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Abstract Huntington’s disease (HD) is a deadly neurode-
generative disease with abnormal expansion of CAG
repeats in the huntingtin gene. Mutant Huntingtin protein
(mHTT) forms abnormal aggregates and intranuclear
inclusions in specific neurons, resulting in cell death. Here,
we tested the ability of a natural heat-shock protein 90
inhibitor, Gedunin, to degrade transfected mHTT in Neuro-
2a cells and endogenous mHTT aggregates and intranu-
clear inclusions in both fibroblasts from HD patients and
neurons derived from induced pluripotent stem cells from
patients. Our data showed that Gedunin treatment degraded
transfected mHTT in Neuro-2a cells, endogenous mHTT
aggregates and intranuclear inclusions in fibroblasts from
HD patients, and in neurons derived from induced pluripo-
tent stem cells from patients in a dose- and time-dependent
manner, and its activity depended on the proteasomal

Weiqi Yang, Jingmo Xie, Qiang Qiang and Li Li have contributed
equally to this work.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s12264-019-00421-5) contains sup-
plementary material, which is available to authorized users.

< Hexige Saiyin
saiyin@fudan.edu.cn

P4 Lixiang Ma
Ixma@fudan.edu.cn

Department of Anatomy, Histology and Embryology, School
of Basic Medical Sciences, Fudan University,
Shanghai 200032, China

School of Medical College, Hexi University,
Zhangye 734000, China

Department of Anatomy, Histology and Embryology,
Zhaoqing Medical College, Zhaoqing 526000, China

@ Springer

pathway rather than the autophagy route. These findings
also showed that although Gedunin degraded abnormal
mHTT aggregates and intranuclear inclusions in cells from
HD patient, it did not affect normal cells, thus providing a
new perspective for using Gedunin to treat HD.

Keywords Huntington’s disease - Gedunin - Degradation -
Mutant Huntingtin protein

Introduction

Huntington’s disease (HD), a devastating and rare mono-
genic neurodegenerative disease, is caused by an expansion
of the polyglutamine (polyQ) coding sequence in the
huntingtin gene (HTT) [1-3]. HD patients endure slow and
relentless deterioration of cognitive, motor, and psychiatric
abilities from the onset of disease [4, 5]. HD progresses for
15 to 30 years, imposing a heavy mental and economic
burden on patients and their families [6, 7]. Mutant
Huntingtin protein (mHTT) containing > 37 polyQ repeats
is prone to misfolding and aggregates to form tangles and
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dislocates to the nucleus [8—10]. mHTT causes abnormal
protein interactions in cells and is sequestrated with vital
cellular components, resulting in the loss of normal
functions and gain of toxic functions [9, 11-13]. Abnormal
aggregation of mHTT and intranuclear inclusions of mHTT
lead to the selective loss of striatal GABAergic neurons,
causing devastating uncontrolled movements [14]. Small
molecules provide a promising strategy to degrade or
correct the abnormal aggregates and intranuclear inclusion
of mHTT in HD patients.

Heat-shock protein 90 (Hsp90), a chaperone protein,
maintains the stability and survival of various cells under
stress [15, 16]. It preserves the function of aberrant proteins
in neurons, resulting in the accumulation of abnormal protein
aggregates in neurons such as mHTT, a-synuclein, and tau
[17, 18]. Hsp90 binds to the N-terminus of mHTT and
interacts with ubiquitin-specific protease 19 (USP19), a de-
ubiquitinating enzyme [19]. The binding of USP19 with
Hsp90 promotes mHTT aggregation, and disrupting the
binding reduces the effect of USP19 on mHTT-N90 [19].
Previous research has shown that 17-AAG, an Hsp90
inhibitor, inhibits the formation of the stable Hsp90 complex
and changes the stable form of Hsp90 to a proteasome-
targeting form, resulting in proteasomal degradation [20].
NVP-AUY922, another Hsp90 inhibitor, reduces the mHTT
levels in different types of cells, including embryonic stem
cell-derived neurons, by disrupting the association of Hsp90
with other proteins or by decreasing mHTT RNA [20].
Gedunin, a natural Hsp90 inhibitor, is isolated from plants of
the Meliaceae family and has been used to treat malaria and
other infectious diseases in traditional Indian medicine [21].
Thus, it is reasonable to speculate that Gedunin may have the
potential to degrade abnormal mHTT aggregates. As
Gedunin is already known to be safe, an ability to degrade
mHTT aggregates would make it a promising candidate for
treatment of HD.

Therefore, we set out to test the ability of Gedunin to
degrade the mHTT aggregates and intranuclear inclusion in
fibroblasts and neurons from HD patients and in transfected
cells, and determine by which way Gedunin degrades in
this study.

Materials and Methods

Culture of Fibroblasts from HD Patients
and Healthy Siblings, and Human Induced
Pluripotent Stem Cells (hiPSCs)

The study was approved (No. 28) by the Ethics Committee
of the Institutes of Biomedical Sciences at Fudan Univer-
sity. All members of the HD families gave informed
consent. We used cells from four HD patient and two

healthy siblings. Fibroblasts were obtained from the skin of
HD patients and healthy siblings and grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) (Life Technologies, USA). The fibroblasts
were passaged for 4-5 days. We generated hiPSCs from
fibroblasts using transfected Yamanaka’s factors (Oct4,
Sox2, KIf4, and c-Myc) with Sendai virus in feeder-free
defined culture conditions (data not shown). All hiPSCs
were maintained on Matrigel in E§ medium.

Plasmid Transfection

We plated Neuro-2a cells in 12-well dishes and transfected
each dish with 2 pg of the vector containing EGFP-Q74
that included the first exon of an mHTT gene that harbored
74 CAG repeats using Lipofectamine 2000 according to the
manufacturer’s instructions and cultured the cells for
another 3 h.

Gedunin Dosage and Treatment

We prepared a 100 mmol/L stock solution of Gedunin in
DMSO and used fresh medium to dilute it to the working
concentrations of 5 pmol/L-20 umol/L. To show effects
on the mHTT-p23 complex, we treated the transfected cells
with 20 pmol/L. Gedunin for 24 h after transfection. In the
proteasome-inhibition study, we treated the transfected
cells with 20 pmol/L. Gedunin for 6 h after transfection and
then added 5 pmol/L or 10 pmol/L MG132.

Cell Line Culture

The Neuro-2a cells were incubated at 37 °C and cultured in
DMEM (Life Technologies) with 10% (v/v) FBS (Life
Technologies).

Protein Expression Analysis

Cells were lysed in CelLytic-M Mammalian Cell Lysis/
Extraction Reagent (Sigma) and centrifuged at 12,000 g for
10 min at 4 °C. The primary antibodies were as follows:
Htt-specific antibody MW1; Hsp70-specific antibody;
Hsp90-specific antibody; p23-specific antibody (Thermo
Scientific); and o-tubulin-specific antibody (Sigma). We
used ImagelJ software to measure expression levels.
Densitometry values for Htt, Hsp90, Hsp70, and p23 were
normalized to that of endogenous a-tubulin (Table 1).

Total mRNA Extraction and Real-Time (RT) PCR
Total RNA was extracted from the cells using TRIzol

reagent (Life Technologies). cDNA was prepared follow-
ing the standard protocol of the provider (SuperScript IV,
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ThermoFisher). RT-PCR was done in an ABI Prism 7000
sequence detection system using SYBR Green PCR Master
Mix. The PCR cycling conditions for the mHTT sequence
RT-PCR included an initial denaturation step at 95 °C for
1.5 min, followed by 40 cycles of 95 °C for 5 s, 60 °C for
30 s, and 72 °C for 10 s. Final extension of the PCR
products took place at 72 °C for 2 min. The sequences of
the primer for RT-PCR were: Forward: 5'-CTGCACGG-
CATCCTCTATGT-3; Reverse: 5'-TGTTCACG-
CAGTGGGCTATT-3.

Differentiation of hiPSCs

Neuronal differentiation from hiPSCs was as previously
described [22]. In brief, hiPSCs were differentiated to
Pax6-expressing primitive neuroepithelial cells for
10-12 days in a neural induction medium, and sonic
hedgehog (200 ng/mL) was added on days 10-25 to induce
ventral progenitors. Neural progenitor clusters were disso-
ciated and placed onto coverslips double-coated with poly-
ornithine and laminin on day 26 in Neurobasal medium
(Life Technologies) to obtain neurons, followed by addi-
tion of the trophic factors glial-derived neurotrophic factor
(10 ng/mL), brain-derived neurotrophic factor (20 ng/mL),
insulin-like growth factor 1 (10 ng/mL), and cAMP
(1 pmol/L) (all from R&D Systems, USA). All cells were
maintained in an incubator at 37 °C under 5% CO,.

Fluorescence Imaging

Cells grown on coverslips in 24-well plates were fixed in
4% paraformaldehyde (PFA) for 10 min at room temper-
ature and then rinsed with phosphate-buffered saline
(PBS). Cells were incubated with 0.1 pg/mL-1 pg/mL
DAPI (DNA stain) for 1 min. Slides were mounted with
Fluoromount-G (SouthernBiotech, Birmingham, AL) and
examined by fluorescence microscopy. All images were
captured with a laser scanning confocal microscope (Leica
SP8, Germany). We counted the number of GFP-positive
transfected cells using Image].

Immunostaining of Cells and Measuring Tangle Size
and Intranuclear Inclusions

Fibroblasts or neurons were rinsed once with PBS and fixed
in 4% PFA for 30 min. After washing three times with
PBS, cells were incubated in blocking buffer (10% donkey
serum and 0.2% Triton X-100 in PBS) for 45 min at room
temperature, and then in primary antibody solution (5%
donkey serum and 0.2% Triton X-100 in PBS) with
primary antibodies (Table 1) for overnight at 4 °C. Next,
the coverslips were rinsed three times in PBS, followed by
30-min incubation in the appropriate secondary antibody
solution containing DAPI at room temperature and then
washed three times in PBS. Next, the immunostained
coverslips were mounted on slides with an aqueous
mounting medium for confocal scanning.

All mHTT and HTT tangles and intranuclear inclusions
were captured under a laser scanning confocal microscope
with a 63 x objective (oil). All neurons were scanned at
sufficient z-stack depth to include the entire structure of
tangles. After scanning, we stacked the images by maxi-
mum intensity, separated the color image by the color-
splitting channel, skeletonized the whole tangle structures
to make them easy to measure, and measured the tangle
size using the measure panel of the Fiji Image] software
(Fig. S1). The intranuclear inclusions were counted using
the cell counter panel of the Fiji ImageJ software.

Statistical Analysis

We assessed the statistical significance of the dose- or
time-dependency using the one-way or two-way ANOVA
test in GraphPad.

Results

Gedunin Degrades mHTT in a Dose- and Time-
Dependent Manner

To test whether Gedunin promotes the degradation of
mHTT, we transfected Neuro-2a cells with a high-

Table 1 Information of pri-

mary antibodies. Antibody Host Dilution Source
Anti-MW1 Mouse WB 1:1000 Developmental studies hybridoma
Anti-Hsp70 Mouse WB 1:1000 Cell technology
Anti- Hsp90 Mouse WB 1:1000 Santa Cruz
Anti-p23 Rabbit WB 1:1000 Thermo scientific
Anti-o-tubulin Mouse WB 1:1000 Sigma
Anti-3B5SH10 Mouse WB 1:5000 Sigma
Anti-Tujl Rabbit WB 1:10000 Covance
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Fig. 1 Effects of Gedunin on mHTT and Hsp90 chaperones in vitro.
A, B Immunoblots (A) and statistics (B) showing a dose-dependent
decrease of mHTT expression after treatment with Gedunin (5 pmol/
L, 10 umol/L, 15 pmol/L, and 20 pmol/L) in Neuro-2a cells trans-
fected with EGFP-HD-Q74. The levels of Hsp70, p23 and Hsp90
were slightly decreased but the difference was not statistically
significant (n = 3; mean & SEM; P < 0.05, one-way ANOVA).
C Representative images showing the level of EGFP-Q74 in

expression vector (EGFP-HD-Q74) containing the first
exon of an mHTT gene with 74 CAG repeats [23]. We then
treated the transfected cells with a gradient of Gedunin
doses (5 pmol/L, 10 umol/L, 15 pmol/L, and 20 pmol/L).
As a control, we treated cells with DMSO. We used an
MW1 antibody that binds specifically to mHTT but not
HTT to evaluate the changes in mHTT abundance in
transfected cells [24, 25]. Immunoblotting data showed that
Gedunin degraded mHTT in a dose-dependent manner.
Gedunin did not significantly reduce the chaperone com-
plex proteins Hsp70, p23, and Hsp90 (Fig. 1A, B). The
highest mHTT protein degradation in the transfected cells
occurred at the 20 pmol/L dose (Fig. 1A, B). Consistent
with the immunoblotting results, fluorescence images of
transfected cells showed that the EGFP fluorescence was
significantly lower after treatment with 20 pmol/L. Gedunin
for 24 h than in the untreated group (Fig. 1C). To test
whether a longer exposure to Gedunin enhances the
degradation of mHTT, we treated transfected cells with
20 pmol/L Gedunin for 8 h, 16 h, and 24 h and then
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transfected Neuro-2a cells after treatment with 20 pmol/L. Gedunin
for 24 h. Scale bar, 50 pm. D Immunoblots and results for MW1
antibody showing a time-dependent decrease of mHTT in EGFP-HD-
Q74 transfected Neuro-2a cells after treatment with 20 umol/L
Gedunin (n =3; mean £+ SEM; P < 0.05, one-way ANOVA).
E Treatment with Gedunin did not affect mHTT RNA in EGFP-
Q74-transfected Neuro-2a cells.

harvested cells to evaluate mHTT abundance. The data
showed that longer exposure to Gedunin enhanced the
degradation of mHTT in transfected cells. The degradation
was especially marked at 16 h and 24 h compared to 8 h
(Fig. 1D). Most Hsp90 inhibitors only target the chaperone
complex and not mHTT RNA levels in cells [17]. To test
whether Gedunin only affects mHTT protein and not mHTT
RNA, we assessed the mHTT RNA level by RT-PCR after
treatment with Gedunin. We found no reduction in mHTT
RNA after Gedunin treatment (Fig. 1E). Collectively, our
data showed that Gedunin decreased the abundance of
mHTT protein but had no effect on transcription of the
mHTT gene in transfected cells.

Degradation Effects of Gedunin on mHTT Depend
on the Proteasomal Pathway

Eukaryotic cells degrade cytoplasmic proteins through the

ubiquitin-proteasome or autophagy-lysosome systems
[26, 27]. The ubiquitin-proteasome system degrades
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Fig. 2 Gedunin degrades mHTT via the proteasomal pathway. A,
B Gedunin promotes the proteasome clearance of mHTT. Immuno-
blots of cells treated with the proteasome inhibitor MG132 (5 pmol/L
and 10 umol/L) (A), or the autophagy inhibitor bafilomycin Al
(BafA1; 0.5 pmol/L and 1 pmol/L) (B) for 16 h. C, D Fluorescence

misfolded proteins such as mHTT, a-synuclein, and tau
[26]. To determine whether the Gedunin-mediated mHTT
degradation is proteasomal, we used the proteasome
inhibitor MG132 and the lysosome inhibitor Bafilomycin
Al to inhibit the proteasomal and autophagy pathways,
respectively [28, 29]. Based on the effects of Geduinin on
mHTT in transfected cells, we transfected Neuro-2a cells
with EGFP-HD-Q74 again and added 20 pmol/L Gedunin
or DMSO (control) after transfection. After incubating with
Gedunin for 16 h, we added MGI132 (5 pumol/L and
10 umol/L) or Bafilomycin Al (0.5 pmol/L and 1 pumol/
L). These cells were incubated for another 6 h before
harvesting for immunoblotting or fixation for fluorescence
imaging. In the transfected cells, MG132 reduced the
Gedunin-mediated degradation of mHTT but Bafilomycin
A1l did not (Fig. 2A, B). Consistent with the immunoblot-
ting results, the fluorescence images showed that Gedunin
significantly reduced the cellular EGFP levels. Blocking
the proteasomal pathway with MG132 (10 pmol/L) res-
cued the effects of Gedunin on the transfected cells
(Fig. 2C, D). These findings showed that MG132 inhibits
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cells incubated with Gedunin (20 pmol/L) and MG132 (10 pmol/L)
for 16 h. Data are presented as the mean £ SD of three independent
experiments. P < 0.05. Scale bar, 50 pm; Magnification, x 40.

the effect of Gedunin on mHTT degradation and thus
suggest that the effect occurs via the proteasomal pathway.

Gedunin Degrades Endogenous mHTT Aggregates
and Intranuclear Inclusions in Fibroblasts from HD
Patients via the Proteasomal Pathway but not HTT
in Normal Fibroblasts

Human HTT is a large 3144 amino-acid protein [9]. The
polyQ expansion mutation in HD patients increases the
aggregation and intranuclear inclusions of mHTT [9].
These aggregates and intranuclear inclusions are correlated
with the toxicity and onset of HD. To test whether Gedunin
is able to degrade the endogenous mHTT aggregates and
intranuclear inclusions in cells from HD patients, we
treated fibroblasts from three patients, each with a different
CAG expansion (55, 47, and 59 repeats). In addition, we
treated fibroblasts from two healthy siblings (19 CAG
repeats). All cells were treated with 5 pmol/L or 10 pmol/
L Gedunin. To evaluate the changes in mHTT or HTT
aggregates, we stained them with 3B5SH10 antibody, which
recognizes both mHTT and HTT [30]. We imaged the
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Fig. 3 Gedunin degrades endogenous mHTT in fibroblasts from HD
patients. A Representative images of mHTT and HTT aggregates in
fibroblasts from HD patients and healthy siblings after treatment with
Gedunin (white arrowheads, smaller mHTT fragments; green arrow-
heads, intranuclear inclusions). B Change in mHTT aggregate size in
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**P < 0.001, one-way ANOVA, non-parametric and multiple com-
parisons). C Intranuclear inclusions of mHTT in the Gedunin-treated
group compared with control (mean + SD; **P < 0.001, non-para-
metric one-way ANOVA, multiple comparisons). D Changes in HTT
aggregates in the Gedunin-treated group compared with control.
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Fig. 4 MG132 rescues the Gedunin-mediated degradation of endoge-
nous mHTT aggregates and intranuclear inclusions in fibroblasts from
HD patients. A Representative images of mHTT aggregates and
intranuclear inclusions in controls and HD fibroblasts treated with
10 pmol/L Gedunin, or 10 pmol/L. MG132, or both. Scale bar,
40 um. B Size of mHTT aggregates in controls and HD fibroblasts
treated with 10 pmol/L MG132 or 10 pmol/L Gedunin or both
(**P < 0.001, one-way ANOVA, non-parametric and multiple com-
parisons). C Intranuclear inclusions of mHTT aggregates in control
and HD fibroblasts treated with 10 pmol/L. MG132 or 10 umol/L
Gedunin, or both (**P < 0.001, one-way ANOVA, non-parametric
and multiple comparisons).

aggregates using confocal microscopy and reconstructed
them using a z-projection. The size of the tangle in each
cell was calibrated using ImageJ (Figs. S1 and S2). Our
data showed that treating fibroblasts with 5 pmol/L
Gedunin reduced the size of mHTT tangles in HD
fibroblasts but did not significantly decrease the intranu-
clear inclusions (Fig. 3A). We found that treating cells
with 5 umol/L or 10 pmol/L Gedunin did not significantly
decrease the size of HTT aggregates and did not change
their shape in healthy sibling fibroblasts (Fig. 3A). Treating
the HD fibroblasts with 10 pmol/L Gedunin not only
reduced the size of mHTT aggregates but also decreased
the intranuclear inclusions of mHTT (Fig. 3A-C).

@ Springer

Surprisingly, we found that the larger mHTT aggregates
in HD fibroblasts degraded into smaller fragments after
treatment with 10 pmol/L. Gedunin for 24 h. Contrary to
the HD fibroblasts, treating the healthy sibling fibroblasts
with 10 pmol/L Gedunin did not significantly degrade HTT
aggregates to smaller fragments (Fig. 3D). Our findings
showed that Gedunin decreased the size and intranuclear
inclusions of mHTT aggregates in fibroblasts from HD
patients, but had no effect on normal HTT protein
aggregates in those from healthy individuals. In addition,
the effects of Gedunin on endogenous mHTT aggregates in
HD fibroblasts were dose-dependent.

To confirm that the Gedunin-mediated degradation of
endogenous mHTT aggregates and intranuclear inclusions
in fibroblasts from HD patients is also proteasomal, we
treated fibroblasts from one HD patient that harbored 55
CAG repeats with 10 umol/L. Gedunin for 12 h, and then
incubated the cells with 10 pmol/L MG132 for another
12 h to inhibit the proteasomal pathway. After treatment,
we fixed these cells in 4% PFA and stained mHTT protein
with 3B5H10 antibody. We imaged the mHTT aggregates
using confocal microscopy and reconstructed them using
z-projection. The size of the aggregates in each cell was
measured using ImageJ. In HD fibroblasts, MG132 treat-
ment not only decreased the Gedunin-mediated degrada-
tion of endogenous mHTT aggregates and slowed the
Gedunin-mediated degradation of large aggregates into
smaller mHTT fragments, but also rescued the Gedunin-
mediated decreases of mHTT intranuclear inclusions
(Fig. 4A-C). Our data showed that MG132 rescued the
Gedunin-mediated degradation of endogenous mHTT
aggregates and intranuclear inclusions in HD fibroblasts,
implying that Gedunin promotes the degradation of
endogenous mHTT aggregates and intranuclear inclusion
in HD fibroblasts by the proteasomal pathway.

Gedunin Degrades mHTT Aggregates and Intranu-
clear Inclusion in Neurons Derived from iPSCs
of HD Patients

Abnormal mHTT aggregates and intranuclear inclusion are
the hallmark of HD neuropathology [11, 31]; they induce
neuronal apoptosis in the HD brain, particularly in neurons
of the striatum [8, 32]. To determine whether Gedunin can
also degrade endogenous mHTT aggregates in the neurons
of HD patients, we differentiated iPSCs from an HD patient
with 47 CAG repeats into neurons using previously
described methods [22]. Briefly, the iPSCs passed through
four stages: embryoid body, rosette, neurosphere, and
neuron (Fig. 5A, B). On day 47, we fixed the neurons and
co-immunostained them with Tujl antibody, a neuronal
marker, and GABA antibody, a marker of GABAergic
neurons. The results showed that the Tuj1-positive neurons
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Fig. 5 Differentiation of iPSCs from an HD patient into ventral
GABAergic neurons. A Steps of differentiation of iPSCs. B Typical
cellular morphology at the embryoid body (EB), rosette, neurosphere,
and neuron stages. Scale bars, 500 pm (iPSC stage) and 200 pm (EB,

expressed GABA (Fig. 5C). By counting, we found that the
Tuj1-positive neurons accounted for > 90% of the total cell
population, and almost 88% of the Tujl-positive neurons
expressed GABA (Fig. 5D). We treated these neurons on
day 47 with 5 pmol/L Gedunin for 24 h; and continued to
culture them. We fixed neurons on days 50, 57, and 62, and
stained them with the 3B5H10 antibody and the neuronal
marker Tujl. We reconstructed the mHTT aggregates using
confocal microscopy and measured the size of aggregates
using ImagelJ. Our data showed that treating these neurons
with 5 pmol/L Gedunin did not affect their morphology
(Fig. 6A). The size of mHTT aggregates and intranuclear
inclusions steadily increased in the untreated neurons from
days 50 to 62 (Fig. 6B, C). However, these aggregates and
inclusions in Gedunin-treated neurons on day 57 were
smaller than those on day 50 and those in untreated HD
neurons on day 57 (Fig. 6B, C). On day 62, although the
aggregates and inclusions in the Gedunin-treated neurons
were larger than those on days 50 and 57, they were
significantly smaller than those of untreated HD neurons on
day 62 (Fig. 6B, C). Our findings further demonstrated that
Gedunin is able to induce degradation of mHTT aggregates
and intranuclear inclusions in HD neurons.

Tuj1/DAPI GABA/Tuj1

Rosette, Neurosphere and Neuron stages). C Representative co-
immunostaining images of cells stained with Tujl and GABA
antibodies. Scale bar, 50 um. D Counts of Tujl-positive neurons or
Tujl and GABA double-positive neurons (mean £ SD).

Discussion

Abnormal mHTT aggregates and intranuclear inclusion in
the brain of HD patients are hallmarks of HD neuropathol-
ogy and cause the early death of affected neurons [5, 11].
We showed that Gedunin, a natural Hsp90 inhibitor,
degraded mHTT protein in a dose- and time-dependent
manner in transfected cells. Gedunin also degraded these
aggregates and inclusions in fibroblasts from HD patients
and in neurons derived from the iPSCs of an HD patient.
Hsp90 inhibitors disrupt the association of Hsp90 with p23
or other chaperones and result in mHTT degradation via
the proteasomal pathway [15, 17]. Consistent with the
mechanism of Hsp90 inhibitors, we demonstrated that
Gedunin also induces the degradation of mHTT via the
proteasomal pathway and not the autophagy pathway.
Despite extensive research for more than two decades,
no therapeutics for degrading mHTT protein aggregates
and intranuclear inclusions or for decreasing mHTT RNA
are clinically available. Targeting mHTT RNA using small
interfering RNA (siRNA) is a promising treatment strategy
for HD patients [33]. Targeted siRNA or antisense
oligonucleotides reduced mHTT RNA in animal models
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Fig. 6 Gedunin degrades

endogenous mHTT in neurons A
derived from iPSCs from an HD
patient. A Representative
images of mHTT aggregates
and intranuclear inclusions in
HD neurons on days 50, 57, and
62 after treatment with a single
dose of 5 pmol/L Gedunin on
day 47, and untreated controls.
Scale bar, 40 pm. (i, ii and iii
showed the typical morphology
of mHTT aggregates in Gedunin
treated cells and control cells).
B Size of mHTT aggregates in
Gedunin-treated neurons com-
pared with untreated neurons on
days 50, 57, and 62 after treat-
ment with a single dose of

5 pmol/L Gedunin on day 47
(mean + SEM; two-way
ANOVA, multiple compar-
isons). C Intranuclear inclusions
of mHTT aggregates in Gedu-
nin-treated neurons compared
with untreated neurons on days
50, 57, and 62 after treatment
with a single dose of 5 pmol/L
Gedunin on day 47 (mean +
SD; *P < 0.05, two-way
ANOVA, multiple
comparisons).
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[34]. However, the biggest challenges of siRNA therapy
are stability, safety, and off-target effects [34, 35].
CRISPR/Cas9-mediated gene-editing has shown promise
in depleting HTT aggregates and attenuating early neu-
ropathology in mouse HD models [36]. However, the
safety of this method still needs to be tested [35, 37].
Gedunin is isolated from a traditional Indian drug [21], so
it has a safety advantage over other small molecules or
siRNA. Our present data demonstrated that Gedunin
degrades mHTT protein in a dose- and time-dependent
manner in transfected cells. Consistent with the role of an
Hsp90 inhibitor, Gedunin may promote the dissociation of
p23 from Hsp90 chaperone protein complexes in trans-
fected cells and not affect the individual proteins in this
complex. Based on our data, we speculate that a combi-
nation of Gedunin with small molecules that enhance
proteasomal degradation may result in a better outcome in
degrading mHTT in future.

The formation of abnormal large mHTT aggregates and
intranuclear inclusions is the neuropathological hallmark of
the HD brain and the major cause of striatal neuronal death
[38, 39]. HTT is a large protein that plays a critical role in
cellular survival [39]. Gedunin degraded endogenous

@ Springer
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mHTT aggregates and intranuclear inclusions in fibroblasts
derived from all three HD patients but not in normal cells.
Doses of 5 pmol/L and 10 pmol/LL Gedunin did not induce
large levels of cell death in fibroblasts from HD patient or
normal fibroblasts. These data suggest that Gedunin is able
to enhance the degradation of endogenous mHTT and
specifically target mHTT tangles but not normal HTT
aggregates by the proteasomal pathway. In addition,
5 pmol/L and 10 pmol/L are tolerable by HD fibroblasts.
Cultured neurons and iPSC-derived neurons, especially
those that carry a disease-causing mutation, are vulnerable
to stress [40]. The neurons derived from the iPSCs of an
HD patient tolerated 5 pmol/L Gedunin, and a single
5 pmol/L dose significantly decreased the size of mHTT
aggregates and intranuclear inclusions in these neurons
8 days after treatment. This finding indicates that Gedunin
has a long-term ability to degrade mHTT aggregates and
intranuclear inclusions in HD neurons. Thus, it is tempting
to test the effects of Gedunin on the endogenous mHTT in
animal models in the future. If Gedunin degradation of
mHTT is replicated in GABAergic neurons and mouse
models, it may become a promising candidate target for
HD therapy.
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