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Protein aggregation is a hallmark ofmanyneuronal disorders,
including the polyglutamine disorder spinocerebellar ataxia 3
and peripheral neuropathies associated with the K141E and
K141N mutations in the small heat shock protein HSPB8. In
cells, HSPB8 cooperates with BAG3 to stimulate autophagy in
an eIF2�-dependent manner and facilitates the clearance of
aggregate-prone proteins (Carra, S., Seguin, S. J., Lambert, H.,
and Landry, J. (2008) J. Biol. Chem. 283, 1437–1444; Carra, S.,
Brunsting, J. F., Lambert, H., Landry, J., and Kampinga, H. H.
(2009) J. Biol. Chem. 284, 5523–5532). Here, we first identified
Drosophila melanogasterHSP67Bc (Dm-HSP67Bc) as the clos-
est functional ortholog of human HSPB8 and demonstrated
that, like human HSPB8, Dm-HSP67Bc induces autophagy via
the eIF2� pathway. In vitro, both Dm-HSP67Bc and human
HSPB8 protected against mutated ataxin-3-mediated toxicity
and decreased the aggregation of a mutated form of HSPB1
(P182L-HSPB1) associated with peripheral neuropathy. Up-
regulation of both Dm-HSP67Bc and human HSPB8 protected
anddown-regulation of endogenousDm-HSP67Bc significantly
worsened SCA3-mediated eye degeneration in flies. The K141E
and K141Nmutated forms of humanHSPB8 that are associated
with peripheral neuropathywere significantly less efficient than
wild-typeHSPB8 in decreasing the aggregation of bothmutated
ataxin 3 and P182L-HSPB1. Our current data further support
the link between the HSPB8-BAG3 complex, autophagy, and
folding diseases and demonstrate that impairment or loss of
function of HSPB8 might accelerate the progression and/or
severity of folding diseases.

Aggregation of misfolded mutated proteins and neuronal
loss are hallmarks of many neurodegenerative disorders,
including Alzheimer disease, Parkinson disease, and polyglu-
tamine disorders (e.g. Huntington disease and spinocerebellar
ataxia 3), which are often referred to as protein conformational

disorders (1, 2). Moreover, aggregation of mutated proteins is
also commonly observed in several types of neuromuscular
and muscular disorders (e.g. Charcot-Marie-Tooth type 1A,
desmin-related myopathy, and muscular dystrophy), thus fur-
ther underscoring a causal role for protein misfolding in neu-
ronal and muscular cell degeneration (3–6). Hence, suppres-
sion of protein aggregation and acceleration of protein removal
are considered to be common therapeutic approaches to treat
the protein conformational disorders (7, 8). Both suppression of
protein aggregation and degradation of misfolded proteins can
be achieved through stimulation of the protein quality control
system, which includesmolecular chaperones of the heat shock
protein (HSP)3 families and degradation systems (proteasome,
chaperone-mediated autophagy, and macroautophagy) (8). It
has been shown that up-regulation of molecular chaperones
and stimulation of autophagy can protect from the toxic effects
of aggregating proteins both in cellular and animal (e.g. Dro-
sophila melanogaster) models of protein conformation disor-
ders (9–12). Conversely, impairment of molecular chaperone
function may have detrimental effects for cellular viability, and
failure of the HSP system with age is a likely relevant factor to
the age of onset of proteinmisfolding diseases and for the aging
process itself (13). Intriguingly, mutations in several members
of the human small HSP family, which includes 10 members
(sHSP/HSPB;HSPB1–HSPB10) (14), have been associatedwith
neuronal and muscular disorders. They include mutated forms
of HSPB4 that are associated with congenital cataract, of
HSPB5 causing desmin-related myopathy, and of HSPB1 and
HSPB8 that lead to peripheral neuropathies (6, 15–18).
Here, we focus on HSPB8 (also named HSP22/H11/E2IG1),

for which two mutations (K141E and K141N) have been asso-
ciated with autosomal dominant distal hereditary motor neu-
ropathy and Charcot-Marie-Tooth disease type 2L (16, 17).
Hereditary peripheral neuropathies are characterized by dys-
function in either the axon (axonal neuropathies) or in themye-
lin sheath of the peripheral motor and/or sensory neurons
(demyelinating neuropathies) and by progressive muscle weak-
ness and atrophy (19). Other genes (besides HSPB8) that are
mutated in these diseases include Rab7, DNM2, and LITAF/
SIMPLE, which are involved in protein sorting and lysosome-
mediated degradation, thus suggesting that improper protein
degradation may participate in the underlying pathogenesis
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(20–24). For Charcot-Marie-Tooth disease type 1, which is
characterized by the aggregation of mutated peripheral myelin
protein 22 (PMP22), a progressive impairment of the protea-
some function was found (25–27). Interestingly, mutated
PMP22 is mainly targeted to autophagy for degradation (3,
28). As such, these data point to imbalanced protein homeo-
stasis as a possible general event implicated in the pathogen-
esis and/or progression of neurodegenerative and neuro-
muscular disorders.
We recently found that, in cells, HSPB8 modulates autoph-

agy-mediated protein degradation. HSPB8 acts in a complex
with BAG3 (11), a member of the BAG family of proteins (29–
31), and the complex facilitates the clearance of misfolded
aggregate-prone proteins (11, 32, 33). In the current study, we
first identified HSP67Bc as a D. melanogaster functional
ortholog of human HSPB8, and we show that, like HSPB8,
Dm-HSP67Bc interacts with Starvin, the sole BAG D. melano-
gaster protein (34), and that Dm-HSP67Bc stimulates autoph-
agy. Both humanHSPB8 andDm-HSP67Bc reduce aggregation
of ataxin-3 containing an expanded polyglutamine tract and of
a mutated form of HSPB1 (P182L-HSPB1) that is associated
with peripheral neuropathy. Up-regulation of both Dm-
HSP67Bc and humanHSPB8 protects againstmutated polyglu-
tamine protein-induced eye degeneration in an in vivo Dro-
sophila model of spinocerebellar ataxia 3 (35). Moreover,
Dm-HSP67Bc down-regulation increased the SCA3-mediated
eye degeneration in vivo. Interestingly, the disease-associated
K141E and K141N mutated forms of HSPB8 showed a partial
loss of function in cells and/or in vivo, suggesting that loss of
HSPB8 activity may contribute to protein aggregation-related
diseases.

EXPERIMENTAL PROCEDURES

Plasmids andReagents—ThepAc5.1-V5 vector from Invitro-
gen was used to generate all of the expression constructs for
Drosophila Schneider S2 cells. pAc5.1-GFP vector, encoding
for GFP; pAc5.1-GFP-Htt74Q vector, encoding for the GFP-
tagged huntingtin exon 1 fragment with 74 CAG repeats; and
pAc-GFP-LC3 vector, encoding for GFP-tagged LC3 were gen-
erated by PCR using pEGFC1 (Clontech), pGFP-HDQ74 (Dr.
D. C. Rubinsztein (36)), and pGFP-LC3 (Dr. T. Yoshimori (37)),
respectively, as templates. pAc5.1-V5-mRFP-Htt128Q vector
encoding for the V5-mRFP-tagged huntingtin exon 1 fragment
with 128 CAG repeats was generated by PCR using specific
primers. pAc5.1-V5-HSP67Bc, pAc5.1-V5-L(2)efl, pAc5.1-V5-
CG14207, pAc5.1-V5-Starvin, and pAc-Myc-GADD34 vectors,
encoding for V5-tagged HSP67Bc, L(2)efl, CG14207, Starvin,
and Drosophila GADD34, respectively, were obtained by PCR
using the Gold cDNA Library (Indiana University, Blooming-
ton, IN) as template. The sequences encoding for theDrosoph-
ila small HSPs and for Starvin were subsequently subcloned
into the pCDNA5-FRT-TO-V5 vector for expression in mam-
malian cells. Vectors encoding for Myc-HSPB8, Myc-K141E,
Myc-K141N, Myc-BAG3, and Myc-LC3 were described previ-
ously (11, 37). P182L-HSPB1 was created by mutagenesis reac-
tion using the pCDNA-HSPB1, expressing human wild-type
HSPB1 as template. Rapamycin, pepstatin A, and E64d were
from Sigma-Aldrich.

Drosophila Stocks, Genetics—Fly stocks were raised on stan-
dard corn meal-agar media. Fly crosses and experiments were
carried out according to standard procedures at 25 °C. The
GAL4/UAS system was used to drive targeted gene expression
(38). For targeting gene expression in eyes, the gmr-GAL4 fly
line (stock number 1104) was used, and for ubiquitous gene
expression, the actin 5C-GAL4 fly line (stock number 4414)was
used; driver stocks were obtained from the Bloomington Stock
Center (Indiana University). All transgenic fly lines were con-
structed at Genetic Services Inc. (Sudbury, MA), and the back-
ground strain w1118 of Genetic Services was used as a control.
The transgenic fly line bearing the gmr-GAL4 SCA3trQ78
transgene, expressing a truncated form of human ataxin 3 with
78 glutamine repeats, was kindly provided by Prof. N. Bonini
(35). Wild-type HSPB8 and mutant K141E and K141N HSPB8
cDNAs were subcloned into the pUAST vector and sequence-
verified. UAS-HSPB8wild type, UAS-HSPB8 K141E, andUAS-
HSPB8 K141N transgenic flies were generated by germ line
transformation of w1118 embryos using standard procedures
(Genetic Services Inc.). Independent insertions of the human
wild-type andmutated forms of HSPB8were tested. RNAi lines
against Dm-HSP67Bc (CG4190) were obtained from the
Vienna Drosophila RNAi center (VDRC). Genotypes were as
follows: gmr-GAL4 UAS-SCA3trQ78/CyO; UAS-CG4190
RNAi#1/TM3 (VDRC ID: 26416); UAS-CG4190 RNAi#2/TM3
(VDRC ID: 26417); UAS-V5-HSP67Bc/TM3; UAS-HSPB8#1/
CyO; UAS-HSPB8#2/CyO; UAS-HSPB8#6/TM3; UAS-
HSPB8#8/CyO; UAS-K141E#2/CyO; UAS-K141E#4/CyO;
UAS-K141E#8/TM3; UAS-K141E#9/TM3; UAS-K141N#1/
CyO; UAS-K141N#3/CyO; UAS-K141N#8/CyO.
Cell Culture and Transfection—HEK-293T (human embryo-

nal kidney) cells were grown at 37 °C in Dulbecco’s modified
Eagle’s medium with high glucose (Invitrogen) supplemented
with 10% fetal bovine serum and penicillin/streptomycin. Dro-
sophila Schneider S2 cells were cultured at 25 °C in Schneider’s
Drosophilamedium (Invitrogen) supplemented with 10% heat-
inactivated fetal bovine serum and penicillin/streptomycin.
Both human and Drosophila Schneider S2 cells were trans-
fected by calcium phosphate precipitation as described previ-
ously (39).
Microscopy and Immunohistochemistry—To evaluate the

effects of molecular chaperone overexpression or knockdown
on eye morphology and degeneration in the gmr-GAL4
SCA3(78)Q flies, light microscopic images of the eyes of 1-day-
old adult flies were taken using a stereoscopic microscope
model SZ40 (Olympus). For immunocytochemistry, cells were
grown on coated coverslips, fixed in 4% paraformaldehyde
phosphate buffer, and processed as described previously (39).
Third instar larval muscular tissues were dissected, fixed in 4%
paraformaldehyde phosphate buffer, and stained with specific
antibodies. Paraffin-embedded human skeletal muscle sections
were subjected to immunostainingwith specific antibodies. For
statistical analysis, at least three independent samples were
analyzed using the t test.
Preparation of Protein Extracts and Antibodies—Cells were

scraped and homogenized in 2% SDS lysis buffer, whereas pro-
tein samples from fly heads were prepared by homogenizing 20
heads from either 1–2-day-old or 20-day-old flies in 100 �l of
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2% SDS lysis buffer. Proteins were resolved by SDS-PAGE,
transferred to nitrocellulose membrane, and then processed
for Western blotting. For rhodopsin 1 detection, protein
samples were not boiled prior to SDS-PAGE. Anti-HSPB8
and anti-BAG3 are rabbit polyclonal antibodies against
human HSPB8 and BAG3, respectively (11). The rabbit poly-
clonal antibody anti-HSP67Bc was raised against the C-termi-
nal peptide CHKEAGPAASASEPEAK of Drosophila melano-
gaster HSP67Bc coupled to the keyhole limpet hemocyanin.
Mouse monoclonal anti-�-actinin and mouse monoclonal

anti-�-tubulin were from Sigma-Aldrich, whereas mouse
monoclonal anti-Myc (9E10)was from theAmericanTypeCul-
ture Collection.Mousemonoclonal anti-total-eIF2� and rabbit
polyclonal anti-phospho-eIF2� were from Cell Signaling and
Sigma-Aldrich, respectively. Mouse monoclonal anti-GFP and
mouse monoclonal anti-V5 were from Clontech and Invitro-
gen, respectively. Mouse monoclonal anti-rhodopsin 1 (4C5)
was from the Developmental Studies Hybridoma Bank.
Immunoprecipitation Technique—For immunoprecipitation

from transfected cells, 24 h post-transfection, cells were lysed in
a buffer containing 20mMTris-HCl, pH 7.4, 2.5mMMgCl2, 100
mM KCl, 0.5% Nonidet P-40, 3% glycerol, 1 mM DTT, complete
EDTA-free (Roche Applied Science). The cell lysates were cen-
trifuged and cleared with A/G beads (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA) at 4 °C for 1 h. A/G beads complexed
with specific antibodies (anti-V5 or anti-Myc antibodies) were
added to the precleared lysates. After incubation for 2 h at 4 °C,
the immune complexes were centrifuged. Beads were washed
four times with the lysis buffer; both co-immunoprecipitated
proteins and input fractions were resolved on SDS-PAGE. For
the immunoprecipitation of endogenous HSP67Bc from fly
head extracts, 100 fly heads for each genotype (gmr-GAL4/�,
used as negative control, and gmr-GAL4/V5-Starvin, overex-
pressing V5-tagged Starvin) were extracted in 400 �l of lysis
buffer. The tissue lysates were processed for immunoprecipita-
tion as mentioned above.

RESULTS

D. melanogaster HSP67Bc Is the Closest Functional Ortholog
of Human HSPB8—Whereas the human genome encodes for
10 sHSPs (HSPB1-HSPB10) (14) and for six BAG proteins
(BAG1–BAG6) (31), the D. melanogaster genome encodes for
11 small heat shock proteins (small HSPs) (40) and for only one
BAG protein, Starvin (34). It has already been shown that
knockdown of Starvin results in a severe failure to ingest food
and in growth defects, most likely due to impairment of muscle
maturation and/or function (34). Interestingly, BAG3 knock-
outmice show a fulminantmyopathy and premature death, due
to the progressive degeneration of skeletal muscles (41). These
data strongly suggest that Starvin may share some of the key
functions of human BAG3 and may represent the D. melano-
gaster functional ortholog of human BAG3. Among the
D. melanogaster sHSPs, only a few have been characterized in
the past (e.g.HSP22, HSP23, HSP26, and HSP27) (42–44), and
so far their human functional orthologs have not been eluci-
dated. Dm-HSP22 is a mitochondrial protein (45) and
Dm-HSP27 is exclusively nuclear (46, 47); thus, it is very
unlikely that they could be the functional orthologs of human

HSPB8, which is mainly cytosolic. Unlike human HSPB8, but
similarly to human HSPB1 and HSPB5 (48), Dm-HSP23 and
Dm-HSP26 have protein refolding activities (42). On the basis
of sequence homology, one would predict that, among the re-
maining seven uncharacterized members of the D. melano-
gaster small HSP family, L(2)efl is theD. melanogaster homolog
of human HSPB8 (supplemental Fig. 1A). However, based on a
screen previously performed in our laboratory, an alternative
candidate could be HSP67Bc, which, similarly to human
HSPB8, prevented the aggregation of mutated polyglutamine
proteins4 (also see below) (Figs. 3–5). Finally, it was reported
that CG14207mildly protected against mutated ataxin 3-medi-
ated induced degeneration in a fly model of spinocerebellar
ataxia 3 (35); in addition, in a yeast two-hybrid screen, CG14207
was reported to interact with theD. melanogaster BAG protein
Starvin (49) and to be located, in fly muscles, at the Z band, a
structure that is also enriched in Starvin (50). We thus decided
to focus on these three proteins, L(2)efl, HSP67Bc, and
CG14207, to identify the closest D. melanogaster functional
ortholog of human HSPB8.
D. melanogaster HSP67Bc Interacts with Starvin andHuman

BAG3—We previously reported that, in human cells, HSPB8
forms a stable and stoichiometric complex with BAG3 (11).We
first investigated whether human HSPB8 can interact with
D. melanogaster Starvin. Myc-tagged Starvin and V5-tagged
HSPB8 were co-expressed in HEK293 cells. Interestingly, not-
withstanding the very low sequence homology between
D. melanogaster Starvin and human BAG3 (supplemental Fig.
1B), we found that Starvin co-immunoprecipitates with HSPB8
(Fig. 1A). Thus, we investigated the ability of the three selected
D. melanogaster small HSPs to interact with Starvin, in order to
identify a D. melanogaster functional ortholog of human
HSPB8. Fig. 1B shows that, among the three D. melanogaster
sHSPs selected, HSP67Bc interacts with Starvin, whereas
L(2)efl and CG14207 showed very weak or no interaction. We
next tested the ability ofHSP67Bc, L(2)efl, or CG14207 to inter-
act with human BAG3. As expected, BAG3 binds toHSPB8 and
human HSP70, both used as positive controls (Fig. 1C); BAG3
also showed a clear interaction with HSP67Bc, whereas no
detectable binding of BAG3 to L(2)efl or CG14207 was
observed. To further investigate the interaction between
endogenous HSP67Bc and Starvin, in vivo, we developed a rab-
bit polyclonal antibody specific for HSP67Bc. Interaction
between endogenous HSP67Bc and overexpressed V5-tagged
Starvin could be further confirmed in vivo, using fly head pro-
tein extracts from a transgenic line expressingV5-Starvin in the
eyes under the control of the gmr-GAL4 driver (Fig. 1D).
We also previously showed that HSPB8 stability is dramati-

cally affected by its interaction with BAG3 because HSPB8 pro-
tein levels are significantly higher when it is co-transfectedwith
BAG3 (11). Similarly, we show here that, inDrosophila Schnei-
der S2 cells, co-transfection of Starvin with HSP67Bc results in
higher steady-state protein levels of HSP67Bc (Fig. 1E). No
major differences in L(2)efl or CG14207 expression levels were

4 M. Vos, S. Carra, B. Kanon, F. Bosveld, K. Klouke, O. Sibon, and H. Kampinga,
manuscript submitted for publication.
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observed when co-transfecting
themwith either an empty vector or
Starvin (Fig. 1E).
Altogether, these findings sug-

gest that of the three Dm-HSPs
tested here, Dm-HSP67Bc mostly
resembles the characteristics of
human HSPB8. However, while this
study was ongoing, it was proposed
that CG14207 might be the func-
tional ortholog of human HSPB8
based on the localization of
CG14207 at the Z band (50), a struc-
ture where also Starvin is found.
However, we show here that human
HSPB8 also colocalizes with the Z
band marker �-actinin in human
muscle tissue (Fig. 1F) and that,
like CG14207, also endogenous
HSP67Bc colocalizes with �-actinin
in third instar larvae muscle (Fig.
1G). The localization of both
CG14207 and HSP67Bc at the Z
band implies that the identification
of the D. melanogaster ortholog of
humanHSPB8 cannot be based only
on its expression and distribution in
muscle.
HSP67Bc and Starvin Induce LC3

Lipidation—To further identify the
D. melanogaster ortholog of human
HSPB8, we next used a number of
functional end points. We previ-
ously showed that overexpression
of HSPB8 alone or together with
BAG3 results in stimulation of auto-
phagy even in the absence of any
other exogenously added misfolded
or mutated protein (11). In human
cells, HSPB8 overexpression causes
both an increase in the total levels of
LC3 I and II and an increase in LC3
II/LC3 I ratios (Fig. 2A), the most
important indicator of autophagy;
such an effect is also observed
(although to a lesser extent) upon
BAG3 overexpression (data not
shown). We thus tested whether
HSP67Bc, L(2)efl, or CG14207 also
can stimulate autophagy. Similarly
to HSPB8, HSP67Bc expression in
mammalian cells increases both
LC3 II and LC3 I levels (Fig. 2, B and
C) and the LC3 II/LC3 I ratio (Fig.
2D). In contrast, expression of
L(2)efl or CG14207 did not signifi-
cantly affect LC3 lipidation (Fig. 2,
A–D). Although the reason for the

FIGURE 1. D. melanogaster HSP67Bc is a functional ortholog of human HSPB8. A and B, human HSPB8
and Dm-HSP67Bc co-immunoprecipitate with Dm-Starvin. HEK-293T cells were transfected with vectors
encoding for D. melanogaster Myc-Starvin alone or together with either V5-HSPB8, V5-HSP67Bc,
V5-L(2)efl, or V5-CG14207. 24 h post-transfection, the cell lysates were subjected to immunoprecipitation
(IP) with an antibody against the V5 tag, and the immunoprecipitated complexes were analyzed by
Western blotting (WB) using V5- and Myc-specific antibodies. Among the D. melanogaster sHSPs analyzed,
HSP67Bc interacts with Dm-Starvin (B), similarly to human HSPB8 (A). C, like HSPB8, Dm-HSP67Bc also
binds to BAG3, the human functional ortholog of Dm-Starvin. HEK293 cells were transfected with vectors
encoding for human Myc-BAG3 alone or together with either V5-HSP67Bc, V5-L(2)efl, V5-CG14207, or
V5-HSPB8 and V5-HSP70, both used as positive controls and subjected, 24 h post-transfection, to immu-
noprecipitation with a V5-specific antibody. D, endogenous Hsp67Bc interacts with Starvin in vivo in fly
head extracts. V5-starvin was expressed in flies under the control of the grm-GAL4 driver. Immunopre-
cipitation with a specific V5 antibody was carried out using fly head protein extracts from control flies
(grm/�) and flies expressing V5-Starvin (gmr/V5-Stv). Interaction of endogenous Hsp67Bc with V5-Starvin
was investigated by Western blotting using a specific rabbit polyclonal Hsp67Bc antibody. E, total levels of
HSP67Bc are increased when it is co-expressed with Starvin. Drosophila Schneider S2 cells were trans-
fected with vectors encoding for V5-HSP67Bc, V5-L(2)efl, and V5-CG14207 alone or in combination with
V5-Starvin. The protein expression levels were analyzed by Western blotting 48 h post-transfection (aver-
age values � S.E. (error bars) of n � 3– 4 independent samples). F, human muscle tissue section showing
that endogenous HSPB8 colocalizes with �-actinin at the Z band. G, endogenous Dm-HSP67Bc colocalizes
with �-actinin at the Z band in third instar larvae muscles.
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HSPB8- and HSP67Bc-mediated increase in total LC3 I and II
levels (and how this may contribute to their role in autophagy)
remains unclear, this finding plus the increase in LC3 II/LC I

ratios by both proteins further suggests that Dm-HSP67Bc is
the closest functional homolog of human HSPB8. In addition,
like human BAG3, expression of Starvin alone could stimulate
LC3 lipidation (Fig. 2,C andD), further supporting our assump-
tion that Starvin represents the D. melanogaster functional
ortholog of human BAG3. The effect of HSP67Bc alone or
together with Starvin on the induction of autophagy was fur-
ther explored by measuring the lipidation turnover (51). In
human cells, the HSPB8-BAG3 complex stimulates the turn-
over of the autophagic vacuoles because levels of LC3 II
increased upon inhibition of the final stage of autophagy (fusion
of the autophagosomes with lysosomes) (11). Here, we
expressed HSP67Bc alone or with Starvin in HEK293T cells. At
36 h after transfection, the lysosomal inhibitors E64d and pep-
statin A were added. This led to a further increase in the levels
of LC3 II in cells expressing HSP67Bc alone or together with
Starvin and confirmed that the turnover of the autophagic
vacuoles is stimulated by their ectopic expression (Fig. 2E).
The effects of the threeD. melanogaster small HSPs on auto-

phagywere finally tested inDrosophila Schneider S2 cells, using
GFP-LC3 as an autophagy marker and counting the number of
cells characterized by the presence of GFP-LC3-positive punc-
tae and/or ring-shaped (vacuole-like) structures (52) (Fig. 2, F
andG). Again, onlyHSP67Bc, and neither L(2)efl norCG14207,
increased the fraction of cells with positive punctae and/or
ring-shaped structures (Fig. 2, F and G). Cotransfection of
Starvin with HSP67Bc even further increased autophagy acti-
vation, similar to what we found previously when combining
HSPB8 and BAG3 (11). The levels of autophagy induction
under such conditions were found to be comparable with what
is observed following treatmentwith the drug rapamycin, a well
known stimulator of autophagy (Fig. 2G) (53). All together,
these functional data strongly suggest that Dm-HSP67Bc and
human HSPB8, with their respective partners Dm-Starvin and
human BAG3, form orthologous complexes that play a role in
the modulation of the autophagic degradation pathway.
HSP67Bc Decreases Mutated Polyglutamine Protein Total

Levels and Aggregation in Cells—We recently showed that
HSPB8 decreases the accumulation and aggregation ofmutated
polyglutamine proteins in mammalian cells (11, 33, 39). This
occurs through the activation of the eIF2� pathway (33).
Besides stimulating autophagy, activation of this pathway
results in protein synthesis inhibition (54–56), and consis-
tently, we found that co-expression of HSPB8 not only reduces
the aggregation of the mutated polyglutamine protein hun-
tingtin, but it also decreases its soluble levels (33). To further
identify the functional ortholog of humanHSPB8, we therefore
tested the effect ofHSP67Bc, L(2)efl, andCG14207 on the accu-
mulation of soluble and aggregated levels of a mutated form of
huntingtin with 128 glutamine residues (V5-Htt128Q) in Dro-
sophila Schneider S2 cells. Surprisingly, both HSP67Bc and
L(2)efl significantly reduced the soluble levels of V5-Htt128Q
(running gel), whereas CG14207 had no effect (Fig. 3,A andC).
In contrast, only HSP67Bc, and not L(2)efl or CG14207,
reduced the amount of aggregated high molecular weight
V5-Htt128Q retained in the stacking gel (Fig. 3,A andB). These
data suggest that both HSP67Bc and L(2)efl may act through
the induction of the eIF2� pathway, thereby inhibiting pro-

FIGURE 2. HSP67Bc and Starvin induce LC3 lipidation both in mammalian
and Drosophila Schneider S2 cells. A, HSPB8 overexpression leads to an
increase in the total LC3 I and LC3 II levels. HEK293T cells were transfected
with vectors encoding for Myc-LC3 alone or together with human HSPB8. 44 h
post-transfection, the cell lysates were analyzed by Western blotting using
Myc- and HSPB8-specific antibodies. B–D, HEK293T cells were transfected
with vectors encoding for Myc-LC3 alone or together with either V5-HSP67Bc,
V5-L(2)efl, V5-CG14207, or V5-Starvin. 44 h post-transfection, the cell lysates
were analyzed by Western blotting using Myc- and V5-specific antibodies.
Endogenous levels of �-tubulin were measured as loading control. B and
C, HSP67Bc and Starvin, but not L(2)efl or CG14207, induce LC3 lipidation.
D, quantification of the effect of Hsp67Bc, L(2)efl, CG14207, and Starvin on the
LC3 II/LC I ratio. *, p � 0.05; average values � S.E. (error bars) of n � 3– 4
independent samples. E, overexpression of HSP67Bc alone or together with
Starvin induces the turnover of LC3. Where indicated (�), cells were treated
for 6 h with the lysosomal inhibitors pepstatin A and E64d prior to extraction.
Quantification of the effect of the lysosomal inhibitors on the LC3 II/LC3 I ratio
(normalized against �-tubulin) in cells transfected for 36 h is shown. F and
G, overexpression of HSP67Bc alone or together with Starvin significantly
increases the number of S2 cells containing GFP-LC3-positive punctae or
ring-shaped vacuole-like structures. Drosophila Schneider S2 cells were trans-
fected with vectors encoding for GFP-LC3 alone or together with either
V5-HSP67Bc, V5-L(2)efl, V5-CG14207, or V5-Starvin or with both V5-HSP67Bc
and V5-Starvin. 24 h post-transfection, cells were either left untreated or
treated with rapamycin (5 �M) for 180 min and then fixed with formaldehyde
at room temperature for 10 min. F, low magnification image showing the
induction of GFP-LC3-positive autophagic vacuoles (white arrows) by
HSP67Bc. G, the number of cells containing GFP-LC3-positive punctae and/or
vacuole-like structures was counted. *, p � 0.05; **, p � 0.001; average val-
ues � S.E. of n � 4 –11 independent samples.
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tein synthesis and decreasing the SDS-soluble levels of
V5-Htt128Q, whereas only HSP67Bc, which also induces auto-
phagy (Fig. 2), can facilitate V5-Htt128Q degradation and
therefore decreases its aggregation. Indeed, overexpression of
both HSP67Bc and L(2)efl, but not of CG14207, significantly
increased the levels of phospho-eIF2� (Fig. 3, D and E).

In human cells, it was previously shown that impairment of
eIF2� phosphorylation decreases the ability of the cells to cope
with mutated polyglutamine proteins (57). To further investi-
gate the implication of the eIF2� pathway in the function of
HSP67Bc and L(2)efl, we first had to analyze the role of the
eIF2� pathway in protein quality control inDrosophila Schnei-
der S2 cells. We co-transfected a form of mutated huntingtin
containing 74 glutamine residues (GFP-Htt74Q), which does
not significantly aggregate in S2 cells within 72 h, with a vector
encoding either Myc-tagged human wild-type (WT) eIF2� or

Myc-tagged non-phosphorylatable S51A mutant eIF2� (Fig.
4A). Clearly, expression of the S51A mutant of eIF2� caused a
significant increase in the total amount of mutated huntingtin
(Fig. 4A), consistent with its dominant negative action. These
results indicate that, as in mammalian cells, also in Drosophila
Schneider cells, the eIF2� pathway plays a role in protein qual-
ity control. Having confirmed this, we next investigated
whether the reduction of the soluble levels of V5-Htt128Q
(running gel) observed upon expression ofHSP67Bc andL(2)efl
could be mediated by eIF2�. To efficiently block the activation
of the eIF2� pathway, we first used the general inhibitor
GADD34, which facilitates phospho-eIF2� dephosphorylation
(58). We subcloned the D. melanogaster functional ortholog of
GADD34 (here referred to as Dm-GADD34) and co-trans-
fected it with V5-Htt128Q and the three selected small HSPs.
Interestingly, both the effect of L(2)efl and HSP67Bc on soluble
levels of V5-Htt128Qwere largely reduced upon co-expression
of Dm-GADD34 (Fig. 4B). Likewise, the effect of both Starvin
and HSP67Bc on LC3 lipidation as a marker of autophagy
induction was completely blocked by co-expression of
GADD34 and inhibition of eIF2� phosphorylation (Fig. 4C). As
another approach to block the eIF2� pathway, we co-expressed
the dominant-negative non-phosphorylatable S51A mutant of
eIF2� with HSP67Bc. This completely abrogated the ability of
HSP67Bc to decrease both V5-Htt128Q soluble (running) and
insoluble (stacking) levels (Fig. 4D).
These combined data show that both HSP67Bc and L(2)efl

can activate the eIF2�pathway.However, it is only in the case of
HSP67Bc that this leads not only to a block of protein synthesis
but also to the induction of autophagy, required to suppress
mutated huntingtin aggregation (Fig. 4, E and F). This differ-
ence with L(2)efl seems related to the fact that HSP67Bc does
and L(2)efl does not form a complex with Starvin (Fig. 1). Thus,
based on our functional studies, Dm-HSP67Bc, and not L(2)efl
or CG14207, is the closest functional ortholog of human
HSPB8.
Both HSP67Bc and HSPB8 Inhibit Mutated Polyglutamine-

mediated Eye Degeneration in Vivo—Our results show that in
mammalian and Drosophila S2 cells, human HSPB8 and Dm-
HSP67Bc decrease mutated polyglutamine aggregation. We
next asked whether they could exert a protective effect in vivo,
using a well established fly model of spinocerebellar ataxia 3
(35). This fly model expresses a mutated form of ataxin 3 with
78 glutamine repeats (SCA3(78)Q) in the eyes under the con-
trol of the eye-specific gmr-GAL4 driver and shows progressive
eye degeneration, visualized by the presence of dark patches
and collapsed eyes. We then generated transgenic fly lines
expressing human HSPB8 or V5-tagged Dm-HSP67Bc under
the control of the pUAS promoter and compared the effect on
SCA3(78)Q-mediated toxicity. Fig. 5A shows that all of the
transgenic fly lines generated express HSPB8 at comparable
levels. All fly lines expressing HSPB8 could significantly
decrease the SCA3(78)Q-mediated eye degeneration (quanti-
fied as the percentage of eyes collapsed and/or with dark
patches compared with control flies; Fig. 5,D and E), similar to
its D.melanogaster functional ortholog V5-HSP67Bc (see Fig.
5B for expression levels). As an additional control, we included
in our study two independent fly lines expressing RNAi

FIGURE 3. HSP67Bc inhibits the accumulation of both soluble and high
molecular weight insoluble mutated huntingtin in Drosophila Schneider
S2 cells. A, Drosophila Schneider S2 cells were transfected with vectors
encoding for mutated huntingtin with a 128-glutamine repeat (V5-Htt128Q)
alone or together with either V5-HSP67Bc, V5-L(2)efl, or V5-CG14207, and
total proteins were extracted 48 h post-transfection. Quantification of the
effect of the chaperones on the accumulation of the high molecular weight
insoluble forms retained in the stacking gel (B) and the soluble monomeric
V5-Htt128Q (C) is shown. **, p � 0.001; average values � S.E. (error bars) of n �
4 – 6 independent samples. D, HEK-293 cells were transfected with vectors
encoding for either mRFP, V5-HSP67Bc, V5-L(2)efl, or V5-CG14207; total pro-
teins were extracted 24 h post-transfection, and levels of phospho-eIF2�
were measured by Western blotting. E, quantification of the effect of the
chaperones on the levels of phospho-eIF2�. **, p � 0.001; *, p � 0.05; average
values � S.E. of n � 3 independent samples.
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FIGURE 4. Similarly to human HSPB8, the ability of HSP67Bc to decrease mutated huntingtin accumulation/aggregation and to induce autoph-
agy is eIF2�-dependent. A, impairment of the eIF2� pathway increases mutated polyglutamine protein levels in Drosophila Schneider S2 cells.
Drosophila Schneider S2 cells were transfected with vectors encoding for GFP-Htt74Q and either Myc-tagged human wild-type eIF2� or Myc-tagged
non-phosphorylatable human eIF2� S51A. 48 h post-transfection, the total levels of GFP-Htt74Q were quantified (*, p � 0.05; average values � S.E. (error
bars) of n � 3 independent samples). B, HSP67Bc and L(2)efl decrease mutated huntingtin soluble levels via the eIF2� pathway. Drosophila Schneider S2
cells were transfected with vectors encoding for V5-Htt128Q alone or together with either V5-HSP67Bc, V5-L(2)efl, or V5-CG14207. Where indicated (�),
a vector encoding for D. melanogaster GADD34 (Dm-GADD34) was also co-transfected. Total proteins were extracted 48 h later, and V5-Htt128Q soluble
(running) levels were analyzed by Western blotting. *, p � 0.05; average values � S.E. of n � 3 independent samples. C, the induction of LC3 lipidation
by HSP67Bc and Starvin is dependent on the phosphorylation of eIF2�. HEK293T cells were transfected with vectors encoding for Myc-LC3 alone or
together with V5-Starvin or V5-Starvin and V5-HSP67Bc. Where indicated (�), cells were cotransfected with a vector encoding for the C terminus of
GADD34, which inhibits the phosphorylation of endogenous eIF2�. Cell lysates were prepared 44 h post-transfection and analyzed by Western blotting.
*, p � 0.05; average values � S.E. of n � 3– 4 independent samples. D, S51A eIF2� completely abrogated the ability of HSP67Bc to decrease V5-Htt128Q
soluble (running) and insoluble (stacking) levels. Drosophila Schneider S2 cells were transfected with vectors for V5-Htt128Q alone or together with
V5-HSP67Bc and either human wild-type Myc-eIF2� or the non-phosphorylatable mutant S51A. Total proteins were extracted 48 h later. Quantification
of the soluble (running) protein levels of V5-Htt128Q normalized against endogenous �-tubulin is shown (*, p � 0.01; average values � S.E. of n � 3
independent samples). E and F, schematic model showing the putative mechanism of action of L(2)efl and HSP67Bc. E, overexpression of L(2)efl leads
to the phosphorylation of eIF2�, thereby causing a translational shutdown. This will result in a decrease of the levels of soluble poly(Q) proteins, without
affecting significantly the rate of their aggregation. F, overexpression of HSP67Bc, which interacts with Starvin, also leads to the phosphorylation of
eIF2�, which, however, causes both translational shutdown and stimulation of autophagy. As a consequence, HSP67Bc-Starvin leads to a decrease of the
levels of soluble poly(Q) proteins, but it also facilitates the clearance of aggregated poly(Q) proteins by stimulating autophagy.
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sequences that efficiently down-regulatedHSP67Bc expression
(Fig. 5C). This knockdown of HSP67Bc significantly worsened
the SCA3 degenerative eye phenotype (Fig. 5D). Combined
with our previous and current in vitro data (11, 33), these in vivo
data not only further suggest that HSP67Bc is indeed a func-
tional ortholog HSPB8 but also suggest that increases or
decreases of HSP67Bc/HSPB8 activity, respectively, ameliorate
or aggravate folding diseases. Moreover, these results also
strongly suggest that HSPB8 and HSP67Bc are modifiers of
SCA3.
Mutated HSPB8 K141E and, to a Lesser Extent, K141N Show

a Partial Loss of Function Phenotype and Impair HSPB8 Protec-

tive Role toward Mutated Polyglutamine Proteins in Vitro
and/or in Vivo—After having established HSPB8 as a possible
modifier of a dominant genetic disease like SCA3, we investi-
gated what the consequences are of the missense mutations
(K141E and K141N) in human HSPB8, which are associated
with peripheral neuropathy (16, 17). First, we used a cell model
expressing human ataxin 3 with 64 glutamine residues
(SCA3(64)Q). The levels of SCA3(64)Q accumulating in the
debris fraction (cellular medium) were used as a measure of
ataxin 3-mediated toxicity. Whereas wild-type HSPB8 signifi-
cantly decreased the amount of mutated ataxin 3 in the debris,
the mutated form K141E did not, and the activity of the
mutated form K141N was significantly decreased (Fig. 6, A and
B). Also, in contrast towild-typeHSPB8, bothmutated forms of
HSPB8 were unable to significantly decrease the amount of
highmolecularweight, aggregated SCA3(64)Q (Fig. 6,A andC).
These data strongly suggest that both K141E and K141Nmuta-
tions impair HSPB8 function in protein quality control. This
was further analyzed in cells using another aggregate-prone
substrate, the P182Lmutant ofHSPB1, which is associatedwith
peripheral neuropathy (15). As previously described, the P182L
mutant of HSPB1 is highly unstable and aggregates in cells (Fig.
6, D and E) (15, 59). Similarly to what was observed using
SCA3(64)Q, we found that overexpression of both humanwild-
type HSPB8 or Dm-HSP67Bc could significantly decrease the
aggregation of P182L-HSPB1 (Fig. 6E). In contrast, both K141E
and K141N were unable to prevent the aggregation of P182L-
HSPB1 (Fig. 6E). Interestingly, K141E and K141N largely colo-
calized with P182L-HSPB1 aggregates (Fig. 6F), suggesting a
failed attempt of K141E and K141N to prevent P182L-HSPB1
aggregation.
The impact of K141E and K141N mutations on HSPB8 abil-

ity to protect against mutated SCA3-induced toxicity was fur-
ther investigated in vivo, using the SCA3 fly model. We gener-
ated transgenic fly lines expressing human K141E or K141N
HSPB8 under the control of the pUAS promoter. The gmr-
GAL4-driven overexpression of theK141E andK141Nmutated
forms of HSPB8was as high as that in flies expressing wild-type
HSPB8 (Fig. 7A) and did not by itself induce any detectable
morphological sign of degeneration because we observed no
rough eye phenotype up to 20 days after eclosion (data not
shown). As another end point, wemeasured expression levels of
rhodopsin 1, one of the major proteins expressed in the rhab-
domeres of photoreceptor cells (60, 61), the levels of which are
affected under degenerative conditions (62), including expres-
sion of SCA3(78)Q (Fig. 7B). All fly lines expressing the
mutated HSPB8 (K141E or K141N) alone had rhodopsin 1 lev-
els comparablewith the ones found in flies expressingwild-type
HSPB8. Thus, the sole expression ofmutatedHSPB8 in the eyes
did not cause any detectable sign of toxicity. Knowing that the
mutated forms of HSPB8 alone had no effect allowed us to test
whether or not they were still able to decrease SCA3-mediated
eye degeneration. We thus crossed the fly lines expressing
K141E, K141N, or wild-type HSPB8 with flies expressing
SCA3(78Q). Whereas wild-type HSPB8 reduced SCA3(78Q)-
mediated eye degeneration by over 60% (Fig. 5D), the K141E
mutated form of HSPB8 showed an almost complete loss of its
protective function (Fig. 7D). The K141N mutated form of

FIGURE 5. Overexpression of human HSPB8 or Dm-HSP67Bc protects
against mutated SCA3-induced eye degeneration in vivo. grm-GAL4-
driven expression levels of human HSPB8 (transgenic lines 1, 2, 6, and 8; A) and
of V5-HSP67Bc (B). The expression levels of the different transgenic lines
expressing human HSPB8 were not significantly different. GMR, gmr-GAL4/�;
HSPB8#1, gmr-GAL4/UAS-HSPB8#1, etc.; V5-HSP67Bc, gmr-GAL4/�; UAS-V5-
HSP67Bc/�. C, Act5C-GAL4-driven and gmr-GAL4-driven knockdown of
Dm-HSP67Bc with two independent UAS RNAi lines (VDRC transformant lines
ID 26416 and 26417) grown at 25 °C showing decreased expression of the
endogenous protein. Protein levels were measured using protein extracts
from 1–2-day-old fly heads. Left, Act5C, Act5C-GAL4/�; RNAi#1, Act5C-
GAL4/�; UAS-CG4190 RNAi#1/�; RNAi#2, Act5C-GAL4/�; UAS-CG4190
RNAi#2/�. Right, gmr, gmr-GAL4/�; RNAi#1, gmr-GAL4/�; UAS-CG4190
RNAi#1/�; RNAi#2, gmr-GAL4/�; UAS-CG4190 RNAi#2/�. D, quantification of
eye degeneration in flies overexpressing either SCA3(78Q) alone (or in com-
bination with HSPB8 or HSP67Bc). Co-expression of human HSPB8 or
V5-HSP67Bc significantly decreases the percentage of flies with degenerated
eyes (dark patches and/or collapsed eyes) as compared with control flies,
whereas knockdown of endogenous HSP67Bc enhances eye degeneration.
SCA3, gmr-GAL4-UAS-SCA3(78Q)/�; HSPB8#1, gmr-GAL4-UAS-SCA3(78Q)/
UAS-HSPB8#1, etc.; HSP67Bc, gmr-GAL4-UAS-SCA3(78Q)/�; UAS-V5-
HSP67Bc/�; HSP67Bc RNAi#1, gmr-GAL4-UAS-SCA3(78Q)/�; UAS-CG4190
RNAi#1/�; HSP67Bc; RNAi#2, gmr-GAL4-UAS-SCA3(78Q)/�; UAS-CG4190
RNAi#2/�. Total number of eyes scored was 200 – 400; **, p � 0.001; *, p �
0.05; average values � S.E. (error bars) of n � 3 independent experiments.
E, representative picture showing SCA3(78Q) flies with degenerated eyes and
the partial rescue obtained by overexpression of human HSPB8.
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HSPB8 retained a significant part of its activity, as compared
with wild-type HSPB8, but also for this mutant, a slight
decrease in neuroprotective activity could be observed. All of
these results are in line with the cellular data obtained using the
two aggregate-prone substrates SCA3(64)Q and P182L-
HSPB1, where K141E shows a major loss of function, whereas
K141N shows only a partial loss of function in protein quality
control.

We next asked whether the decreased efficiency of K141E
and K141N to inhibit mutated protein aggregation in cells and
to protect against mutated SCA3-induced eye degeneration in
vivo could be ascribed to a different ability to interact with
BAG3 and/or induce autophagy. As shown previously, in cells
depleted of BAG3, HSPB8 is unable to clear polyglutamine pro-
tein aggregates through the autophagic pathway (11). Consis-
tently, both mutated forms of HSPB8 were found to co-immu-
noprecipitate less efficiently with BAG3 as compared with
wild-type HSPB8 (Fig. 8A). This decrease in K141E and K141N
binding to BAG3 could partially explainwhy themutated forms
of HSPB8 show a partial loss of function.

DISCUSSION

Accumulation of aggregated proteins is a pathological hall-
mark of neurodegenerative disorders, (e.g. Alzheimer disease,
spinocerebellar ataxia 3, andHuntington disease) (1, 2), and it is
also often observed in muscular disorders (protein aggregate
myopathies; e.g. desmin-related myopathy and muscular dys-
trophy) (4–6) and peripheral neuropathies (e.g. Charcot-
Marie-Tooth disease type 1A) (3, 27). Genetic and molecular
studies have shown a causal role of protein misfolding in cellu-
lar death, and experimental approaches have demonstrated
that inhibition of protein misfolding (by up-regulation of
molecular chaperones) and stimulation of aggregated substrate
degradation (through autophagy) can decrease degeneration
(7–10). These findings underscore the importance of a proper
and functional protein quality control system to protein con-
formation disorders.
In this study, we identified Dm-HSP67Bc as the closest func-

tional ortholog of human HSPB8. Recently, CG14207 was sug-
gested to be the D. melanogaster ortholog of human HSPB8
(50), mainly based on its localization at the Z bands in muscles,
a structure in which Starvin is also enriched. However, we show
here that also HSP67Bc colocalizes with �-actinin at the Z
bands, thusmaking it difficult to establish functional homology
mainly on the basis of subcellular localization.We present here
both biochemical and functional evidence that Dm-HSP67Bc,
and not CG14207 or L(2)efl, is the closest HSPB8 ortholog; only
HSP67Bc interacts with human BAG3, and Dm-Starvin, the
soleD. melanogasterBAGprotein (34), stimulates autophagy in
an eIF2�-dependent manner and decreases mutated polyglu-
tamine protein aggregation in cells. Furthermore, like human
HSPB8, Dm-HSP67Bc protected against mutated polyglu-
tamine-mediated eye degeneration in a SCA3 fly model in vivo.
Inversely, knockdown of Dm-HSP67Bc worsened the mutated
ataxin 3-mediated eye degeneration in vivo, in line with our
previous finding that HSPB8-BAG3-deficient cells show a
decreased ability to stimulate autophagy and to cope with
mutated huntingtin (11). Our results also strongly suggest that
up-regulation of HSPB8 activity might be used as a general
defense against disease-associated misfolded or aggregation-
prone proteins. Thus, induction of HSPB8-BAG3 expression
and function may represent a valid therapeutic tool in such
diseases. In addition, recent data have revealed that BAG3
expression levels are increased during aging. This was sug-
gested to be an adaptive and compensatory response required
during normal aging (63), a condition characterized by the

FIGURE 6. In cells, the K141E and K141N mutations show impaired ability
to decrease the aggregation of the two misfolded substrates SCA3(64)Q
and P182L-HSPB1 as compared with wild-type HSPB8. A–C, K141E and
K141N are less efficient than wild-type HSPB8 in decreasing mutated ataxin 3
aggregation and mediated toxicity. HEK293T cells were transfected with vec-
tors encoding for SCA3(64)Q alone or together with either wild-type HSPB8,
K141E, or K141N. 48 h post-transfection, the medium (debris) and the cells
were collected, and total proteins from both fractions were extracted.
SCA3(64)Q soluble (running) and insoluble (stacking) levels were analyzed.
B and C, total levels of GFP-SCA3(64)Q were quantified (*, p � 0.05; average
values � S.E. (error bars) of n � 3 independent samples). D and E, K141E and
K141N are less efficient than wild-type HSPB8 in decreasing mutated P182L-
HSPB1 aggregation. HeLa cells were transfected with vectors encoding for
wild-type or P182L-HSPB1 or with vectors encoding for P182L-HSPB1 alone or
in combination with wild-type Myc-HSPB8, Myc-K141E, Myc-K141N, or wild-
type Myc-HSP67Bc. 72 h post-transfection, cells were fixed with 3.7% formal-
dehyde and processed for immunofluorescence with specific antibodies.
E, the number of cells showing HSPB1 aggregates was counted (*, p � 0.05;
average values � S.E. of n � 3–5 independent samples; more than 100 cells/
sample were counted). F, mutated K141E and K141N colocalize with aggre-
gated P182L-HspB1.
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accumulation of misfolded proteins or small aggregates that
cannot be handled by the proteasome. This also implies that
small decreases in the expression or function of the HSPB8-
BAG3 complex, as found here for the two missense mutations
of HSPB8 (K141E and K141N) that are associated with domi-
nant hereditary peripheral neuropathy, may contribute to dis-
ease progression.
Mutations in several other members of the HSPB family (e.g.

HSPB1, HSPB4, and HSPB5) that are associated with a number
of neurological andmuscular disorders and/or with cataract (6,
15–18), have all been associated with protein aggregation. At
least for mutated HSPB5, which is associated with desmin-re-
latedmyopathy, both a loss and toxic gain of function have been
suggested to play a role in disease pathogenesis (6). Our data
demonstrate that the K141E mutant and, partially, the K141N
mutant of HSPB8 are characterized by a loss of function. The
(partial) loss of function may, at least in part, be explained by
our observation that both mutated forms of HSPB8 bind less
efficiently to BAG3, as compared with the wild-type protein.
This hypothesis is supported by our earlier findings thatHSPB8
cannot facilitate clearance of protein aggregates in cells lacking
BAG3 (11) and is consistent with our current findings that
Dm-L(2)efl, which can induce eIF2� phosphorylation but can-FIGURE 7. The K141E mutation significantly affects HSPB8 protective

effect on SCA3-induced eye degeneration. A, quantification of gmr-GAL4-
driven HSPB8 protein expression in 1–3-day-old fly head extracts (mean �
S.E. (error bars); n � 3–7). Expression of human wild-type HSPB8 (transgenic
line 2), used as control, mutated HSPB8 K141E (transgenic lines 2, 4, 8, and 9)
and K141N (transgenic lines 1, 3, and 8). gmr, gmr-GAL4/�; HSPB8#2, gmr-
GAL4/UAS-HSPB8#2; K141E#2, gmr-GAL4/UAS-HSPB8-K141E#2, etc.;
K141N#1, gmr-GAL4/UAS-HSPB8-K141N#1, etc. B, rhodopsin 1 levels are
decreased below detectable levels in SCA3(78)Q-flies and can be used as a
marker for eye degeneration. Protein extracts from 1–2-day-old fly heads,
with corresponding genotypes: �, CyO/�; �, gmr-GAL4-UAS-SCA3 (78Q)/�.
C, overexpression of mutated HSPB8 alone does not significantly affect rho-
dopsin 1 levels. Protein extracts were prepared from 20 days old fly heads.
Western blotting of two representative samples per group and quantification
of rhodopsin 1 levels normalized against �-actin show no significant decrease
upon overexpression of mutated HSPB8, as compared with wild-type HSPB8

(rhodospin 1 levels from 3– 4 independent lines expressing either wild-type
HSPB8 or K141E or K141N were quantified, and measures were pooled;
mean � S.E.; n � 7–13). Genotypes were as described in the legend to Fig. 6A.
D, mutations of HSPB8 decrease its ability to protect against mutated SCA3-
mediated eye degeneration. Shown is a quantification of eye degeneration in
flies overexpressing either SCA3(78Q) alone or in combination with wild-type
or mutated, K141E or K141N, HSPB8; total number of eyes scored: 200 –300; *,
p � 0.05 as compared with SCA3; average values � S.E. of n � 3 independent
experiments. SCA3, gmr-GAL4-UAS-SCA3(78Q)/�; HSPB8, gmr-GAL4-UAS-
SCA3(78Q)/UAS-HSPB8#2; K141E#2, gmr-GAL4-UAS-SCA3(78Q)/UAS-HSPB8-
K141E#2, etc; K141N#1, gmr-GAL4-UAS-SCA3(78Q)/UAS-HSPB8-K141N#1,
etc.

FIGURE 8. The K141E and K141N mutated forms bind less strongly to
BAG3 than wild-type HSPB8. HEK-293T cells were transfected with vectors
encoding for His-BAG3 alone or together with either Myc-HSPB8, Myc-K141E,
or Myc-K141N. 24 h post-transfection, the cell lysates were subjected to
immunoprecipitation with an antibody against the Myc tag, and the immun-
precipitated complexes were analyzed by Western blotting using BAG3- and
HSPB8-specific antibodies. *, p � 0.05; average values � S.E. (error bars) of n �
3 independent experiments.
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not bind to BAG3, is unable to support aggregate clearance by
autophagy (Figs. 2–4).
Our findings that the gmr-GAL4-driven expression of

mutated HSPB8 in the eye (in the absence of any other exoge-
nous misfolded protein) did not cause any morphological sign
of degeneration and did not decrease rhodopsin 1 levels seem
not to support a major negative gain of function of the mutated
forms of HSPB8. Also, when co-expressed with mutated ataxin
3, neither K141E nor K141N HSPB8 caused an increase in eye
degeneration, as could be expected for two independently
aggregating proteins. Nevertheless, we cannot rule out that the
mutated forms of HSPB8may also have acquired a toxic gain of
function that could contribute to disease.Onemust realize that,
in humans, theK141E andK141Nmutations ofHSPB8 result in
peripheral neuropathy andmuscular atrophy, without affecting
the structure and function of the eyes (16). This suggests that
the eyes might be less vulnerable, as compared with peripheral
neurons and muscular cells, to the altered activity of mutated
HSPB8. Given the relatively high expression levels of HSPB8 in
peripheral neurons and muscle, a mild toxic gain of function
may indeed also contribute to disease. In fact, a (mild) toxic gain
of function even may be linked to the observed partial loss of
function, and it can be speculated that such effects are related to
the difference in the degree of loss of function of K141E and
K141N observed in cells and in vivo. The presence of the
mutated forms of HSPB8 in perinuclear aggregates in cells (16)
and the association of HSPB8 mutants with aggregates of
P182L-HSPB1 (Fig. 6E) may also be taken as further support for
a dominant toxic gain of function. However, this may also
merely reflect a failed attempt of K141E and K141N to process
P182L-HSPB1 toward degradation. In vitro studies on the sta-
bility of the mutated forms of HSPB8 and in vivo studies using
tissue-specific promoters in Drosophila combined with differ-
ent read-out systems will be required to further address these
questions.
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