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ABSTRACT

Polyglutamine (polyQ)-mediated spinocerebellar ataxias (SCA) are caused by mutant genes with expanded CAG
repeats encoding polyQ tracts. The misfolding and aggregation of polyQ proteins result in increased reactive
oxygen species (ROS) and cellular toxicity. Inflammation is a common manifestation of oxidative stress and
inflammatory process further reduces cellular antioxidant capacity. Increase of activated microglia in the pons
of SCA type 3 (SCA3) patients suggests the involvement of neuroinflammation in the disease pathogenesis. In
this study, we evaluated the anti-inflammatory potentials of indole compound NC009-1, 4-aminophenol-
arachidonic acid derivative AM404, quinoline compound VB-037 and chalcone-coumarin derivative LM-031
using human HMC3 microglia and SCA3 ATXN3/Q,s-GFP SH-SY5Y cells. The four tested compounds displayed
anti-inflammatory activity by suppressing NO, IL-1, TNF-a and IL-6 production and CD68 expression of IFN-y-
activated HMC3 microglia. In retinoic acid-differentiated ATXN3/Q;s-GFP SH-SY5Y cells inflamed with IFN-y-
primed HMC3 conditioned medium, treatment with the tested compounds mitigated the increased caspase 1
activity and lactate dehydrogenase release, reduced polyQ aggregation and ROS and/or promoted neurite
outgrowth. Examination of IL-13- and TNF-a-mediated signaling pathways revealed that the tested compounds
decreased 1kBa/P65, JNK/JUN and/or P38/STAT1 signaling. The study results suggest the potential of NC009-1,
AMA404, VB-037 and LM-031 in treating SCA3 and probable other polyQ diseases.

INTRODUCTION [3-5]. Among SCAs, SCA3 is caused by an allele
containing expanded repeats longer than 52 in the
ataxin 3 (ATXN3) gene [6], a deubiquitinating
enzyme that can bind and edit mixed linkage ubiquitin
chains [7]. SCA3 is the most common form of SCA in

Taiwan [8] and worldwide [9].

In  polyglutamine  (polyQ)-mediated hereditary
spinocerebellar ataxias (SCAs) types 1, 2, 3, 6, 7, 8,
17, dentatorubral-pallidoluysian atrophy (DRPLA)
and Huntington’s disease (HD), abnormal expansions
of the polyQ stretch in disease-causing proteins

trigger misfolding of these proteins and interfere with
diverse cellular processes [1, 2]. SCAs are
characterized by cerebellar dysfunction alone or in
combination with other neurological abnormalities

Expansion of the polyQ track in ATXN3 protein
likely induces a conformational change to affect its
subcellular localization and propensity to aggregate
[10]. In addition, transcriptional dysregulation
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[11, 12], decreased anti-oxidative capacity [13-15],
DNA repair dysfunction [16] and impaired ubiquitin
proteasome and autophagy activity [17, 18] play
important roles in pathogenesis of SCA3. The
misfolded and aggregated ATXN3 protein results in a
concomitant increase in reactive oXxygen species
(ROS) levels and cellular toxicity [13-15, 19, 20].
Inflammation is one of the manifestations of oxidative
stress and inflammatory process may further induce
oxidative stress and reduce cellular antioxidant
capacity. In pontine neurons of SCA3 patients,
expression of pro-inflammatory cytokines such as
interleukin (IL)-1 receptor antagonist and IL-1B was
increased, accompanied with increased numbers of
reactive astrocytes and activated microglial cells
[21, 22]. A reduced immune defense was also seen in
phenotypic SCA3 mice [23]. Overexpression of
cystathionine y-lyase decreases oxidative stress and
dampens the immune response, which could
improve SCAB3-associated fly eye degeneration
[24]. In addition, neuropeptide Y ameliorates
neuropathology and motor deficits via upregulating
brain derived neurotrophic factor (BDNF) and
reducing neuroinflammation markers IL-6 and
induction of brown adipocytes 1 (lbal) in SCA3
mouse models [25].

In IL-1p signaling, the inhibitor of kappa B (IxBa)
protein inactivates the NF-xB transcription factor
(P65/P50 heterodimer) by masking the nuclear
localization signal of NF-xB and keeping it
sequestered in an inactive state in the cytoplasm [26].
Specifically, IxkB kinase (IKK) phosphorylates the
inhibitory IxBo protein [27], resulting in the
dissociation of IkBa from NF-«kB. NF-xB then
migrates into the nucleus and activates the expression
of pro-inflammatory cytokines and chemokines, such
as tumor necrosis factor (TNF)-a, IL-6 and C-C motif
chemokine ligand 2 (MCP1) [28]. In addition, c-Jun
N-terminal kinase (JNK)/Jun proto-oncogene, AP-1
transcription factor subunit (JUN) and mitogen-
activated protein kinase 14 (P38)/signal transducer
and activator of transcription 1 (STAT1) are two other
transduction pathways downstream to IL-1p and TNF-
a signaling, activated to up-regulate the synthesis and
secretion of inflammatory factors [29, 30].

Protein  aggregation,  oxidative  stress  and
neuroinflammation are  common  themes in
neurodegenerative diseases including polyQ SCAs
and Alzheimer’s disease (AD). Small heat shock
proteins interact with misfolded protein aggregates,
like AP aggregates in AD and polyQ aggregates
in SCAs, to reduce the toxicity or increase the
clearance of these protein aggregates [31]. To search
for polyQ SCAs-modifying interventions targeting

neuroinflammation, four in-house or outsourcing
compounds activating molecular chaperone heat
shock protein family B (small) member 1 (HSPB1) to
reduce AP or Tau protein misfolding and aggregation
were tested in this study: indole compound NC009-1
(C19H16N203) [32, 33], anandamide transport inhibitor
AMA404 (C,6H37NO3) [34], quinoline compound VB-
037 (Cx4H20N4O3) [35] and chalcone-coumarin
derivative LM-031 (CysH1004) [36, 37]. In addition,
NCO009-1 could reduce SCAL7 polyQ aggregation by
enhancing expression of HSPB1 chaperone [38]. We
examined the anti-inflammatory effects of these four
compounds on human HMC3 microglia [39] and
SH-SY5Y cells with inducible SCA3 ATXN3/Qs-
GFP expression, which we have established
previously [40]. We also explored if these four
compounds exert their effects via targeting the 1L-1p-
and TNF-a-mediated IxBo/P65, JNK/JUN and/or
P38/STAT1 pathways.

RESULTS

Tested compounds, cytotoxicity, and radical
scavenging activity

Four compounds known to up-regulate HSPB1
molecular chaperone were tested (Figure 1A).
Compound cytotoxicity assays were performed with
human HMC3 and SH-SY5Y cells after treatment with
these compounds (0.1-100 uM) for 28 h (HMC3 cells)
or 6 days (SH-SY5Y cells), the treatment time for the
following experiments. The calculated ICsq for NC009-
1, AM404, VVB-037 and LM-031 were >100/52, 84/49,
>100/78 and >100/>100 pM, respectively, in
HMC3/SH-SY5Y cells (Figure 1B). As all the tested
compounds had at least 75% cell viability up to the
tested 10 uM in both cells, the results demonstrated low
cytotoxicity of the tested compounds on HMC3 and SH-
SY5Y cells under the present experimental condition.
To evaluate the radical scavenging activity of these
compounds, 1,1-Diphenyl-2-picrylhydrazyl (DPPH)
radical scavenging assay was conducted using
kaempferol as a positive control [41]. As shown in
Figure 1C, whereas no detectable DPPH-scavenging
activity was seen with NC009-1 and VB-037, AM404
and LM-031 had an ECsy of 141 and 100 pM,
respectively. Based on molecular weight (MW),
hydrogen bond donors (HBD), hydrogen bond acceptors
(HBA) and calculated octanol-water partition
coefficient (cLogP), NC009-1, VB-037 and LM-031
meet Lipinski’s criteria in predicting a good oral
bioavailability [42] (Figure 1D). With a polar surface
area (PSA) less than 90 A?, these three compounds were
predicted to diffuse across the blood-brain barrier
(BBB) [43], as also suggested by the online BBB
predictor [44] (Figure 1D).
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Anti-inflammatory activity of the tested compounds HMC3 microglial cells [45] (Figure 2A). Exposure of

on human HMC3 microglia HMC3 cells to IFN-y resulted in increased expression of

CD68 molecule (CD68) and major histocompatibility
The anti-inflammatory responses of these compounds complex Il (MHCII) (Figure 2B). The production of
were examined using interferon (IFN)-y stimulated nitric oxide (NO) in the cultured medium was
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Figure 1. Compounds tested. (A) Structure and formula of NC009-1, AM404, VB-037 and LM-031. (B) Cytotoxicity of the tested
compounds against HMC3 and SH-SY5Y cells using MTT viability assay. Cells were treated with 0.1-100 uM tested compounds and cell
proliferation was measured after 28 h of treatment in HMC3 cells or 6 days of treatment in SH-SY5Y cells (n = 3). The ICsy of each compound
was shown under the columns. To normalize, the relative viability in untreated cells is set as 100%. (C) Radical-scavenging activity of these
compounds (10-160 uM) on DPPH (n = 3). (D) Molecular weight (MW), hydrogen bond donor (HBD), hydrogen bond acceptor (HBA),
calculated octanol-water partition coefficient (cLogP), polar surface area (PSA), and predicted blood-brain barrier (BBB) score of these
compounds.
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significantly increased after IFN-y stimulation (from 1.2 0.005) (Figure 2C). The elevations in CD68, IL-1p,

UM to 10.4 uM, P < 0.001), whereas treatment with TNF-0 and IL-6 were reduced significantly following
NCO009-1 (2-10 uM), AM404 (10 uM), VB-037 (1-10 treatment of these compounds at 10 uM concentration
uM) and LM-031 (1-10 uM) significantly reduced NO (CD68: from 131% to 102-83%, P = 0.011-<0.001; IL-
production (from 10.4 uM to 7.2-2.3 uM; P = 0.043— 1B: from 94 pg/ml to 69-54 pg/ml, P < 0.001; TNF-a:
A 0h 20 h 28 h 48h
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Figure 2. Anti-inflammatory activities of the tested compounds on human HMC3 microglia. (A) Experimental flow chart. HMC3
cells were pretreated with or without each of the tested compounds (1-10 uM) for 8 h, followed by addition of IFN-y (100 ng/ml) to induce
inflammation. After 20 h, CD68 and HMCII expression in cells as well as NO, IL-13, TNF-a and IL-6 release in culture media were examined. (B)
HMC3 cells with or without IFN-y activation were analyzed by immunofluorescence using antibodies against CD68 and HMCII (red). Cell nuclei
were counterstained with DAPI (blue). (C) Levels of NO released into culture media were measured by Griess reagent (n = 3). (D) Relative
CD68 levels in cells treated with compound (10 uM) or not were analyzed by immunoblotting, using GAPDH as a loading control (n = 3). (E)
IFN-y-activated HMC3 cells were pretreated with the tested compounds (10 uM) and relative levels of IL-1B, TNF-a and IL-6 released into
culture media were assessed by ELISA (n = 3). For normalization, the relative CD68, IL-1B, TNF-a and IL-6 levels of untreated cells (no IFN-y
activation) were set as 100%. P values: comparisons between IFN-y activated and inactive cells (”#: P <0.01 and **: p< 0.001) or between
compound treated and untreated cells (*: P < 0.05, **: P <0.01 and ***: p <0.001). (one-way ANOVA with a post hoc Tukey test).
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from 328 pg/ml to 215-166 pg/ml, P < 0.001; IL-6:
from 682 pg/ml to 554-414 pg/ml, P = 0.003-<0.001)
(Figure 2D, 2E). These results suggested that NC009-1,
AM404, VB-037 and LM-031 were able to inhibit the
microglial activation.

Reduction of polyQ aggregation and promotion of
neurite outgrowth of the tested compounds

ATXN3/Q-5-GFP SH-SY5Y cells were used to examine
the polyQ aggregation-inhibitory and neurite
outgrowth-promoting effects of these compounds. As
shown in Supplementary Figure 1, both GFP and
ATXN3 antibodies detected 57 kDa ATXN3/Q.5-GFP
proteins upon doxycycline addition and the induced
ATXN3/Q-5-GFP formed aggregates in ~3% neuronal
cells. For ATXN3/Qss-expressed cells, significantly
shorter neurite total length (21.7 pm vs. 39.6 um, P =
0.005) as well as less process (primary neurite, a
projection from the cell body of a neuron) (1.7 vs. 2.4,
P = 0.002) and branch (an extension from primary
neurite) (0.9 vs. 2.2, P = 0.005) were observed
compared to ATXN3/Qq4-expressed cells. To explore
the potential of NC009-1, AM404, VB-037 and LM-
031 in SCAS3 polyQ aggregation-inhibition and neurite
outgrowth-promotion, the retinoic acid-differentiated
ATXN3/Q.5-GFP cells were treated with the tested
compounds (10 puM) for 8 h and ATXN3/Qs-GFP
expression induced (by doxycycline) for 6 days. In
addition, ATXN3/Q75s-GFP-non-expressing cells was
included for comparison. Cell viability, caspase 1
activity, aggregation and neurite outgrowth were
analyzed (Figure 3A). As shown in Figure 3B, neither
induced ATXN3/Q;5-GFP expression nor compound
addition reduced the viability of ATXN3/Q.5-GFP
SH-SY5Y cells (99-100%, P > 0.05). However,
induced ATXN3/Q;s-GFP  expression increased
caspase 1 activity in ATXN3/Q5-GFP SH-SY5Y cells
(128%, P < 0.001), whereas application of NC009-1,
VB-037 or LM-031 attenuated the caspase 1 activity
(114-100% wvs. 128%, P = 0.002-<0.001). In
ATXN3/Q-5-GFP-expressing cells, treatment with
NC009-1, VB-037 or LM-031 led to 12-25%
reduction of aggregation (from 2.8% to 2.5-2.1%, P =
0.018-0.002) (Figure 3C). When the protein samples
were subjected to filter trap and Western blot assays
and stained with GFP antibody, reduced SDS-
insoluble aggregates (58—37% vs. 100%, P < 0.001)
and increased soluble ATXN3/Qs-GFP protein
(144-173% vs. 100%, P < 0.001) were evident in
samples treated with NC009-1, VB-037 or LM-031
(Figure 3C). In addition, increased neurite length
(from 23.6 um to 26.9-27.2 pm, P = 0.002-<0.001),
process (from 1.8 to 2.0-2.1, P = 0.059-<0.001) and
branch (from 1.0 to 1.2, P = 0.002-<0.001) was
observed in NC009-1, VB-037 or LM-031-treated

cells (Figure 3C). Although not reducing ATXN3/Qzs
aggregation, AM404 significantly increased neurite
length (30.8 um, P < 0.001), process (2.2, P < 0.001)
and branch (1.4, P < 0.001). In ATXN3/Q75s-GFP-non-
expressing cells, no aggregation was observed (data
not shown) and neurite morphology (total length,
process, and branch) was not affected by compound
treatment (Figure 3D). Representative microscopy
images of ATXN3/Q;s-GFP cells induced with
doxycycline, untreated or treated with the tested
compounds are shown in Figure 3E and
Supplementary Figure 2. These results demonstrate
the  aggregation-inhibitory = and/or  outgrowth-
promoting effects of these compounds on
differentiated neurons expressing ATXN3/Q;5-GFP.

Effects of the tested compounds on conditioned
medium-inflamed ATXN3/Q5-GFP SH-SY5Y cells

Retinoic acid-differentiated ATXN3/Q.5-GFP  SH-
SYS5Y cells were pretreated with the tested compounds
(10 uM) for 8 h followed by ATXN3/Q+s induction for
6 days, and added with HMC3 conditioned medium
stimulated with IFN-y (CM/+IFN-y) or not (CM/-IFN-
y) at a 1:1 ratio to provoke inflammatory damage to
ATXN3/Qs5-GFP-expressing SH-SY5Y cells in the last
two days (Figure 4A). Figure 4B shows that CM/+IFN-
y addition reduced the viability of ATXN3/Q;5-GFP
SH-SY5Y cells (83%, P < 0.001) and application of
these compounds rescued the decreased cell viability
caused by CM/+IFN-y addition (87-91% vs. 83%, P =
0.047-<0.001). Addition of CM/+IFN-y also increased
caspase 1 activity (157%, P < 0.001) and LDH release
(146%, P < 0.001) of ATXN3/Q75-GFP SH-SY5Y cells,
whereas application of these compounds attenuated the
caspase 1 activity (127-90% vs. 157%, P = 0.045-
<0.001) and LDH release (126-72% vs. 146%, P =
0.002—<0.001).

ATXN3-containing polyQ expansion may increase
cellular ROS levels [15]. To evaluate whether the tested
compounds reduced oxidative stress in CM/+IFN-y-
inflamed ATXN3/Q5-GFP SH-SY5Y cells, the cellular
ROS production was measured using CellROX dye. As
shown in Figure 4C, 4D and Supplementary Figure 3,
significantly increased ROS production (1248%, P <
0.001) was observed in ATXN3/Qs5-GFP SH-SY5Y
cells added with CM/+IFN-y. Among the compounds
tested, AM404 and LM-031 significantly ameliorated
oxidative stress induced by CM/+IFN-y addition (594—
390% vs. 1248%, P < 0.001). Addition of CM/+IFN-y
significantly  increased ATXN3/Qss  aggregation
compared to the untreated cells (from 3.2% to 4.3%, P
< 0.001) and treatment of NC009-1, VB-037 or LM-031
led to 17-22% reduction of aggregation (from 4.3% to
3.7-3.5%, P = 0.017-0.003) in inflamed ATXN3/Q7s-

www.aging-us.com 23623

AGING



GFP-expressing cells (Figure 4E, 4F and Supplementary
Figure 4). Addition of CM/+IFN-y also significantly
reduced neurite length (from 22.0 um to 14.4 pm, P <
0.001), process (from 1.7 to 1.4, P = 0.001) and branch
(from 0.9 to 0.6, P = 0.001) in ATXN3/Qs cells
compared to the untreated cells, and treatment of
NCO009-1, AM404 or LM-031 increased neurite length
(from 14.4 um to 17.3-18.0 um, P = 0.046-0.011) and
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Figure 3. Effects of the tested compounds on cell viability, caspase 1 activity, polyQ aggregation, and neurite outgrowth in
ATXN3/Q,5-GFP SH-SY5Y cells. (A) Experimental flow chart. ATXN3/Q,s-GFP cells were plated on dishes with retinoic acid (RA, 10 puM)
added on day 1 to initiate neuronal differentiation. Next day, compound (10 puM) was added to the cells for 8 h followed by inducing
ATXN3/Q,5-GFP expression with doxycycline or not (+ Dox, 5 ug/ml) for 6 days. Cell viability, caspase 1 activity, aggregation and neurite
outgrowth were assessed. (B) Relative cell viability and caspase 1 activity (n = 3). For normalization, the relative viability and caspase 1 activity
of uninduced and untreated cells was set as 100%. (C) High content polyQ aggregation analysis of ATXN3/Q,s-GFP-expressing cells with
compound treatment (n = 3). Shown below were filter trap assay of SDS-insoluble ATXN3/Q;5s-GFP aggregate and Western blot analysis of
soluble ATXN3/Q;5-GFP protein with compound treatment using GFP antibody (n = 3). To normalize, the relative trapped or soluble
ATXN3/Q;5-GFP without compound addition was set as 100%. (D) Neurite length, process or branch of ATXN3/Q;s-GFP-non-expressing or
expressing cells with compound treatment (n = 3). (E) Representative microscopic images of differentiated ATXN3/Q;5-GFP-expressing SH-
SY5Y cells, untreated or treated with NCO09-1, AM404, VB-037 or LM-031, with nuclei counterstained with Hoechst 33342 (blue). Left panel:
Aggregates marked with white arrowheads. Right panel: Neurite length, process and branch of TUBB3-stained ATXN3/Q;5-GFP cells, with
images segmented with multi-colored mask to assign each outgrowth to a cell body for neurite outgrowth quantification. P values:
comparisons between untreated (induced) and uninduced cells (W: P < 0.001), or between compound treated and untreated cells (*: P <
0.05, **: P<0.01 and ***: P<0.001). (one-way ANOVA with a post hoc Tukey test).
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day 1, and treated with the tested compound (10 uM) next day for 8 h, followed by doxycycline addition (Dox, 5 pg/ml) to induce ATXN3/Qys
expression. On day 6, DMEM-F12 medium without retinoic acid addition (- RA) was mixed with HMC3 conditioned medium with or without
IFN-y stimulation (CM/+IFN-y or CM/—IFN-y, 1:1 ratio) and added to the cells for 2 days. Cell viability, caspase 1 activity, LDH release (B), ROS
(D), polyQ aggregation, neurite length, process and branch (F) were assessed on day 8 (n = 3). For normalization, the relative cell viability,
caspase 1 activity, LDH release and ROS levels of cells treated with CM/—IFN-y were set as 100%. (C) Images of ROS assay using CellROX dye
(red). (E) Images of polyQ aggregation and neurite outgrowth, with aggregates marked with arrowheads (white), and segmented images with
multi-colored mask to assign each outgrowth to a cell body for neurite outgrowth quantification. P values: comparisons between cells
stimulated with CM/+IFN-y and CM/—IFN-y (W: P<0.01and ™. p< 0.001), or between compound treated and untreated cells (*: P < 0.05, **:
P <0.01 and ***: P<0.001). (one-way ANOVA with a post hoc Tukey test).
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Down-regulation of IL-1p- and TNF-a-mediated
pathways by the tested compounds in inflamed
ATXN3/Q5-GFP SH-SY5Y cells

Expression of pro-inflammatory IL-1 was increased in
pontine neurons of SCAS3 patients [21] and level of IL-
1B was elevated in IFN-y-primed HMC3 conditioned
medium (Figure 2E). Upon binding to the IL-1 receptor
and accessory proteins, IL-1p triggers activation of P38
and JNK mitogen-activated protein kinase (MAPK)
pathways [46], both of which play a critical role in
inflammatory cell signaling [47, 48]. In addition, 1L-1
itself is a strong inducer of NF-xB activity [49].
Therefore, we examined the expression of these
signaling pathways in CM/+IFN-y-inflamed ATXN3/
Q:s-GFP SH-SY5Y cells by immunoblotting using
specific antibodies. As shown in Figure 5,
phospho/total ratios of IkBa (178%, P = 0.026), P65
(140%, P = 0.007), JNK (186%, P = 0.004), JUN
(170%, P = 0.003), P38 (146%, P = 0.005) and
STAT1 (302%, P < 0.001) were significantly
increased after addition of CM/+IFN-y to
differentiated ATXN3/Q5-GFP-expressing SH-SY5Y
cells, whereas treatment with NC009-1 or LM-031
reduced the phospho/total ratios of IxBa (from 178%
to 67-66%, P = 0.002) and P65 (from 140% to 99—
85%, P = 0.006-<0.001), treatment with AM404 or
VB-037 reduced the phospho/total ratios of JNK
(from 186% to 116-95%, P = 0.016-0.002) and JUN
(from 170% to 113-89%, P = 0.014-0.001), and
treatment with VB-037 or LM-031 reduced the
phospho/total ratios of P38 (from 146% to 98-93%, P
= 0.003-0.002) and STAT1 (from 302% to 215-
201%, P = 0.020-0.007). These results demonstrated
the anti-inflammatory effects of the tested compounds
on SCA3 neuronal cells.

DISCUSSION

Several lines of evidence have shown that increased
oxidative stress and decreased anti-oxidative response
play a crucial role in the pathogenesis of SCA3 [13-15,
19, 20]. Increased pro-inflammatory cytokines, reactive
astrocytes and activated microglia have been found in
pons of SCA3 patients and mice [21, 22, 25]. Aberrant
immune responses were also demonstrated in SCA3 mice
and fly [23, 24]. Inflammation and microglial activation
have been shown to contribute to neurotoxicity in HD
[50-53], another polyQ-mediated disease. Substantial
evidence has also shown that oxidative stress and
inflammation interplay to confer detrimental effects on
neurons [54]. Therefore, agents targeting both oxidative
and inflammatory pathways may serve as a good
candidate for treating diseases such as polyQ diseases
including SCA3, where both inflammation and increased
oxidative stress play a pivotal role in pathogenesis.

In this study, we showed anti-inflammatory, anti-
oxidative and/or neuroprotective effects of NC009-1,
AMA404, VB-037 and LM-031. The anti-inflammatory
effects of the tested compounds were demonstrated by
using IFN-y-stimulated human HMC3 microglia, where
these compounds significantly decreased release of pro-
inflammatory cytokines, IL-1p, TNF-a and IL-6. We
then applied HMC3 conditioned medium to
ATXN3/Q:-GFP  SH-SY5Y cells to provoke
inflammation-induced damaging effects including
reduced cell viability and neurite outgrowth, and
increased aggregation, caspasel activity and oxidative
stress, as evidently shown in Figure 4. It may be better
to show if the tested compounds have effect on
activation of HMC3 cells expressing ATXN3. However,
this study is mainly focusing on if exogenous
inflammatory stimuli exaggerate the damage of
expanded polyQ on neurons and if the tested
compounds rescue the cytotoxicity of the cytokines
released from IFN-y-activated HMC3 cells. Our results
are in accordance with that addition of TNF-o and IL-1
induced toxicity and apoptosis of primary cortical
neurons from a HD mouse model and neurons derived
from HD induced pluripotent stem cells [52]. The
neuroprotection effects were further shown in
ATXN3/Q.5-GFP SH-SY5Y cells inflamed by addition
of CM/+IFN-y, where NC009-1, AM404, VB-037 and
LM-031 significantly increased cell viability and
decreased caspase 1 activity, NC009-1, AM404 and
LM-031 reduced oxidative stress and rescued the
deficits of neurite outgrowth, while NC009-1, VB-037
and LM-031 ameliorated aggregation. It is noted that
AM404 had significant effects on  neurite
length/process/branch, caspase 1 activity/LDH release
and ROS level, whereas it did not reduce aggregation.
The similar effects have been shown in previous studies
in polyQ diseases, where treatments or compounds had
significant neuroprotection, but did not effectively
inhibit aggregation, which suggests the protection is
acting on downstream pathological processes secondary
to toxic fragments of polyQ-containing protein rather
than on aggregate-inhibition [55]. Furthermore, several
studies have suggested that it is the soluble fragmented
protein containing expanded polyQ that is toxic rather
than aggregates and aggregate-reduction alone does not
necessarily rescue neurotoxicity [56-58].

It has been shown that IL-1p and TNF-a induce
Purkinje neuronal apoptosis treated with conditioned
medium derived from hypoxic microglia, indicating the
high vulnerability of Purkinje neurons to cytokines
released from microglia [59]. IL-1p- and TNF-o-
mediated transduction pathways include NF-xB
(P65/P50 heterodimer), JNK/JUN and P38/STAT1
signaling [46, 60]. The degradation of IxkB by IKK
permits translocation of NF-xB into nucleus with
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Figure 5. Effects of the tested compounds on IL-1B- and TNF-a-mediated pathways in inflamed ATXN3/Q,s-GFP SH-SY5Y
cells. Retinoic acid (10 uM)-differentiated ATXN3/Q;5-GFP SH-SY5Y cells were treated with the tested compound (10 uM) for 8 h, followed by
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inducing ATXN3/Qy5 expression for 6 days, with retinoic acid removal and HMC3 conditioned medium addition (CM/+IFN-y or CM/—IFN-y, 1:1
ratio) for the last 2 days. IL-1B-mediated pathways including IkBa (S32/36), P65 (S536), JNK (T183/Y185), JUN (S63), P38 (T180/Y182), and
STAT1 (S727) ratios were examined (n = 3). To normalize, the relative phospho/total ratio of cells without CM stimulation was set at 100%. P

Hit

values: comparisons between cells stimulated with CM/+IFN-y and CM/—IFN-y (#: P < 0.05, . p<0.01and " p< 0.001), or between
compound treated and untreated cells (*: P < 0.05, **: P <0.01 and ***: P <0.001). (one-way ANOVA with a post hoc Tukey test).

subsequent transcription of the downstream pro-
inflammatory genes, which has a central role in immune
response and inflammation-associated diseases [61].
JNK and P38, stress-activated MAPK, play an
important role in inflammation-responses including
further inflammatory genes transcription and cytokine
production [62, 63]. Activated JNK or P38 also
translocates to the nucleus to phosphorylate
transcription factors such as JUN, FOS, STAT1 and
MYC, which up-regulate the expression of downstream
pro-apoptotic genes [62-64]. Since our study showed
increased IL-1pB, TNF-o and IL-6 in the medium of IFN-
y-stimulated HMC3 microglia and IL-1p has been
known to promote IL-6 secretion, we then went on to
examine if IL-1B- and TNF-a-mediated pathways are
involved in the neurotoxicity in ATXN3/Q7s-GFP SH-
SYS5Y cells inflamed by HMC3 conditioned medium.
It is evident that HMC3 conditioned medium
significantly increased ratios of p-IxkBa/IxBa, p-
P65/P65, p-JNK/INK, p-JUN/JUN, p-P38/P38 and p-
STAT1/STATL in ATXN3/Q;5-GFP SH-SY5Y cells.
Although inflammation such as increased IL-1B and
IL-6 has been shown in the brains of SCA3 and mice,
whether their downstream signaling pathways are
involved is not clear [21, 22, 25], we here provide
evidence that NF-xB, JNK/JUN and P38/STAT1 are
activated in inflamed SCA3 cells. Treatment with
NCO009-1 or LM-031 significantly decreased ratios of
p-IkBo/IkBo and p-P65/P65, and AM404 or VB-037
significantly reduced ratios of p-JNK/JNK and p-
JUN/JUN, whereas VB-037 or LM-031 significantly
ameliorated the elevated ratios of p-P38/P38 and p-
STAT1/STATL, indicating their anti-inflammatory
effects on inflamed ATXN3/Q5-GFP SH-SY5Y cells
via targeting IL-1pB- and TNF-a-mediated pathways.

Treatments targeting inflammation for SCA3 have been
rarely reported, although several studies have shown
anti-inflammatory strategies are beneficial to other
polyQ diseases [52, 65-67]. Hsiao and colleagues
showed that inhibition of TNF-a improved motor
function, reduced caspase activation, diminished the
aggregates, increased neuronal density and decreased
gliosis in the brains of R6/2 HD mice [52]. Aikawa and
colleagues demonstrated that genetic ablation of
myeloid differentiation factor 88 (Myd88), a major
adaptor molecule essential for Toll-like receptor (TLR)
signaling, ameliorated Purkinje cell loss and partially
rescued motor impairments in a SCA6 mouse model
[65]. Yang and colleagues also found that the NF-xB

was activated in SCA17 knock—in mice and blocking
NF-kB  signaling in  astrocytes  ameliorated
neurodegeneration [66]. Recently, Dubey and Tapadia
have found that expanded polyQ triggered antimicrobial
peptides (AMPs) expression and JNK activation,
whereas Yorkie, the co-activator of the Hippo pathway,
down-regulated AMPs and p-JNK to rescue apoptosis
and mitigated polyQ-mediated toxicity in the eye of
polyQ-expressing fly [67]. These studies suggest that
enhanced inflammatory response contributes to polyQ
mediated neurodegeneration and agents targeting
inflammation may serve as potential therapeutics for
polyQ diseases.

ROS have been reported to activate extracellular signal-
regulated kinases (ERKs), JNKs and P38, but the
mechanisms by which ROS can activate these kinases are
unclear [68]. Our study results also show that oxidative
stress is increased and JNK and P38 are activated in
inflamed neurons expressing expanded polyQ, supporting
the proposal that ROS may also contribute to IL-1p- and
TNF-a-mediated inflammation. The treatments of test
compounds decrease inflammation and/or reduce
oxidative stress, both of which may contribute the rescue
of neurodegeneration.

Our study results demonstrated low cytotoxicity and
high predicted BBB scores of all the tested compounds,
suggesting their potential of serving as a treatment for
neurodegenerative diseases including SCA3. Among
them, NC009-1 [33, 38], AM404 [69] and LM-031 [37]
have been tested for in vivo usages. The known
mechanisms of action of these compounds in
neuroprotection are summarized below. In addition to
up-regulating HSPB1 chaperone, NC009-1, VB-037 and
LM-031 also displayed chemical chaperone-like activity
in thioflavin T assay of AP aggregation [35, 36, 70].
NC009-1 has been shown previously to have
aggregation-reducing and neuroprotection effects by
activating HSPB1 to increase pro-aggregated AK280
Taurp solubility and promote neurite outgrowth in
tauopathy cell model [32]. Also by increasing HSPB1
expression, NC009-1 mitigated the increased BH3
interacting domain death agonist (BID), cytochrome ¢
release, and caspase 3 activation to reduce polyQ
aggregation and apoptosis in SCA17 TBP/Q cells, as
well as ameliorated behavioral deficits in SCA17
TBP/Qqe transgenic mice [38]. Moreover, NC009-1 up-
regulated apolipoprotein E (APOE) and tropomyosin
receptor kinase A (TRKA) expression to improve neurite
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outgrowth in AB-GFP SH-SY5Y cell, as well as to
reduce hippocampal/cortical A and Tau levels and
ameliorate cognitive deficits in hyperglycemic APPsgy,/
PS1muaev/Taupsgy triple transgenic mice [33]. Here, we
for the first time show the anti-inflammatory effect of
NC009-1 to provide neuroprotection. AM404, an
anandamide transport inhibitor, was previously selected
through virtual screening compound databases to search
for compounds which act as a glycogen synthase kinase-
3B (GSK-3p) kinase inhibitor [34]. Through increasing
phospho-GSK-3p (Ser9) expression to reduce Tau
phosphorylation, AM404 enhanced HSPB1 and GRP78
(glucose-regulated protein, 78 kDa) expression,
increased pro-aggregated Tau solubility, and promoted
neurite outgrowth in AK280 Taugp AD cell model [34].
Through increasing the phosphorylation of AKT (AKT
serine/threonine kinase 1) and GSK-3B, AM404 at
low dose ameliorated cognitive deficit and reduced AP,
Tau hyperphosphorylation, and inflammation in
hyperglycemic 3xTg-AD mice [69]. AM404 also inhibits
directly Ca®* flux of L-type voltage-dependent Ca*
channels [71]. AMA404 can reduce allodynia in a
neuropathic pain model via cannabinoid CB1 receptor
activation [72]. Attenuation of lipopolysaccharide (LPS)-
induced increases in IL-1B and IL-6 by AM404, mediated
through the cannabinoid CB1 receptor, has also been
demonstrated [73]. Our results further support its anti-
inflammatory effect, but in a SCA3 model. Recently our
group has shown the anti-aggregation, anti-oxidative, and
neuroprotective effects of LM-031, a novel derivative of
chalcone-coumarin, against Ap or Tau toxicity through
activation of the HSPB1 chaperone, NRF2 (nuclear
factor, erythroid 2 like 2)/NQO1 (NAD(P)H quinone

NC009-1 HMC3 microglial activation
AM404
VB-037 = \
LM-031 NO/IL-1B/TNF-o/IL-6 1

NC009-1
AM404
VB-037
LM-031

dehydrogenase 1)/GCLC (glutamate-cysteine ligase
catalytic subunit) pathway, and CREB (cAMP-response
element binding protein 1)/BDNF (brain derived
neurotrophic factor)/BCL2 (BCL2 apoptosis regulator)
pathway [36, 37]. However, the anti-inflammatory effect
of LM-031 is for the first time demonstrated in the
present study. We have also previously shown that VB-
037, a novel quinoline compound, attenuated LPS/IFN-y-
induced activation of BV-2 microglia and diminished
LPS/IFN-y-induced increase of caspase 1 activity,
expression of IL-1pB, and phosphorylation of P38, JNK
and JUN to protect AB-GFP-expressing SHSY5Y cells
against inflammatory damage [35]. Here, we again show
its protection effect via anti-inflammatory action on
another neurodegenerative disease model. However, it
should be addressed that future studies in SCA3 animal
models are warranted to further consolidate the
neuroprotection effects of the tested compounds.

CONCLUSION

In summary, our study shows that neuroinflammation
contributes to increased aggregation and neurotoxicity
in  ATXN3/Qs-GFP  SH-SY5Y  cells. NCO009-1,
AMA404, VB-037 and LM-031 reduce aggregation,
neuroinflammation and ROS, and/or promote neurite
outgrowth by down-regulating IL-1p and TNF-a-
mediated pathways and their downstream IxBo/P65,
JNK/JUN or P38/STAT1 signaling (Figure 6). The
study results shed light on the involvement of
neuroinflammation in SCA3 and the potential of
NC009-1, AM404, VB-037 and LM-031 in treating
SCAS3 and probable other polyQ diseases.
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Misfolding /":’33%3-1
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Aggregationt LM-031

Neurite outgrowth |
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Neuronal cell viability |
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Figure 6. Graphic summary.
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MATERIALS AND METHODS
Compounds and cell culture

Anandamide transport inhibitor AM404 and quinoline
compound VB-037 were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and Enamine (Kiev, Ukraine),
respectively. Indole compound NCO009-1 and chalcone-
coumarin derivative LM-031 were synthesized and
characterized by NMR spectrum as described [36, 74].
No geometric isomers occur in both compounds. Human
HMC3 microglial cells (ATCC CRL-3304) and SH-
SY5Y cells (ATCC CRL-2266) were maintained in
Dulbecco’s modified Eagle medium/Nutrient mixture F-
12 (DMEM/F-12) supplemented with 10% fetal bovine
serum (FBS) (Thermo Fisher Scientific, Waltham, MA,
USA). ATXN3/Q:;5-GFP SH-SY5Y cells [40] were
cultivated in DMEM/F-12 containing 10% FBS, with 5
ug/ml blasticidin and 100 pug/ml hygromycin (InvivoGen,
San Diego, CA, USA) added to the growth medium.

Cell proliferation assay

To evaluate compound cytotoxicity, 2 x 10 (HMC3) or 1
x 10* (SH-SY5Y) cells were plated on 48-well dishes,
grown for 20 h, and treated with the tested compounds
(0.1-100 uM). After 28 h (HMC3) or 6 days (SH-
SY5Y), 20 ul of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (5 mg/ml) was
added to the cells at 37°C for 3 h. 200 pl of lysis buffer
(10% Triton X-100, 0.1 N HCI, 18% isopropanol) was
then added to dishes and the absorbance of the insoluble
purple formazan product at OD 570 nm was read by a
FLx800 fluorescence microplate spectrophotometer (Bio-
Tek, Winooski, VT, USA). The ICsy of the tested
compounds were calculated using the interpolation
method.

Radical-scavenging assay

The DPPH radical-scavenging activity was measured in
an ethanol mixture containing 200 uM DPPH (Sigma-
Aldrich) radical solution and the tested compounds (10—
160 uM). The solution was vortexed and incubated for
30 min at room temperature. The scavenging capacity
was measured by monitoring the decrease in absorbance
at 517 nm with a microplate spectrophotometer
(Multiskan GO, Thermo Fisher Scientific). The half
maximal effective concentrations (ECs) for inhibition
of the formation of DPPH radicals were calculated
using the interpolation method.

Bioavailability and BBB permeation prediction

Internet software ChemDraw (http://www.perkinelmer.
com/tw/category/chemdraw) was used to calculate

molecular weight (MW), hydrogen bond donor (HBD),
hydrogen bond acceptor (HBA), octanol-water partition
coefficient (cLogP) and polar surface area (PSA). In
addition, blood-brain barrier (BBB) prediction server
(Online BBB Predictor, https://www.cbligand.org/BBB/)
was used to calculate BBB permeation score.

Immunocytochemical staining of CD68 and MHCI|

HMC3 cells were plated into 6-well (2 x 10°/well)
dishes containing coverslips, grown for 20 h and
stimulated with IFN-y (100 ng/ml) for 20 h. Then the
cells were fixed with 4% paraformaldehyde for 30 min,
permeabilized with 0.1% Triton X-100 for 10 min, and
blocked non-specific binding with 3% BSA for 20 min.
The primary anti-CD68 (1:1000; Cell Signaling,
Danvers, MA, USA) or anti-MHCIl (1:1000;
Invitrogen, Waltham, MA, USA) antibody was used to
stain cells at 4°C overnight, followed by Alexa Fluor
555-donkey anti-rabbit or Cy™5-goat anti-mouse (IgG)
secondary antibody (1:1000; Invitrogen) staining for 2 h
at room temperature. Nuclei were detected using 4’,6-
diamidino-2-phenylindole (DAPI; 0.1 pg/ml; Sigma-
Aldrich). The stained cells were examined using Zeiss
LSM 880 confocal laser scanning microscope (Zeiss,
Oberkochen, Germany).

Detection of inflammatory mediators

HMC3 cells were plated into 6-well (2 x 10°/well)
dishes, grown for 20 h and treated with the tested
compounds (1-10 uM) for 8 h followed by IFN-y (100
ng/ml) stimulation. The release of NO in cell culture
medium was evaluated by Griess assay according to
manufacturer’s protocol (Thermo Fisher Scientific). In
addition, the levels of IL-1B, TNF-a and IL-6 in
medium pre-treated with 10 pM compound were
determined using Human Instant ELISA™ Kit
following the manufacturer’s protocol (Invitrogen). The
optical density at 450 nm was detected using Multiskan
GO spectrophotometer.

High content ATXN3 polyQ aggregation and neurite
outgrowth analyses

ATXN3/Q75s-GFP SH-SY5Y cells were plated on 24-well
(1 x 10%well) dishes, and retinoic acid (10 pM; Sigma-
Aldrich) was added to initiate neuronal differentiation.
On the second day, cells were treated with the tested
compound (10 uM) for 8 h before ATXN3-GFP
expression induction by adding doxycycline (5 pg/ml).
For comparison, cells without inducing ATXN3/Q5-GFP
expression were included. The cells were kept in the
medium containing retinoic acid, doxycycline and test
compound for 6 days. For the cells with inflammatory
stimulation, HMC3 conditioned medium with (CM/+
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IFN-y) or without (CM/-IFN-y) IFN-y stimulation was
added at a 1:1 ratio in the last two days. On the eighth
day, cells were stained with Hoechst 33342 (0.1 ug/ml;
Sigma-Aldrich) for 30 min, and images of the cells were
automatically obtained using an ImageXpressMICRO
high content analysis (HCA) system (Molecular Devices,
San Jose, CA, USA). Excitation/emission filters were at
482/536 and 377/447 nm for enhanced GFP and Hoechst
33342, respectively. Aggregation was determined by
Transfluor technology [75] based on GFP fluorescence
intensity. Neurite length, process and branch of
ATXN3/Q;5s-GFP-expressing cells were analyzed by
using Metamorph microscopy automation and image
analysis software (neurite outgrowth application module,
Molecular Devices). In addition, cells were fixed,
permeated and stained with neuronal class 11l B-tubulin
(TUBB3) antibody (1:1000; Covance, Princeton, NJ,
USA), followed by anti-rabbit Alexa Fluor ®555 antibody
(1:1000; Thermo Fisher Scientific) for neurite outgrowth
analysis. To quantify neurite outgrowth, microscopic
images were segmented with multi-colored mask to
assign each outgrowth to a cell body for quantification. In
general, 10* cells in each biological replicate were
analyzed.

Cell viability, caspase 1 activity, and LDH release
assays

Cell viability was assayed by propidium iodide (PI)
staining. Briefly, retinoic acid-differentiated ATXN3/
Q+5-GFP SH-SY5Y cells (2 x 10° on 6-well dishes) were
pretreated with the tested compounds, induced ATXN3/
Q75 expression, and inflamed with HMC3 conditioned
medium (CM/+IFN-y or CM/-IFN-y) as described. On
the eighth day, the cells were stained with PI (0.6 pg/ml;
Sigma-Aldrich) and Hoechst 33342 (0.1 pg/ml) for 30
min, and images of the cells were automatically obtained
using the HCA, with 535 nm excitation and 617 nm
emission filters for Pl. For caspase 1 activity assay, the
cells were lysed by repeated freeze-thaw and
supernatants collected after centrifugation at 12,000 x g
for 10 min. Caspase 1 activity was measured with the
caspase 1 assay kit based on the cleavage of substrate
YVAD-AFC according to the manufacturer’s instructions
(BioVision, Milpitas, CA, USA). The absorbance was
read using FLx800 microplate reader with excitation at
400 nm and emission at 505 nm. For LDH release assay,
cell culture media were collected on day 8 and the release
of LDH was examined by using LDH cytotoxicity assay
kit (Cayman, Ann Arbor, MI, USA). The absorbance was
read at 490 nm with Multiskan GO microplate reader.

ROS analysis

Retinoic acid-differentiated ATXN3/Q.5-GFP SH-SY5Y
cells (8 x 10° on 96-well dishes) were pretreated with the

tested compounds, induced ATXN3/Q-s expression, and
inflamed with HMC3 conditioned medium as described.
On the eighth day, fluorogenic CellROX deep red reagent
(5 uM; Invitrogen) and Hoechst 33342 (0.1 pg/ml) were
added to the cells and incubated at 37°C for 30 min.
Images of the cells were obtained and analyzed using the
HCA, with 640 nm excitation and 665 nm emission
filters for CellROX deep red reagent.

Western blot analysis and filter trap assay

Cells were lysed using buffer (50 mM Tris-HCI pH8.0,
0.5% sodium deoxycholate, 0.1% SDS, 150 mM NacCl, 2
mM EDTA, 50 mM NaF and 1% NP40) containing the
protease inhibitor cocktail (Sigma-Aldrich). After
sonication, the lysates were centrifuged at 12,000 x g for
10 min at 4°C. Protein concentrations were determined
using a protein assay kit (Bio-Rad, Hercules, CA, USA),
with albumin as standards. Total soluble proteins (20 pig)
were electrophoresed on 10% SDS-polyacrylamide gel
and transferred onto polyvinylidene difluoride
membrane (Sigma-Aldrich) by reverse electrophoresis.
After being blocked, the membrane was stained with
ATXN3 (1:1000; GeneTex, Irvive, CA, USA), GFP
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), CD68 (1:1000; Cell Signaling), IxBo (1:1000;
Cell Signaling), p-IxBa (S32/36) (1:1000; Cell
Signaling), P65 (1:1000; Cell Signaling), p-P65 (S536)
(1:1000; Cell Signaling), JNK (1:1000; Cell Signaling),
p-JNK (T183/Y185) (1:500; Cell Signaling), JUN, p-
JUN (S63) (1:1000; Cell Signaling), P38 (1:1000; Cell
Signaling), p-P38 (T180/Y182) (1:1000; Cell Signaling),
STAT1 (1:1000; Cell Signaling), p-STAT1 (S727)
(1:1000; Cell Signaling), or GAPDH (1:5000; MDBio
Inc., Taipei, Taiwan) primary antibody at room
temperature 2 h or 4°C overnight. The immune
complexes were detected using horseradish peroxidase
(HRP)-conjugated goat anti-mouse or goat anti-rabbit
IgG antibody (1:5000; GeneTex) and chemiluminescent
HRP substrate (Millipore, Billerica, MA, USA).

For filter trap assay, protein (20 pg) was diluted in 2%
SDS in PBS and filtered through a cellulose acetate
membrane (0.2 um pore size; Merck, Kenilworth, NJ,
USA) pre-equilibrated in 2% SDS in PBS on a dot-blot
filtration unit (Bio-Rad Laboratories, Hercules, CA,
USA). After washing with 2% SDS buffer and blocking
in PBS containing 5% nonfat dried milk, the cellulose
acetate membrane was probed with anti-GFP antibody
(1:1000; Santa Cruz Biotechnology) and the immune
complexes on the membrane were detected as described.

Statistical analysis

For each data set, three independent experiments were
performed and data were expressed as the means *
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standard deviation (SD). Differences between groups
were evaluated by Student’s t test (comparing two
groups) or one-way analysis of variance with a post hoc
Tukey test where appropriate (comparing several
groups). All P values were two-tailed, with values lower
than 0.05 to be considered statistically significant.

AUTHOR CONTRIBUTIONS

Conception and design: GJLC, CMC; Data acquisition:
YJC, SAL, WLC, THL, CHL; Data analysis: YJC,
SAL, GJLC; Drafting of the manuscript: GILC, CMC;
Contributed reagents/materials: CFY, WL; Critical
revision of Manuscript: YRW, KHC; Final approval of
manuscript: GJLC, CMC.

ACKNOWLEDGMENTS

We thank the Molecular Imaging Core Facility of
National Taiwan Normal University for the technical
assistance.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of interest.

FUNDING

This work was supported by the grants 106-2320-B-
003-005 from the Ministry of Science and Technology,
and CMRPG3H101 and CMRPG3J127 from Chang
Gung Memorial Hospital, Taiwan.

REFERENCES

1. Paulson HL, Shakkottai VG, Clark HB, Orr HT.
Polyglutamine spinocerebellar ataxias - from genes
to potential treatments. Nat Rev Neurosci. 2017;
18:613-26.
https://doi.org/10.1038/nrn.2017.92 PMID:28855740

2.  Mcloughlin HS, Moore LR, Paulson HL. Pathogenesis of
SCA3 and implications for other polyglutamine
diseases. Neurobiol Dis. 2020; 134:104635.
https://doi.org/10.1016/j.nbd.2019.104635
PMID:31669734

3. Manto MU. The wide spectrum of spinocerebellar
ataxias (SCAs). Cerebellum. 2005; 4:2-6.
https://doi.org/10.1080/14734220510007914
PMID:15895552

4. Durr A. Autosomal dominant cerebellar ataxias:
polyglutamine expansions and beyond. Lancet Neurol.
2010; 9:885-94.
https://doi.org/10.1016/51474-4422(10)70183-6
PMID:20723845

10.

11.

12.

Seidel K, Siswanto S, Brunt ER, den Dunnen W, Korf
HW, Riib U. Brain pathology of spinocerebellar ataxias.
Acta Neuropathol. 2012; 124:1-21.
https://doi.org/10.1007/s00401-012-1000-x
PMID:22684686

Kawaguchi Y, Okamoto T, Taniwaki M, Aizawa M, Inoue
M, Katayama S, Kawakami H, Nakamura S, Nishimura M,
Akiguchi |, Kimura J, Narumiya S, Kakizuka A. CAG
expansions in a novel gene for Machado-Joseph disease
at chromosome 14932.1. Nat Genet. 1994; 8:221-28.
https://doi.org/10.1038/ng1194-221 PMID:7874163

Doss-Pepe EW, Stenroos ES, Johnson WG, Madura K.
Ataxin-3 interactions with rad23 and valosin-containing
protein and its associations with ubiquitin chains and
the proteasome are consistent with a role in ubiquitin-
mediated proteolysis. Mol Cell Biol. 2003; 23:6469-83.
https://doi.org/10.1128/mcb.23.18.6469-6483.2003
PMID:12944474

Wu YR, Lin HY, Chen CM, Gwinn-Hardy K, Ro LS, Wang
YC, Li SH, Hwang JC, Fang K, Hsieh-Li HM, Li ML, Tung
LC, Su MT, et al. Genetic testing in spinocerebellar
ataxia in Taiwan: expansions of trinucleotide repeats in
SCA8 and SCA17 are associated with typical Parkinson’s
disease. Clin Genet. 2004; 65:209-14.
https://doi.org/10.1111/j.0009-9163.2004.00213.x
PMID:14756671

Schols L, Bauer P, Schmidt T, Schulte T, Riess O.
Autosomal dominant cerebellar ataxias: clinical
features, genetics, and pathogenesis. Lancet Neurol.
2004; 3:291-304.
https://doi.org/10.1016/51474-4422(04)00737-9
PMID:15099544

Chai Y, Shao J, Miller VM, Williams A, Paulson HL. Live-
cell imaging reveals divergent intracellular dynamics of
polyglutamine disease proteins and supports a
sequestration model of pathogenesis. Proc Natl Acad
Sci USA. 2002; 99:9310-15.
https://doi.org/10.1073/pnas.152101299
PMID:12084819

Li F, Macfarlan T, Pittman RN, Chakravarti D. Ataxin-3 is
a histone-binding protein with two independent
transcriptional corepressor activities. J Biol Chem.
2002; 277:45004-12.
https://doi.org/10.1074/jbc.M205259200
PMID:12297501

Evert BO, Araujo J, Vieira-Saecker AM, de Vos RA,
Harendza S, Klockgether T, Willner U. Ataxin-3
represses transcription via chromatin binding,
interaction with histone deacetylase 3, and histone
deacetylation. J Neurosci. 2006; 26:11474—-86.
https://doi.org/10.1523/INEUROSCI.2053-06.2006
PMID:17079677

www.aging-us.com

23634

AGING


https://doi.org/10.1038/nrn.2017.92
https://pubmed.ncbi.nlm.nih.gov/28855740
https://doi.org/10.1016/j.nbd.2019.104635
https://pubmed.ncbi.nlm.nih.gov/31669734
https://doi.org/10.1080/14734220510007914
https://pubmed.ncbi.nlm.nih.gov/15895552
https://doi.org/10.1016/S1474-4422(10)70183-6
https://pubmed.ncbi.nlm.nih.gov/20723845
https://doi.org/10.1007/s00401-012-1000-x
https://pubmed.ncbi.nlm.nih.gov/22684686
https://doi.org/10.1038/ng1194-221
https://pubmed.ncbi.nlm.nih.gov/7874163
https://doi.org/10.1128/mcb.23.18.6469-6483.2003
https://pubmed.ncbi.nlm.nih.gov/12944474
https://doi.org/10.1111/j.0009-9163.2004.00213.x
https://pubmed.ncbi.nlm.nih.gov/14756671
https://doi.org/10.1016/S1474-4422(04)00737-9
https://pubmed.ncbi.nlm.nih.gov/15099544
https://doi.org/10.1073/pnas.152101299
https://pubmed.ncbi.nlm.nih.gov/12084819
https://doi.org/10.1074/jbc.M205259200
https://pubmed.ncbi.nlm.nih.gov/12297501
https://doi.org/10.1523/JNEUROSCI.2053-06.2006
https://pubmed.ncbi.nlm.nih.gov/17079677

13.

14.

15.

16.

17.

18.

19.

Araujo J, Breuer P, Dieringer S, Krauss S, Dorn S,
Zimmermann K, Pfeifer A, Klockgether T, Wuellner U,
Evert BO. FOXO4-dependent upregulation of
superoxide dismutase-2 in response to oxidative stress
is impaired in spinocerebellar ataxia type 3. Hum Mol
Genet. 2011; 20:2928-41.
https://doi.org/10.1093/hmg/ddr197

PMID:21536589

Chen CM, Weng YT, Chen WL, Lin TH, Chao CY, Lin CH,
Chen IC, Lee LC, Lin HY, Wu YR, Chen YC, Chang KH,
Tang HY, et al. Aqueous extract of glycyrrhiza inflata
inhibits aggregation by upregulating PPARGC1A and
NFE2L2-ARE pathways in cell models of spinocerebellar
ataxia 3. Free Radic Biol Med. 2014; 71:339-50.
https://doi.org/10.1016/j.freeradbiomed.2014.03.023
PMID:24675225

Chang KH, Chen WL, Wu YR, Lin TH, Wu YC, Chao CY,
Lin JY, Lee LC, Chen YC, Lee-Chen GJ, Chen CM.
Aqueous extract of gardenia jasminoides targeting
oxidative stress to reduce polyQ aggregation in
cell  models of spinocerebellar ataxia 3.
Neuropharmacology. 2014; 81:166-75.
https://doi.org/10.1016/j.neuropharm.2014.01.032
PMID:24486383

Gao R, Liu Y, Silva-Fernandes A, Fang X, Paulucci-
Holthauzen A, Chatterjee A, Zhang HL, Matsuura T,
Choudhary S, Ashizawa T, Koeppen AH, Maciel P, Hazra
TK, Sarkar PS. Inactivation of PNKP by mutant ATXN3
triggers apoptosis by activating the DNA damage-
response pathway in SCA3. PLoS Genet. 2015;
11:e1004834.
https://doi.org/10.1371/journal.pgen.1004834
PMID:25590633

Chen IC, Chang CN, Chen WL, Lin TH, Chao CY, Lin CH,
Lin HY, Cheng ML, Chiang MC, Lin JY, Wu YR, Lee-Chen
GJ, Chen CM. Targeting ubiquitin proteasome pathway
with traditional Chinese medicine for treatment of
spinocerebellar ataxia type 3. Am J Chin Med. 2019;
47:63-95.
https://doi.org/10.1142/50192415X19500046
PMID:30612452

Ashkenazi A, Bento CF, Ricketts T, Vicinanza M, Siddiqi
F, Pavel M, Squitieri F, Hardenberg MC, Imarisio S,
Menzies FM, Rubinsztein DC. Polyglutamine tracts
regulate beclin 1-dependent autophagy. Nature. 2017;
545:108-11.

https://doi.org/10.1038/nature22078 PMID:28445460

Yu YC, Kuo CL, Cheng WL, Liu CS, Hsieh M. Decreased
antioxidant enzyme  activity and increased
mitochondrial DNA damage in cellular models of
Machado-Joseph disease. J Neurosci Res. 2009;
87:1884-91.

https://doi.org/10.1002/jnr.22011 PMID:19185026

20.

21.

22.

23.

24,

25.

26.

27.

Wu YL, Chang JC, Lin WY, Li CC, Hsieh M, Chen HW,
Wang TS, Wu WT, Liu CS, Liu KL. Caffeic acid and
resveratrol ameliorate cellular damage in cell and
drosophila models of spinocerebellar ataxia type 3
through upregulation of Nrf2 pathway. Free Radic Biol
Med. 2018; 115:309-17.
https://doi.org/10.1016/j.freeradbiomed.2017.12.011
PMID:29247688

Evert BO, Vogt IR, Kindermann C, Ozimek L, de Vos RA,
Brunt ER, Schmitt |, Klockgether T, Wdillner U.
Inflammatory genes are upregulated in expanded
ataxin-3-expressing cell lines and spinocerebellar
ataxia type 3 brains. J Neurosci. 2001; 21:5389-96.
https://doi.org/10.1523/JINEUROSCI.21-15-05389.2001
PMID:11466410

Evert BO, Schelhaas J, Fleischer H, de Vos RA, Brunt ER,
Stenzel W, Klockgether T, Waillner U. Neuronal
intranuclear inclusions, dysregulation of cytokine
expression and cell death in spinocerebellar ataxia type
3. Clin Neuropathol. 2006; 25:272-81.

PMID:17140157

Hibener J, Casadei N, Teismann P, Seeliger MW,
Bjorkqvist M, von Horsten S, Riess O, Nguyen HP.
Automated behavioral phenotyping reveals
presymptomatic alterations in a SCA3 genetrap mouse
model. ) Genet Genomics. 2012; 39:287-99.
https://doi.org/10.1016/j.jgg.2012.04.009
PMID:22749017

Snijder PM, Baratashvili M, Grzeschik NA, Leuvenink
HG, Kuijpers L, Huitema S, Schaap O, Giepmans BN,
Kuipers J, Miljkovic JL, Mitrovic A, Bos EM, Szabé C, et
al. Overexpression of cystathionine y-lyase suppresses
detrimental effects of spinocerebellar ataxia type 3.
Mol Med. 2016; 21:758-68.
https://doi.org/10.2119/molmed.2015.00221
PMID:26467707

Duarte-Neves J, Gongalves N, Cunha-Santos J, Simdes
AT, den Dunnen WF, Hirai H, Kiigler S, Cavadas C,
Pereira de Almeida L. Neuropeptide Y mitigates
neuropathology and motor deficits in mouse models of
Machado-Joseph disease. Hum Mol Genet. 2015;
24:5451-63.

https://doi.org/10.1093/hmg/ddv271 PMID:26220979

Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett
BL, Li J, Young DB, Barbosa M, Mann M, Manning A,
Rao A. IKK-1 and IKK-2: cytokine-activated lkappaB
kinases essential for NF-kappaB activation. Science.
1997; 278:860-66.
https://doi.org/10.1126/science.278.5339.860

PMID:9346484

Brown K, Gerstberger S, Carlson L, Franzoso G,
Siebenlist U. Control of | kappa b-alpha proteolysis by
site-specific, signal-induced phosphorylation. Science.

www.aging-us.com

23635

AGING


https://doi.org/10.1093/hmg/ddr197
https://pubmed.ncbi.nlm.nih.gov/21536589
https://doi.org/10.1016/j.freeradbiomed.2014.03.023
https://pubmed.ncbi.nlm.nih.gov/24675225
https://doi.org/10.1016/j.neuropharm.2014.01.032
https://pubmed.ncbi.nlm.nih.gov/24486383
https://doi.org/10.1371/journal.pgen.1004834
https://pubmed.ncbi.nlm.nih.gov/25590633
https://doi.org/10.1142/S0192415X19500046
https://pubmed.ncbi.nlm.nih.gov/30612452
https://doi.org/10.1038/nature22078
https://pubmed.ncbi.nlm.nih.gov/28445460
https://doi.org/10.1002/jnr.22011
https://pubmed.ncbi.nlm.nih.gov/19185026
https://doi.org/10.1016/j.freeradbiomed.2017.12.011
https://pubmed.ncbi.nlm.nih.gov/29247688
https://doi.org/10.1523/JNEUROSCI.21-15-05389.2001
https://pubmed.ncbi.nlm.nih.gov/11466410
https://pubmed.ncbi.nlm.nih.gov/17140157
https://doi.org/10.1016/j.jgg.2012.04.009
https://pubmed.ncbi.nlm.nih.gov/22749017
https://doi.org/10.2119/molmed.2015.00221
https://pubmed.ncbi.nlm.nih.gov/26467707
https://doi.org/10.1093/hmg/ddv271
https://pubmed.ncbi.nlm.nih.gov/26220979
https://doi.org/10.1126/science.278.5339.860
https://pubmed.ncbi.nlm.nih.gov/9346484

28.

29.

30.

31

32.

33.

34,

35.

1995; 267:1485-88.
https://doi.org/10.1126/science.7878466
PMID:7878466

Lee MS, Kim YJ. Signaling pathways downstream of
pattern-recognition receptors and their cross talk.
Annu Rev Biochem. 2007; 76:447-80.
https://doi.org/10.1146/annurev.biochem.76.060605.
122847 PMID:17328678

Cui J, Zhang M, Zhang YQ, Xu ZH. JNK pathway:
diseases and therapeutic potential. Acta Pharmacol
Sin. 2007; 28:601-08.
https://doi.org/10.1111/j.1745-7254.2007.00579.x
PMID:17439715

Kovarik P, Stoiber D, Eyers PA, Menghini R, Neininger
A, Gaestel M, Cohen P, Decker T. Stress-induced
phosphorylation of STAT1 at Ser727 requires p38
mitogen-activated protein kinase whereas IFN-gamma
uses a different signaling pathway. Proc Natl Acad Sci
USA. 1999; 96:13956-61.
https://doi.org/10.1073/pnas.96.24.13956
PMID:10570180

Zhu Z, Reiser G. The small heat shock proteins,
especially HspB4 and HspB5 are promising protectants
in neurodegenerative diseases. Neurochem Int. 2018;
115:69-79.
https://doi.org/10.1016/j.neuint.2018.02.006
PMID:29425965

Chang KH, Lin CH, Chen HC, Huang HY, Chen SL, Lin TH,
Ramesh C, Huang CC, Fung HC, Wu YR, Huang HJ, Lee-
Chen GJ, Hsieh-Li HM, Yao CF. The potential of
indole/indolylquinoline compounds in tau misfolding
reduction by enhancement of HSPB1. CNS Neurosci
Ther. 2017; 23:45-56.
https://doi.org/10.1111/cns.12592 PMID:27424519

Chen YC, Chiu YJ, Lin CH, Hsu WC, Wu JL, Huang CH, Lin
CW, Yao CF, Huang HJ, Lo YS, Chen CM, Wu YR, Chang
KH, et al. Indole compound NC009-1 augments APOE
and TRKA in Alzheimer’'s disease cell and mouse
models  for  neuroprotection and  cognitive
improvement. J Alzheimers Dis. 2019; 67:737-56.
https://doi.org/10.3233/JAD-180643

PMID:30689566

Lin CH, Hsieh YS, Wu YR, Hsu CJ, Chen HC, Huang WH,
Chang KH, Hsieh-Li HM, Su MT, Sun YC, Lee GC, Lee-
Chen GJ. Identifying GSK-3B kinase inhibitors of
Alzheimer’s disease: virtual screening, enzyme, and cell
assays. Eur J Pharm Sci. 2016; 89:11-19.
https://doi.org/10.1016/j.ejps.2016.04.012
PMID:27094783

Chiu YJ, Hsieh YH, Lin TH, Lee GC, Hsieh-Li HM, Sun YC,
Chen CM, Chang KH, Lee-Chen GJ. Novel compound
VB-037 inhibits AP aggregation and promotes neurite

36.

37.

38.

39.

40.

41.

42.

outgrowth through enhancement of HSP27 and
reduction of P38 and JNK-mediated inflammation in
cell models for Alzheimer’s disease. Neurochem Int.
2019; 125:175-86.
https://doi.org/10.1016/j.neuint.2019.01.021
PMID:30707915

Lee SY, Chiu YJ, Yang SM, Chen CM, Huang CC, Lee-
Chen GJ, Lin W, Chang KH. Novel synthetic chalcone-
coumarin hybrid for AP aggregation reduction,
antioxidation, and neuroprotection. CNS Neurosci
Ther. 2018; 24:1286-98.
https://doi.org/10.1111/cns.13058 PMID:30596401

Lin TH, Chiu YJ, Lin CH, Lin CY, Chao CY, Chen YC, Yang
SM, Lin W, Mei Hsieh-Li H, Wu YR, Chang KH, Lee-Chen
GJ, Chen CM. Exploration of multi-target effects of 3-
benzoyl-5-hydroxychromen-2-one in Alzheimer’s disease
cell and mouse models. Aging Cell. 2020; 19:e131609.
https://doi.org/10.1111/acel.13169 PMID:32496635

Chen CM, Chen WL, Hung CT, Lin TH, Chao CY, Lin CH,
Wu YR, Chang KH, Yao CF, Lee-Chen GJ, Su MT, Hsieh-Li
HM. The indole compound NC009-1 inhibits
aggregation and promotes neurite outgrowth through
enhancement of HSPB1 in SCA17 cells and ameliorates
the behavioral deficits in SCA17 mice. Neurotoxicology.
2018; 67:259-69.
https://doi.org/10.1016/j.neuro.2018.06.009
PMID:29936316

Janabi N, Peudenier S, Héron B, Ng KH, Tardieu M.
Establishment of human microglial cell lines after
transfection of primary cultures of embryonic
microglial cells with the SV40 large T antigen. Neurosci
Lett. 1995; 195:105-08.
https://doi.org/10.1016/0304-3940(94)11792-h
PMID:7478261

Chang KH, Chen WL, Lee LC, Lin CH, Kung PJ, Lin TH,
Wu YC, Wu YR, Chen YC, Lee-Chen GJ, Chen CM.
Aqueous extract of paeonia lactiflora and paeoniflorin
as aggregation reducers targeting chaperones in cell
models of spinocerebellar ataxia 3. Evid Based
Complement Alternat Med. 2013; 2013:471659.
https://doi.org/10.1155/2013/471659
PMID:23533486

Zuk M, Kulma A, Dyminska L, Szottysek K, Prescha A,
Hanuza J, Szopa J. Flavonoid engineering of flax
potentiate its biotechnological application. BMC
Biotechnol. 2011; 11:10.
https://doi.org/10.1186/1472-6750-11-10
PMID:21276227

Lipinski CA, Lombardo F, Dominy BW, Feeney PJ.
Experimental and computational approaches to
estimate solubility and permeability in drug discovery
and development settings. Adv Drug Deliv Rev. 2001;

www.aging-us.com

23636

AGING


https://doi.org/10.1126/science.7878466
https://pubmed.ncbi.nlm.nih.gov/7878466
https://doi.org/10.1146/annurev.biochem.76.060605.122847
https://doi.org/10.1146/annurev.biochem.76.060605.122847
https://pubmed.ncbi.nlm.nih.gov/17328678
https://doi.org/10.1111/j.1745-7254.2007.00579.x
https://pubmed.ncbi.nlm.nih.gov/17439715
https://doi.org/10.1073/pnas.96.24.13956
https://pubmed.ncbi.nlm.nih.gov/10570180
https://doi.org/10.1016/j.neuint.2018.02.006
https://pubmed.ncbi.nlm.nih.gov/29425965
https://doi.org/10.1111/cns.12592
https://pubmed.ncbi.nlm.nih.gov/27424519
https://doi.org/10.3233/JAD-180643
https://pubmed.ncbi.nlm.nih.gov/30689566
https://doi.org/10.1016/j.ejps.2016.04.012
https://pubmed.ncbi.nlm.nih.gov/27094783
https://doi.org/10.1016/j.neuint.2019.01.021
https://pubmed.ncbi.nlm.nih.gov/30707915
https://doi.org/10.1111/cns.13058
https://pubmed.ncbi.nlm.nih.gov/30596401
https://doi.org/10.1111/acel.13169
https://pubmed.ncbi.nlm.nih.gov/32496635
https://doi.org/10.1016/j.neuro.2018.06.009
https://pubmed.ncbi.nlm.nih.gov/29936316
https://doi.org/10.1016/0304-3940(94)11792-h
https://pubmed.ncbi.nlm.nih.gov/7478261
https://doi.org/10.1155/2013/471659
https://pubmed.ncbi.nlm.nih.gov/23533486
https://doi.org/10.1186/1472-6750-11-10
https://pubmed.ncbi.nlm.nih.gov/21276227

43.

44,

45.

46.

47.

48.

49.

50.

51.

46:3-26.
https://doi.org/10.1016/s0169-409x(00)00129-0
PMID:11259830

Hitchcock SA, Pennington LD. Structure-brain exposure
relationships. ] Med Chem. 2006; 49:7559-83.
https://doi.org/10.1021/jm060642i PMID:17181137

Liu H, Wang L, Lv M, Pei R, Li P, Pei Z, Wang Y,
Su W, Xie XQ. AlzPlatform: an Alzheimer’s disease
domain-specific chemogenomics knowledgebase for
polypharmacology and target identification research. J
Chem Inf Model. 2014; 54:1050-60.
https://doi.org/10.1021/ci500004h PMID:24597646

Li B, Bedard K, Sorce S, Hinz B, Dubois-Dauphin M,
Krause KH. NOX4 expression in human microglia leads
to constitutive generation of reactive oxygen species
and to constitutive IL-6 expression. J Innate Immun.
2009; 1:570-81.

https://doi.org/10.1159/000235563 PMID:20375612

O’Neill LA. Signal transduction pathways activated by
the IL-1 receptor/toll-like receptor superfamily. Curr
Top Microbiol Immunol. 2002; 270:47-61.
https://doi.org/10.1007/978-3-642-59430-4 3
PMID:12467243

Goldstein DM, Gabriel T. Pathway to the clinic:
inhibition of P38 MAP kinase. A review of ten
chemotypes selected for development. Curr Top Med
Chem. 2005; 5:1017-29.
https://doi.org/10.2174/1568026054985939
PMID:16178744

Kumar A, Singh UK, Kini SG, Garg V, Agrawal S, Tomar
PK, Pathak P, Chaudhary A, Gupta P, Malik A. JNK
pathway signaling: a novel and smarter therapeutic
targets for various biological diseases. Future Med
Chem. 2015; 7:2065-86.
https://doi.org/10.4155/fmc.15.132

PMID:26505831

Renard P, Zachary MD, Bougelet C, Mirault ME,
Haegeman G, Remacle J, Raes M. Effects of antioxidant
enzyme modulations on interleukin-1-induced nuclear
factor kappa B activation. Biochem Pharmacol. 1997;
53:149-60.
https://doi.org/10.1016/s0006-2952(96)00645-4
PMID:9037247

Shin JY, Fang ZH, Yu ZX, Wang CE, Li SH, Li XJ. Expression
of mutant huntingtin in glial cells contributes to
neuronal excitotoxicity. J Cell Biol. 2005; 171:1001-12.
https://doi.org/10.1083/jcb.200508072
PMID:16365166

Hsiao HY, Chen YC, Chen HM, Tu PH, Chern Y. A critical
role of astrocyte-mediated nuclear factor-kB-
dependent inflammation in Huntington’s disease. Hum
Mol Genet. 2013; 22:1826-42.

52.

53.

54.

55.

56.

57.

58.

59.

60.

https://doi.org/10.1093/hmg/ddt036 PMID:23372043

Hsiao HY, Chiu FL, Chen CM, Wu YR, Chen HM, Chen
YC, Kuo HC, Chern Y. Inhibition of soluble tumor
necrosis factor is therapeutic in Huntington’s disease.
Hum Mol Genet. 2014; 23:4328-44.

https://doi.org/10.1093/hmg/ddul51 PMID:24698979

Palpagama TH, Waldvogel HJ, Faull RL, Kwakowsky A.
The role of microglia and astrocytes in Huntington’s
disease. Front Mol Neurosci. 2019; 12:258.
https://doi.org/10.3389/fnmol.2019.00258
PMID:31708741

Fischer R, Maier O. Interrelation of oxidative stress and
inflammation in neurodegenerative disease: role of
TNF. Oxid Med Cell Longev. 2015; 2015:610813.

https://doi.org/10.1155/2015/610813 PMID:25834699

Jimenez-Sanchez M, Licitra F, Underwood BR,
Rubinsztein DC. Huntington’s disease: mechanisms of
pathogenesis and therapeutic strategies. Cold Spring
Harb Perspect Med. 2017; 7:a024240.
https://doi.org/10.1101/cshperspect.a024240
PMID:27940602

Saudou F, Finkbeiner S, Devys D, Greenberg ME.
Huntingtin acts in the nucleus to induce apoptosis but
death does not correlate with the formation of
intranuclear inclusions. Cell. 1998; 95:55-66.
https://doi.org/10.1016/s0092-8674(00)81782-1
PMID:9778247

Wellington CL, Ellerby LM, Hackam AS, Margolis RL,
Trifiro MA, Singaraja R, McCutcheon K, Salvesen GS,
Propp SS, Bromm M, Rowland KJ, Zhang T, Rasper D, et
al. Caspase cleavage of gene products associated with
triplet expansion disorders generates truncated
fragments containing the polyglutamine tract. J Biol
Chem. 1998; 273:9158-67.
https://doi.org/10.1074/jbc.273.15.9158
PMID:9535906

Arrasate M, Mitra S, Schweitzer ES, Segal MR,
Finkbeiner S. Inclusion body formation reduces levels
of mutant huntingtin and the risk of neuronal death.
Nature. 2004; 431:805-10.

https://doi.org/10.1038/nature02998 PMID:15483602

Kaur C, Sivakumar V, Zou Z, Ling EA. Microglia-derived
proinflammatory cytokines tumor necrosis factor-alpha
and interleukin-lbeta induce purkinje neuronal
apoptosis via their receptors in hypoxic neonatal rat
brain. Brain Struct Funct. 2014; 219:151-70.
https://doi.org/10.1007/s00429-012-0491-5
PMID:23262920

Cabal-Hierro L, Lazo PS. Signal transduction by
tumor necrosis factor receptors. Cell Signal. 2012;
24:1297-305.
https://doi.org/10.1016/j.cellsig.2012.02.006

www.aging-us.com

23637

AGING


https://doi.org/10.1016/s0169-409x(00)00129-0
https://pubmed.ncbi.nlm.nih.gov/11259830
https://doi.org/10.1021/jm060642i
https://pubmed.ncbi.nlm.nih.gov/17181137
https://doi.org/10.1021/ci500004h
https://pubmed.ncbi.nlm.nih.gov/24597646
https://doi.org/10.1159/000235563
https://pubmed.ncbi.nlm.nih.gov/20375612
https://doi.org/10.1007/978-3-642-59430-4_3
https://pubmed.ncbi.nlm.nih.gov/12467243
https://doi.org/10.2174/1568026054985939
https://pubmed.ncbi.nlm.nih.gov/16178744
https://doi.org/10.4155/fmc.15.132
https://pubmed.ncbi.nlm.nih.gov/26505831
https://doi.org/10.1016/s0006-2952(96)00645-4
https://pubmed.ncbi.nlm.nih.gov/9037247
https://doi.org/10.1083/jcb.200508072
https://pubmed.ncbi.nlm.nih.gov/16365166
https://doi.org/10.1093/hmg/ddt036
https://pubmed.ncbi.nlm.nih.gov/23372043
https://doi.org/10.1093/hmg/ddu151
https://pubmed.ncbi.nlm.nih.gov/24698979
https://doi.org/10.3389/fnmol.2019.00258
https://pubmed.ncbi.nlm.nih.gov/31708741
https://doi.org/10.1155/2015/610813
https://pubmed.ncbi.nlm.nih.gov/25834699
https://doi.org/10.1101/cshperspect.a024240
https://pubmed.ncbi.nlm.nih.gov/27940602
https://doi.org/10.1016/s0092-8674(00)81782-1
https://pubmed.ncbi.nlm.nih.gov/9778247
https://doi.org/10.1074/jbc.273.15.9158
https://pubmed.ncbi.nlm.nih.gov/9535906
https://doi.org/10.1038/nature02998
https://pubmed.ncbi.nlm.nih.gov/15483602
https://doi.org/10.1007/s00429-012-0491-5
https://pubmed.ncbi.nlm.nih.gov/23262920
https://doi.org/10.1016/j.cellsig.2012.02.006

61.

62.

63.

64.

65.

66.

67.

68.

69.

PMID:22374304

Ghosh S, Hayden MS. Celebrating 25 years of NF-kB
research. Immunol Rev. 2012; 246:5-13.
https://doi.org/10.1111/j.1600-065X.2012.01111.x
PMID:22435544

Huang G, Shi LZ, Chi H. Regulation of JNK and p38
MAPK in the immune system: signal integration,
propagation and termination. Cytokine. 20009;
48:161-69.
https://doi.org/10.1016/j.cyt0.2009.08.002
PMID:19740675

Yang Y, Kim SC, Yu T, Yi YS, Rhee MH, Sung GH, Yoo BC,
Cho JY. Functional roles of p38 mitogen-activated
protein kinase in macrophage-mediated inflammatory
responses. Mediators Inflamm. 2014; 2014:352371.

https://doi.org/10.1155/2014/352371 PMID:24771982

Dhanasekaran DN, Reddy EP. JNK
apoptosis. Oncogene. 2008; 27:6245-51.
https://doi.org/10.1038/0nc.2008.301 PMID:18931691

signaling in

Aikawa T, Mogushi K, lijima-Tsutsui K, Ishikawa K,
Sakurai M, Tanaka H, Mizusawa H, Watase K. Loss of
MyD88 alters neuroinflammatory response and
attenuates early purkinje cell loss in a spinocerebellar
ataxia type 6 mouse model. Hum Mol Genet. 2015;
24:4780-91.

https://doi.org/10.1093/hmg/ddv202 PMID:26034136

Yang Y, Yang S, Guo J, Cui Y, Tang B, Li XJ, Li S.
Synergistic toxicity of polyglutamine-expanded TATA-
binding protein in glia and neuronal cells: therapeutic
implications for spinocerebellar ataxia 17. J Neurosci.
2017; 37:9101-15.
https://doi.org/10.1523/JINEURQOSCI.0111-17.2017
PMID:28821675

Dubey SK, Tapadia MG. Yorkie regulates
neurodegeneration through canonical pathway and
innate immune response. Mol Neurobiol. 2018;
55:1193-207.
https://doi.org/10.1007/s12035-017-0388-7
PMID:28102471

Son Y, Kim S, Chung HT, Pae HO. Reactive oxygen
species in the activation of MAP kinases. Methods
Enzymol. 2013; 528:27-48.
https://doi.org/10.1016/B978-0-12-405881-1.00002-1
PMID:23849857

Huang HJ, Chen SL, Huang HY, Sun YC, Lee GC, Lee-
Chen GJ, Hsieh-Li HM, Su MT. Chronic low dose of
AMA404 ameliorates the cognitive impairment and
pathological features in hyperglycemic 3xTg-AD mice.
Psychopharmacology (Berl). 2019; 236:763-73.
https://doi.org/10.1007/s00213-018-5108-0
PMID:30426182

70.

71.

72.

73.

74.

75.

Chang KH, Chiu YJ, Chen SL, Huang CH, Lin CH, Lin TH,
Lee CM, Ramesh C, Wu CH, Huang CC, Fung HC, Chen
YC, Lin JY, et al. The potential of synthetic
indolylquinoline  derivatives for AP aggregation
reduction by  chemical chaperone  activity.
Neuropharmacology. 2016; 101:309-19.
https://doi.org/10.1016/j.neuropharm.2015.09.005
PMID:26362358

Alptekin A, Galadari S, Shuba Y, Petroianu G, Oz M. The
effects of anandamide transport inhibitor AM404 on
voltage-dependent calcium channels. Eur J Pharmacol.
2010; 634:10-15.
https://doi.org/10.1016/j.ejphar.2010.02.013
PMID:20171208

Mitchell VA, Greenwood R, Jayamanne A, Vaughan
CW. Actions of the endocannabinoid transport
inhibitor AM404 in neuropathic and inflammatory pain
models. Clin Exp Pharmacol Physiol. 2007; 34:1186-90.
https://doi.org/10.1111/j.1440-1681.2007.04692.x
PMID:17880375

Roche M, Kelly JP, O’Driscoll M, Finn DP. Augmentation
of endogenous cannabinoid tone modulates
lipopolysaccharide-induced alterations in circulating
cytokine levels in rats. Immunology. 2008; 125:263-71.
https://doi.org/10.1111/j.1365-2567.2008.02838.x
PMID:18393970

Ramesh C, Kavala V, Raju BR, Kuo CW, Yao CF. Novel
synthesis of indolylquinoline derivatives via the C-
alkylation of Baylis—Hillman adducts. Tetrahedron Lett.
2009; 50:4037-41.
https://doi.org/10.3390/molecules14103952

Ghosh RN, DeBiasio R, Hudson CC, Ramer ER,
Cowan CL, Oakley RH. Quantitative cell-based high-
content screening for vasopressin receptor agonists
using transfluor technology. J Biomol Screen. 2005;
10:476-84.
https://doi.org/10.1177/1087057105274896
PMID:16093557

www.aging-us.com

23638

AGING


https://pubmed.ncbi.nlm.nih.gov/22374304
https://doi.org/10.1111/j.1600-065X.2012.01111.x
https://pubmed.ncbi.nlm.nih.gov/22435544
https://doi.org/10.1016/j.cyto.2009.08.002
https://pubmed.ncbi.nlm.nih.gov/19740675
https://doi.org/10.1155/2014/352371
https://pubmed.ncbi.nlm.nih.gov/24771982
https://doi.org/10.1038/onc.2008.301
https://pubmed.ncbi.nlm.nih.gov/18931691
https://doi.org/10.1093/hmg/ddv202
https://pubmed.ncbi.nlm.nih.gov/26034136
https://doi.org/10.1523/JNEUROSCI.0111-17.2017
https://pubmed.ncbi.nlm.nih.gov/28821675
https://doi.org/10.1007/s12035-017-0388-7
https://pubmed.ncbi.nlm.nih.gov/28102471
https://doi.org/10.1016/B978-0-12-405881-1.00002-1
https://pubmed.ncbi.nlm.nih.gov/23849857
https://doi.org/10.1007/s00213-018-5108-0
https://pubmed.ncbi.nlm.nih.gov/30426182
https://doi.org/10.1016/j.neuropharm.2015.09.005
https://pubmed.ncbi.nlm.nih.gov/26362358
https://doi.org/10.1016/j.ejphar.2010.02.013
https://pubmed.ncbi.nlm.nih.gov/20171208
https://doi.org/10.1111/j.1440-1681.2007.04692.x
https://pubmed.ncbi.nlm.nih.gov/17880375
https://doi.org/10.1111/j.1365-2567.2008.02838.x
https://pubmed.ncbi.nlm.nih.gov/18393970
https://doi.org/10.3390/molecules14103952
https://doi.org/10.1177/1087057105274896
https://pubmed.ncbi.nlm.nih.gov/16093557

SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. ATXN3/Q,,4.75-GFP SH-SY5Y cells. (A) Amino acid sequences of ATXN3/Q4, (residues 257-361, NP_004984).
(B) Western blot analysis of ATXN3/Q4.75-GFP SH-SY5Y cells using GFP and ATXN3 antibodies after two days of induction (+ Dox). GAPDH was
included as a loading control. (C) Experimental flow chart of retinoic acid (RA, 10 uM) induced neuronal differentiation and microscopic
images of differentiated SH-SY5Y cells expressing ATXN3/Qg4.75-GFP for 6 days, with relative aggregation, neurite length, process, and branch
shown below. Shown next to the microscopic images are segmented images with multi-colored mask to assign each outgrowth to a cell body
for neurite outgrowth quantification. P values: comparisons between ATXN3/Q;, and ATXN3/Qys cells (*: P < 0.05, **: P < 0.01, and ***: p <
0.001). (two-tailed Student’s t test).
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Supplementary Figure 2. Microscopic ATXN3/Q;s-GFP (green) or TUBB3 (yellow) images of differentiated ATXN3/Q;5-GFP SH-
SY5Y cells untreated or treated with NC009-1, AM404, VB-037 and LM-031 (10 uM) in triplicate. In TUBB3 images, image
segmentation with multi-colored mask was adopted to assign each outgrowth to a cell body for quantification.
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Supplementary Figure 3. Triplicated microscopic images showing the generation of ROS (red) in differentiated ATXN3/Qs-
GFP SH-SY5Y inflamed with HMC3 conditioned medium with or without IFN-y stimulation, and NC009-1, AM404, VB-037 or
LM-031 (10 uM)-treated cells inflamed with IFN-y-stimulated HMC3 conditioned medium.
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Supplementary Figure 4. Triplicated microscopic images of differentiated ATXN3/Q;5-GFP SH-SY5Y inflamed with HMC3
conditioned medium with or without IFN-y stimulation, and NC009-1, AM404, VB-037 or LM-031 (10 uM)-treated cells
inflamed with IFN-y-stimulated HMC3 conditioned medium. Image segmentation with multi-colored mask was adopted to assign
each outgrowth to a cell body for quantification.
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