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Neurobiology of Disease

Mutant Huntingtin Inhibits aB-Crystallin Expression and
Impairs Exosome Secretion from Astrocytes

Yan Hong, “Ting Zhao, Xiao-Jiang Li, and ““Shihua Li
Department of Human Genetics, Emory University School of Medicine, Atlanta, Georgia 30322

In the brain, astrocytes secrete diverse substances that regulate neuronal function and viability. Exosomes, which are vesicles produced
through the formation of multivesicular bodies and their subsequent fusion with the plasma membrane, are also released from astrocytes
via exocytotic secretion. Astrocytic exosomes carry heat shock proteins that can reduce the cellular toxicity of misfolded proteins and
prevent neurodegeneration. Although mutant huntingtin (mHtt) affects multiple functions of astrocytes, it remains unknown whether
mHtt impairs the production of exosomes from astrocytes. We found that mHtt is not present in astrocytic exosomes, but can decrease
exosome secretion from astrocytes in HD140Q knock-in (KI) mice. N-terminal mHtt accumulates in the nuclei and forms aggregates,
causing decreased secretion of exosomes from cultured astrocytes. Consistently, there is a significant decrease in secreted exosomes in
both female and male HD KI mouse striatum in which abundant nuclear mHtt aggregates are present. Conversely, injection of astrocytic
exosomes into the striatum of HD140Q KI mice reduces the density of mHtt aggregates. Further, mHtt in astrocytes decreased the
expression of aB-crystallin, a small heat shock protein that is enriched in astrocytes and mediates exosome secretion, by reducing
the association of Spl with the enhancer of the aB-crystallin gene. Importantly, overexpression of aB-crystallin rescues defective
exosome release from HD astrocytes as well as mHtt aggregates in the striatum of HD140Q KI mice. Our results demonstrate that mHtt
reduces the expression of aB-crystallin in astrocytes to decrease exosome secretion in the HD brains, contributing to non- cell-
autonomous neurotoxicity in HD.
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Huntington’s disease (HD) is characterized by selective neurodegeneration that preferentially occurs in the striatal medium spiny
neurons. Recent studies in different HD mouse models demonstrated that dysfunction of astrocytes, a major type of glial cell, leads
to neuronal vulnerability. Emerging evidence shows that exosomes secreted from astrocytes contain neuroprotective cargoes that
could support the survival of neighboring neurons. We found that mHtt in astrocytes impairs exosome secretion by decreasing
aB-crystallin, a protein that is expressed mainly in glial cells and mediates exosome secretion. Overexpression of aB-crystallin
could alleviate the deficient exosome release and neuropathology in HD mice. Our results revealed a new pathological pathway that
affects the critical support of glial cells to neurons in the HD brain. /
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polyglutamine repeat in the N-terminal region of huntingtin (Ross
and Tabrizi, 2011; Bates et al., 2015). Although neuronal cells are

Introduction
Huntington’s disease (HD) is a fatal, autosomal-dominant, in-

herited neurodegenerative disorder that is caused by an expanded
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preferentially degenerated in HD, the function of glial cells is also
affected by mutant huntingtin (mHtt) (Hsiao and Chern, 2010; Lee
etal., 2013). For example, mHtt reduces expression levels of EAAT2
(GLT-1) and potassium ion channel (Kir4.1) in astrocytes, which
consequently increases neuronal excitotoxicity (Shin et al., 2005;
Bradford et al., 2009; Tong et al., 2014). Our recent studies show
that mHtt also decreases BDNF secretion by compromising exo-
cytosis of dense-core vesicles in astrocytes (Hong et al., 2016).
These findings suggest that mHtt may impair multiple functions
in astrocytes.

Recent studies found that astrocytes also secrete exosomes to
support the normal function and survival of neuronal cells (Tay-
lor et al., 2007; Guitart et al., 2016). Exosomes are small membra-
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nous vesicles (40—100 nm) secreted by multiple cell types and can
be isolated from conditioned cell culture media or body fluids.
Functions of exosomes include exchanging signals with neigh-
boring cells, removing unwanted proteins, and transfer of patho-
gens between cells. Exosomes contain different types of mRNA,
miRNA, and proteins, which are dependent on the host cells that
produce exosomes (Théry, 2011; Jarmalavi¢iuté and Pivoriunas,
2016). Exosomes from neuronal cells can spread misfolded pro-
teins between cells, a mechanism underlying the spread of toxic
proteins in the brain (Bellingham et al., 2012; Wang et al., 2017).
However, exosomes from glial cells can carry neuroprotective
molecules to prevent neuron degeneration (Hajrasouliha et al.,
2013; Haney et al., 2013; Zhao et al., 2014; Guitart et al., 2016; Xin
et al., 2017). Astrocyte-derived exosomes carry neuroprotective
cargoes, such as Hsp70 and HspB1, to execute neuroprotective
function (Taylor et al., 2007; Nafar et al., 2016). Whether mHtt is
present in astrocytic exosomes to spread mHtt or affects astro-
cytic exosome biogenesis, release, or both remains unknown.

Using primary astrocyte cultures from the HD 140Q knock-in
(KI) mouse model that express full-length mHtt at the endoge-
nous level, we found that mHtt is undetectable in astrocyte-
derived exosomes, suggesting that mHtt is not transferred by
astrocytic exosomes. Instead, the secretion of exosomes from HD
astrocytes is affected. aB-crystallin is a small heat shock protein
that is enriched in astrocytes as well as oligodendrocytes and
mediates exosome secretion (Gangalum et al., 2016). We found
that aB-crystallin is deficient in HD astrocytes because mHtt
affects its transcription. More importantly, overexpression of
aB-crystallin improved exosome secretion from HD astrocytes
and ameliorated the neuropathology in HD KI mice. Our find-
ings demonstrate, for the first time, that mHtt impairs exosome
secretion by astrocytes, and suggest a new mechanism underlying
non- cell-autonomous neurotoxicity of mHtt.

Materials and Methods

Animals. Full-length Htt 140Q KI mice (Hickey et al., 2008) were main-
tained at the Emory University Animal facility. Both male and female
pups from these mice were used for primary cultures. Male and female
adult mice at different ages were used for viral injection and brain tissue
isolation. This study strictly followed the recommendations in the Na-
tional Institutes of Health Guide for the care and use of laboratory animals.
The protocol was approved by the Committee on the Ethics of Animal
Experiments of Emory University (Permit 2002557).

Antibodies and reagents. Primary antibodies included anti-expanded
polyQ (1C2) (Millipore, MAB1574), anti-Htt (mEM48), anti-V5 (Invit-
rogen, 46-0705), anti-GFAP (Millipore, MAB360), anti-NeuN (Milli-
pore, ABN78), anti-Alix (Millipore, ABC40), anti-flotillin-1 (Millipore,
MABI1118), anti-aB-crystallin (Abcam, ab13496), anti-Hsc70 (Santa
Cruz Biotechnology, sc7298), anti-Hsp90 (Cell Signaling Technology,
4874S), anti-GAPDH (Millipore Bioscience Research Reagents, MAB374),
anti-GM130 (BD Biosciences, 610822), anti-GRP78 (Santa Cruz Biotech-
nology, sc-1051), and anti-CD9 (GeneTex, GTX80172). Secondary antibod-
ies included HRP-labeled donkey anti-mouse, donkey anti-rabbit, donkey
anti-mouse AlexaFluor-488 or -594, and donkey anti-rabbit AlexaFluor-
488 or -594 from Jackson ImmunoResearch Laboratories. The proteinase
inhibitor mixture came from Sigma. The aB-crystallin adenovirus came
from SignaGen Laboratories (SL170680), and the Chromatin Immuno-
precipitation (ChIP) Assay kit came from Millipore.

Primary cell cultures. Brains from postnatal (day 1-3) murine pups
were the source for cultured cortical astrocytes. Following dissection, the
cortex was digested with 0.3 mg/ml papain. The cell suspension was
filtered through 70 wm nylon cell strainers (Fisher Scientific). Shaking
the cell suspension removed microglia and oligodendrocytes from cul-
tures at DIV14. The remaining cells were detached with 0.25% trypsin
and plated for the following experiments. For cortical neuron cultures,
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cortical neurons were prepared from postnatal day 0 murine pups and
the cortex was digested as above. The cell suspension was filtered through
40 pm nylon cell strainers (Fisher Scientific) to remove debris. Neurons
were plated at 1 X 10° on poly-D-lysine-coated 6-well plates and cul-
tured in Neurobasal-A medium supplemented with B27 and glutamine
(Invitrogen).

Western blotting. Primary cultures or brain tissues were homogenized
in ice-cold NP-40 buffer containing a protease inhibitor mixture (Sigma)
and 100 um PMSE. Samples were boiled in protein loading dye contain-
ing SDS/B-mercaptoethanol for 5 min and then separated on 4%-12%
polyacrylamide Tris-glycine gels purchased from Invitrogen (catalog
#EC60385). Proteins were transferred to a nitrocellulose membrane in
Tris-glycine buffer. After blocking, blots were probed overnight with
different primary antibodies and secondary antibodies. The Western
blots were developed using the ECL Prime Chemiluminescence kit (GE
Healthcare).

qRT-PCR. Total RNA was isolated from wild-type (WT) and KI astro-
cytes. Reverse transcription reactions occurred with 1.5 ug of total RNA
using the Superscript III First-Strand Synthesis System (Invitrogen).
Each reaction included 1 ul of cDNA, 10 nl SYBR Select Master Mix
(Applied Biosystems), and 1 ul of each primer in a 20 ul reaction volume
for the thermal cycler (Eppendorf, RealPlex Mastercycler).

Stereotaxic injection. Ten-month-old KI mice were injected with ad-
enoviral aB-crystallin. Heads of the animals were placed and fixed in a
Kopf stereotaxic frame (Model 1900) equipped with a digital manipula-
tor and a UMP3-1 Ultra pump. The mice were kept deeply anesthetized
as assessed by monitoring pinch withdrawal and respiration rate. Each
mouse had 4 ul adenoviral aB-crystallin or adenoviral GFP injections in
different sides of the striatum (0.6 mm anterior to bregma, 2.0 mm lateral
to the midline, 3.5 mm ventral to dura). The injections occurred at a rate
of 0.2 ul/min. The needle was left in place for 10 min after each injection
to minimize the upward flow of viral solution. aB-crystallin-V5 expres-
sion occurred over 30 d in vivo before collecting the brains for further
analysis. Exosomes from WT or KI astrocytes culture resuspended in PBS
for exosome injection. A total of 8 ul of PBS, WT, or KI astrocytic exo-
somes were injected into two sites of striatum in one hemisphere (0.6/0.4
mm anterior to bregma, 2.0 mm lateral to the midline, 3.5 mm ventral to
dura) in 9-month-old KI mice with 4 ul for each site. PBS injection
served as a control. Seven days after injection, the mouse brains were
dissected and prepared for immunocytochemistry.

Immunofluorescent staining. Cultured astrocytes were fixed with 4%
PFA for 8—10 min. Mouse brains were sectioned at 10 um thickness using
a cryostat at —20°C. Sections were mounted onto gelatin-coated sides
and fixed with 4% PFA for 10 min. Fixed sections were blocked with 3%
BSA/0.2% Triton X-100 for 30 min at room temperature. Following
incubation of fixed sections with primary antibodies and washes at 4°C
overnight, fluoro-conjugated secondary antibodies and Hoechst nuclear
dye were added to the samples for staining. An Olympus FV1000 inverted
microscope with a digital camera system captured astrocyte sample and
brain section images. Quantitative analysis of GFAP staining occurred
using the method in our previous studies (Hong et al., 2016). Briefly,
National Institutes of Health Image] software was used to measure GFAP
immunostaining intensity. Color images obtained with a 63X objective
were converted to 8-bit black-and-white images. The “Threshold” func-
tion was used to adjust the background to highlight GFAP-specific stain-
ing. The same threshold was applied to all images captured for analysis.
Finally, the “Measure” function quantified GFAP staining intensity in
each image. Each group had 7-10 images per section and 8 sections per
group were examined.

Purification of exosomes. Exosomes were prepared from culture me-
dium as described previously (Théry et al., 2006; Takeuchi et al., 2015;
Iguchi et al., 2016; Westergard et al., 2016). Briefly, astrocytes were cul-
tured in 100 mm dish (2 X 10°). The astrocyte culture medium was
replaced with the culture medium containing 10% exosome-free FBS
(EXO-FBS-50A-1, SBI). After 24 h incubation, astrocyte culture medium
was transferred to a centrifuge tube and centrifuged sequentially at 300 X g
for 10 min, 2000 X g for 10 min, 10,000 X g for 30 min, and 100,000 X g
for 70 min. The pellet was resuspended in cold PBS and centrifuged at
100,000 X gfor an additional 70 min. The exosome-containing pellet was
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resuspended in appropriate buffers. All centrifugations occurred at 4°C.
After removing cell culture medium, astrocytes were lysed in NP40
buffer. The purity of exosomes was identified by Western blotting using
exosome marker antibodies to Alix, flotillin-1, and HSC70 as described
in previous studies (Théry et al., 2006; Takeuchi et al., 2015; Iguchi et al.,
2016; Westergard et al., 2016). Western blotting results show that only
exosome markers, but not ER and Golgi markers, are present in exosome
fraction, indicating the purity of exosomes. The ratio of Alix or flotillin-1
in the exosome fraction to those in the total astrocytes lysates was used to
estimate the amount of exosome secreted from WT and KI astrocytes.

Exosomes from mouse brain tissues were prepared as previously de-
scribed (Perez-Gonzalez et al., 2012; Polanco et al., 2016). In brief, the
striatum were dissected from HD KI and age- and gender-matched WT
controls. These tissues were chopped before being treated with 20 units/ml
papain in Hibernate A solution for 15 min at 37°C. The reaction was
stopped with 2 volumes of cold Hibernate A solution containing protease
inhibitor mixture. The tissues were gently disrupted by pipetting with a
10 ml pipette, followed by a series of differential centrifugation as de-
scribed above. The supernatant from the 10,000 X g centrifugation step
was filtered through a 0.22 wm syringe filter and centrifuged at 100,000 X g
for 70 min at 4°C to pellet exosomes. The pellet was then solubilized in
cold PBS and centrifuged at 100,000 X g for 70 min. The washed pellet
was resuspended in 2 ml of 0.95 M sucrose in 20 mm HEPES, then added
to a centrifuge tube containing continuous sucrose gradients (from bot-
tom 2.0, 1.65, 1.3, 0.95, 0.6, to 0.25 M on top, 2 ml each gradient). The
continuous sucrose gradients were centrifuged at 200,000 X g for 16 h at
4°C. The original six, 2 ml fractions were collected and resuspended in
8 ml ice-cold PBS, followed by 100,000 X g centrifugation for 70 min at
4°C. Finally, pellets were resuspended in appropriate buffers. Exosome
markers should be mainly present in F3 as shown by Western blotting.

Electron microscopy and immunogold labeling. Exosomes prepared as
described above were deposited on collodion-carbon-coated grids and
fixed with 2% PFA. The exosomes were permeabilized with 0.1% sapo-
nin, followed by immunolabeling with a primary antibody to CD9 and a
secondary antibody conjugated with 10 nm gold particles. The exosomes
were negatively stained with uranyl acetate for transmission electron
microscopy.

ChIP. The ChIP assay, including semiquantitative PCR, was per-
formed as described previously (Bradford et al., 2009). Astrocyte lysates
were combined with reagents from the Millipore ChIP Assay kit. After
cross-linking, rabbit anti-Sp1 was used to precipitate the SpI-DNA com-
plex. PCR primers are as follows: forward, 5'AAG ATT CCA GTC CCT
GCC CAG 3'; reverse, 5" TCA CTA GCT CTC TGT CCA CAC C 3.
Proliferating cell nuclear antigen (PCNA) (forward, 5" TCC TAA GGA
TGG AAA CTG CAG CCT 3'; reverse, 5' ATA GGC GAG GGG CAT
CAC GG 3') was used to amplify the enhancer region of the mouse
aB-crystallin gene. PCR amplification with the precipitates from rabbit
IgG or absent templates served as negative controls.

Experimental design and statistical analysis. Experiment 1: mHtt is not
detectable in exosomes secreted by cultured astrocytes. To investigate
whether mHtt is present in the astrocytic exosomes, we isolated exo-
somes from the culture medium of DIV30 cultured astrocytes isolated
from HD 140Q KI mice (1 = 4 per group). The purity of exosomes was
examined by the electron microscopy and Western blotting.

Experiment 2: Astrocytic exosomes have protective effect in HD pa-
thology. To assess the protective effect of exosomes isolated from astro-
cytes, we injected PBS, purified exosomes from cultured WT or KI
astrocytic medium into the striatum of HD KI mice. Both male and
female HDKI mice at 9 months old were used for stereotaxic injection
(n = 3 each group). Seven days after the injection, we performed immu-
nofluorescent staining to examine the mHtt aggregate density in the
injected areas. Each group had 8 sections, and 7-10 images per section
were examined.

Experiment 3: mHtt reduces exosome secretion from cultured astro-
cytes. To examine whether mHtt affects the secretion of astrocytic exo-
somes, we isolated exosomes from DIV30 WT and HD KI astrocyte
culture medium and compared the levels of exosome markers (Alix and
flotillin-1) by Western blotting. All of the experiments were performed at
least three times.
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Experiment 4: N-terminal fragments of mHtt impair exosome secre-
tion from cultured astrocytes. To investigate whether exosome secretion
from astrocytes is affected by mHtt, we transfected different N-terminal
fragments into DIV30 WT astrocytes and compared the levels of exo-
some markers by Western blotting. # = 4 independent experiments of
each fragment transfection.

Experiment 5: mHtt decreases exosome secretion from the KI mouse
striatum. To investigate whether mHtt affects exosome secretion in the
HD KI mouse brain, we isolated exosomes from the cortex and the stria-
tum and compared the levels of exosome markers between WT and KI by
Western blotting. Both male and female mice were used for exosome
isolation (WT vs KI, #n = 3/per group). More detailed information can be
found in Results (see Fig, 5).

Experiment 6: mHtt impairs aB-crystallin expression both in cultured
astrocytes and in the striatum. To examine whether aB-crystallin is de-
creased in the HD KI mouse model, we performed qPCR and Western
blotting to examine the mRNA and protein levels of aB-crystallin used in
this experiment. Cultured astrocytes from WT mice served as a control.
All of the experiments were performed at least three times. The striatum
was isolated from different ages of HD KI mice (3-, 8-, and 10-month-
old, n = 3/per group).

Experiment 7: Spl mediates aB-crystallin expression in astrocytes. To
investigate whether mHtt reduces Spl occupancy of the aB-crystallin
enhancer, we cultured astrocytes at different days (28 and 35 d) and
performed CHIP assay to examine whether mHtt reduces the association
of Spl with the aB-crystallin enhancer in HD KI astrocytes. Cultured
astrocytes from WT mice served as a control. PCNA also served as a
control. n = 3 independent cultures at each age. More detailed informa-
tion can be found in Results (see Fig, 7).

Experiment 8: aB-crystallin overexpression rescues defective exosome
secretion from KI astrocytes. To examine whether overexpression of aB-
crystallin can rescue exosome release from HD KI astrocytes, we trans-
fected aB-crystallin-HA plasmid into the cultured KI astrocytes and
injected aB-crystallin adenovirus into the striatum of HD KI mice. GFP
plasmid, adenoviral-GFP, and adenoviral vector served as controls.
Three HD KI mice were injected with each viral vector. We performed
Western blotting to compare levels of exosome markers and Immuno-
fluorescent staining to compare mHtt aggregates numbers and reactive
astrocytes (GFAP) intensity between control and aB-crystallin overex-
pression. More detailed information can be found in Results (see Fig. 8).

Statistical analysis. All statistical analyses were performed using Prism
(version 6.00, GraphPad Software). All of the experimental data were
obtained from at least three independent experiments. Both sexes of mice
were used for primary cultures and tissue isolation. Individual statistical
analyses are described in detail alongside each experiment in Results.
Comparisons of multiple groups were performed using one-way ANOVA
followed by post hoc tests. Comparisons of two groups were performed
using an unpaired two-tailed Student’s t test. Data are presented as the
mean * SEM, and the significance was set at p < 0.05.

Results

mHtt is not detectable in exosomes secreted by

cultured astrocytes

Previous research indicates that mHtt may spread from cell to cell
(Pecho-Vrieseling et al., 2014; Jeon et al., 2016; Zhang et al.,
2016). To examine whether mHtt is a cargo of astrocyte-derived
exosomes, we isolated exosomes from the culture medium of
primary astrocytes from HD140Q KI mice following the estab-
lished protocol for exosome isolation (Théry et al., 2006). Briefly,
we harvested culture medium of 30-d-old primary astrocytes and
centrifuged it at a series of low and high speeds to isolate exosomes
(Fig. 1A). Transmission electron microscopy of the putative exo-
some fraction stained with anti-CD9 (an exosome marker) and im-
munogold labeling showed exosomes of the proper size (40—-100 nm)
(Fig. 1B) in the isolated exosome fraction. Western blotting re-
sults showed that additional exosome markers, such as Alix,
flotillin-1, and Hsc70, but not Grp78 (ER marker) and GM 130
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mHtt is not detectable in exosomes secreted by cultured astrocytes. A, Experimental scheme of the exosome purification from astrocyte culture medium. Sequential centrifugations of

the culture medium eventually yield the supernatant and exosome pellet fractions. B, Inmunoelectron microscopic images of the exosome fraction stained with anti-CD9 antibody and secondary
antibody conjugated with 10 nm gold nanoparticles. Scale bars, 50 nm. ¢, Western blotting analysis of the cellular lysates, supernatant, and exosome fractions using antibodies against the proteins
indicated. Alix, flotillin-1, and Hsc70 were detected in the exosome fraction, but Grp78 and GM130 were not. 1C2 immunoblotting revealed that Htt is not found in the astrocytic exosome fraction.
D, E, Western blotting with 1C2 antibody showed the absence of Htt in neuronal exosomes. Although Hsc70 and Alix were found at equivalent levelsin astrocytic and neuronal lysates, they are more
abundant in astrocytic exosomes than in neuronal exosomes (Hsc70, t = 4.537, df = 6, p = 0.0039; Alix, t = 3.087, df = 6, p = 0.0215; Student’s t test, n = 4 independent cultures). *p << 0.05,

*p < 0,01,

(Golgi marker), are also in the exosome fraction, indicating the
purity of exosomes (Fig. 1C). Misfolded proteins, such as APP
and a-synuclein, associated with certain neurodegenerative dis-
orders, are present in exosomes that are released from neurons
(Bieri et al., 2017; Xiao et al., 2017). We also isolated exosomes
from cultured HD KI neurons. Interestingly, we did not detect
mHtt in the exosomes released from either HD KI astrocytes or
neurons (Fig. 1D). By comparing exosomes released from astro-
cytes and neurons having the same quantity of proteins in their
lysates, we found that astrocytes secreted more exosomes with
more Hsc70 than neurons (Fig. 1E). A previous report showed
that exosomes isolated from plasma could be injected directly
into the mouse brain and then diffused from the injected site

(Zheng et al., 2017). To assess the protective effect of exosomes
isolated from astrocytes, we injected exosomes isolated from the
medium of cultured WT or KI astrocytes into the striatum of HD
KI mice. Seven days after the injection, we observed a significant
decrease in mHtt aggregate density in the injected areas of WT
astrocytic exosomes. We also found that exosomes from KI as-
trocytes show less effect on Htt aggregates than those from WT
astrocytes, supporting the idea that less exosomes were secreted
from the KI astrocytes (Fig. 2). It has been demonstrated that
exosomes can be taken up by neighboring or distal cells, thus
spreading the proteins they carry and subsequently modulating
recipient cells (Danzer et al., 2012; Russo et al., 2012). Thus,
exosomes secreted by astrocytes carry heat shock proteins, such
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Figure2.  Astrocytic exosomes reduce mHtt aggregate in the striatum of HD KI mice. A, Exosomes were isolated from the culture medium of the same amount (4 X 10° astrocytes) of WT or KI
astrocytes and resuspended in PBS. Exosomes from WT or Kl astrocytic culture or PBS were injected into the striatum of 9-month-old HD KI mice. Seven days later, the injected striatum was analyzed.
High-magnification (63X objective) micrographs showing mHtt aggregates (red), NeuN (green), and nuclei stained by Hoechst (blue) in the striatum of 9-month-old HD KI mice. Scale bars, 5 m.
B, Quantitative analysis shows a significantly decreased number of mHtt aggregates in the site injected with WT astrocytic exosomes compared with the site that was injected with PBS or exosomes
from Kl mice astrocytes (F, 1,7, = 39.45, p << 0.0001; PBS vs WT, p << 0.0001; PBS vs KI, p << 0.0001; WT vs KI, p = 0.0003; one-way ANOVA followed by Tukey's test, n = 60 images from 3 HD

Kl mice in each group). ***p < 0.001.

as Hsc70, Hsp70, and other molecules, which can help appropri-
ate protein folding and promote the degradation of mutant
proteins by the ubiquitin-proteasome system in neurons. This
finding underscores the significant role of astrocyte-derived exo-
somes in preventing the accumulation of mHtt in neurons.

mHtt reduces exosome secretion from cultured astrocytes

Given that astrocytic exosomes are protective and that mHtt can
impair dense-core vesicles release from astrocyte cultures (Hong
etal., 2016), we examined whether mHtt affects the secretion of
astrocytic exosomes. Therefore, we isolated exosomes from WT
and HD KI astrocyte cell culture medium. Western blotting re-
sults showed that two exosome markers, Alix and flotillin-1, are
equally present in the lysates of WT and KI astrocytes. However,
both Alix and flotillin-1 levels decreased in the isolated exosomes
from HD KI astrocytes compared with WT astrocytes (Fig. 3A).

Quantitative analysis of the ratios of Alix or flotillin-1 in HD KI
exosomes to that in WT exosomes showed 59.2% and 34.1%
reduction, respectively (Fig. 3B). MTS cell proliferation assays
indicated that cell viability remained the same in WT and HD KI
astrocytes (n = 4 independent cultures, WT vs KI, t = 0.663, df = 6,
p = 0.532, Student’s ¢ test). These results suggest that mHtt does not
affect the biogenesis of exosome proteins but impairs exosome se-
cretion from astrocytes.

N-terminal fragments of mHtt impair exosome secretion
from cultured astrocytes

Because small N-terminal mHtt is much more toxic than long
mHtt fragments (Davies et al., 1997; Schilling et al., 1999; Slow et
al., 2003; Gray et al., 2008), we investigated whether exosome secre-
tion from astrocytes is affected in a fragment length-dependent
manner. We transfected different Htt N-terminal fragments (Htt-
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Exonl-20Q, -120Q; Htt-21222-23Q, -150Q; Htt-508aa-23Q, -120Q)
into WT astrocytes (Fig. 4A, B). Western blotting results showed
that, in cell lysates, Alix and flotillin-1 levels are equivalent be-
tween WT and mutant N-terminal Htt fragment-transfected
astrocytes (Fig. 4C,E). However, in exosomes derived from astro-
cytes transfected with other N-terminal Htt fragments, Alix and
flotillin-1 levels were significantly reduced when mutant Exon-1
Htt and Htt-212 fragments, but not the longer fragment
(Htt-508), were expressed compared with their WT counter-
parts (Fig. 4 D, E). These results indicate that small N-terminal
mHtt fragments were able to inhibit exosome secretion from
astrocytes.
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mHtt decreases exosome secretion from KI mouse striatum
Next, we wanted to determine whether mHtt affects exosome
secretion in the HD KI mouse brain. We isolated exosomes from
fresh mouse brain cortical tissues to examine exosome secretion
invivo. The fresh cortex tissues were treated with papain to loosen
the extracellular matrix and to release extracellular materials
(Perez-Gonzalez et al., 2012; Baker et al., 2016; Polanco et al.,
2016). The mild papain treatment does not break cell membranes
and prevents the contamination of the extracellular fluid with
intracellular vesicles. Following a series of low- and high-speed
centrifugations, exosomes derived from the cortex were further
purified by a sucrose step gradient (Fig. 5A). We found that frac-
tion 3 (F3 = 0.95 M sucrose) showed the highest levels of exosome
markers, Alix and flotillin-1 (Fig. 5B), which is consistent with
the previous reports (Perez-Gonzalez et al., 2012; Polanco et al.,
2016), indicating that the purified exosomes are in the third frac-
tion in the gradient. We then compared the ratio of Alix and
flotillin-1 in F3 with those in the brain tissue lysates from 10-
month-old WT and KI mice. Although Alix and flotillin-1 levels
were not different in the cortex or striatum lysates from WT and
HD KI mice, Alix and flotillin-1 levels were decreased signifi-
cantly in the exosome fraction isolated from the HD KI striatum,
not in the HD KI cortex compared with WT controls (Fig. 5C,D).
In HD KI mice, only the N-terminal mutant Htt forms aggre-
gates, and these aggregates are more abundant in the striatum
than the cortex (Li et al., 2000, 2001). Given that mHtt aggrega-
tion is a pathological hallmark resulting from the accumulation
of misfolded proteins, we examined mHtt aggregation in both
astrocytes and neurons. In the double immunofluorescence
staining study using antibodies to an astrocytic marker (GFAP)
or a neuronal marker (NeuN) and anti-Htt (mEM48), we found
the presence of nucleic mHtt aggregates in both astrocytes and
neurons in the striatum of 10-month-old HD KI mice (Fig. 5E).
As reported previously, neuronal aggregates are much larger and
more abundant than glial Htt aggregates (Shin et al., 2005; Brad-
ford et al., 2009) because glial cells are able to clear misfolded
proteins more efficiently (Tydlacka et al., 2008; Zhao et al., 2016).
The presence of aggregated mHtt in astrocytic nuclei supports the
idea that mHtt can also accumulate in the nuclei of astrocytes to
affect gene transcription (Bradford et al., 2009).

mHtt impairs aB-crystallin expression both in cultured
astrocytes and in the striatum

The nuclear localization of mutant Htt in astrocytes led us to
investigate whether mHtt affects the transcription of molecules
that are important for the release of exosomes. Previous studies
show that aB-crystallin, which mediates exosome secretion (Ganga-
lumetal., 2016), is decreased in HD mouse models, such asR6/2 and
BACHD mice (Zabel et al., 2002; Oliveira et al., 2016). When com-
paring the expression of aB-crystallin in cultured astrocytes and
neurons, we found that aB-crystallin is much more abundant in
astrocytes (Fig. 6A). This marked difference led us to examine
whether aB-crystallin is also decreased in the HD KI mouse
model that expresses full-length Htt at the endogenous level. We
used real-time PCR to determine mRNA levels of aB-crystallin in
cultured HD KI astrocytes and found that the level of aB-
crystallin mRNA does not change at 28 d but decreases at 35 d
compared with WT astrocytes (Fig. 6B). Consistently, Western
blotting revealed that the level of aB-crystallin protein also de-
creased at 35 d in cultured KI astrocytes compared with WT
astrocytes and other heat shock proteins (Fig. 6C,D). Next, we
examined aB-crystallin protein levels in the striatum of HD KI
mice to determine whether it is altered during the progression of
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the disease. The striatum was isolated from HD KI mice at differ-
ent ages (3-, 8-, and 10-month-old) and lysed for Western blot-
ting analysis. aB-Crystallin was not altered until 10 months of age
and showed a decrease compared with the WT control after 10
months of age (Fig. 6E). The age-dependent decrease in aB-
crystallin stays consistent with the age-dependent accumulation
of N-terminal Htt fragments and the formation of Htt aggregates
in the HD KI mouse striatum.

Sp1 mediates aB-crystallin expression in astrocytes
Although aB-crystallin is decreased in HD mouse brains (Zabel
etal., 2002; Oliveira et al., 2016), the mechanism underlying this

decrease remains unknown. Because mRNA levels of aB-cry-
stallin are reduced in HD KI astrocytes, we hypothesized that
mHtt inhibits aB-crystallin transcription by affecting its pro-
moter activity. Sp1 regulates the activity of aB-crystallin by bind-
ing to its enhancer to activate its promoter (Swamynathan et al.,
2007). Based on the fact that N-terminal mHtt binds Sp1 in as-
trocytes and affects the Spl-dependent transcription of GLT-1
(Bradford et al., 2009), we asked whether mHtt in HD KI astro-
cytes also reduces Sp1 occupancy of the aB-crystallin enhancer.
Because mHtt’s accumulation in the nuclei of astrocytes is age-
dependent (Shin et al., 2005; Bradford et al., 2009), we performed
a ChIP assay using 28-d-old (KIy) and 35-d-old (KI,) astrocyte
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mHtt decreases exosome secretion from HD KI mouse striatum. A, Brain exosome isolation experimental flow chart. B, Western blotting showing that exosome markers, Alix and

flotillin-1, are mainly present in F3. C, In the cortex or the striatum, lysates from WT and KI mice, Alix and flotillin-1, were equivalent. However, Alix and flotillin-1 levels significantly decreased in the
exosome fraction derived from the HD Kl striatum, but not the HD KI cortex compared with WT controls. D, Quantifying ratios of Alix and flotillin-1in exosomes to those in the cortex or striatal lysates
inF3 (cortex, Alix, t = 1.008, df = 4, p = 0.3706; flotillin-1,t = 0.832, df = 4, p = 0.452; striatum, Alix, t = 5.689, df = 4, p = 0.0047; flotillin-1,t = 6.771,df = 4, p = 0.0025; Student's t
test, WTand KI, n = 3 mice in each genotype). E, Inmunostaining showing nuclei mHtt aggregates in both astrocytes and neurons in 10-month-old HD Kl striatum. mHtt (red) was probed by 12
antibody. GFAP (green, top) indicates astrocytes, and NeuN (green, bottom) indicates neurons. Top, Arrow indicates the small aggregate in the nucleus of astrocyte. Bottom, Arrows indicate the large

aggregates in the nuclei of neurons. **p << 0.01.

cultures from HD KI mice to examine whether mHtt could re-
duce the association of Spl with the aB-crystallin enhancer in
HD Kl astrocyte. A greater reduction occurred in the association
of Sp1 with the enhancer of aB-crystallin in older (35 d) astro-
cytes (Fig. 7A). However, the association of Spl with the aB-
crystallin enhancer showed no difference between old (WT,) and

young WT (WTy) astrocytes (Fig. 7A). These results support the
idea that aB-crystallin expression only decreases in the older HD
KT astrocytes.

If decreased aB-crystallin levels result from deficient Sp1-
mediated transcription in KI astrocytes, then overexpression of
Sp1 should rescue decreased aB-crystallin expression and pro-
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p = 0.02; 8 month vs 10 month, p = 0.0427; one-way ANOVA followed by Tukey’s test; n = 3 mice at each age). *p << 0.05, **p << 0.01.

mote exosome secretion. We then generated an Sp1-HA plasmid
to overexpress it in cultured astrocytes. Forty-eight hours after
transfection, Western blotting verified that the endogenous aB-
crystallin increases by Sp1 overexpression (Fig. 7B). Moreover,
flotillin-1 increased in the purified exosomes from Spl-over-
expressed KI astrocytes compared with the controls (Fig. 7C,D).
These results suggest that the abnormal association of mHtt with
Spl can reduce Spl-mediated aB-crystallin expression, leading
to defective exosome secretion from astrocytes.

aB-crystallin overexpression rescues defective exosome
secretion from KI astrocytes

Because Sp1 can mediate the expression of a number of genes, it
would be important to ask whether direct expression of aB-cry-
stallin can rescue exosome release from HD KI astrocytes. We there-
fore generated aB-crystallin-HA plasmid to overexpress it in cultured
HD Kl astrocytes. Forty-eight hours after transfection, Western blot-
ting verified that the expression of aB-crystallin-HA could signifi-
cantly increase flotillin-1 in the exosome fraction (Fig. 8A).
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To confirm the effect of aB-crystallin overexpression in vivo,
we used aB-crystallin-V5 adenovirus for overexpression in the
striatum of HD KI mice via stereotaxic injection. Expression of
aB-crystallin-V5 was driven by the CMV promoter, which has
high tropism toward astrocytes in the mouse brain (Iino et al.,
2001; Yue et al., 2005; Hong et al., 2016). We isolated exosomes
from the striatum of HD KI mice 30 d after stereotaxic injection.
Western blotting results confirmed the expression of transgenic
aB-crystallin with anti-V5 in the striatal lysates (Fig. 8B). In these
lysates, flotillin-1 was also slightly increased whereas Hsc70 re-
mained unchanged compared with the adenoviral-GFP control.
We then purified the exosome fraction and found that both
Hsc70 and flotillin-1 significantly increased in exosomes after
aB-crystallin overexpression (Fig. 8C), suggesting an increase in
the released exosomes.

Aggregated Htt appeared as a high MW smear on Western blots
and decreased when transgenic aB-crystallin was expressed (Fig.
8B). To confirm this, we performed immunofluorescent double
staining of the striatum of HD KI mice after injection with an adeno-
viral vector or adenoviral aB-crystallin. EM48 immunostaining
clearly showed a reduction in mHtt aggregates in the aB-crystallin-
injected striatum (Fig. 8D). In HD KI mouse brains, the increased
staining of GFAP reflects reactive astrocytes in the absence of neuro-
nal loss (Yu et al., 2003), which is an early pathology of HD. There
was also a reduction of reactive astrocytes by transgenic aB-crystallin
(Fig. 8D). Quantitative analysis of the density of EM-48-labeled
aggregates and GFAP-positive astrocytes confirmed that overexpres-
sion of aB-crystallin decreases mHtt aggregates and reactive astro-
cytes (Fig. 8E), which supports the idea that aB-crystallin-mediated
exosome secretion protects against HD neuropathology.
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Discussion

Exosomes are a type of extracellular vesicles that are secreted
from multiple types of cells into biological fluids (Pisitkun et al.,
2004; Caby et al., 2005; Vella et al., 2008). Our findings suggest
that exosomes secreted from astrocytes are protective against HD
pathology. Moreover, mHtt inhibits the release of exosomes from
astrocytes, revealing a previously uncovered mechanism for non—
cell-autonomous neurotoxicity in HD.

Exosomes can transfer lipids, proteins, and RNAs between
cells to play important roles in cell-cell communication under
physiological and pathophysiological conditions (Théry et al.,
2002; Colombo et al., 2014; Levy, 2017; Maas et al., 2017). Emerg-
ing evidence indicates that a number of proteins related to neu-
rodegenerative disorders, including prion disease, Parkinson’s
disease, and Alzheimer’s disease, are present in exosomes and
transported by exosomes between cells (Coleman and Hill, 2015).
Transfected mutant Htt in cultured cells was also reported to
transfer to neighboring cells in culture (Costanzo et al., 2013). In
addition, injection of exosomes released from fibroblasts of HD
patients into newborn mouse brains triggered the manifestation
of an HD phenotype (Jeon et al., 2016). However, it remains
unknown whether endogenous exosomes contain mHtt. After
examining exosomes isolated from HD KI astrocytes and neu-
rons, we found no evidence for the presence of mHtt in exosomes
from these two types of brain cells. It seems that disease proteins
are differentially carried by exosomes, and their transport be-
tween cells is dependent on the nature of the proteins. Huntingtin
is a much larger protein than Tau, a-synuclein, which are smaller
and more easily packed into exosomes. Although we could not
detect mHtt in exosomes isolated from cultured astrocytes in
vitro, we cannot rule out the presence of mHtt in astrocytic exo-
somes in the brain. It is known that, before being released into
extracellular space, exosomes are packaged into MVB, whose
transport in cells is microtubule-dependent. Because mHtt can
compromise microtubule-dependent transport (Saudou and
Humbert, 2016), it is possible that mHtt affects exosome secre-
tion from other types of cells, including neurons via a mechanism
different from that for the impaired secretion of exosomes from
astrocytes.

Our findings suggest that exosomes are more likely to serve a
protective function in the HD brains. We obtained several lines of
evidence to support this idea. First, injection of exosomes into the
HD KI mouse brain led to reduced HD-like neuropathology.
Second, exosome secretion in the HD KI mouse brain decreased
with mouse age and correlates with increased formation of mHtt
aggregates. Third, mHtt inhibits aB-crystallin expression to re-
duce exosome secretion, whereas overexpression of aB-crystallin
reverses this defect and its neuropathology. These findings are
consistent with the emerging evidence that astrocyte-derived
exosomes carrying neuroprotective cargo, such as heat shock
proteins, contribute to neuronal survival (Taylor et al., 2007;
Nafar et al., 2016). For example, exosomes derived from adipose-
derived stem cells significantly decreased mHtt aggregates in cul-
tured neuronal cells from R6/2 mice (Didiot et al., 2016; Lee et al.,
20165 Lee et al., 2017). Because astrocytes from HD KI mice se-
crete less exosomes, the reduced secretion of exosomes from HD
KI astrocytes may provide less protection to neurons in the HD
mouse brains.

The fact that mHtt inhibits the expression of aB-crystallin to
affect the release of exosomes from astrocytes is the most inter-
esting finding from these studies. This defect is likely to contrib-
ute to HD neuropathology, as aB-crystallin plays a crucial role in
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several neurodegenerative disorders. For example, aB-crystallin
can prevent amyloid fibril formation and reduces the toxicity of
amyloid-B peptide in cells (Hochberg et al., 2014). aB-crystallin
also inhibits the aggregation of a-synuclein fibrils in Parkinson’s
disease (Rekas et al., 2004; Waudby et al., 2010). The protective
role of aB-crystallin in HD is also supported by the finding that
expressing a mHtt fragment in the lens of mice lacking aB-
crystallin markedly accelerated the onset and severity of mHtt
aggregation (Muchowski et al., 2008). Decreased aB-crystallin
levels were found in two HD mouse models, R6/2 and BACHD
mice (Zabel et al., 2002; Oliveira et al., 2016), but the mechanism
underlying this reduction remains uninvestigated. Our finding
that mHtt reduces the expression of aB-crystallin to reduce exo-
some secretion is consistent with several known facts. First, aB-
crystallin is mainly found in glial cells, but not neurons (Imura et
al., 1999; Wyttenbach, 2004). Second, Sp1 regulates aB-crystallin
transcription, whose function could be impaired by mHtt via
abnormal protein interaction (Dunah et al., 2002; Li et al., 2002;
Chen-Plotkin et al., 2006; Bradford et al., 2009). Third, only
N-terminal Htt fragments accumulate in the nucleus, which can
lead to gene transcription dysregulation and mHtt aggregations
in an age-dependent manner. Consistently, we found that oB-
crystallin also decreased in 10-month-old KI mice, in which N-terminal
mHtt has obviously accumulated in the nuclei of striatal cells to
form aggregates.

Because mHitt affects the secretion of astrocytic exosomes, this
finding also offers new mechanistic insight into the HD pathol-
ogy, especially the non—cell-autonomous neurotoxicity of mHtt.
It is well known that mHtt preferentially affects the neurons in
the striatum (Ross and Tabrizi, 2011; Bates et al., 2015). This
preferential neurodegeneration likely results from different and
multiple pathological pathways, including cell-autonomous or
non-cell-autonomous disease processes (Ross and Tabrizi, 2011;
Lee et al., 2013; Bates et al., 2015). Increasing evidence also indi-
cates that mHtt affects multiple functions of glial cells to promote
neurodegeneration (Hsiao and Chern, 2010; Lee et al., 2013). Of
these adverse effects of mHtt in glial cells, transcriptional dys-
regulation appears to be a major mechanism for the toxic effect of
mHtt in glial cells (Shin et al., 2005; Bradford et al., 2009; Tong et
al., 2014; Huang et al., 2015). By examining exosomes released
from astrocytes, we provide new evidence for the critical role of
astrocytes in HD pathogenesis. Because mHtt is not found in the
astrocytic exosomes, improving exosome secretion from astro-
cytes may be a potential, novel therapeutic strategy for HD.
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