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Abstract

Over the past decade, increasing evidence has implied a significant connection between caspase-6 activity and the
pathogenesis of Huntington’s disease (HD). Consequently, inhibiting caspase-6 activity was suggested as a promising

therapeutic strategy to reduce mutant Huntingtin toxicity, and to provide protection from mutant Huntingtin-induced motor
and behavioral deficits. Here, we describe a novel caspase-6 inhibitor peptide based on the huntingtin caspase-6 cleavage site,
fused with a cell-penetrating sequence. The peptide reduces mutant Huntingtin proteolysis by caspase-6, and protects cells

from mutant Huntingtin toxicity. Continuous subcutaneous administration of the peptide protected pre-symptomatic BACHD
mice from motor deficits and behavioral abnormalities. Moreover, administration of the peptide in an advanced disease state
resulted in the partial recovery of motor performance, and an alleviation of depression-related behavior and cognitive deficits.
Our findings reveal the potential of substrate-based caspase inhibition as a therapeutic strategy, and present a promising agent

for the treatment of HD.

Introduction

Huntington’s disease (HD) is a fatal neurodegenerative disease
with autosomal dominant inheritance. It is characterized by pro-
gressive motor, cognitive and psychiatric symptoms. The average
age of HD onset is 40, and death occurs after ~10-15 years.
Currently, no disease-modifying treatment is available (1).

The protein responsible for the pathogenesis of HD is Hun-
tingtin (Htt), and the mutated form of Htt carries >35 glutamine
repeats in its N-terminus. Htt is a substrate for caspase cleavage
and can be cleaved by caspase-3 at Asp513 and Asp552, caspase-2
at Asp552 and caspase-6 at Asp586 (2,3). Caspase cleavage of
mHtt precedes neurodegeneration and generates N-terminal

fragments that aggregate in the cytoplasm and nucleus of neu-
rons (3). Caspase-6 in particular serves an important role in HD
pathogenesis: its activation is an early pathogenic event in HD
mutation carriers, and the level of activation is directly correlated
with CAGrepeat length and inversely correlated with age of onset
(4). In addition, activated caspase-6 and cleaved fragments of Htt
are found in the nuclei of striatal neurons after the initiation of
cellular stress, which correlates with increased toxicity (5). Re-
cent evidence shows that caspase-6 activity induced by mHtt is
not restricted to the central nervous system (CNS), but can be
found in muscle tissue from HD patients and in HD mouse mod-
els (6), suggesting that caspase-6 might be involved in central as
well as peripheral features of HD.

Received: November 15, 2014. Revised and Accepted: January 21, 2015

© The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

2604


http://www.oxfordjournals.org

The importance of mHtt proteolysis at Asp586 was revealed
in a mouse model genetically engineered to express Caspase-6
Resistant (C6R) mHtt. Mice expressing C6R mHtt do not develop
striatal neurodegeneration and are protected from motor deficits
and the depressive phenotype seen in HD mouse models. Fur-
thermore, these mice are protected from neurotoxicity induced
by multiple stressors including NMDA, quinolinic acid and staur-
osporine, demonstrating the protective effects of C6R mHtt
expression (7,8). In a complementary study, transgenic mice ex-
pressing the 586 amino acid N-terminal fragment of mHtt de-
monstrated severe neurologic abnormalities and aggregate
formation (9). These observations imply that inhibition of mHtt
proteolysis by caspase-6 would both reduce the load of toxic N-
terminal fragments and maintain the neuroprotective function
of wild-type (WT) Htt. Therefore, specific inhibition of caspase-
6 was suggested as a disease-modifying therapeutic strategy.

Here, we describe a novel peptide inhibitor based on the Htt
caspase-6 cleavage site (amino acids 550-560). This inhibitor is
expected to compete with Htt for the caspase-6 active site, and
thus reduce Htt cleavage. To facilitate cell penetration, we utilized
the HIV-1 TAT-derived peptide. TAT (amino acids 48-60) is known
to enable efficient cellular and nuclear penetration, as well as
transportation through the blood-brain barrier (BBB) without caus-
ing apparent toxic effects (10-12). These considerations led to the
peptide sequence GRKKRRQRRRPPQSSEIVLDGTDN (Supplemen-
tary material, Fig. S1), designated as ED11.

Results
ED11 inhibits caspase-6 activity

To assess the ability of ED11 to directly inhibit caspase-6, cleav-
age of Z-VEID-aminoluciferin was monitored. We found that
Z-VEID-aminoluciferin cleavage by caspase-6 was reduced by
ED11 in a dose-dependent matter, while a control peptide con-
taining the TAT (48-60) sequence alone did not affect the reaction
(Fig. 1A). Replacement of amino acids at positions Ile4 or Asp7
within the caspase recognition site of ED11 eliminated the ability
of ED11 to inhibit caspase-6 (Fig. 1B), indicating that these amino
acids are crucial for ED11’s effectiveness.

To test the ability of ED11 to interfere with caspase-6 cleavage
of mHtt, striatal extracts from BACHD mice were incubated with
caspase-6 in the presence of ED11. In this experiment, the add-
ition of 10 pM ED11 abolished proteolysis of the human mHtt
transgene by caspase-6 (Fig. 1C). To determine ICs, values for
the inhibition of caspase-6 by ED11, a FRET-based Htt cleavage
assay was used. This assay measures Htt cleavage using FRET
between an N-terminal Htt antibody and a neo-epitope antibody
directed against the 586 cleavage site (5). The ICs, value deter-
mined for ED11 was 12.12 nM, whereas the ICso for the com-
mercial pan-caspase inhibitor Z-VAD-FMK was determined as
4.62 nM (Fig. 1D).

Due to the structural similarity of active sites among the
caspase family, small molecule caspase-6 inhibitors frequently
demonstrate cross-reactivity with other caspases. This is evident
especially with caspase-3, which is the most abundant caspase
in adult rodent brain (13-15). Therefore, we examined the speci-
ficity of ED11 to caspase-6 over caspase-3, using Z-VEID-aminolu-
ciferin as a substrate and the synthetic pan-caspase inhibitor
Z-VAD-FMK as a control. When monitoring the influence on cas-
pase-6 activity, we observed that both ED11 and Z-VAD-FMK in-
hibited the proteolytic process to a similar extent. However,
when caspase-3 was used in the experiment, no influence of
ED11 on Z-VEID-aminoluciferin cleavage was recorded, whereas
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Z-VAD-FMK still strongly inhibited the luminescent signal
(Fig. 1E). To confirm these findings, caspase-3 was incubated
with HEK293 cell lysate, and the cleavage of PARP and Spectrin,
two endogenous caspase-3 targets, was quantified by western
blot. We observed that Z-VAD-FMK inhibited caspase-3-mediated
cleavage of PARP and Spectrin, as expected, whereas ED11 did not
influence the reaction, indicating that its influence on caspase-3
isinsignificant (Fig. 1F and G). To test the inhibitory effect of ED11
on a wider range of caspases, we tested Htt protein cleavage by
caspases 1-10 and the effect of ED11 on fragment generation.
We have demonstrated recently that these caspases can cleave
Htt at different sites (16). After incubation of the different cas-
pases with Huntingtin, western blot staining by BKP1 antibody
demonstrated that the inhibitory effect of ED11 was most pro-
nounced for the generation of the 586 fragment by caspase-6.
A lesser effect of the inhibitor was found on caspase-1 and
-10-mediated generation of the 513 fragment and caspase-
2-mediated generation of the 552 fragment (Supplementary
material, Fig. S2).

ED11 protects cells from 145Q-mHtt-induced toxicity

To confirm the ability of ED11 to penetrate cellular membranes,
different concentrations of ED11 were incubated with mouse em-
bryonic fibroblast (MEF) cells. Staining with an anti-TAT antibody
demonstrated the dose-dependent accumulation of ED11 inside
the cells (Fig. 2A). We furthermore confirmed that ED11 does
not affect cell viability, proliferation or cell cycle status in a
basal state (Supplementary material, Fig. S3).

To evaluate the ability of ED11 to reduce intracellular Htt
cleavage by caspase-6, we co-transfected HEK293 cells with cas-
pase-6 and the N-terminal 1212 amino acids of 15Q-Htt and
added ED11 to the medium. Htt 586 fragment levels were quanti-
fied 24 h after transfection using anti-Htt (mab2166) and anti-
Htt586 neo-epitope antibodies. Treatment with ED11 resulted
in a significant reduction of the 586 fragment resulting from
caspase-6 cleavage (Fig. 2B and C), whereas no effect on the
auto-activation of caspase-6 was observed. The cell-permeable
pan-caspase inhibitor Q-VD-OPh, however, inhibited both cas-
pase-6 auto-activation and Htt cleavage (Fig. 2B). These findings
suggest that ED11 is able to block the intracellular cleavage of Htt
by caspase-6.

To evaluate ED11’s ability to protect cells from mHtt toxicity,
PC12 cells harboring an inducible 145Q-mHtt-expressing vector
were placed under chronic serum deprivation stress and induced
to express mHtt for 72 h. Cell viability measurements showed
that while 145Q-mHtt expression gradually decreases viability,
treatment with ED11 resulted in the preservation of cell viability
(Fig. 2D). Measuring LDH release revealed that ED11 treatment at-
tenuated cell death that was evident after 72 h of 145Q-mHtt ex-
pression in untreated cells (Fig. 2E). Next, we evaluated caspase
activity levels in 145Q-mHtt-expressing cells with a FAM-VEID-
FMK caspase-6 activity reporter. Whereas the induction of
145Q-mHtt significantly increased caspase activity in vehicle-
treated cells, ED11-treated cells maintained baseline levels of
caspase activation (Fig. 2F and G), confirming that the peptide is
able to inhibit caspase-6 intracellularly.

Pre-symptomatic ED11 treatment protects BACHD
mice from motor and behavioral deficits

To evaluate the ability of ED11 to penetrate the BBB, we labeled
ED11 with a fluorescein isothiocyanate (FITC) tag at the
C-terminus. Then, we monitored the extravasation of labeled
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Figure 1. ED11 potently and selectively inhibits caspase-6 proteolytic activity. (A) Cleavage of Z-VEID-aminoluciferin by caspase-6 was quantified by light emission (n = 3).
(B) Influence of alanine substitution of the indicated amino acids within ED11 on the inhibition of caspase-6 was evaluated. The peptides were administrated at a
concentration of 10 pM each. (C) Western blots of BACHD striatal lysates incubated with caspase-6 and labeled with mab2166 antibody (*caspase-6-generated
fragments). (D) FRET assay to monitor Htt cleavage by caspase-6 for the determination of ED11 and Z-VAD-FMK IC50 values. (E) Effect of ED11 and Z-VAD-FMK on
the cleavage of Z-VEID-aminoluciferin by caspase-6 or caspase-3 (n=3). (F) Western blots of HEK293 cell lysates incubated with caspase-3 in the presence of ED11 or
Z-VAD-FMK and stained with anti-Spectrin and anti-PARP antibodies. (G) Quantification of caspase-3 generated Spectrin and PARP fragments as a function of ED11
and Z-VAD-FMK concentrations (n = 2). *P < 0.05, **P < 0.01 one-way ANOVA followed by Tukey’s post hoc test. All data are expressed as mean + SEM.

ED11 into the brain parenchyma. While FITC-conjugated albu-
min and ED11 lacking the cell-penetrating sequence TAT (48—
60) remained inside the blood vessels, FITC-conjugated TAT
and ED11 can be seen in the brain parenchyma (Fig. 3A).

To evaluate the ability of ED11 to protect from mHtt toxicity in
vivo, the full-length 97Q-mHtt transgenic BACHD mouse model
was used. ED11 treatment was commenced at the age of 5
weeks with a subcutaneously implanted Alzet mini-pump,
which infused the peptide continuously for 28 days at a dose of
4 mg/kg/day. The pump was replaced every 28 days for the dur-
ation of the experiment. Since mHtt expression causes a meta-
bolic imbalance manifested by an excessive body weight gain in
BACHD mice (17), animals were weighed regularly throughout the
study. Notably, treatment with ED11 attenuated the excess body
weight gain in BACHD mice (Fig. 3B).

Mice were tested for motor performance 4 weeks after treat-
ment initiation by measuring the latency to fall on an accelerat-
ing rotarod. During the training session, BACHD mice treated
with ED11 demonstrated higher motor learning capabilities
than the vehicle-treated BACHD mice (Fig. 3C). Long-term
motor performance was monitored starting at the age of 9
weeks, and was evaluated monthly. Male BACHD mice treated
with ED11 showed preserved motor performance compared

with WT mice. The same trend was detected in the female
group, which did not show a significant motor impairment in
our cohort (Fig. 3D). Since body weight differences were observed,
it was important to verify that the effect of ED11 on motor per-
formance was not weight-dependent. To this end, we matched
male subjects with the same body weight and compared their ro-
tarod performance. The results showed that the beneficial effect
of ED11 cannot be attributed to the lower body weight of the
ED11-treated mice (Fig. 3E).

To evaluate the influence of ED11 on the depressive-like
behavior of the BACHD mice, the forced swim test (FST) was con-
ducted at 5 months of age. ED11-treated mice did not exhibit the
increased immobility observed in the vehicle-treated BACHD
mice (Fig. 3F), indicating that ED11 protects against this depres-
sion-related phenotype. No correlation was found between
motor performance in the rotarod test and time spent immobile
in the FST (Pearson correlation coefficient r =0.057, P-value = 0.83,
two-tailed Student’s t-test), confirming that the protective effect
of ED11 was not directly related to motor ability.

To assess the effect of ED11 on basal locomotor activity, ex-
ploratory activity and anxiety-related behavior the open field
test were examined at 22 weeks of age. In this test, no significant
differences in total distance traveled were observed between the
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Figure 2. ED11 penetrates the cell membrane, inhibits caspase-6 activity intracellularly and protects cells from mHtt-induced toxicity. (A) Representative images of MEF
cells incubated with the indicated concentrations of ED11 and labeled with anti-TAT antibody. (B) Western blots of HEK293 cells co-transfected with caspase-6 and Htt, and
stained with mab2166 and 586 neo-epitope antibodies. (C) Quantification of the Htt fragment generated by caspase-6 that was detected by mab2166 and 586 neo-epitope
antibodies (n=4-8). (D) Viability measurement of 145Q-mHtt-expressing, serum-deprived PC12 cells by Alamar blue viability assay (n=5). (E) Cell death measurement of
145Q-mHtt-expressing, serum-deprived PC12 cells by LDH release assay (n=5). (F) Caspase activity measurement of 145Q-mHtt-expressing, serum-deprived PC12 cells by
incubation with FAM-VEID-FMK. (G) Quantification of caspase activity-dependent FAM-VEID-FMK fluorescence signal normalized to Hoechst nuclear staining (n=7). Scale
bars indicate 50 pM. *P < 0.05, *P < 0.01 one-way ANOVA followed by Tukey’s post hoc test. All data are expressed as mean + SEM.

treatment groups, indicating that basal locomotor activity was
unchanged (Fig. 3G). Exploratory activity and anxiety-related
behavior were measured by quantification of the time spent in
the center and number of transitions to the center. Whereas
BACHD mice show decreased exploratory and increased anx-
iety-related behavior, the ED11-treated mice showed more tran-
sitions to the center and a trend toward increased time spent in
the center compared with vehicle-treated BACHD mice, indicat-
ing lower anxiety levels and improved exploratory behavior
(Fig. 3H and I).

In agreement with published data, where mHtt-586 fragments
were only detectable in 13- to 15-month-old BACHD animals (18),
the levels of this fragment were below detection in our 6-month-
old cohorts (data not shown). Similarly, mHtt aggregation cannot
be detected at this age in BACHD mice (19,20), precluding an
assessment of ED11-mediated effects on this readout.

Post-symptomatic ED11 treatment partially restores
motor ability in BACHD mice and protects from
behavioral and cognitive deficits

To evaluate whether treatment with ED11 is also effective in a
more advanced disease state, we treated BACHD mice at the
age of 36 weeks, when HD-related phenotypes are already
more pronounced. For motor evaluation, BACHD mice were
trained on the accelerating rotarod at the age of 30 weeks and
assigned to treatment groups according to a similar baseline
motor performance. Treatment with ED11 or vehicle was
started at 36 weeks of age. While the performance of vehicle-
treated BACHD mice remained at the same level throughout
the testing period, ED11-treated mice demonstrated an increase
in rotarod performance, indicating that ED11 was able to exert a
restorative effect in these mice (Fig. 4A). This effect was
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Figure 3. ED11 penetrates the CNS and protects BACHD mice from motor and behavioral deficits. (A) In vivo fluorescence tracking of the indicated peptides, 40 min after IV
injection. The estimated blood vessel pattern is marked with a dashed line. (B-F) BACHD mice were treated with ED11 starting from the age of 5 weeks and the indicated
parameters were tested. (B) Body weight measurements of pre- and post-treatment animals (n = 10-11 per sex). (C) Rotarod training performance was measured by latency
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measured by latency to fall from an accelerating rod every 4 weeks. (E) Body weight matching for the ED11 and vehicle-treated mice and their corresponding rotarod
performance (n=6). (F) Depressive-like behavior as measured by time spent immobile in the FST (n=20-22). (G-I) Distance moved, time spent in center and transitions
to center in the open field test (n = 20-22). Scale bars indicate 20 uM. Asterisk indicates statistical difference from the WT-vehicle group, whereas hash indicates statistical
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Tukey’s post hoc test. (E) Two-tailed unpaired Student’s t-test. (F-I) One-way ANOVA followed by Tukey’s post hoc test. All data are expressed as mean + SEM.

statistically significant in relation to the pretreatment state of
BACHD mice (Fig. 4B).

To evaluate the effect of ED11 on the depression-related
phenotype in symptomatic BACHD mice, mice were tested
using the FST at 11 months of age. While vehicle-treated
BACHD mice were found to be more immobile than their WT lit-
termates, the immobility of ED11-treated mice was similar to WT
animals, indicating a reversal of the depressive-like phenotype
(Fig. 4C). The effect of ED11 on the mobility state in the FST is
not related to motor ability, as no correlation between motor per-
formance in the rotarod test and time spent immobile in the FST
was detected (Pearson correlation coefficient r=0.12, P-value =
0.73, two-tailed Student’s t-test).

To address the possible effect of ED11 treatment on cognitive
deficits observed in the BACHD mice, we used the swimming

T-maze test. During the 3-day learning period, all experimental
groups learned to swim directly to the platform, as measured
by a progressive decrease in the time to reach the target
(Fig. 4D and F). On the fourth day, the strategy shifting ability
was tested by relocating the hidden platform to the opposite
arm. We found impairment in the strategy shifting ability of ve-
hicle-treated BACHD mice, as their time to reach the hidden
platform was longer than for WT mice. In contrast, the perform-
ance of ED11-treated BACHD mice was comparable to their WT
littermates (Fig. 4E and F), indicating a reversal of cognitive
rigidity by ED11.

MRI volumetric measurements were performed at the age of
12 months to examine the possible effect of ED11 treatment on
striatal, cortical and hippocampal atrophy. However, we did not
detect significant reduction in the BACHD mice compared with
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WT mice (Supplementary material, Fig. S4), precluding any
evaluation of ED11-mediated effects on brain atrophy.

Discussion

In our study, we used a peptide encompassing the human Htt
sequence around amino acid Asp586 to compete for caspase-6 ac-
tivity and inhibit the proteolysis of Htt. We show that the peptide
inhibits Htt cleavage, rescues a cell culture model from mHtt tox-
icity and significantly reduces the motor deficits and behavioral ab-
normalities in BACHD mice. Moreover, treatment in an advanced
disease state resulted in partial recovery of motor performance,
an alleviation of the depressive-like behavior and cognitive deficits.

Subsequent to the discovery of Htt as a substrate for caspase
cleavage, it was shown that caspase-6 activation plays a major
pathogenic role in human HD patients and in HD models. How-
ever, the importance of caspase-6 in mHtt pathogenesis has
recently been challenged in studies that crossed caspase-6-
deficient mice and HD mouse models (18,21). These reports
have demonstrated the continued presence of 586 amino acid
mHtt fragments in the absence of caspase-6, suggesting that add-
itional proteases are involved in mHtt fragmentation at this site.
Nonetheless, caspase-6 deficiency provided significant beneficial
effects including a decrease of full-length mHtt and mHtt frag-
ments and a significant reduction in aggregate formation. Fur-
thermore, body weight levels and motor deficits were attenuated.

In contrast to the genetic ablation of caspase-6, compound-
based inhibition of caspase-6 activity in adulthood may be
more efficient in providing protection from mHtt toxicity
in vivo. Caspase-6 knockout mice demonstrate alterations in stri-
atum and cortex (22), regions that are specifically affected in HD.
Furthermore, caspase-6 is important in neurodevelopment, as it

is profoundly involved in axonal pruning during development
(23). Its absence may lead to a compensatory upregulation of
other members of the caspase family, a scenario that has been
described for caspase-3~~ mice (24). Our approach to use an
Htt-derived peptide as a sink for excessive caspase-6 activity,
on the other hand, should also trap other proteases that can rec-
ognize and cleave at amino acid 586. It is a target-independent
approach to prevent mHtt proteolysis and thus has significant
advantages over both caspase-6 ablation and classical caspase
inhibitors, which are nonspecific, lack sufficient cell and brain
permeability and could cause nonspecific toxic effects when
added at concentrations required to inhibit intracellular caspases
(25-27). Interestingly, our in vitro Htt cleavage experiment de-
monstrates that ED11 may profoundly alter caspase cleavage pat-
terns of this protein. We recently found that Htt can be cleaved by
caspases 1-10 in vitro, and we now show that ED11 inhibits cas-
pase-1, -2 and -10 as well as increases caspase-5-mediated Htt
cleavage. For most of these caspases, the in vivo relevance of
their Htt cleavage processes as well as their contribution to HD
pathogenesis remains unknown. However, the inhibition of cas-
pase-2-mediated Htt cleavage by ED11 may contribute to the
preservation and improvement of the in vivo behavioral function,
since the ablation of this enzyme has been associated with thera-
peutic benefits in YAC128 mice in a previous study (28).

The ability of ED11 to reverse HD-like phenotypes in post-
symptomatic BACHD mice is likely due to the restoration of neur-
onal function prior to the occurrence of neuronal death. We did
not observe any significant changes by MRI in vehicle-treated
BACHD mice compared with WT animals at 12 months of age,
suggesting that in these mice, a window for therapeutic interven-
tion exists between the onset of HD-like behavioral phenotypes
and irreversible brain atrophy. In patients, treatment should
similarly be most effective prior to neuronal loss and with the
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availability of an accurate genetic prediction could even be
envisaged pre-symptomatically.

Due to the absence of striatal, cortical or hippocampal atrophy
in our BACHD cohort, we were however unable to evaluate
the effects of ED11 on the prevention of brain atrophy. These
neuroanatomical endpoints will have to be analyzed in a more
long-term study, which will furthermore determine whether
ED11 treatment is likely to provide the long-lasting therapeutic
benefits that are necessary to successfully treat a chronic illness
like HD.

Our study demonstrates that the use of substrate-based pep-
tides is a feasible concept for inhibition of caspase-mediated pro-
tein cleavage for therapeutic purposes. In view of its potency and
selectivity, we suggest ED11 as a treatment for HD. Further stud-
ies should be performed to translate our findings from animal
models to HD patients. In addition, our findings might be applic-
able in other neurodegenerative or neurological diseases where
caspase-6 activity plays a part in the pathogenic process.

Materials and Methods

Peptide synthesis and dissolvent

ED11 (GRKKRRQRRRPPQSSEIVLDGTDN), TAT-only (GRKKRRQRRR
PPQ), ED11-FITC (GRKKRRQRRRPPQSSEIVLDGTDNK-FITC), ED11-
No TAT-FITC (SSEIVLDGTDNK-FITC), TAT-FITC (YGRKKRRK-FITC),
I4A (GRKKRRQRRRPPQSSEAVLDGTDN), D7A (GRKKRRQRRR
PPQSSEIVLAGTDN) and D10A (GRKKRRQRRRPPQSSEIVLDGTAN)
were synthesized by China-Peptides Ltd (Shanghai, China) with a
purification level at over 95%. For the purified caspase activity
assays, peptides were dissolved in DMSO. For the cell culture in-
volved experiments, peptides were initially dissolved in cell cul-
ture grade H,0 and further diluted by phosphate-buffered saline
(PBS) to the desired concentrations. For in vivo studies, peptides
were initially dissolved in cell culture grade H,O and further
diluted by 0.9% saline.

Luminescent caspase inhibition assays

To determine caspase inhibition by ED11, the Caspase-Glo® 6
assay (Promega, Fitchburg, WI, USA) was carried out according
to the manufacturer’s instructions. Briefly, 0.1 U/ml of purified
caspase-6 (Enzo Life Sciences, Farmingdale, NY, USA) or cas-
pase-3 (Abcam, Cambridge, UK) was incubated with 5pM Z-
VEID-aminoluciferin in the presence of 5 uM ED11 or DMSO as a
vehicle control, and the luminescent signal of released aminolu-
ciferin was detected using a Synergy HT multi-mode micro-plate
reader (Bio-Tek, Winooski, VT, USA).

Protein caspase cleavage assays

For brain lysate preparation, FVB/N BACHD mice and their WT lit-
termates were euthanized by decapitation. Striata were dis-
sected, suspended in a lysis buffer (200 mm HEPES, 150 mM
NaCl, 1mmM Na3zVO,, 5mwm EDTA, 1% NP-40, 0.5% DOC and
50 mM NaF) with protease inhibitors (Roche), homogenized
with a dounce homogenizer and placed for 1 h onice. Tissue deb-
ris was removed by centrifugation at 20 000g for 15 min at 4°C.
Protein concentration was determined by the BCA method
(Pierce). About 50 pg of lysate proteins were exposed to 100 U/ml
of purified active human caspase-6 for 45 min at 37°C in the pres-
ence of 10 uM ED11 or DMSO as a vehicle control. Lysates were
subsequently loaded on 7.5% SDS-PAGE gels and transferred to
0.45 pM nitrocellulose membranes. The membranes were probed
with rabbit anti-Htt 4-19 (1: 1000, CHDI) and mouse anti-p-actin

(1:10000, Sigma). The secondary antibodies used were IRDye
800CW Goat anti-rabbit IgG and IRDye 680RD Goat anti-Mouse
IgG (Licor Ltd), respectively. The fluorescent signal was read
using the Odyssey imaging system (Li-Cor Biosciences, Nebraska,
NE, USA).

FRET assay for caspase-6 activity

The N-terminal 1212 amino acids of Htt with 15Q and the 4c mu-
tations (D513A, D552A, D530A and D589A) (5) were transiently
transfected and overexpressed in COS-7 cells. Cells were lysed
in SDP buffer (50 mm Tris pH 8, 150 mm NaCl, 1% Igepal and 1x
Roche complete protease inhibitor) and cleared lysates were
used as a substrate for the activity assay. Caspase-6 enzyme (Bio-
Mol GmbH, Hamburg, Germany) was diluted to 0.125 U/pl in
FRET buffer (10 mm HEPES pH 7.4, 100 mM NacCl, 0.05% gelatin,
0.1% CHAPS and 2 mM DTT) and mixed with different concentra-
tions of ED11 at a final volume of 22 pl in a white 384-well plate.
Samples were incubated for 1 h at room temperature, and then
28 pl of a mixture of COS-7 lysate containing Htt protein (90 ng/pl),
Tb-labeled BKP1 antibody (36 ng/ml) and D2-labeled monoclonal
586 neo-epitope antibody (360 ng/ml) (5) in FRET buffer were
added. The plate was incubated at 37°C for 6 h, and then stored
for an additional 18 h at 4°C. Plates were measured with a
Xenon lamp Victor Plate Reader (Perkin Elmer, Waltham, MA,
USA) after excitation at 340 nm (time delay 50 ms and window
200 ms). The signal measured at 615 nm resulted from the emis-
sion of the Terbium-labeled antibody and was used for normal-
ization of potential signal artifacts. The cleaved Htt-specific
signal at 665 nm resulted from the emission of the D2-labeled
neo-epitope antibody after time-delayed excitation by the Ter-
bium. Caspase-6 activity was measured by the amount of cleaved
Htt generated and represented by the 665/615 nm ratio.

PARP cleavage by caspase-3

HEK?293 cells were lysed in MCB buffer (50 mm HEPES pH 7.4,
100 mM NacCl, 1% Igepal, 1 mMm EDTA, 10% glycerol, Roche com-
plete protease inhibitors), and DTT was added to 10 mm after
the protein concentration was measured in cleared lysates. Cas-
pase-3 enzyme (50 U) was mixed with ED11 or Z-VAD-FMK in
MCB buffer supplemented with 10 mM DTT at a total volume of
5 pl and incubated at room temperature for 1 h. Then, 40 pg of
HEK lysate (adjusted to 2 pg/pl) were added and the samples
were incubated at 37°C for 1h. SDS-PAGE loading dye was
added, samples were denatured and run on a 3-8% Tris-acetate
SDS-PAGE gel (Invitrogen, Carlsbad, CA, USA). After transfer to
PVDF membranes, the blots were probed with Spectrin (Enzo),
PARP (Cell Signaling Technology, Beverly MA, USA) and actin
(Millipore, Billerica, MA, USA) antibodies in the Li-Cor system.

Cleavage of Htt by caspases 1-10

COS7 cells were transiently transfected with the 3949-15Q-HTT
construct (5) using the Xtreme gene 9 transfection reagent
(Roche Applied Science, Quebec, Canada), according to the man-
ufacturer’s protocol.

Twenty-four hours post-transfection, cells were harvested
and lysed. Fifty units of purified active human caspase-1 through
10 each (Enzo Life Sciences) were mixed with 10 pM ED11 in cas-
pase buffer (100 mm HEPES pH 7.4, 200 mm NacCl, 0.2% CHAPS,
2mM EDTA, 20% glycerol and 10 mm DTT) and incubated for
30 min at room temperature. About 40 pg of total protein from
cell lysates were added, and the reaction was incubated for 1 h



at 37°C. A HTT 15Q fragment truncated at amino acid 586 was
overexpressed in COS7 cells and used as a size control on the
western blot. SDS-PAGE loading dye was added, and samples
were denatured and run on a 10% Tris-Glycine SDS-PAGE gel.
After transfer to PVDF membranes, the blots were probed with
the polyclonal antibody BKP1(29) directed against amino acids
1-17 of Htt. Membranes were scanned and quantified using the
Li-Cor system.

TAT antibody staining in MEFs

MEFs derived from FVB/N WT mice (30) were treated with differ-
ent amounts of ED11 in the media for 16 h. Cells were washed
with PBS, fixed with 4% paraformaldehyde in PBS for 30 min at
room temperature and processed for immunofluorescence with
an anti-TAT antibody (Abcam), Alexa-488-labeled secondary
antibody (Invitrogen) and Hoechst nuclear counterstaining.

Htt-caspase-6 co-transfection

COS-7 cells were transiently co-transfected with equal amounts
of FLAG-tagged human caspase-6 and the N-terminal 1212
amino acids of Htt with 15Q (5) using the X-treme Gene reagent
(Roche, Basel, Switzerland) according to manufacturer’s instruc-
tions. One hour after transfection, ED11 peptide was added to the
growth medium. Cells were harvested in the medium 24 h after
transfection and the presence of cleaved Htt was assessed by
western blotting using the Htt antibody 2166 (Millipore) or the
neo-epitope antibody against Htt cleaved at amino acid 586 (5).
Signals were normalized to calnexin as a loading control.

Cell culture

Human neuroblastoma cells, SH-SYS5Y cells (ATCC), were grown
on tissue culture plates (Greiner, Frickenhausen, Germany) in
Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented
with 10% fetal calf serum (FCS), 1% L-glutamine and 1% SPN anti-
biotics (Biological Industries, Beit Haemek, Israel). Inducible
145Q-MHtt-expressing PC12 cells were obtained from CHDI (by
Coriell Institute). Cells were grown in suspension in 75 cm? cul-
ture flasks (Corning, Corning, NY, USA) in DMEM, supplemented
with 15% Horse serum, 2.5% FCS, 0.1 mg/ml of G418 (Gibco, Pais-
ley, UK), 0.1 mg/ml of Zeocin (Invitrogen), 1% L-glutamine and 1%
SPN antibiotics (Biological Industries). Both cell types were incu-
bated at 37°C in a humidified atmosphere with 5% CO,, and pas-
saged twice a week. For cell proliferation and cell cycle analysis,
SH-SYSY cells were pre-incubated with 25 pM ED11 for 1 h. Then,
10 pM 5-bromo-2-deoxyuridine (BrdU) was added for 2 h. The
medium was discarded and cells were fixed with 70% ethanol.
DNA denaturation was conducted with 1.5 M HCI exposure for
30 min. FITC-conjugated anti-BrdU antibody was used to mark
incorporated BrdU, and DNA staining was performed using propi-
dium iodide. A total of 15000 cells per sample were read using
a FACS-Calibur flow cytometer, and cell cycle analysis was
conducted after doublet discrimination.

Mutant Huntingtin-induced toxicity

To induce mHtt expression, inducible 145Q-mHtt-expressing
PC12 cells were incubated with 25 pM ponasterone A (PA, Invitro-
gen) for the indicated time periods, in the presence of 25 pM ED11
or vehicle as a control. For viability assessment, the medium was
depleted and washed twice with PBS, and Alamar blue dye (AbD
serotec, Kidlington, UK, 1/10 in culture medium) was added to the
cells, as instructed by the manufacturer. Fluorescence was
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monitored with a 530-560 nm excitation and a 590 nm emission
wavelength, and viability was calculated as a percentage of
the untreated control. LDH release was measured with the LDH
Cytotoxicity Detection Kit (Clontech, Mountain View, CA, USA),
following the manufacturer’s instructions. Briefly, PC12 cells
were grown on six-well plate at a density of 7 x 10° cells/ml, and
samples were taken at the indicated time points. Subsequently,
samples were centrifuged, transferred to a 96-well plate and in-
cubated with the reaction mixture for 30 min in the dark. The
plate was read at 492 and 690 nm as a reference in the Synergy
HT multi-mode micro-plate reader, and calculations were done
with reference to a non-induced control. For FLICA caspase-6
assay (ICT, USA), cells were adjusted to 1.5 x 10° cells/ml and
were incubated with FAM-VEID-FMK for 1 h at 37°C as described.
Hoechst stain was used as nucleus counterstaining. The images
were recorded with a fluorescence microscope (Olympus, Tokyo,
Japan) and image analysis was performed using the Image-J
software.

Animal studies

All animal-related procedures were approved by the Tel-Aviv
University Committee of Animal Use for Research and Education,
under protocols M-13-024, M-13-061 and M-13-110. BACHD mice
were obtained from Jackson Laboratory (Bar Harbor, ME, USA).
The mice were placed under 12 h light/dark conditions and
housed in individually ventilated cages with ad libitum access to
food and water.

Assessment of BBB penetration

To assess ED11’s ability to penetrate the BBB and enter the brain
parenchyma, a modified in vivo brain delivery detection method
was used. A previously reported two photon-based brain delivery
detection method (31) was adjusted to an endoscopic microscopy
probe-based method (32) to enable deep brain detection. FVB/N
mice (n=2) were injected IV with one of the following com-
pounds: FITC-conjugated albumin, a marker of intact blood ves-
sels (10 mg in 200 pl of saline), FITC-conjugated TAT, as a positive
control for extravasation from the blood vessels, FITC-conjugated
ED11 lacking the TAT cell-penetrating sequence (50 mg/kg) and
FITC-conjugated ED11 (50 mg/kg). Twenty minutes after com-
pound injection, the mice were anesthetized with a mixture of
ketamine (100 mg/kg) and xylazine (8 mg/kg). The mice were
then placed in a stereotaxic device, and a 0.3 mm fluorescence
detection probe was inserted into the central caudate-putamen.
Coordinates with respect to the bregma used were: anterior-
posterior +0.5, medial-lateral +2, dorsal-ventral -2.7. Forty
minutes after compound injection, fluorescence was monitored
using a 488 nm excitation laser.

ED11 in vivo efficacy trials

To evaluate ED11’s ability to provide protection from mHtt tox-
icity in vivo, the HD mouse model BACHD (19) and their FVB/N
WT littermates were used. Mice were assigned to different groups
according to littermates to minimize inherent variability. Mice
were housed in mixed genotype and treatment cages, and the
researcher was blinded with regard to mouse genotype and treat-
ment throughout all of the behavioral tests. The tested com-
pounds were Vehicle, which was consisted of sterile water
(20%) and normal saline (80%) only, or ED11 dissolved in an
equal vehicle solution. Delivery of the tested compound was
done by a subcutaneously implanted mini-pump alzet model
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1004 (DURECT, Cupertino, CA, USA) according to the manufacturer’s
instructions. The pumps infused continuously for 28 days, at a
dose of 4 mg/kg/day. Replacement with freshly prepared pumps
was conducted every 28 days until the completion of the
experiment.

Rotarod test

Motor coordination and strength were assessed using the accel-
erating rotarod according to an adapted, previously reported,
protocol (19). During the training period, mice were placed on
an accelerating rod (0-21 rpm in 4 min), and latency to fall from
the rod was recorded. The mice were tested three times per day
with a 2-h intertrial rest for 3 consecutive days. For the rotarod
test, mice were placed on the accelerating rod (0-21 rpm in
4 min) for three consecutive trials with a 5-min intertrial rest,
and average score was taken for analysis.

For emotional and cognitive evaluation, mice were tested in
the following behavioral tasks, separated by a minimum of
1-week interval between each task.

Forced swim test

The FST was conducted as previously described (8) with minor
modifications. The mice were placed in a 15 cm diameter 40 cm
height cylinder, filled with water (23-25°C) to a depth of 20 cm.
Animal behavior was recorded by a side camera for 6 min. For
mobility analysis, the animal mobility state in the last 4 min
was evaluated using the Noldus Ethovision (Wageningen, The
Netherlands) video-tracking software

Open field test

For the open field test, an unfamiliar open field (50 x 50 cm) was
used. Mice were placed in one corner of the arena and their
behavior was recorded for 20 min and scored with the Ethovision
video-tracking system. Total distance traveled, total time spent
in the center and the number of entries to the center were
measured.

Light dark choice test

The light dark choice test was conducted as previously described
(33). The arena consisted of two compartments: a dark compart-
ment (14 x 27 x 26 cm) and a compartment illuminated by 1050
lux (30 x 27 x 26 cm), connected by a small passage. Mice were
placed in the light compartment to initiate a 5-min test session.
The time spent in the dark compartment, the number of entries
to the dark compartment and the latency of entering the dark
zone were measured. The indices collected in these tests were
quantified using the Ethovision video-tracking system.

Swimming T-maze strategy shift test

The swimming T-maze strategy shifting test was conducted as
previously described (34). The apparatus consisted of three
arms (9 x 50 cm each) filled with water to a depth of 15 cm. On
the first 3 days, the mice were subjected to a learning period. In
the learning period, a transparent platform was hidden at the
end of the right arm. The mouse was placed at the stern of the
T-maze four times a day with a 45-min interval between trials.
On the fourth day, the strategy shift paradigm was initiated, as
the platform was relocated to the left arm, and the mice were
placed at the stern four times with a 45-min interval between
trials. The time taken for the mice to reach hidden platform

was recorded and analyzed using the Ethovision video-tracking
system.

MRI protocols and analysis

MRI scanning and analysis was performed by Biolmage (Haifa, Is-
rael). MRI was performed with a 7 T MRI scanner (Bruker, Billeri-
ca, MA, USA) with a 30 cm bore and a gradient strength of up to
400 mT/m, using a quadrature head coil. The mice were anesthe-
tized with 1-2% isoflurane and oxygen, and were maintained
at 37°C. Animal breathing was monitored with a breathing
sensor. Tp-weighted imaging was performed with the following
parameters: multi-slice multi-echo sequence, repetition time
2000 ms, 10 different echo times (ms):10, 20, 30, 40, 50, 60, 70, 80,
90, 100 and spatial resolution: 0.07 x 0.07 x 0.8 mm?®. For image ana-
lysis, T,-relaxation maps were calculated using Biolmage software
written in Matlab (Mathworks®), using least-squares algorithm.
For volumetric analysis, the images were rotated and cropped,
and the regions of interest were outlined manually. A trained oper-
ator manually segmented the caudate-putamen, cortex, frontal
cortex, motor cortex and hippocampus to evaluate volume
changes.

Statistical analysis

Statistical analysis was performed using GraphPad prism version
6.0. Statistical significance for differences between two groups
was evaluated by Student’s unpaired t-test. When three groups
were addressed, statistical evaluation was made by one-way
ANOVA followed by Tukey’s multiple comparison post hoc test.
When addressing time point-dependent alterations, two-way
ANOVA with Tukey’s multiple comparison post hoc test was
used. Data are presented as mean + SEM, and the level of P <0.05
was accepted as statistically significant.

Supplementary Material

Supplementary Material is available at HMG online.
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