp40 (DnalB1) antibody (Stressgen) and a secondary
antibody conjugated with 10-nm gold particles (Sigma). The vesicles were
negatively stained with uranyl acetate and analyzed with a transmission
electron microscope (Tecnai Spirit; FEI).

Fly Stocks. Flies were cultured and crossed under standard conditions at 25 °C.
The transgenic fly lines bearing the GMR-HttQ120, UAS-GFP, UAS-Hsp70,
UAS-Ykt6 IR, or tissue-specific GAL4 (GMR, 54C, rdhB, Mef2, Mhc, Lsp2, and
rd) transgene were obtained from the Bloomington Drosophila Stock Cen-
ter. For the generation of a transgenic fly line bearing the UAS-Hsp40
transgene, a DNA fragment coding for Drosophila Hsp40 (DnalB1) was
amplified from pOT2 ¢DNA clone GH26396 (obtained from the Drosophila
Genetic Resource Center, Kyoto Institute of Technology) by PCR and was
inserted into the pUAST vector. The resultant vector was injected into fly
embryos by standard procedures to establish Hsp40 fly lines.
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Histology. Preparation of fly thin sections and evaluation of photoreceptor de-
generation were performed as previously reported (43). Briefly, heads of GMR-
HttQ120 flies were fixed in 2% paraformamide and 2.5% (wt/vol) glutaraldehyde
and embedded in Epon. Compound eyes were then sectioned at 1 pm and stained
with 1% toluidine blue. Microscopic images were obtained using a BX51 micro-
scope with a DP71 CCD camera (Olympus), and the average number of rhab-
domeres in each ommatidium was calculated. In all cases, the number of
rhabdomeres was counted in 16 ommatidia in each section and at least six dif-
ferent sections from each eye were analyzed and averaged. The data are shown as
the mean =+ SEM of five to eight flies. The values of “% rescue” were calculated as
follows:

% rescue = (lHSP = lgrp) X 100/(&0(‘“ —laep),

in which /usp and Igre are the numbers of rhabdomeres per ommatidium in
flies expressing HSPs and GFP, respectively, and /g is the total number of
rhabdomeres per ommatidium (ot = 7).
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SI Materials and Methods

Reagents. All reagents were obtained from Sigma unless otherwise
- specified. siRNAs used for Hsp40 and Hsc70 knockdown were
obtained from Santa Cruz Biotechnology and Invitrogen, respectively.

Cell Culture. All of the cell lines used in this study (Neuro2A, SH-
SY5Y, U373MG, C6, WT MEF, and HSF1-null MEF) were grown
and maintained in DMEM supplemented with 10% (vol/vol) FBS.

Coculture Experiments. Neuro2A cells were transfected with an
Hsp40- or Hsp70-encoding plasmid vector using Lipofectamine
LTX and PLUS reagent (Invitrogen). Twenty-four hours after
transfection, the cells were harvested and plated onto cell culture
inserts (Millipore). The culture inserts were then placed above
other Neuro2A cells plated on 35-mm glass-bottom dishes
(Iwaki), which were transfected with a Q81-EGFP-encoding
plasmid for 4 h. These cells were further incubated for 20 h
and subjected to microscopic analysis using a confocal microscope
(FV1000; Olympus). Cell viability was estimated by counting the vi-
able cells with a Vi-cell XR (Beckman Coulter) cell viability analyzer.
Data are shown as the mean + SEM of at least three experiments.

Plasmid Construction. Plasmid vectors encoding myc-tagged Hsp40
and its deletion mutants (Hsp40-J and Hsp40-GC) were gener-
ated by subcloning corresponding fragments from human Hsp40
(DnaJB1) (1) into the EcoRI/BamHI sites of pcDNA3.1 (In-
vitrogen). Plasmid vectors encoding Hsp70 and its deletion
mutant (Hsp70dS) were generated by subcloning corresponding
fragments from human Hsp70 (Hspala) into the EcoRI/Xbal
sites of pCI (Promega). For construction of a plasmid vector
encoding Hsp70(K71E), a single-nucleotide mutation (A211G),
which corresponds to an amino acid mutation from Lys to Glu at
position 71, was introduced in the Hsp70 gene by mutagenesis.
The mutated Hsp70 fragment was amplified and inserted into
the EcoRI/Xbal sites of pCl, giving an Hsp70(K71E)-encoding
vector. Plasmid vectors encoding myc-tagged Metluc and its
deletion mutant (MetLucASP) were generated by subcloning
corresponding fragments from pMetLuc2-Control (Clontech)
ito the EcoRI/BamHI sites of pcDNA3.1 (Invitrogen). For con-
struction of a plasmid vector encoding J-MetLucASP, a fragment
corresponding to MetLucASP was amplified by PCR and inserted
into the BamHI site of the plasmid vector encoding Hsp40-J (as
described above). Plasmid vectors encoding Hsp40/70/90-EYFP
were generated by subcloning fragments corresponding to Hsp40/
70/90 into the Xhol/BamHI sites of pEYFP-N1 (Clontech).

Preparation of Exosome-Depleted Medium. The depletion of bovine
serum-derived exosomes from the medium was performed as de-
scribed previously (2). Briefly, DMEM containing 10% FBS was
centrifuged at 100,000 x g for 16 h at 4 °C. The supernatant was
sterilized by filtering through a 0.2-pm filter (Millipore) and stored
at 4 °C until additional use in exosome preparation.

Preparation of Conditioned Culture Medium and Cell Extracts. Cells
were cultured in 35-mm or 100-mm dishes in DMEM containing
10% FBS until 80-90% confluent. The culture medium was then
replaced with the exosome-depleted medium. After the in-
dicated incubation times, the culture medium was collected
and centrifuged at 3,000 X g for 10 min at 4 °C to remove cell
debris. For Western blotting, the culture medium was concen-
trated using 30-kDa cutoff Amicon Ultra filters (Millipore). For
the preparation of cell lysates, cells were washed twice with ice-
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cold PBS and lysed with Tris-buffered saline supplemented with
1% Triton-X 100 on ice for 5 min. The lysed solution was col-
lected and centrifuged to remove cell debris, giving a clear solu-
tion of cell lysate. Protein content of the cell lysates was estimated
using DC Protein Assay (Bio-Rad).

Exosome Isolation from Mouse Serum. Mouse total blood (~5 mo of
age) was obtained from the carotid artery under diethyl ether
anesthesia. Mouse serum, which was isolated from the total blood,
was centrifuged sequentially at 2,000 x g for 15 min, 10,000 x g for
30 min, and 100,000 x g for 120 min. The pellet was resuspended in
appropriate buffers.

Western Blotting. Proteins in whole-cell lysates, concentrated culture
media, and exosome fractions were separated using 15% or 5-20%
gradient SDS/PAGE gels (Wako) and transferred onto PVDF
membranes (Bio-Rad). The membranes were incubated overnight
with the following antibodies at 4 °C: anti-Alix (ABC40 rabbit
polyclonal; Millipore), anti-B-actin (AC-15 mouse monoclonal;
Sigma), anti-c-myc (A-14 rabbit polyclonal; Santa Cruz), anti-
DnalJAl (SPA405 rabbit polyclonal; Stressgen), anti-DnaJA2 (3A1
mouse monoclonal; Abcam), anti-DnaJA3 (RS13 mouse mono-
clonal; Abcam), anti-DnaJB1 (SPA400 rabbit polyclonal; Stressgen),
anti-DnaJB6 (B5 mouse monoclonal; Santa Cruz Biotechnology),
anti-DnaJC1 (ab81312 rabbit polyclonal; Abcam), anti-Flotillin-1
(C-2 mouse monoclonal; Santa Cruz Biotechnology), anti-GAPDH
(IMG-5143A rabbit polyclonal; Imgenex), anti-GFP (A11122 rabbit
polyclonal; Invitrogen), anti-Grp78 (610979 mouse monocional; BD
Biosciences), anti-Hsc70 (SPA816 rabbit polyclonal; Stressgen),
anti-Hsp70 (SPA812 rabbit polyclonal, Stressgen; SPA810 mouse
monoclonal, Stressgen; SPA820 mouse monoclonal, Stressgen; and
d-40 rabbit polyclonal, Santa Cruz Biotechnology), and anti-Hsp90
(SPAS830 mouse monoclonal; Stressgen). As secondary antibodies,
HRP-conjugated IgGs were used. The HRP signal was visualized
with SuperSignal West Dura/Femto Chemiluminescent Substrate
(Thermo Fisher Scientific) and captured with a LAS-3000 mini-
CCD imaging system (Fujifilm). Acquired images were analyzed
with Tmage J (NIH) software.

Filter Trap Assay. The filter trap assay was performed as previously
reported (3). Briefly, Q81-EGFP-expressing cells treated with or
without the P100 fraction were lysed with 2% (wt/vol) SDS/PBS,
sonicated, and heated at 95 °C, and the lysates were then applied
onto a cellulose acetate membrane. The membrane was washed with
2% SDS/PBS and stained with an anti-c-myc antibody (A-14 rabbit
polyclonal; Santa Cruz Biotechnology), followed by an HRP-conju-
gated anti-rabbit secondary antibody.

Immunohistochemistry. Fly heads were fixed in Carnoy’s fixative
solution, embedded in paraffin, and then sectioned at 3 pm. These
sections were deparaffinized and treated with 1% hydrogen peroxide
for 30 min and with L.A.B. Solution (Polysciences, Inc.) for antigen
retrieval. For the immunoreaction, the sections were pretreated with
the blocking solution containing 10% goat serum and then incubated
overnight with an anti-GFP antibody at 4 °C, followed by visualiza-
tion with an EnVision System-HRP (Dako). Hematoxylin was used
for counterstaining.

Quantitative RT-PCR. Total RNA was isolated from the bodies
(without heads) and the eyes of ~1-wk-old flies (five bodies and 20
eyes per sample, respectively). cDNA was synthesized from total
RNA using a PrimeScript RT reagent kit (Takara), and real-time
PCR was performed with a 7300 Real-Time PCR System (Applied
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