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ABSTRACT

Polyglutamine (polyQ) diseases are a class of progressive neurodegenerative disorders characterized by the expression of both
expanded CAG RNA and misfolded polyQ protein. We previously reported that the direct interaction between expanded CAG
RNA and nucleolar protein nucleolin (NCL) impedes preribosomal RNA (pre-rRNA) transcription, and eventually triggers
nucleolar stress-induced apoptosis in polyQ diseases. Here, we report that a 21-amino acid peptide, named “beta-structured
inhibitor for neurodegenerative diseases” (BIND), effectively suppresses toxicity induced by expanded CAG RNA. When
administered to a cell model, BIND potently inhibited cell death induced by expanded CAG RNA with an IC50 value of ∼0.7
µM. We showed that the function of BIND is dependent on Glu2, Lys13, Gly14, Ile18, Glu19, and Phe20. BIND treatment
restored the subcellular localization of nucleolar marker protein and the expression level of pre-45s rRNA. Through isothermal
titration calorimetry analysis, we demonstrated that BIND suppresses nucleolar stress via a direct interaction with CAG RNA
in a length-dependent manner. The mean binding constants (KD) of BIND to SCA2CAG22, SCA2CAG42, SCA2CAG55, and
SCA2CAG72 RNA are 17.28, 5.60, 4.83, and 0.66 µM, respectively. In vivo, BIND ameliorates retinal degeneration and climbing
defects, and extends the lifespan of Drosophila expressing expanded CAG RNA. These effects suggested that BIND can
suppress neurodegeneration in diverse polyQ disease models in vivo and in vitro without exerting observable cytotoxic effect.
Our results collectively demonstrated that BIND is an effective inhibitor of expanded CAG RNA-induced toxicity in polyQ
diseases.
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INTRODUCTION

Polyglutamine (PolyQ) diseases are a set of dominantly in-
herited neurodegenerative disorders. These diseases include
spinocerebellar ataxia type 2 (SCA2), SCA3/Machado–
Joseph disease (MJD), and Huntington’s disease (HD) (Orr
and Zoghbi 2007). These diseases are characterized by a ge-
nomic CAG trinucleotide repeat expansion in their respective
affected genes. The affected genes are transcribed and trans-
lated into toxic species, specifically, the expanded CAG RNA
and polyQ domain-containing protein (Williams and
Paulson 2008; Fiszer and Krzyzosiak 2013; Nalavade et al.
2013). In addition to the well-studied polyQ protein-induced
neurotoxicity (Sakahira et al. 2002; Michalik and Van
Broeckhoven 2003; Takahashi et al. 2010), an increasing
number of studies in recent years emphasized the contribu-
tion of expanded CAG RNA to the pathogenesis of polyQ dis-

eases (Li et al. 2008; Fiszer and Krzyzosiak 2013, 2014; Martí
2016) by sequestering RNA splicing factors via expanded
CAG RNA foci (de Mezer et al. 2011; Mykowska et al.
2011), activating nucleolar stress (Tsoi et al. 2012; Tsoi and
Chan 2013) and generating small toxic CAG RNA via Dicer
cleavage (Krol et al. 2007; Bañez-Coronel et al. 2012).
Ribosomes are complexes of ribosomal RNAs (rRNA) and

ribosomal proteins essential for cellular protein synthesis.
Failure in rRNA transcription hinders the synthesis and as-
sembly of ribosomes (Boulon et al. 2010), up-regulates cellu-
lar p53 expression, and eventually leads to apoptosis (Wang
et al. 2014). The nucleolus coordinates rRNA transcription
(Rickards et al. 2007) and processing (Ginisty et al. 1998),
as well as ribosomal assembly (Bouvet et al. 1998; Rickards
et al. 2007). Upon exposure to cytotoxic species, the nucleo-
lus rapidly loses its compact organization, and several
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nucleolar proteins, including nucleolin (NCL) and nucleo-
phosmin (B23), mislocalize to the nucleoplasm (Rubbi and
Milner 2003; Meng et al. 2006; Yao et al. 2010; Haeusler et al.
2014; Tao et al. 2015). This phenomenon is defined as “nu-
cleolar stress” and is widely implicated in the pathogenesis
of various neurodegenerative diseases (Parlato and Kreiner
2013; Tsoi and Chan 2014).
Our group previously demonstrated that expanded CAG

RNA interacts with NCL protein. This interaction results in
hypermethylation of “upstream control element (UCE) of
pre-rRNA” and consequently impedes its transcription. In
turn, the impeded transcription of NCL triggers nucleolar
stress and eventually causes apoptosis in polyQ diseases
(Tsoi et al. 2012). Pull-down studies revealed that RNA rec-
ognition motifs 2 and 3 (RRM2 and RRM3), but not RRM1
and RRM4, of NCL are crucial for the interaction of NCL
protein with RNA (Tsoi et al. 2012). We screened different
peptide sequences of RRM2 and RRM3 on the basis of this
information and identified a peptidylic inhibitor, P3
(Zhang et al. 2016). P3 binds directly to expanded CAG
RNA, thus restoring pre-rRNA transcription and suppressing
neurodegeneration in polyQ diseases (Zhang et al. 2016). P3,
a 13-amino acid peptide, comprises the sequence of the
ribonucleoprotein domain (RNP1) motif of NCL RRM2
(Fujiwara et al. 2011; Zhang et al. 2016). Structural predic-
tion suggested that P3 is flexible and mostly adopts coil
conformation.
The above information prompted us to develop a novel

peptidylic inhibitor with low flexibility to reduce entropic
loss during RNA binding, and with improved potency
against RNA toxicity in polyQ diseases. In this study, we per-
formed a structure-based design and efficacy study of a 21-
amino acid peptide inhibitor, which we termed “beta-struc-
tured inhibitor for neurodegenerative diseases” (BIND).
BIND comprises the β2, β3 strands and the β2–β3 loop
of NCL RRM2. Although BIND also contains the RNP1
motif, it folds into a partial β structure, in contrast to the
flexible P3.

RESULTS

Identification of a NCL-derived inhibitor
with partial β-structure

The central region of NCL contains four RNA recognition
motifs (RRMs). Our previous work showed that the RRM2
and RRM3 of NCL are responsible for direct interaction
with expanded CAG RNA (Tsoi et al. 2012). Both RRMs
adopt the canonical RRM fold and each contains two con-
served short RNP motifs. Structural studies of NCL RRM2
in complex with a nucleolin recognition element (NRE)
RNA revealed that its β-sheet comprises β1, β2, and β3
strands, and that its β2–β3 loop provides an electropositive
solvent-accessible surface that favorably binds with RNA
(Fig. 1A; Allain et al. 2000a,b; Arumugam et al. 2010). In par-

ticular, the side chains and backbones of the β2 and β3
strands extensively interact with RNA. We speculate that
the same surface is also important to the interaction between
NCL and expanded CAG RNA. To interfere with this interac-
tion, we synthesized beta-structured inhibitor for neurode-
generative diseases (BIND), a 21-amino acid peptide
(AEIRLVSKDGKSKGIAYIEFK), as a competitive inhibitor.
BIND comprises the RNP1 and forms β2 and β3 strands
and β2–β3 loop of NCL RRM2. The secondary and tertiary
structures predicted by Jpred 4 (http://www.compbio.
dundee.ac.uk/jpred/) (Drozdetskiy and Cole 2015) and
PEP-FOLD (http://bioserv.rpbs.univ-paris-diderot.fr/services/
PEP-FOLD/) (Maupetit et al. 2010) suggested that this peptide
adopts a β hairpin conformation (Fig. 1B;Maupetit et al. 2010;
Drozdetskiy and Cole 2015).
To assess if BIND adopts a β fold as predicted, we per-

formed circular dichroism (CD) spectroscopy data analysis
(Raussens et al. 2003) on BIND. We then used the web serv-
ers CAPITO (http://capito.nmr.leibniz-fli.de) (Wiedemann
et al. 2013) and BeStSel (http://bestsel.elte.hu) (Micsonai et al.
2015) to analyze the obtained CD spectra. Both algorithms
predicted that, in solution, BIND forms a partially folded
structure with ∼36% to 37% β-strand content (Fig. 1C;
Supplemental Table 1). In particular, BeStSel, an algorithm
that can reliably predict secondary structures and distinguish
the parallel/anti-parallel orientation of β-structures, predict-
ed that BIND folds as a right-hand twisted anti-parallel β-
sheet. This result supported the prediction by PEP-FOLD
that BIND folds into a β-hairpin structure.
The TAT peptide (YGRKKRRQRRR) is a cell-penetrating

peptide (CPP) that mediates protein translocation across
the cell membrane (Frankel and Pabo 1988; Green and
Loewenstein 1988). We previously demonstrated that the
TAT-fusion peptide inhibitor was capable of suppressing
polyQ toxicity in vitro and in vivo (Zhang et al. 2016). We
synthesized the TAT-BIND fusion peptide to address its sup-
pressive effects on neurodegeneration in polyQ diseases.
Notably, the TAT peptide adopts a random coil structure
and should not affect the formation of the β-hairpin
(Eiriksdóttir et al. 2010). We first performed a lactate dehy-
drogenase (LDH) assay (Bañez-Coronel et al. 2012) to con-
firm that a HEK293 cell model that solely expressed
EGFPCAG78 RNA had significantly higher cell death than
the control cell model (Supplemental Fig. S1). TAT-BIND
treatment significantly suppressed the death of EGFPCAG78-
expressing cells with a calculatedmaximal inhibitory concen-
tration (IC50) of 0.70 ± 0.39 µM (Fig. 1D; Supplemental Fig.
S1). This value is over sixfold lower than 4.37 µM, the IC50 of
TAT-P3 calculated from the same assay (Zhang et al. 2016)
and strongly indicated the better in vitro efficacy of TAT-
BIND than that of TAT-P3. Treatment with TAT-BIND-S
(YGRKKRRQRRRGGEDIKSRVEAASILYFIKKK), a scram-
bled version of the TAT-fused BIND peptide, as a negative
control did not suppress or elicit cell death in EGFPCAG78-
expressing HEK293 cells, suggesting that the TAT peptide
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alone is nontoxic and does not contribute to the efficacy re-
sults of TAT-BIND (Supplemental Fig. S1).

TAT-BIND suppresses expanded CAG RNA-induced
nucleolar stress

The expression of expanded CAG RNA causes nucleolar
stress in polyQ diseases (Tsoi et al. 2012). The subcellular lo-
calizations of NCL and B23 are markers of nucleolar stress
(Yao et al. 2010; Avitabile et al. 2011). As shown in Figure

2A and C, endogenous NCL and B23
proteins were confined to the nucleoli
of blank and unexpanded EGFPCAG27-ex-
pressing cells. However, NCL is highly
dispersed throughout the nuclei of
EGFPCAG78-overexpressing cells, whereas
B23 is localized in the nucleoplasm (Fig.
2A,C). TAT-BIND treatment restored
the normal localization of NCL and B23
in the nucleoli of most EGFPCAG78-ex-
pressing cells (Fig. 2A,C). Statistical anal-
ysis of NCL and B23 nuclear fold changes
were performed as reported (Haeusler
et al. 2014). The fact that TAT-BIND ful-
ly rescued the mislocalization of NCL
and B23 in the nucleus strongly suggested
that TAT-BIND treatment suppressed
nucleolar stress induced by expanded
CAG RNA (Fig. 2B,D). NCL interacts
with various mRNAs, including HBB
mRNA (RNA encoded for β-globulin)
(Jiang et al. 2006) and GADD45A
mRNA (RNA encoded for the growth ar-
rest- and DNA damage-inducible 45 pro-
tein [Gadd45α]) (Zhang et al. 2006), and
decreases their stability (Abdelmohsen
and Gorospe 2012). TAT-BIND/TAT-
BIND-S treatments resulted in no signif-
icant change in the expression of HBB
and GADD45A mRNAs in HEK293 cells
(Supplemental Fig. S2), suggesting that
these peptides do not affect the binding
of NCL protein to other mRNAs.
Since impeded pre-45 rRNA transcrip-

tion is an indicator of nucleolar stress
(Rickards et al. 2007; Tsoi et al. 2012),
we measured pre-45 rRNA levels in
HEK293 cells expressing expanded CAG
transcripts. Our result showed that
TAT-BIND, but not TAT-BIND-S, re-
stored the expression of pre-45s rRNA in
EGFPCAG78-expressing HEK293 cells in
a dose-dependent manner (Fig. 2E;
Supplemental Fig. S3). This result provid-
ed additional evidence that TAT-BIND

inhibits nucleolar stress induced by expanded CAG RNA.
Through a pull-down assay, we demonstrated TAT-BIND

and CAG78 RNA interact in EGFPCAG78-expressing HEK293
cells (Supplemental Fig. S4A). This data suggests that similar
to P3, BIND also inhibits nucleolar stress through direct bind-
ing with expanded CAG RNA in polyQ diseases. We next per-
formed a filter-binding assay to confirm whether BIND
directly interacts with expanded CAG78 RNA. Since the small
molecular weight of BIND is not favorable for nitrocellulose
binding (data not shown), we constructed and purified a

FIGURE 1. Identification of BIND. (A) Solvent-accessible surfaces of NCL RRM2 (PDB ID =
2KRR) (Arumugam et al. 2010) colored on the basis of electrostatic potential (−7 to +7 kT/e
in red to blue) computed by APBS (Baker et al. 2001). (B) Three-dimensional structure of
BIND as predicted by PEP-FOLD server (Maupetit et al. 2009). Residues crucial for interaction
with RNA that contains CAG repeats are indicated. (C) CAPITO analysis of circular dichroism
(CD) spectroscopy data of BIND. (Upper panel) CD curve of BIND; (lower panel) double-wave-
length plot of BIND suggesting that the inhibitor adopts a partially folded structure. (D) Dose-
dependent suppressive effect of TAT-BIND on the death of EGFPCAG78-expressing HEK293 cells.
The IC50 value represents the concentration of TAT-BIND that decreased lactate dehydrogenase
(LDH) enzyme activity by 50% relative to that in the no-peptide treatment control group. All ex-
periments were repeated at least three times.
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GST-BIND fusion protein.Different con-
centrations of GST-BIND or free GST
protein as control were incubated with
32P-labeled CAG72 RNA. The mixtures
were then blotted on nitrocellulosemem-
brane filters, washed and dried. The dried
filterswere exposed for auto-radiography.
Our results show thatGST-BIND, but not
GST alone, interacted with CAG72 RNA
in a dose-dependent manner, indicating
that the BIND peptide interacts directly
with the expanded CAG RNA (Supple-
mental Fig. S4B). To examine the binding
affinity of BIND for CAG repeats-con-
taining RNAs of different lengths, we gen-
erated a set of in vitro transcribed RNA,
including the unexpanded SCA2CAG22,
the near-pathogenic threshold expanded
SCA2CAG42 and SCA2CAG55, as well as the
fully expanded SCA2CAG72. Isothermal ti-
tration calorimetry (ITC) data showed
that P3 interacts with SCA2CAG72 RNA
with a KD value of 35.55 ± 7.31 µM (Sup-
plemental Fig. S5). However, BIND asso-
ciates with SCA2CAG22 RNA, SCA2CAG42
RNA, SCA2CAG55 RNA and SCA2CAG72
RNA with KD values of 17.28 ± 5.05,
5.60 ± 0.45, 4.83 ± 0.82, and 0.66 ± 0.16
µM, respectively (Fig. 3A–D). These re-
sults demonstrated that BIND binds to
expanded CAG RNA in a length-depen-
dent manner. Furthermore, expanded
CAG RNA showed a 50-fold higher bind-
ing affinity for BIND than P3. To test if
the fusion of the TAT sequence affects
the binding and specificity of BIND to-
ward CAG RNA, we repeated the ITC
assays using TAT-BIND. Our results
show that TAT-BIND associated with
SCA2CAG22/42/55/72 RNAs with KD values
of 44.39 ± 1.84, 20.10 ± 4.14, 4.99 ± 0.60
and 2.22 ± 0.48 µM, respectively (Supple-
mental Fig. S6). Although the KD values
obtained are slightly different from those
of BIND alone, our results demonstrate
that the conjugation of TAT sequence
did not change the specificity of our in-
hibitor toward expanded CAG RNA.

Structural activity relationship study
of TAT-BIND

We performed a structural activity rela-
tionship (SAR) study of TAT-BIND to
identify the amino acids in BIND that

FIGURE 2. BIND suppressed nucleolar stress induced by expanded CAG RNA in vitro. (A)
Increased diffusion of NCL (red) was shown in nucleus (Hoechst, blue) in EGFPCAG78-expressing
HEK293 cells relative to that in the blank. TAT-BIND treatment suppressed the mislocalization of
NCL protein in the disease cell model. Heat map allowed better visualization of the mislocalized
cytoplasmic NCL in EGFPCAG78-expressing cells. Scales bar represents 10 µm. (B) Quantification
of NCL in the nucleus. (C) B23 (red) was highly dispersed throughout the nucleus (Hoechst,
blue) of EGFPCAG78-expressing HEK293 cells relative to that in the blank. TAT-BIND treatment
suppressed the mislocalization of B23 protein in the disease cell model. Heat map allowed better
visualization of the mislocalized cytoplasmic B23 in EGFPCAG78-expressing cells. Scale bar repre-
sents 10 µm. (D) Quantification of B23 in the nucleus. NCL and B23measurements were normal-
ized to that of the blank control with n = 100–150 cells calculated per treatment. (E) TAT-BIND
rescued pre-45s rRNA expression level in EGFPCAG78-expressing HEK293 cells in a dose-depen-
dent manner. Data for real-time PCR were normalized to untransfected control. All the experi-
ments were repeated at least three times, and data were plotted as mean ± SEM. (∗) P < 0.05 and
(∗∗∗) P < 0.001. NS, no significant difference.
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are crucial for suppressing cell death induced by expanded
CAG RNA. We synthesized 19 TAT-BIND mutants (TAT-
BIND-MT1-19). Each mutant carries a single alanine substi-
tution (Fig. 3E). Similar to the TAT-BIND peptide, the mu-
tants TAT-BIND-MT2-11/14/15/19, inhibited the death of
EGFPCAG78-expressing HEK293 cells, indicating that residues
at these positions are not essential for the bioactivity of BIND
(Fig. 3F). In contrast, the inhibitory effect of TAT-BIND-
MT1/12/13/16/17/18 with a single Glu2Ala, Lys13Ala,
Gly14Ala, Ile18Ala, Glu19Ala, and Phe20Ala mutation, re-
spectively, significantly deviated from that of TAT-BIND
(Fig. 3F). The predicted structure of BIND indicated that
Glu2, Ile18, Glu19, and Phe20 cluster together at the same
end of the β-hairpin, suggesting that this region is important
for interaction with expanded CAG RNA. This result provid-
ed indirect evidence that the peptide likely folds into the pre-

dicted structure when bound to RNA (Fig. 1B). On the other
hand, Lys13 and Gly14 are located at the hairpin loop imme-
diately N-terminal to β2 strand. The reduced inhibitory activ-
ity of the BIND of the Gly14Ala mutant suggested that the
conformational flexibility provided by Gly14 is important
for peptide interaction, likely by correctly positioning
Lys13, with RNA.

TAT-BIND suppresses expanded CAG RNA-induced
neurodegeneration in vivo

To investigate the suppressive effects of TAT-BIND on ex-
panded CAG RNA-induced neurodegeneration in vivo, we
used DsRedCAG0/100/250 Drosophila models (Li et al. 2008).
The models express untranslated CAG repeats RNA due to
the location of CAG repeats being in the 3′ untranslated

FIGURE 3. BIND directly interacted with RNA containingCAG repeats and structural activity relationship study of BIND. (A–D) Isothermal titration
calorimetry study of the binding affinity of BIND peptide (2mM) to SCA2CAG22/42/55/72RNA (4 µM). The top panel shows the raw thermogram and the
bottom panel shows the binding isotherm fitted to a single-site model. (E) Amino acid sequences of TAT-BIND mutants (TAT-BIND-MT1-19). (F)
Effect of TAT-BIND mutants on suppressing cell death of EGFPCAG78-expressing HEK293 cells. Data for LDH assay were normalized to the untrans-
fected control. Each experiment was repeated at least three times and data were plotted as mean ± SEM. (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗∗) P < 0.0001.
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region of the DsRed reporter gene. In
Drosophila, expression of DsRedCAG100
by the gmr-GAL4 driver causes retinal
degeneration that can be quantified by a
pseudopupil assay (Li et al. 2008; Tsoi
et al. 2011).We then performed this assay
on DsRedCAG100 Drosophila to test if
TAT-BIND could suppress expanded
CAG RNA-induced neurodegeneration
and restore the number of rhabdomeres
within the ommatidium. Treatment
with 10, 50 or 100 µM TAT-BIND dose-
dependently suppressed retinal degenera-
tion in DsRedCAG100 Drosophila without
exerting any observable toxic effect on
DsRedCAG0 Drosophila (Fig. 4A–D).
TAT-BIND treatment also restored
the expression level of pre-rRNA in
DsRedCAG100 Drosophila (Supplemental
Fig. S7), indicating that the inhibitory ef-
fect of TAT-BIND on nucleolar stress
ameliorates expanded CAG RNA-in-
duced neurodegeneration in vivo. In con-
trast, TAT-BIND-S, which is a scrambled
control for TAT-BIND, did not mitigate
retinal degeneration in the DsRedCAG100
Drosophila model (Fig. 4A,B).
In addition to pseudopupil assay,

we performed climbing ability and life-
span assays to evaluate the suppressive
effect of BIND in vivo (Li et al. 2008).
We first confirmed that flies expressing
DsRedCAG250 in neurons using elav-
GAL4 driver exhibited progressive loss of
climbing ability and lethality (Fig. 5A–
E). Treatment with 100 µM TAT-
BIND at the third instar larval stage
significantly rescued climbing defects
of 5 dpe, 10 dpe, and 15 dpe adult
elav>DsRedCAG250flies, whereas the
scrambled TAT-BIND-S had no effect
(Fig. 5A). This rescuing effect of TAT-
BIND was dose-dependent (Fig. 5B).
Even when TAT-BIND treatment was
given as late as 5 dpe or 10 dpe adult stage,
we were still able to detect a significant
rescue of climbing ability within 5 d of
50 or 100 µM TAT-BIND treatment
(Fig. 5C). This result demonstrated that
even after the manifestation of climbing
defects in adult animals, TAT-BIND is
still capable of ameliorating the disease-
like symptoms, highlighting the effective-
ness of TAT-BIND in vivo. We further
showed that the treatment with 50 or

FIGURE 4. TAT-BIND suppressed retinal degeneration in DsRedCAG100 Drosophila in a dose-
dependent manner. (A) TAT-BIND suppressed retinal degeneration in DsRedCAG100
Drosophila. (B) Statistical analysis of panel A. (C ) Dose-response effect of TAT-BIND on sup-
pressing eye degeneration in DsRedCAG100 Drosophila. (D) Statistical analysis of panel C. Third
instar larvae were treated with respective peptides dissolved in 2% sucrose solution for 2 h at
room temperature. Pseudopupil assay was performed on 12-d-old adult flies. The genotypes
of the flies were: w; gmr-GAL4 UAS-DsRedCAG0/+; +/+ and w; gmr-GAL4/+; UAS-
DsRedCAG100/+. Data are plotted as mean ± SEM and were collected from at least three
independent experiments. (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001. NS, no significant
difference.
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100 µM TAT-BIND extended the lifespan of DsRedCAG250
Drosophila (Fig. 5D,E), indicating the therapeutic potential
of TAT-BIND against RNA toxicity in polyQ diseases.

TAT-BIND suppresses neurodegeneration in different
polyQ disease models in vitro and in vivo

In general, expanded CAG RNA induces neurotoxicity in
polyQ diseases (Li et al. 2008; Tsoi et al. 2012; Tsoi and
Chan 2013). We thus investigated if TAT-BIND suppresses
expanded CAG RNA-induced neurotoxicity in polyQ disease
models. We selected the mouse striatal cell model of HD
(STHDhQ111/Q111) expressing mutant huntingtin proteins
with 111 glutamines (Trettel et al. 2000) for our investigation.
pre-45s rRNA expression in STHDhQ111/Q111 cells was de-
creased compared to that of control STHDhQ7/Q7 cells ex-
pressing normal huntingtin (Fig. 6A). The expression level
of pre-45s rRNA in STHDhQ111/Q111 cells was partially res-

cued with 10 µM TAT-BIND treatment (Fig. 6A), indicating
that nucleolar stress was suppressed by TAT-BIND in this
HD cell model.
pcDNA3.1-MJDQ27/78 and pcDNA3.1-myc-SCA2Q22/72/104

constructs have previously been used to investigate the
suppressive effects of peptide inhibitors on toxicity induced
by expanded CAG RNA and polyQ protein (Tsoi et al.
2012; Li et al. 2016; Zhang et al. 2016). The expression of
MJDQ78 and SCA2Q72/104 caused severe cell death when com-
pared with unexpanded MJDQ27 and SCA2Q22 controls, re-
spectively (Fig. 6B,C). TAT-BIND treatment suppressed the
cell death of MJDQ78- or SCA2Q72/104-expressing cell models
in a dose-dependent manner (Fig. 6B,C).
In addition to in vitro models, we also investigated the

inhibitory effect of TAT-BIND on neurodegeneration in
flMJDQ27/84 (Zhang et al. 2016) and the Htt-exon1Q93
Drosophila (Steffan et al. 2001) in vivo. The expression of
flMJDQ84 (Fig. 6D) or Htt-exon1Q93 (Supplemental Fig.

FIGURE 5. TAT-BIND dose-dependently improved the climbing ability and extended the lifespan of DsRedCAG250 Drosophila. (A) TAT-BIND treat-
ment during third instar larval stage rescued the climbing defects of adult DsRedCAG250 Drosophila, whereas TAT-BIND-S had no effect. (B) TAT-
BIND treatment during third instar larval stage rescued the climbing defects of adult DsRedCAG250 Drosophila in a dose-dependent manner. (C)
TAT-BIND treatment during adult stage rescued the climbing defects of adult DsRedCAG250 Drosophila in a dose-dependent manner. (D) TAT-
BIND treatment extended the lifespan of DsRedCAG250 Drosophila in a dose-dependent manner. (E) Area under the curve (AUC) analysis of panel
D. For TAT-BIND treatment during larval stage, third instar larvae were treated with respective peptides dissolved in 2% sucrose solution for 2 h
at room temperature. For TAT-BIND treatment during adult stage, adult flies were starved for 8 h followed by overnight feeding with respective pep-
tides in 2% sucrose solution at room temperature. The genotypes of flies were: elav-GAL4; +/+;UAS-DsRedCAG250/+. Data are plotted as mean ± SEM
and were from at least six independent experiments. (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001. NS, no significant difference.
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S8A) using gmr-GAL4 driver resulted in
severe retinal degeneration. Treatment
with 100 µM TAT-BIND but not TAT-
BIND-S at the third instar larval stage
rescued the retinal degeneration in
adult flies (Fig. 6D,E; Supplemental Fig.
S8A,B).

Specificity and cytotoxicity study
of TAT-BIND

We used other repeat expansion-as-
sociated disease fly models, including
CTG480 (myotonic dystrophy type 1)
(Wong et al. 2014) and CGG90 (Fragile
X syndrome) (Jin et al. 2003) to deter-
mine the specificity of TAT-BIND on
CAG repeat expansion RNA toxicity.
Consistent with previous reports, both
CTG480 and CGG90-expressing flies ex-
hibited retinal degenerative phenotypes
(Fig. 7A; Jin et al. 2003; Wong et al.
2014). However, TAT-BIND treatment
had no effect on these disease models
(Fig. 7A). This result suggested that the
TAT-BIND is a specific inhibitor toward
expanded CAG repeats RNA-induced
toxicity in vivo. Further, cytotoxicity tests
on primary rat cortical neurons showed
that the viability of wild-type primary
neurons was not compromised when
treated with up to 25 μM of TAT-BIND
(Fig. 7B). This result clearly indicates
that a concentration of 25 μM or lower
of TAT-BIND does not exert a detectable
toxic effect on mammalian neurons.

DISCUSSION

Over the past decade, accumulated evi-
dence has demonstrated that transcripts
containing expanded CAG repeats con-
tribute to the pathogenesis of polyQ dis-
eases (Li et al. 2008; Fiszer and
Krzyzosiak 2013, 2014). However, the
slow development of inhibitors targeting
neurotoxicity induced by expanded CAG
RNA has been problematic. We identi-
fied BIND on the basis of the NCL
RRM1/2:RNA complex structure. BIND
is a novel peptide that could inhibit cell
death induced by expanded CAG RNA
at an IC50 value of 0.7 µM (Fig. 1D). It
comprises residues that form the β2 and
β3 strands and β2–β3 loop of NCL

FIGURE 6. TAT-BIND suppressed neurotoxicity in different polyQ disease models in vitro and
in vivo. (A) TAT-BIND rescued pre-45s rRNA expression level in STHdhQ111/111 striatal cells. (B)
TAT-BIND suppressed cell death inMJDQ78-expressing HEK293 cells in a dose-dependent man-
ner. (C) TAT-BIND suppressed cell death in SCA2Q72/104-expressing HEK293 cells in a dose-de-
pendent manner. LDH data were normalized to the untransfected control. (D) TAT-BIND
suppressed neurodegeneration in flMJDQ84 Drosophila. (E) Statistical analysis of panel D. Third
instar larvae were treated with respective peptides dissolved in 2% sucrose solution for 2 h at
room temperature. Pseudopupil assay was performed on 12-d-old flMJDQ27/84 adult flies. The ge-
notypes of flies were: w; gmr-GAL4 UAS-myc-flMJDQ27/+; +/+ and w; gmr-GAL4/+; UAS-myc-
flMJDQ84/+. Data are plotted as mean ± SEM and were from at least three independent experi-
ments. (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001. NS, no significant difference.
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RNA. This novel peptide inhibitor contains the RNP1 se-
quence, which forms the P3 inhibitor that we have previously
identified. The addition of residues from the β2 strand of
NCL RRM, however, is predicted to stabilize BIND in a β-
hairpin conformation (Zhang et al. 2016). In fact, our CD
analysis provided evidence that BIND contains nearly 40%
β-strand content, and that it likely adopts a right-hand twist-
ed anti-parallel β-hairpin conformation.

Nucleolar stress with hindered rRNA transcription has
been widely implicated in the pathogenesis of various neuro-
degenerative diseases (Parlato and Kreiner 2013; Tsoi and
Chan 2014). Nucleolar stress induced by expanded CAG
RNA is also implicated in polyQ diseases (Tsoi et al. 2012).
We previously reported that the direct P3-CAG RNA interac-
tion rescued rRNA transcription and suppressed nucleolar
stress (Zhang et al. 2016). Similarly, we found that TAT-
BIND restored the expression levels of pre-45s rRNA (Fig.
2E) and pre-rRNA (Supplemental Fig. S7) in the models ex-
pressing expanded CAG RNA in vitro and in vivo. TAT-
BIND also suppressed the mislocalization of nucleolar pro-
teins NCL (Fig. 2A,B) and B23 (Fig. 2C,D) in the nuclei of
HEK293 cells expressing expanded CAG RNA. In the
knock-in STHDhQ111/Q111 striatal cells, both CAG111-con-
taining HTT RNAs and glutamine111-containing HTT pro-
teins are expressed. Treatment with TAT-BIND also
restored the expression level of its pre-45s rRNA relative to
that in control neurons. Our biophysical study revealed
that the binding affinity of BIND for expanded CAG RNA
is ∼70 fold lower than that for the existing CAG RNA inhib-
itor P3 (Fig. 3D; Zhang et al. 2016). In summary, TAT-BIND
decreases the toxicity induced by expanded CAG RNA
through the same mechanism as P3 but more efficiently sup-
presses nucleolar stress induced by expanded CAG RNA in
polyQ diseases.

P3 and BIND have different key phar-
macophores despite their similar mecha-
nisms for nuclear stress suppression. Our
SAR study showed that Glu2, Lys13,
Gly14, Ile18, Glu19, and Phe20 are essen-
tial for the inhibitory effects of BIND on
expanded CAG RNA-induced toxicity
(Fig. 3E,F). In contrast, Lys3, Lys5,
Tyr9, and Phe12 are responsible for
maintaining the bioactivity of P3
(Zhang et al. 2016). These data suggest
that, although the two peptides have
identical mechanisms of nucleolar stress
suppression, the mode of recognition
and interaction of expanded CAG RNA
by BIND are fundamentally different
from that of P3. This difference may be
attributed to the partial β-structure
adopted by BIND. In addition, the
more stable anti-parallel β-sheet confor-
mation of BIND than that of the flexible

P3may significantly decrease entropic energy loss upon bind-
ing to expanded CAG RNA and improve the binding affinity
and suppression efficacy of BIND in polyQ diseases.
Polyglutamine diseases include at least nine disorders

characterized by the pathological expansion of CAG trinucle-
otide repeats (Fan et al. 2014). To date, all known peptidylic
inhibitors for polyQ diseases mainly target HD (Kazantsev
et al. 2002; Arribat et al. 2014). Here, we demonstrated that
BIND suppresses neurodegeneration in vitro and in vivo in
multiple polyQ disease models, including HD, SCA2, and
MJD models. We found that TAT-BIND specifically reduces
expanded CAG RNA toxicity without exerting any observable
toxic effect in vitro and in vivo (Figs. 4, 5, 7). Despite the con-
jugation of the TAT sequence to BIND slightly reduced the
affinity of BIND to expanded CAG RNA in vitro, the specif-
icity of BIND was unaffected and the in vivo activity of BIND
remained effective. Thus, BIND is a specific and safe pepti-
dylic inhibitor with potential clinical applications and its
CPP-mediated delivery is a feasible therapeutic strategy for
the treatment of different polyQ diseases.

MATERIALS AND METHODS

Construction of plasmids

The pEGFPCAG27/78, pcDNA3.1-MJDQ27/78, and pcDNA3.1-myc-
SCA2Q22/42/55/72/104 constructs were reported previously (Li et al.
2008, 2016; Tsoi et al. 2012; Zhang et al. 2016). The double-strand
oligonucleotides TAT-BIND-myc and TAT-BIND-S-myc were gen-
erated using oligos: TAT-BIND-myc-F: 5′-AGCTTATGTATGGCC
GCAAAAAACGCCGCCAGCGCCGCCGCGCGGAAATTCGCCTG
GTGAGCAAAGATGGCAAAAGCAAAGGCATTGCGTATATTGA
ATTTAAAGAACAAAAACTCATCTCAGAAGAGGATCTGTGAG-3′;
TAT-BIND-myc-R: 5′-GATCCTCACAGATCCTCTTCTGAGATG

FIGURE 7. Specificity and cytotoxicity study of BIND. (A) TAT-BIND did not suppress the neu-
rodegeneration of CTG480- and CGG90-expressing fly eyes. Third instar larvae were treated with
respective peptides dissolved in 2% sucrose solution for 2 h at room temperature. External eye
pictures of 1 dpe CTG480 and 2 dpe CGG90 Drosophila were captured. The genotypes of flies
were: w; gmr-GAL4/+; UAS-CTG480/+ and w; gmr-GAL4 UAS-EGFP-CGG90/+; +/+. (B)
TAT-BIND did not exert toxic effects on primary rat cortical neurons. Data were normalized
to untreated control and are plotted as mean ± SEM. All the experiments were repeated at least
three times. NS, no significant difference.
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AGTTTTTGTTCTTTAAATTCAATATACGCAATGCCTTTGCTT
TTGCCATCTTTGCTCACCAGGCGAATTTCCGCGCGGCGGC
GCTGGCGGCGTTTTTTGCGGCCATACATA-3′; TAT-BIND-S-
myc-F: 5′-AGCTTATGTATGGCCGCAAAAAACGCCGCCAGC
GCCGCCGCGGCGGCGAAGATATTAAAAGCCGCGTGGAAGC
GGCGAGCATTCTGTATTTTATTAAAAAAAAAGAACAAAAAC
TCATCTCAGAAGAGGATCTGTGAG-3′ and TAT-BIND-S-myc-
R: 5′-GATCCTCACAGATCCTCTTCTGAGATGAGTTTTTGTT
CTTTTTTTTTAATAAAATACAGAATGCTCGCCGCTTCCACGC
GGCTTTTAATATCTTCGCCGCCGCGGCGGCGCTGGCGGCG
TTTTTTGCGGCCATACATA-3′. The resultant fragments were
then ligated with pcDNA3.1(+) using HindIII and BamHI restric-
tion sites.

Synthesis of peptides and CAG RNAs

All peptides were purchased fromGenScript USA, Inc. The TAT cell
penetrating peptide used in this study was YGRKKRRQRRR (Popiel
et al. 2007) and it was attached to the N terminus of all the peptides
investigated. The sequences of TAT-BIND and 19 TAT-BIND mu-
tants were shown in Figure 3E. The scrambled control peptide,
BIND-S, with a sequence of GGEDIKSRVEAASILYFIKKK, was
also synthesized with TAT-fused at the N terminus. The purity of
peptides used in cell experiments was over 90%. Desalted peptides
were used in Drosophila feeding assays. All RNAs were synthesized
using the MEGAscript kit (Ambion) as previously described (Tsoi
et al. 2012). The SCA2CAG22/42/55/72 RNAs were transcribed from
EcoRI linearized pcDNA3.1-myc-SCA2Q22/42/55/72 constructs
(Zhang et al. 2016). The concentration of RNA was determined
with appropriate extinction coefficients at 260 nm on a Nanodrop
2000 spectrophotometer (Thermo Scientific).

Cell culture, plasmid transfection, and cellular peptide
treatment

Human embryonic kidney 293 (HEK293) cells were cultured at
37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin–streptomycin. Primary rat cortical neurons were iso-
lated and cultured as previously described (Lau et al. 2008). The
control striatal cells STHDhQ7/Q7 expressing normal huntingtin,
and HD striatal cells STHDhQ111/Q111 expressing mutant hunting-
tin with 111 glutamines (kind gifts of Professor Hyokeun PARK,
Hong Kong University of Science and Technology) were described
previously (Trettel et al. 2000). These cells were cultured at 33°C
in DMEM supplemented with 10% FBS, 1% penicillin–streptomy-
cin and 0.4 mg/mL G418 (Takara). Transient transfection of
HEK293 cells was performed using Lipofectamine 2000 (Thermo
Fisher Scientific). Treatment of TAT-fusion peptides was per-
formed immediately after plasmid transfection. At least two batch-
es of independently synthesized peptides were used in the
experiments.

Circular dichroism spectroscopy measurements
of BIND

The circular dichroism (CD) spectrum for the BIND was recorded
in ddH2O at 25°C on a JASCO J-810 spectropolarimeter. The

JASCO J-810 parameters were set to the following: scan range
190–260 nm, scan speed 20 nm/min, 1 sec response time and 1
nm bandwidth. Data were calculated by subtracting CD spectra of
ddH2O. The final CD spectrum was the result of three accumulated
scans. The percentages of secondary structures were estimated using
the online servers CAPITO (Wiedemann et al. 2013) and BeStSel
(Micsonai et al. 2015).

Isothermal titration calorimetry (ITC) binding assay

Experiments were performed using a MicroCal iTC200 isothermal
titration calorimeter (GE Healthcare) at 25°C. Data were analyzed
using the Origin scientific plotting software version 7 (Microcal
Software Inc.). All RNAs and peptides were dissolved in binding
buffer (20 mM MOPS, pH 7.0; 300 mM NaCl). Two millimolar
of respective peptide was titrated to 4 µM in vitro transcribed
SCA2CAG22/42/55/72 RNA. A reference power of 8 µcal/sec was used
with an initial 0.5 µL of injection of peptide followed by 2 µL for
all subsequent titrations points with 60 sec initial equilibrium delay
and 120 sec pause between injections. The samples were stirred at a
speed of 1000 rpm. throughout the experiment. The thermal titra-
tion data were fitted to the “one binding site model” to determine
the dissociation constant (KD).

RNA extraction, reverse-transcription,
and real-time PCR

RNA was extracted from cells or 12-d-old fly heads by TRIzol re-
agent (Thermo Fisher Scientific), and 1 µg of purified RNA was
then used for reverse-transcription using the ImPromII Reverse
Transcription System (Promega). Random hexamer (Roche) was
used as primers in reverse transcription. Taqman gene expression
assays were performed on a BIO-RADCFX96 Real-time PCR system
and data were analyzed as previously described (Tsoi et al. 2012).
The following probes were used: pre-45s rRNA (Assay ID:
AILJIZM), Human actin (Assay ID: Hs99999903_m1), GADD45A
(Assay ID: Hs00169255_m1), HBB (Assay ID: Hs00758889_s1),
pre-rRNA (Assay ID: AIMSG5U), and GAPDH for Drosophila
(Assay ID: Dm01841186).

Lactate dehydrogenase (LDH) cytotoxicity assay

HEK293 cells were seeded on a 24-well plate at a density of 1 × 105

and LDH enzyme activity in the cell culture medium was measured
72 h post plasmid transfection and/or drug treatment using the
Cytotox 96 nonradioactive cytotoxicity assay (Promega). The exper-
imental data were all normalized to respective controls.
For IC50 determination, various amount of TAT-BIND, 0.1, 0.5, 1,

2, 4, 5, 10, and 25 μM were added to individual culture wells after
pEGFPCAG78 transfection. After normalization, data were analyzed
using the dose–response inhibition curve (nonlinear regression-var-
iable slope) to determine the IC50 value (Prism6 software, GraphPad
Software, Inc.). For the cytotoxicity study, the same amounts of TAT-
BIND were tested in rat cortical neuron. For the efficacy study in
diverse diseasemodels, 0.1, 1, 10, and 20 µMofTAT-BINDwere add-
ed to cells transfected with pcDNA3.1-MJDQ27/78 or pcDNA3.1-myc-
SCA2Q22/72/104.
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Immunostaining

HEK293 cells were seeded and grown on glass coverslips at a den-
sity of 1 × 105 in a 24-well plate. Forty-eight hours after
pEGFPCAG78 transfection and peptide treatment, cells were fixed
with 4% paraformaldehyde followed by three washes with 1×
PBS. Cells were then permeabilized in 0.5% Triton X-100 for 10
min at room temperature followed by three washes with 1× PBS.
Cells were next blocked with 5% BSA in 1× PBS for 1 h at
room temperature. The NCL (1:500, Abcam) or B23 (1:500,
Abcam) antibody was then applied with 5% BSA (1:500) for 2 h
at room temperature. Once the primary antibody was removed,
cells were washed three times with 1× PBS and incubated with
an anti-rabbit Cy3 or an anti-mouse Cy3 secondary antibody
(1:400, Jackson Labs) for 1 h at room temperature. After washing
with 1× PBS, nuclei were counterstained with Hoechst 33342 (1
µg/mL, Thermo Fisher Scientific) prior to mounting coverslips.
Images were obtained on an OLYMPUS FV1000 IX81-TIRF con-
focal microscope. A single focal plan was obtained through the
center of the nucleus. The method of quantification of NCL and
B23 nuclear area fold change was described previously (Haeusler
et al. 2014). To quantify both dispersed NCL/B23 and dense nucle-
olar NCL/B23, a threshold setting in ImageJ ranging from 25–100
was used to measure the pixel area of NCL/B23 relative to the area
of the nucleus outlined by the Hoechst staining. Of note, 100–150
cells were measured per treatment, and data were normalized to
untransfected control.

Protein/RNA interaction

HEK293 cells were transfected with EGFPCAG78 simultaneously with
pcDNA3.1(+)-TAT-BIND-myc or pcDNA3.1(+)-TAT-BIND-S-myc
construct. Twenty-four hours after transfection, cells were fixed
with 1% formaldehyde for 10 min at 37°C. Ice cold 1× PBS was
used to wash cells twice. Binding buffer (10 mM HEPES, pH 7.5,
10% glycerol, 5 mM MgCl2, 142.5 mM KCl, 1 mM EDTA, 1%
Triton X-100) supplemented with protease inhibitor cocktail
(Sigma-Aldrich) and 40 U of RNAsin (Promega) was then added
to the samples. Sonication was applied to lyse the cells (Duty
Cycle 30, Output Control 3, Timer 20 sec, Sonifier 450, Branson
Ultrasonics), and the samples were incubated at 4°C for 1 h with ro-
tation. The samples were centrifuged at 4°C for 30 min at 18,606
r.c.f. Ten percent of supernatant was saved as “Input.” Forty micro-
liters of protein G agarose beads, together with anti-myc antibody
(1:200; Cell signaling) was quickly added to the remaining samples,
and themixture was incubated at 4°C overnight with gentle rotation.
For no-antibody control, the same amount of protein G agarose
beads was added to the reaction followed by gentle rotation at 4°C
for overnight. Protein/RNA complex was collected by centrifuging
at 4°C for 10 sec at 18,506 r.c.f., followed by three washes of binding
buffer. Fifty microliters of binding buffer was used to resuspend the
protein/RNA complex and the reaction was incubated for 45 min at
65°C to reverse the cross-links. RNA extraction and reverse-tran-
scription PCR (RT-PCR) were subsequently performed. CAG78
cDNA was amplified using primers: CAG78-F: 5′-GCATGGAC
GAGCTGTACAAG-3′, and CAG78-R: 5′-CGCACCGGTTCTGT
CCTGATAGGTCC-3′. TAT-BIND-myc or TAT-BIND-S-myc
cDNA was amplified using primers: TAT-F: 5′-ATGTATGGCCGC
AAAAAAC-3′ and myc-R: 5′-CAGATCCTCTTCTGAGATGAG-3′.

Protein expression and purification

SCA2CAG72 RNA was synthesized using the MEGAscript kit
(Ambion) as previously described (Tsoi et al. 2012) and was
PAGE-purified. BIND was subcloned into the pGEX4T2 vector.
Both GST-BIND and free GST expression plasmids were expressed
in BL21 (DE3) strain Escherichia coli cells. Large scale culture was
grown in LB broth with 200 µg/mL ampicillin at 37°C. Protein ex-
pression was induced with 0.2 mM IPTG with shaking overnight
at 16°C. Pelleted cells were lysed by sonication in 25 mM Tris 8.0,
150 mMNaCl, and 2 mMDTT, and 1 mM PMSF. The soluble frac-
tion was loaded onto a Glutathione Sepharose 4B column (GE
Healthcare) and washed with 90 mL lysis buffer. The protein was
eluted with buffer containing 10 mM glutathione. The eluate was
further purified by Mono-Q GL column (GE Healthcare) and the
peak eluted fractions were combined, concentrated, separated in al-
iquots and flash frozen.

Filter-binding assay

The filter-binding assay was performed as described previously (Rio
2012). Of note, 62.4 pmol of purified RNAwas 5′-end labeled with 5
µCi [γ-32P] ATP by T4 polynucleotide kinase (New England
Biolabs) in nuclease-free buffer at 37°C for 1 h. The reaction was
stopped by incubating at 70°C for 10 min. Labelled RNA was puri-
fied by mini Quick Spin Oligo Columns (Roche). The purified oli-
gonucleotides were then heated at 95°C for 10 min and cooled down
for 30 min. Different concentrations of protein were titrated to a
constant amount of 50 nM CAG72 RNA in a final volume of
50 µL and incubated at room temperature for 1 h in binding buffer
consisting of 10 mM Tris 7.5, 50 mM KCl, 750 µM MgCl2, 100 µM
EDTA, 5% glycerol, 600 µM dithiothreitol, 0.1 mg/mL tRNA, and
40 µg/mL BSA. Nitrocellulose (0.45 µm pore size, Bio-Rad) and
nylon filter (Roche) were presoaked in wash buffer 10 mM Tris
7.5, 50 mMKCl, and 1 mM dithiothreitol for 2 h. Both filters, nitro-
cellulose on top and nylon filter at the bottom, were placed into a dot-
blot apparatus (Bio-Rad). The wells were washed once and vacuum
was applied before the samples were loaded. The wells were washed
eight times with 100 µL washing buffer after samples were loaded.
The nitrocellulose filters were analyzed using auto-radiography to
measure the retained radiolabeled RNA on the nitrocellulose filter.

Drosophila genetics, peptide feeding and assays

Flies were raised at 21.5°C or 25°C on cornmeal medium supple-
mented with dry yeast for different assays. The fly lines UAS-
DsRedCAG0/100/250 (Li et al. 2008) and UAS-flMJDQ27/84 (Warrick
et al. 2005) were gifts of Professor Nancy Bonini (University of
Pennsylvania). The UAS-EGFP-CGG90 (Jin et al. 2003) and UAS-
CTG480 (Wong et al. 2014) fly lines were obtained from
Professors Stephen Warren (Emory University) and Rubén Artero
Allepuz (Universitat de València, Estudi General), respectively.
The gmr-GAL4, elav-GAL4, and UAS-Htt-exon1Q93 (Chan et al.
2011) fly lines were obtained from Bloomington Drosophila Stock
Center. For the feeding assay, all peptides were dissolved in 2%
sucrose solution, and third instar larvae were fed for 2 h at room
temperature unless otherwise stated.

For the pseudopupil assay (Li et al. 2008), flies expressing UAS-
DsRedCAG0/100/250, UAS-flMJDQ27/84, and UAS-Htt-exon1Q93 were
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raised at 21.5°C. Besides Htt-exon1Q93, in which 1 d post eclosion
(dpe) adult flies were used, 12 dpe adult flies of other fly lines
were used in this assay. For the external eye assay, flies were raised
at 25°C and images were taken on 1 dpe CTG480 flies and 2 dpe
CGG90 flies using an Olympus SZX-12 stereomicroscope. All eye
images were captured using a SPOT Insight CCD camera
(Diagnostic instruments Inc.). Image processing was performed us-
ing the Adobe Photoshop CS software (Adobe). Each experiment
was repeated at least three times (n = 10 fly heads) and consistent re-
sults were obtained.
For climbing ability and lifespan analyses (Li et al. 2008), flies

expressing DsRedCAG250 were raised at 25°C in standard fly food.
For larvae treatment, the climbing ability of adult flies was inves-
tigated at 5, 10, and 15 dpe, respectively. For adult treatment, 5 or
10 dpe adult flies were starved for 8 h followed by overnight feed-
ing with respective peptides in 2% sucrose solution soaked in fil-
ter papers. Flies were then put back into standard fly food and
assayed at 10 or 15 dpe. Climbing ability was analyzed by negative
geotaxis. Groups of 10–12 flies of the same gender were anesthe-
tized and placed in a 15 mL transparent tube. After 1 h of recov-
ery, flies were banged to the bottom, and then the climbing fail
rate was calculated as the number of flies remaining at the bottom
divided by the total number of flies (<2cm) at 25 sec. Three trials
were performed at 3-min intervals in each experiment. Eighty to
120 flies were tested per treatment for the climbing ability assay.
Of note, 120–150 flies were tested per treatment for lifespan
analysis.

Statistical analyses

Data were analyzed by one-way ANOVA followed by post hoc Tukey
test. (∗), (∗∗), (∗∗∗), and (∗∗∗∗) represent P < 0.05, P < 0.01, P <
0.001, and P < 0.0001, respectively, which are considered statistically
significant. NS indicates no significant difference was observed.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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