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Huntington's disease (HD) is a rare genetic disease caused by expanded polyglutamine repeats in the huntingtin protein result-
ing in selective neuronal loss. Although genetic testing readily identifies those who will be affected, current pharmacological
treatments do not prevent or slow down disease progression. A major challenge is the slow clinical progression and the inability
to biopsy the affected tissue, the brain, making it difficult to design short and effective proof of concept clinical trials to assess
treatment benefit. In this study, we focus on identifying peripheral biomarkers that correlate with the progression of the dis-
ease and treatment benefit. We recently developed an inhibitor of pathological mitochondrial fragmentation, P110, to inhibit
neurotoxicity in HD. Changes in levels of mitochondrial DNA (mtDNA) and inflammation markers in plasma, a product of DNA
oxidation in urine, mutant huntingtin aggregates, and 4-hydroxynonenal adducts in muscle and skin tissues were all noted in
HD R6/2 mice relative to wild-type mice. Importantly, P110 treatment effectively reduced the levels of these biomarkers.
Finally, abnormal levels of mtDNA were also found in plasma of HD patients relative to control subjects. Therefore, we identi-
fied several potential peripheral biomarkers as candidates to assess HD progression and the benefit of intervention for future
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clinical trials.

INTRODUCTION

Huntington’s disecase (HD) is a fatal autosomal-dominant
neurodegenerative disease caused by an expanded trinucleo-
tide CAG repeat in the gene encoding the huntingtin protein
(MacDonald et al., 1993). HD is a progressive disease that
affects middle-age carriers, and the severity of the disease cor-
relates with the length of the CAG repeat (Lee et al., 2015).
Patients affected by HD display a loss of neurons predom-
inantly in the striatum and cortex that is progressively ac-
companied by a loss of voluntary and involuntary movements
as well as psychiatric and cognitive disturbances. Patients
usually die 10-15 yr after the onset of the disease because
of immobility-induced complications. Currently, there is no
cure for the disease, and no treatment effectively slows down
the disease progression.

Since the discovery of the genetic basis for the disease,
mutant huntingtin (mtHtt), in 1993 (MacDonald et al., 1993),
there has been considerable effort toward developing thera-
peutic strategies for HD, and several compounds have shown
beneficial effects in various HD cell and transgenic mouse
models (Li et al., 2005; Ray and Shoulson, 2011; Guo et al.,
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2013). However, human trials in HD are time consuming be-
cause of the slow progression of the disease, its insidious onset,
and patient-to-patient variability (MacDonald et al., 1993;
Weir et al.,2011).There is also a need to include a large cohort
of patients because many of the clinical assessments are quite
subjective (e.g., psychiatric tests) and an inability to biopsy
the affected tissue, neurons in the brain. Therefore, identifi-
cation of peripheral biomarkers that correlate with HD pro-
gression and treatment intervention would greatly help assess
the efficacy of experimental therapies in human clinical trials.

The neurological symptoms of HD are caused by the
aggregation of mtHtt protein in neurons that causes, among
other pathologies, mitochondrial dysfunction (Shao and Dia-
mond, 2007; Costa and Scorrano, 2012). This, in turn, leads to
loss of ATP and increase in oxidative stress (Costa and Scor-
rano, 2012; Guo et al., 2013; Hwang et al., 2015). Evidence
from studies in human HD subjects and experimental HD
mouse models suggests that mitochondrial dysfunction pre-
cedes neuropathology and clinical symptoms (Feigin et al.,
2001; Ciarmiello et al., 2006; Song et al., 2011), indicating
that mitochondrial impairment is an early event in the cas-
cade of events leading to HD pathology. Notably, targeting
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Figure 1. Analysis of mtDNA content in brain
. and plasma. (A) DNA synthetized from mouse brain
tissue was used in real-time PCR with mtND2 prim-
ers targeting mouse mtDNA (n = 4 mice per group).
(B) mtND2 DNA content in plasma samples from
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impaired mitochondrial dysfunction has been shown in some
cases to be a beneficial strategy to delay HD onset and to slow
disease progression after its onset (Duan et al., 2014).

We recently reported that inhibition of mitochondrial
dynamics impairment by a novel Drp1/Fis1 peptide inhibitor,
P110 (Qi et al., 2013), rescued mtHtt-induced mitochondrial
injury, corrected defects in mitochondrial function, and re-
duced neuronal cell death both in HD patient—derived neu-
ronal cultures and in HD transgenic mouse brains (Guo et al.,
2013). These findings provided further evidence for a causal
role for mitochondrial damage in the pathogenesis of HD and
demonstrated that blocking mitochondrial injury can reduce
neuronal degeneration in HD models. Here, we used samples
from R6/2 mice, an HD model, to identify biomarkers that
correlate with HD disease progression and treatment bene-
fit with P110 and included a pilot human study for one of
these biomarkers, using plasma and spinal fluid samples from
healthy subjects and HD patients.

RESULTS

Alteration of mitochondrial DNA (mtDNA) in the

brain and plasma of HD mice

Because HD is associated with impaired mitochondrial in-
tegrity and excessive mitochondrial fission, we first evaluated
the extent of mitochondrial loss in the brains of 13-wk-old
R6/2 mice, an age that we previously found to exhibit severe
HD-related symptoms (Guo et al., 2013). It was previously
found that mitochondrial number in the brain decline by
>50% in severe HD patients (Kim et al., 2010). As a surrogate
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. mouse blood collected at the age of 13 wk were as-
i 3 sayed by real-time PCR (n = 10 WT and n = 8 R6/2
- Tg mice). Housekeeping nuclear gene, GAPDH, was
R6/2 used for normalization. (C) Change in mtND2 levels

over time in mice. Mouse plasma samples from WT
and R6/2 mice were collected every 2 wk, and mtND2
levels were determined using real-time PCR. mtND2
levels decreased over time in R6/2 mice as compared
with WT mice (n = 10 WT; n = 10 R6/2 [5-11-wk-old
mice]; n =9 [13-wk-old mice]). The data are presented
as mean + SEM of 2744¢. % P = 0.0006; **, P = 0.0055;
** P =0.00017 versus WT 5 wk; *, P = 0.00085 versus
WT 7 wk; *, P = 0.004 versus WT 13 wk (unpaired
Student's t test and one-way ANOVA).

measure for mitochondrial number in the brain, we measured
the levels of the transcript of the mitochondrial gene, mtND2
(mitochondria-encoded NADH dehydrogenase 2; a subunit
of complex 1 located at the inner mitochondrial membrane),
using DNA reverse transcribed from RNA isolated from
brain tissue of WT and R6/2 mice. Using real-time PCR,
we found that the brains of 13-wk-old R6/2 mice had
almost half the amount of mtND2 as compared with the
brains of WT mice (Fig. 1 A).

Because mtDNA is quite resistant to degradation, we
expected the content of mtDNA in the plasma to increase as
dead neurons released mtDNA into the circulation. There-
fore, we determined the levels of mtDNA in the plasma
of 13-wk-old mice (the end stage of the disease; Mangia-
rini et al., 1996) using the mtND2 transcript in Fig. 1 A.
GAPDH, a nuclear gene, was used as a control (Xia et al.,
2009a,b; Budnik et al., 2013). Surprisingly, mtND?2 levels
in R6/2 plasma were reduced by 54% as compared with
plasma of WT mice (Fig. 1 B).

A candidate biomarker should show a measurable re-
sponse to the progression and severity of the disease. Thus,
to evaluate the levels of mtND2 in mouse plasma during the
course of 13 wk, we collected plasma every 2 wk and ana-
lyzed by real-time PCR mtND2 levels to determine whether
they correlated with the progression of the disease. The results
are shown as the mean of mtND2 levels (2744%;) obtained
from 10 mice per group at each age (Fig. 1 C). We observed
that mtND2 levels in plasma of WT mice remained constant
over time from 5 to 13 wk of age. However, mtND2 levels
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in R6/2 mice were 3.5-fold higher at 5 wk (before or early
after symptoms onset; Mangiarini et al., 1996) and 2.5-fold
higher at 7 wk as compared with WT mice, and these levels
decreased over time to half of the WT levels by 13 wk, the end
stage of the disease in this model (Mangiarini et al., 1996), as
shown also in a separate cohort of mice in Fig. 1 B.

To determine whether the high levels of mtND2 in the
presymptomatic mice occur in another HD mouse model,
we analyzed mtND?2 levels in a less severe mouse model of
HD,YAC128 (Fig. S2 A).This mouse model exhibits a much
slower disease progression as compared with R6/2 mice, with
end stage and death occurring at about >1.5 yr (Slow et al.,
2003). To match the study in 5-wk-old R6/2 mice, we used
6-mo-o0ld YAC128 mice, as at that age, the YAC128 mice also
exhibit no behavioral impairment. As expected from our data
in R6/2 mice (Fig. 1 C), the levels of mtDNA in plasma of
6-mo-old YAC128 mice were 2.5-fold higher than WT mice
of the same age (nine mice/group).

We previously reported that 13-wk-old R6/2 HD
mice exhibited a severe behavioral deficit accompanied by
mitochondrial loss (Fig. 1, A and B; Guo et al., 2013). Be-
havioral studies measured by several tests of 7-wk-old mice
demonstrated an overall behavioral deficits of R6/2 mice as
compared with WT mice (Fig. 2, A and B; and Fig. S1,A-D).
The behavioral deficits, shown by a decrease in mobility
(Fig. 2 A), became more severe with age (Note that behav-
ioral studies in younger mice that have not been acclimated to
an animal facility are less reliable. However, on arrival, at the
age of 5 wk, the HD mice appear relatively unimpaired; Guo
et al.,2013). 11-wk-old R6/2 mice demonstrated a large im-
pairment in memory and learning skills, as shown by delay
match-to-place dry maze (DMP-DM; Fig. 2 B). No behav-
ioral deficits were noted in 5-wk-old R6/2 mice (Guo et al.,
2013).Yet, 5-wk-old R6/2 mice had high levels of mtDNA
in the plasma relative to WT controls (Fig. 1 C).These results
suggest that evidence for maximal neuronal loss (as measured
by decrease of mtDINA in the brain and increased mtDNA in
the plasma) occurred earlier than motor and behavioral im-
pairments. Collectively, these results show that the highest in-
crease in mtDNA in the plasma preceded maximal behavioral
deficits of R6/2 mice, consistent with the evidence that mi-
tochondrial damage occurred at the early stage of HD (Kim
et al., 2010). Therefore, assessing mtDNA in the plasma may
be a useful marker to indicate early HD-associated pathology.

P110 treatment normalizes the amount of mtDNA

in the plasma of HD mice

We previously described the beneficial effect of P110 treat-
ment on HD mice (Guo et al., 2013). P110 is a heptapeptide
conjugated to TAT;_s; (TAT, for peptide delivery) that inhib-
its the interaction between Drp1 and one of its adaptor pro-
teins on the mitochondria, Fis1 (Guo et al., 2013). We showed
that P110 inhibits excessive mitochondrial fission in several
models of neurodegenerative disease as well as in a rat heart
model of ischemia/reperfusion injury, without affecting basal
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Figure 2. Behavioral phenotype of R6/2 mice compared with WT.
(A) R6/2 mice have significantly decreased latency to fall during the accel-
erating rotor rod test (4-40 rpm) starting at 7 wk of age and progressively
exhibit a shorter latency as they age. WT mice maintained their latency to
falling as they aged. n = 10 WT and n =9 R6/2.* P = 0.0001 WT versus R6/2
at respective week; two-way ANOVA, repeated measure with Bonferroni
posthoc analysis. (B) 11-wk-old WT mice were able to find the location of
the new escape box during the DMP-DM test, and their latency to finding
the escape box decreased as more training days were conducted. The la-
tency to find the escape box for 11-wk-old R6/2 mice remained stagnant
during the four trials of training per day and across multiple days of test-
ing. n =10 WT and n = 9 R6/2.* P = 0.0001 WT versus R6/2 at each trial;
two-way ANOVA, repeated measure. Error bars represent mean + SEM.

(physiological) fission (Disatnik et al., 2013; Guo et al., 2013;
Qi et al., 2013).To determine whether mtDNA levels in the
plasma correlated with the benefit induced by P110, R6/2
mice were treated with P110 inhibitor peptide or TAT (vehi-
cle control; each at 3 mg/Kg/d), delivered by a subcutaneous
osmotic pump for 8 wk, as we described previously (Guo et
al., 2013). As in separate cohorts (Fig. 1, B and C), 13-wk-old
R6/2 mice exhibited a decrease of 50% in mtND2 in the
plasma, and P110 treatment increased the levels of mtND2
levels by twofold, back to those of WT levels (Fig. 3 A).

We next determined the effect of intermittent P110
treatment consisting of 1 wk sustained treatment with P110
(3 mg/Kg/d) followed by no treatment for 3 wk, repeated
twice for a total duration of 8 wk, as shown in Fig. 3 B. We
found that even an intermittent P110 treatment was sufficient
to increase the levels of mtND2 by twofold, close to WT lev-
els (Fig. 3 B), similar to the results shown in Fig. 3 A using a
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separate cohort of mice. As previously reported (Guo et al.,
2013), we found that P110 administered for 8 wk was bene-
ficial and increased the survival of the R6/2 mice (Fig. 3 C).
We also found that survival of R6/2 mice subjected to inter-
mittent P110 treatment was also significantly increased (P =
0.0238; Fig. 3 D), indicating that intermittent treatment
might be sufficient to correct mitochondrial function, thus
protecting from neuronal cell loss. Finally, we observed that a
1-wk P110 treatment in 8-wk-old R6/2 mice was also suffi-
cient to increase the levels of mtND2 in the plasma by two-
fold relative to TAT-treated R6/2 mice (Fig. S2 B), suggesting
that plasma mtDNA correlates with treatment.

P110 treatment reduces the levels of oxidative DNA

damage indicator in HD mice

There are conflicting studies regarding the use of oxidative stress
markers in plasma and urine, such as 8-hydroxy-deoxy-guano-
sine (8-OHAG). 8-OHJdG is a product of guanine oxidation
by oxidative stress (Shigenaga et al., 1989) that is found in the
urine as a product of DNA excision repair. Urine and plasma
from R6/2 mice have high levels of 8-OHdG (Bogdanov
et al., 2001). We therefore evaluated the use of 8-OHdG as
a biomarker for treatment benefit in urine of WT and R6/2
mice after 8 wk of P110 or TAT vehicle treatments (Note that
because the mice were fragile, continual collection of urine
as the disease progressed was not possible). The DNA damage
product, 8-OHAG, measured by ELISA assay, was normalized
to the levels of creatinine in each mouse urine sample to adjust
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14 mice out of 10 R6/2 P110-treated mice died at the age
of 13 wk. The results are shown as a log-rank (Man-
tel-Cox) test; ¥* = 10.9; P = 0.0123. (D) The effect of
intermittent treatment of P110 on WT and R6/2 mice
over 8 wk. 4 out of 10 R6/2 mice treated with TAT died
whereas 0 out of 10 R6/2 mice treated with P110 died
at the age of 13 wk; no death occurred in the 10 TAT-
and 10 P110-treated WT mice. The results are shown as
a log-rank (Mantel-Cox) test; x> = 9.461; P = 0.0238.

for differences in water intake and urine volume. We found
that 8-OHdG levels were threefold higher in 13-wk-old R6/2
mice relative to WT mice of the same age and that an 8-wk
sustained P110 treatment of the R6/2 mice decreased the lev-
els of 8-OHAG to WT levels (Fig. 4 A).

P110 treatment decreases the levels of inflammatory
markers in plasma of HD mice

Activated monocytes are observed in presymptomatic HD
patients (Crotti and Glass, 2015), and inflammation triggered
by the presence of mtHtt was reported in mouse models of
HD and in HD patients (Hsiao et al., 2013; Crotti and Glass,
2015; Politis et al., 2015; Triger et al., 2015). Inflammation
is due, in part, to activation of microglia and recruitment of’
astrocytes associated with mtHtt, which leads to enhanced
secretion of cytokines and chemokines by microglia (Crotti
et al., 2014). Therefore, using ELISA, we measured the levels
of two inflammatory cytokines: TNF and IL-6.The levels of
both these cytokines were elevated in the plasma of 13-wk-
old R6/2 mice by more than twofold relative to WT mice,
and P110 treatment of R6/2 mice for 8 wk reduced their
levels back to the levels of WT mice (Fig. 4, B and C).

P110 treatment reduces the levels of mtHtt aggregation

and 4-HNE adducts in peripheral tissues of HD mice
Aggregates of mtHtt were previously reported in the brains
of human HD patients (DiFiglia et al., 1997) and R6/2 mice
when measured at the age of 13 wk (Guo et al., 2013). How-
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Figure 4. DNA damage measurement in urine and inflammation markers in plasma of WT and R6/2 mice. (A) Analysis of 8-OHdG levels in urine
samples of 13-wk-old WT and R6/2 mice that were treated with TAT or P110 for 8 wk. The levels of 8-OHdG were measured by ELISA. Creatinine levels in
the same urine samples were determined for normalization. Increased levels of 8-OHdG in the urine of R6/2 mice were normalized to WT levels after P110
treatment. Data are presented as mean + SEM (n = 9/group WT TAT and P110; n = 6 R6/2 TAT; n = 7 R6/2 P110). (B and C) TNF (B) and IL-6 (C) levels mea-
sured by ELISA in mice plasma of respective mice treated with TAT and P110 for 8 wk. Plasma samples were collected at 13 wk of age. TNFo: n = 7/group WT
TAT and P110; n = 9 R6/2 TAT; n = 10 R6/2 P110. IL-6: n = 4/group WT TAT and P110; n = 9 R6/2 TAT; n = 10 R6/2 P110. Data are presented as mean + SEM.
* P =0.03 R6/2 TAT versus WT TAT; **, P = 0.043 R6/2 P110 versus R6/2 TAT (unpaired Student's t test); **, P = 0.0006 R6/2 TAT versus WT TAT; *, P = 0.0023
R6/2 P110 versus R6/2 TAT; *, P = 0.01 R6/2 TAT versus WT TAT; ##*, P = 0.0003 R6/2 P110 versus R6/2 TAT (unpaired Student's t test and one-way ANOVA).

ever, non—central nervous system (non-CNS) tissues of the
HD mice model also have mtHtt aggregates as well as evi-
dence of oxidative stress (Sathasivam et al., 1999). Therefore,
we determined the presence of mtHtt aggregates and 4-HNE
adducts on proteins (an aldehydic product of lipid oxidation;
Hardas et al., 2013) in skeletal muscle and skin of 13-wk-
old R6/2 mice. We found an increase in mtHtt aggregates
at the periphery of the muscle fibers (Fig. 5) and skin sec-
tions (Fig. 6) in TAT-treated R6/2 mice; an 8-wk P110 treat-
ment of R6/2 mice correlated with decreased levels of these
aggregates by 40% in the skin and 60% in the muscle tissue
(Table 1).We also found skeletal muscle from R6/2 compared
with WT mice to have a high number of nonmuscle nuclei
(Fig. 5) that might reflect infiltration of inflammatory cells
into this tissue. Data by Sathasivam et al. (1999) also show
an HD muscle section with a high number of nuclei; how-
ever, the authors did not comment on that (Sathasivam et
al., 1999). We also observed twofold-higher levels of 4-HNE
immunoreactivity in R6/2 leg muscle as well as 36% increase
in skin sections stained with 4-HNE, as compared with WT
levels (Fig. S3, A and B; and Table 1). Those results indi-
cate that non-CNS peripheral tissue can be used to follow
the progression of HD.

Alteration of mtDNA content in biofluids of HD patients

To begin determining whether the biomarkers identified in
R6/2 mice can be applied in human studies, we obtained
three each of human cerebrospinal fluid (CSF) samples col-
lected from control or HD patients, ages 53—69 yr old; both
males and females were included (VA Greater Los Angeles
Healthcare Center). Two of the control subjects were reported
to have a chronic obstructive pulmonary disease. These CSF
samples, the only samples that were available to us, were used
in a pilot study; as in mouse plasma, using real-time PCR,

JEM Vol. 213, No. 12

we measured the level of mtIND2 levels in these samples. The
differences in mtIND2 levels were not significantly different
between control and HD patients, probably because of the
low number of samples, the wide range of age of the subjects,

WT TAT
0TTd LM

R6/2 TAT
01Td /94

Figure 5. P110 reduces mtHtt aggregation in R6/2 skeletal muscle.
Skeletal muscle sections were stained with anti-mtHtt (EM-48) antibody
and hematoxylin (blue nuclei). More aggregates of mtHtt were found
(arrows) in TAT-treated than P110-treated R6/2 mice. (Bottom) Magni-
fication of boxed areas.
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Figure 6. P110 reduces mtHtt aggregation in R6/2 skin. Skin sections
were analyzed for the presence of mtHtt in WT and R6/2 mice. P110 reduced
the level of mtHtt aggregates. (Bottom) Magnification of boxed areas.

and variations in disease onset. However, there was a shift
in the correlation line to the right for the three HD patient
samples (Fig. S4 A). There was also a wider range of mtDNA
levels in HD CSF samples as compared with non-HD pa-
tients (Fig. S4 B), but the significance of these differences
could be determined only in a study that includes a much
larger number of samples.

We then determined the levels of mtDNA in the plasma
of HD patients and control subjects. However, even in this
small sample group, we found a correlation between the se-
verity of the disease and the levels of mtDNA (mtND2) mea-
sured in plasma of HD patients (Fig. 7, A and B); the increase
shown in mtND2 in presymptomatic and symptomatic HD
patients compared with control subjects was significant (P =
0.0415) and might correlate with the results obtained in
R6/2 mice at the ages of 5—7 wk.

Table 1. Biomarkers in peripheral tissues

mtHtt staining 4-HNE staining

Muscle

WT TAT 80.8 + 2.0 451 +28

WT P110 948 + 0.5

R6/2 TAT 1433 + 0.4 91.8 + 2.5°
R6/2 P110 57.1 + 0.6°

Skin

WT TAT 96.4 + 4.2 953 +28

WT P110 89.4 +3.3

R6/2 TAT 141 + 5.0° 148.6 + 7.0°
R6/2 P110 85.7 + 3.5

Quantification of images of mtHtt and 4-HNE staining in muscle and skin. Images of the
respective staining were obtained from three mice/group, and 16 areas of each section
were analyzed. 58 areas of each section were analyzed for mtHtt staining in muscle. Data
are presented as mean + SEM.

°P = 0.038 (WT TAT vs. R6/2 TAT)

°P = 0.0026 (WT TAT vs. R6/2 TAT)

P = 0.027 (R6/2 TAT vs. R6/2 P110)

9P = 0.019 (WT TAT vs. R6/2 TAT)

P = 0.018 (WT TAT vs. R6/2 TAT)

P =0.015 (R6/2 TAT vs. R6/2 P110)

DISCUSSION

The challenge in conducting clinical trials using experi-
mental therapeutics for HD patients is not the diagnosis of
these patients; HD patients can unequivocally be identified
via genetic testing for this dominant trait. The challenge is
how a response to experimental treatment can be assessed
early in the trial, considering that the main affected tissue
responsible for the pathology is the brain. Furthermore,
changes in affected individuals must occur from the time of
conception, yet neurodegeneration symptoms are not appar-
ent for >40 or 50 yr. Therefore, although ideally, therapeutic
interventions should begin in presymptomatic subjects, it is
prohibitively expensive to await several decades to assess the
benefit of that intervention.

Here, we began exploring the possibility that peripheral
biomarkers to assist in clinical trials in HD patients can be
identified. We focused on biomarkers related to (a) mitochon-
drial and cell integrity (measuring mtDNA in the plasma;
Chiu et al., 2003; Xia et al., 2009b; Nakahira et al., 2013), (b)
mtHtt aggregation in the peripheral tissue (Sathasivam et al.,
1999), and (c) evidence of increased oxidative stress, as mea-

A o e g?g:;'lgn B 607 . Figure 7. mtDNA in HD patients and control subjects. (A)
_ 4 HD é § : Distribution of mtND2 levels in plasma among the groups of
§ 35 ] i" € 204 4 human plasma were analyzed by real-time PCR. The scatter plot
® i & = “ao: illustrates the Cy values of GAPDH (x axis) against C; values of
[E 3 bt [ ;é) - E mtND2 (y axis) in human plasma of non-HD, premanifest (Pre-
S 304 a g @ man), and HD subjects. C; values of mtND2 of HD plasma were
E Amt S g - & N lower and clustered below the 50% line compared with preman-

Ep 01 ifest HD and non-HD groups. (B) mtND2 levels were significantly

25 T T | =

28 30 32 34 36 non-HD Pre-man

GAPDH (C, values)

higher in HD plasma versus non-HD plasma (n = 6/non-HD and
HD; n = 5/premanifest). Data are presented as mean + SEM of
2748C * P = 0.0415 HD versus non-HD (one-way ANOVA).

HD

Human plasma
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sured by increased aldehydic load in human and mice brain
tissues (levels of 4-HNE adducts; Lee et al., 2011) and DNA
damage (as measured by the presence of a product of DNA
repair in the urine, 8-OHdG; Browne et al., 1997). We found
that the levels of all these parameters differed between WT
mice and R6/2 HD mice. Importantly, the levels of these
parameters in R6/2 mice were normalized by treatment with
P110, a therapeutic intervention that reduces the symptoms
and pathology in these animals (Guo et al., 2013); levels of
these parameters in treated HD mice were brought close to
WT levels. Therefore, all of these biomarkers appear to cor-
relate with the improvement seen by therapeutic interven-
tion in this animal model.

When focusing on the presence of mtDNA in plasma,
we also noted that both sustained and intermittent treatments
(1 wk on and 3 wk off, twice) were beneficial (Fig. 3, A and
B), and a small study of 1-wk treatment at the onset of the
disease (Fig. S2 B) also suggests that mtDNA in the plasma of
these HD mice may correlate even with a short therapeutic
intervention. If confirmed in human samples, mtDNA may
be a useful biomarker to assist in determining the efficacy
of a treatment in humans.

Mitochondrial dysfunction in HD is well documented
(Song et al.,2011; Costa and Scorrano, 2012; Guo et al.,2013)
as a main contributor to neurodegeneration and is associated
with the accumulation of mtHtt protein at the mitochon-
dria and in the nucleus (Oliveira, 2010; Costa and Scorrano,
2012). Progressive loss of striatal and cortical neurons me-
diates the cognitive and motor impairments in HD patients
and in R6/2 mice (Ross and Tabrizi, 2011; Guo et al., 2013).
A study in R6/2 mice showed a decrease of brain weight at
4 wk, thus preceding body weight loss and motor deficits
(Sathasivam et al., 1999). Studies in both HD patients and HD
transgenic mice also revealed that deficits in energy metabo-
lism attributable to toxin-induced mitochondrial dysfunction
play a key role in HD pathogenesis (Chen, 2011). Moreover,
clinical evidence shows that metabolic impairment precedes
neuropathology and clinical symptoms in HD patients (Koro-
shetz et al., 1997; Feigin et al., 2001; Ciarmiello et al., 2006;
Powers et al., 2007), indicating that mitochondrial dysfunc-
tion and metabolic deficit are early events in HD. Together,
our findings demonstrated that mitochondrial dysfunction
and damage are associated with HD pathology, and they pre-
cede motor dysfunction in animal models and in patients.

Quantification of nuclear and mtDNA raised great in-
terest as a noninvasive diagnostic for patients after trauma
(Lam et al., 2004; Nakahira et al., 2013) and for diseases such
as cancer and neurodegenerative diseases (Kohler et al., 2009;
Xia et al., 2009a; Podlesniy et al., 2013). Our pilot study in
plasma and CSF of HD patients, although greatly limited in
its size, is encouraging, showing statistically significant higher
mtDNA plasma levels in plasma of HD patients as compared
with control subjects (Fig. 7, A and B). Because clinical infor-
mation on these patients is not available to us, the correlation
with changes in this biomarker and the severity of the disease
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(as we found in R6/2 mice; Fig. 1) cannot be made. Before
evaluation of the use of any of this or any other potential bio-
markers identified here as a surrogate for disease progression
can be made, it is imperative that studies of more patients
and, importantly, following the same patient over the progres-
sion of the disease and correlation with the severity of the
symptoms be performed. Furthermore, according to a study
by Chiu et al. (2003), collection of plasma and extraction
of DNA protocols can affect the quantification of mtDNA.
Thus, a detailed protocol for sample collection and processing
needs to be established before testing mtDNA in patient’s
plasma as a potential HD biomarker for therapeutic benefit.

Why do the plasma levels of mtDNA increase in HD
mice and of patients with HD? The presence of mtDNA in
the plasma may reflect lysis of neuronal cells (or other cells)
and the release of their content into the plasma. mtDNA may
also reflect active exosome-mediated release of damaged mi-
tochondria (Shutt and McBride, 2013).The initial rise in lev-
els of mtDNA and the subsequent decrease over the course of
the disease (Fig. 1 C) probably reflect initially cell damage and
subsequently decline in cell and/or mitochondrial number
(Chen and Chan, 2009; Podlesniy et al., 2013). Future studies
may directly address this question. Nevertheless, the finding
that HD mice show a dynamic change in this biomarker that
responds to P110 treatment and correlates with therapeutic
effect and the finding that the same biomarker is abnormal in
humans with HD is encouraging.

As discussed in this paper, the damage to mitochondria
shown in HD patients and HD mice models causes oxidative
damage to the DNA and can be measured by the presence of
8-OHJG, a principle marker of hydroxyl radical damage to
DNA, in urine and plasma (Shigenaga et al., 1989). However,
there are conflicting studies on the use of 8-OHdG as an ox-
idative stress marker: urine and plasma from R6/2 mice were
found to have high levels of 8-OHdG using high-performance
liquid chromatography with an electrochemical detection an-
alytic technique in a study (Bogdanov et al., 1999,2001).In a
careful study on cohorts of presymptomatic and symptomatic
HD patients (32 each), Borowsky et al. (2013) reported that
plasma 8-OHdG was not found to be a biomarker of disease
progression when using either liquid chromatography—mass
spectrometry assay or liquid chromatography—electrochemi-
cal array assay. In contrast, our data using the ELISA method
on mouse urine samples are consistent with the studies by
Bogdanov et al. (2001) and Stack et al. (2007) using urine of
R6/2 and Q82 mice, respectively, showing a 2.5-fold increase
in 8-OHdG in the urine of 13-wk-old R6/2 HD mice rel-
ative to age-matched WT mice; we also show that 8-OHdG
levels were lowered to WT mouse levels in R6/2 mice treated
with P110 for 8 wk (Fig. 4 A). Our data are also consistent
with five of six other patient sample analyses (Browne et al.,
1997; Polidori et al., 1999; Hersch et al., 2006; Chen et al.,
2007; Long et al., 2012; Ciancarelli et al., 2014). Therefore, the
presence of 8-OHdAG in the urine should also be evaluated as
a potential biomarker for a trial of therapeutic intervention,
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especially when following changes in the same patient during
the progression of the disease and following treatment.

DNA oxidation and mitochondria released into circu-
lating fluids provoke inflammation in HD. In addition, ex-
cessive mitochondrial fragmentation in microglial cells leads
to a proinflammatory state in the brain vasculature (Ferger
et al., 2010), and activated microglial cells (Park et al., 2013)
and several HD mouse models as well as HD patients have
increased plasma cytokine levels (Bjorkqvist et al., 2008). Our
findings that the inflammation markers TNF and IL-6 in-
creased in R6/2 mice and that these were normal in R6/2
mice treated with P110 (Fig. 4, B and C) suggest that these
could also be tested as potential biomarkers for a trial of ther-
apeutic intervention in HD patients.

Although much of the HD research focuses on pa-
thologies associated with the CNS, it is clear that peripheral
tissues are also affected in the disease. Andre et al. (2014) eval-
uated in detail the advantages and disadvantages of several
biomarkers used to follow HD patients. The authors listed
biomarkers that may be considered today in HD. However,
those biomarkers are either expensive (e.g., neuroimaging) or
insensitive to premanifest HD patients (e.g., motor tests). The
authors discuss the merit in measuring biomarkers in bio-
fluids (e.g., CSF). Microarray analysis of global gene expres-
sion changes in blood of HD patients identified 773 changed
genes with a wide range of functions (Borovecki et al., 2005).

Importantly, a recent large genome-wide association
study analysis of ~4,000 HD patients provides support for
the potential biomarkers that we have identified in our study
here. The genome-wide association study analysis was set out
to identify genetic variations to explain the age of neuro-
logical symptoms onset in HD patients that differ from the
predicted age of onset based on the length of the CAG repeat.
14 significant pathways clustered by gene membership into
three groups of genes: the largest group includes genes related
to DNA repair, the second relates to genes that affect mito-
chondrial organization, release of cytochrome ¢ (indicative of
mitochondrial damage), and mitochondrial fission, and the
third relates to oxi-reductase activity (Lee et al., 2015). The
authors suggested that these HD-modifying genes in humans
identified validated therapeutic targets in humans. We would
like to suggest that their study may have also identified val-
idated biomarkers for HD, as shown here: association of the
onset of the disease with genes regulating DNA repair can
be reflected by the changes that we found in the product of
DNA excision repair, 8-OHdG; association with genes regu-
lating mitochondrial organization, damage, and fission can be
reflected by the observed increase in mtDNA in the plasma
and the benefit obtained by inhibiting excessive mitochon-
drial fission with P110; and association with genes regulating
oxi-reductase activity can correlate with increased aldehydic
load, as measured by protein adduction of 4-HNE, a prod-
uct of oxidative stress.

Multiple models of HD have been developed, and
R6/2 mice exhibit a fast progression of the disease, whereas
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YAC128 mice and other models show slower disease progres-
sion (Mochly-Rosen et al., 2014). However, because R6/2
mice benefited from treatment with P110, as did cells and
neurons derived from HD patients (Guo et al., 2013), and
because at least one of the biomarkers (mtND?2) is also altered
in a more slowly progressing disease (YAC128 mice) and in
HD patients, our data appear promising. We have identified
four potential biomarkers that correlate with disease pro-
gression and/or treatment benefits, all easily accessible. These
are mtDNA in plasma, 8-OHdG in urine, levels of mtHtt
aggregates in skin, and skeletal muscle and carbonylated
(4-HNE) modified proteins in skin and muscle. These poten-
tial biomarkers should not be used for the diagnostics of HD
patients, as they may correlate with other diseases. However,
they are likely to be useful as surrogate markers for treat-
ment benefit. Our mouse study also suggests that changes in
these biomarkers should correlate with disease progression in
patients. Thus, HD patients should be tested over time, and
mtDNA levels should be compared with the values before or
at the onset of the disease.

A very recent commentary by Townsend and Arron
(2016) discusses the importance of identification of surro-
gate biomarkers to reduce the risk of failure in human clin-
ical trials, even if they are distal from the targeted pathway.
They point out that to achieve an early proof of concept in
a slow progressing disease, it is necessary to have biomarkers
that change upon treatment and conclude that a biomark-
er-guided clinical trial will reduce the risk of failure of drug
candidates to reach patients. The goal of our study was to
identify such potential peripheral biomarkers for HD that
correlate well with disease progression and with treatment
benefits. We strongly believe that this goal was achieved here
and hope that our study will trigger a prospective clinical
study of a large cohort of patients that will follow changes
in these biomarkers as the disease progresses. We suggest that
our work provides the basis for a larger study of patient sam-
ples that ultimately may identify the biomarkers that could be
used as surrogate markers to determine the benefit of thera-
peutic intervention in diagnosed but asymptomatic HD pa-
tients to prevent or delay the onset of the disease.

MATERIALS AND METHODS

Peptide treatment in mouse model

All the experiments were in accordance with protocols ap-
proved by the Institutional Animal Care and Use Committee
of Stanford University and were performed based on the Na-
tional Institutes of Health Guide for the Care and Use of Lab-
oratory Animals. Hemizygous R6/2 HD mice and their WT
littermates were purchased from The Jackson Laboratory and
shipped to us at 5 wk of age. The animals used in the P110
treatment study were implanted with a 28-d osmotic pump
(Alzet) containing TAT,;_5; carrier control peptide or P110-
TAT ;57 (P110 peptide; Qi et al., 2013), which delivered to
the mice at a rate of 3 mg/Kg/d, as described previously (Guo
et al., 2013). The first pump was implanted at 5 wk of age
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and replaced once, after 4 wk. For the intermittent treatment
study, TAT or P110 were delivered in 5-wk-old mice using
a 1-wk pump. After 3 wk with no treatment, a new pump
was implanted for another week of treatment, and mice were
sacrificed 3 wk later at the age of 13 wk.

Animal survival and behavior study

The overall survival during the study period was recorded,
and the remaining mice were sacrificed when they reached
13 wk. All the behavior and survival tests and analyses were
conducted by an experimenter who was blind to genotypes
and drug groups. Detailed behavioral methods used in this
study are listed below.

Blood collection and measurement of

mtDNA levels from plasma

Mouse blood was collected by retroorbital bleeding. For the
time-course experiment, 200 pl of blood samples was col-
lected from alternate eyes every 2 wk from the age of 5 to
13 wk. In the P110 treatment study, 500 pl of blood was col-
lected at 13 wk, just before euthanasia. Plasma was obtained
by a single centrifugation step at 1,600 g for 10 min, as pre-
viously reported (Chiu et al., 2003). 100 pl of plasma samples
was used to extract DNA, eluted in 60 pl of elution buffer
using a viral DNA kit (QIAGEN). A 1:10 DNA dilution was
used in the real-time PCR reaction.

Human plasma samples were obtained from B.R.
Leavitt; six plasma samples were from control subjects, six
from presymptomatic HD subjects (mtHtt gene carrier),
and six from affected HD patients. Each group included
three male and three female subjects. DNA was extracted
using a viral DNA kit (QIAGEN), and a 1:2 dilution was
used for the real-time PCR.

RNA extraction from brain tissue

100 mg of brain tissue was used for RNA isolation using
an RNAquaeous kit (Ambion) as per the manufacturer’s
protocol. 1 pg of total RNA was used for the synthesis of
first-strand ¢cDNA using a PrimeScript first-strand ¢cDNA
synthesis kit (Takara Bio Inc.), and 15 ng of cDNA was used
as a template for the real-time PCR reaction.

Quantitative analysis of DNA in plasma by real-time PCR

5 pl of DNA from mouse plasma, human plasma, and mouse
brain tissue (15 ng) were used as templates for real-time PCR
analysis. For assessment of nuclear DNA present in the sam-
ples and normalization of the measurements, we used GAP
DH as a housekeeping gene (18S ribosomal DNA was used
as well, yielding similar results). For the mouse GAPDH gene
(GenBank accession no. AC166162.6), we used forward 5'-
GGACCTCATGGCCTACATGG-3" and reverse 5-TAG
GGCCTCTCTTGCTCA-3' primers. For the human GAP
DH gene (GenBank accession no. AF275320.1), we used
forward 5'-GTCGGAGTCAACGGATTTG-3" and reverse
5'-CCATGTAGTTGAGGTCAATGAA-3".To detect circu-
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lating mtDNA, we used mouse mtND2 gene (NCBI RefSeq
accession no. NC_005089) with forward 5'-AACCCACGA
TCAACTGAAGC-3" and reverse 5'-TTGAGGCTGTTG
CTTGTGTG-3'. For human mtND2 (NCBI RefSeq acces-
sion no. NC_012920), we used forward 5'-CTATCTCGC
ACCTGAAAC-3" and reverse 5'-GAGGGTGGATGGAAT
TAAG-3'". PCR was performed using an ABI/Life Technol-
ogies StepOnePlus real-time PCR instrument (Applied Bio-
systems) in a total volume of 20 pl, containing 5 pl of plasma
DNA or 5 pl of 15 ng brain DNA, 10 ul of Fast Sybr green
master mix (Applied Biosystems), and 1 pl of primers (for-
ward + reverse) at 2 uM using cycles as follows: 95°C for
20 s, 40 cycles of 95°C for 3 s, and 57°C for 30 s followed by
a melt curve at 95°C for 15 s, 60°C for 1 min, and 95°C for
15 s We optimized the reaction using several primers for each
of the target genes according to the melting curve of respec-
tive primers in the assay. Relative changes in gene expression
was calculated using the 27*4¢; method (Livak and Schmitt-
gen, 2001), where AACt = (CT;thI)Z - CT;GAI’I)I—I)treatment -
(Cromenp2 — Cry6arDH)control. FOT treated samples, evaluation
of 2742Cindicates the fold-changes in gene expression rela-
tive to untreated control.

Measurement of DNA damage (8-OHdG) by ELISA

Urine was collected from WT and R6/2 mice at 13 wk of
age after 8 wk of treatment with TAT control or P110. Urine,
diluted 1:100 in water, was assayed as described in the man-
ufacturer’s protocol (Cell Biolabs) with a competitive ELISA
assay kit for quantitative measurement of 8-OHdG. Urine
samples were analyzed in parallel for creatinine content for
normalization of 8-OHdAG results according to the manufac-
turer’s protocol (Cell Biolabs). The results are expressed as ng/
ml 8-OHdG/umol/L creatinine levels.

TNF and IL-6 measurements

Plasma TNF and IL-6 levels were determined by a mouse
TNF and IL-6 ELISA kit according to the manufacturer’s
protocol (eBioscience) using 20 pl of plasma collected and
prepared as described in the Blood collection and measure-
ment of mtDNA levels of plasma section.

Immunohistochemistry in tissue sections

13-wk-old mice were sacrificed, and skeletal muscles (quad-
riceps and hamstrings) and skin from the top dorsal area after
hair removal were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4. Tissues were processed for paraffin
embedment, and sections were used for immunohistochem-
ical staining of mtHtt (EM-48; 1:200; EMD Millipore) and
4-HNE staining (1:200; Abcam) using an immunohisto-
chemistry Select HRP/DAB kit (EMD Millipore). The im-
ages were viewed using a microscope (Leica Biosystems) with
a 20X objective. 16 areas for skin mtHtt, 4-HNE sections,
and muscle 4-HNE sections and 58 areas for muscle mtHtt
sections from each image from three animals/group were an-
alyzed using MATLAB scripting language. Pixels from the
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AF275320.1
NC_005089
NC_012920

respective staining were separated from background pixels
producing a binarized image (Selinummi et al., 2005).

YAC128 animal model

YAC128 (FVB-Tg[YAC128]53Hay/]J; stock no. 004938)
breeders (FVB/N genetic background) were purchased from
The Jackson Laboratory. The YAC128 mice contain a full-
length human huntingtin gene modified with a 128 CAG
repeat expansion in exon 1.The mice were mated, bred, and
genotyped in the animal facility of Case Western Reserve
University. Male mice at the age of 6 mo were used in the
study. All of the mice were maintained with a 12-h light/dark
cycle (on 6 am; oft 6 pm).

Animal model and behavioral tests

Two cohorts of male B6CBA-Tg (HDexon1)62Gpb/3]
(R6/2) mice and their WT littermates from The Jackson
Laboratory were used for behavioral phenotyping (stock no.
006494). Cohort 1 mice,of n=10WT and n = 10 R6/2 mice,
were housed under a 12-h light/dark cycle (7:00 am light on;
7:00 pm light off). Cohort 1 mice were tested in a rotating
rod test, y-maze spontaneous alternation test,and DMP-DM
test during the light-on cycle of the day. Cohort 2 mice, of
n =10 WT and n = 10 R6/2 mice, were housed under a
12-h light/dark cycle (8:30 am light off; 8:30 pm light on).
Cohort 2 mice were tested in a social discrimination test using
a PhenoLab passive avoidance test and fear-conditioning test
during the light-oft cycle of the day. The mice were group
housed three to five per cage and handled by an experimenter
for 5 d before the behavioral experiment. In addition to hav-
ing ad libitum access to regular food and water, wet chow on
disposable weight boats was provided at the bottom of the
cage. Because R6/2 mice have high sensitivity to vibration
and noise, cages were hand-carried by the experimenters, and
mice were habituated on a cart outside or inside the test-
ing rooms 1 h before the tests. The experimenters were not
aware of the genotype of the mice during the experiments.
All behavioral procedures were conducted in accordance
with protocols approved by the Institutional Animal Care and
Use Committee of Stanford University and were performed
based on the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. All actions were considered
for reducing discomfort of the animals throughout the study.

Rotating rod test

Mice motor learning and coordination were accessed using
a Five Station Rota-Rod Treadmill (ENV-575M; Med As-
sociates Inc.) during 7, 9, and 11 wk of age. 2 d before the
first testing of the 7-wk-old mice, each mouse received three
training trials. Each training trial was 60 s long at a fixed speed
of 32 rounds per minute (rpm) with 5-10 min intertrial in-
tervals (ITIs). During the testing, each mouse received two
to three trials of 4-40 rpm accelerated speed. The maximum
duration of each trial was 300 s with 15-20 min of ITIs. Mice
were tested for a minimum of two trials per day but removed
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from the Rota-Rod and tested for a third trial if the follow-
ing exclusion criteria were met: a mouse held onto the rod
instead of walking on it for two consecutive revolutions, for
three cumulative revolutions during the trial jumped off the
rod instead of dropping off the rod because of lack of balance,
or fell off the rod in <5 s.The mean latency of the two trials
to fall off the Rota-Rod or the latency when the mice met
the exclusion criteria were used for data analysis. The Rota-
Rod was cleaned with 10% alcohol between trials. A total of
19 mice (n = 10 WT and n = 9 R6/2) were used in the test.

Y-maze spontaneous alternation test

Spontaneous alternations in mice were measured in a cus-
tom-built y-maze when the mice were 8 wk old. The maze
was made of opaque white plastic and had three equal arms
of 40-cm length, 8-cm width, and 15-cm height. Each arm
was labeled with the letter A, B, or C. Mice were placed in the
maze facing arms B and C.The first entry was excluded from
data analysis because of the fact that the animals were led to
this initial arm. The total number of entries and sequence
of entries into the arms were recorded for 8 min. Entries
into the arms were defined as when all four paws entered
into a new arm of the maze and not when the mice moved
to the center and returned to the same arm.The percentage
of spontaneous alternation was calculated (Drew et al., 1973;
Hughes, 2004). In brief, the experimenter analyzed the se-
quence of the arm entries A, B, and C in a set of three entries
or a triad. Every triad with all three letters was considered as
alternation (e.g., ABC, BCA, CAB), and percent spontaneous
alternation was calculated using the number of alternation
divided by the total possible triads times 100. For example,
“ABCACAB.” Data were then broken into triads of entries; a
sequence with repeating letters such as ABA or CAC would
be scored as a nonalternation, whereas a sequence with all
three letters, e.g., ABC or CBA, would be scored as an alter-
nation. For our sample above, the first triad was ABC, and the
second was BCA; however the third triad CAC would not be
considered an alternation. In these sample data, there were a
total of seven entries, five possible triads, and three alterna-
tions. Percent spontaneous alternation would be 3/5 X 100 =
60%. The y-maze was cleaned with 10% alcohol between
each mouse. A total of 19 mice (n = 10WT and n = 9 R6/2)
were used in this test.

DMP-DM

The DMP-DM test was conducted using a custom-built
circular-shaped platform 122 cm in diameter with 40 holes
elevated 50 cm from the floor. The test consisted of 7 d of
testing when the mice were 10 wk old. Each hole was 5 cm in
diameter, and an escape tube filled with bedding was attached
to only one of the holes. The hole with an escape tube was
defined as the target escape hole (TEH). The remaining 39
holes without the escape tube were covered with a piece of
plastic so the mice would not accidentally drop into the holes.
A short lip was placed around the edge of the maze to pre-
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vent the animals from falling off the platform. High overhead
lighting with 900 lux was used to create an aversive stimulus
that would encourage the animals to seek out the target hole
to escape from the light. The maze was surrounded by privacy
blinds, and distinct visual cues were placed on the privacy
blinds. An individual mouse was given a series of four trials
per day to find the escape hole with 10-12 min of I'TIs. The
maximum duration for each trial was 90 s. The bright lights
in the testing room were kept dim before the start of a trial.
The subject mouse was placed under an opaque box in the
pseudorandomized positions around the edge of the maze.
The experimenter turned on the bright light after 10 s, and
the box was removed to allow the mouse to find the TEH.
If the mouse found and entered into the TEH before 90 s,
the experiment was stopped. Mice that could not find the
TEH or enter the escape tube were led to it by the exper-
imenter and allowed to enter. Mice were allowed to remain
in the tube for 10 s after each trial and returned to the home
cage. After each trial, the apparatus was cleaned with 10%
alcohol to eliminate odor cues. At the start of days 2—7, the
location of the TEH was moved to a new escape hole, and
everything else remained the same. Mice were tracked with
Ethovision XT software (Noldus Information Technology),
and latency to find the TEH, distance moved, and velocity
were recorded. A total of 19 mice (n = 10 WT and n = 9
R6/2) were used in the test.

Social discrimination test using PhenolLab

The PhenoLab cages were custom-built cages made of acrylic
plastic with 30 cm length X 30 cm width X 60 ¢cm height.
Mice were individually housed and habituated in the cages
for 4 d before the social discrimination test. Infrared cam-
eras were mounted on top of the cages to monitor the mice
inside the cages. The mice were 6 wk old when they were
introduced into the cages. All n = 10 WT and n = 10 R6/2
mice were tested simultaneously in 20 individual PhenoLab
cages. Each cage was equipped with a food tray, water bottle,
running wheel (ENV-044; Med Associates Inc.), and shelter
box (red transparent polycarbonate). Mice had ad libitum ac-
cess to all enrichments and were not disrupted by the ex-
perimenter during the habituation. In the subsequent social
discrimination test, the running wheel was removed, and two
identical stainless steel pencil cups (11 cm height X 10 cm
diameter solid bottom, with stainless steel bars spaced 1 cm
apart) were inverted and placed in two corners of the cage
adjacent from one another. A novel object (plastic cap) and
a novel young juvenile mouse, stranger 1, were placed under
each cup, and the subject mouse was allowed to explore for
2 h. After 2 h, stranger 1 and the cup were repositioned to the
corner where the novel object was located. The novel object
was removed from the cage, and a second novel young juve-
nile mouse, stranger 2, was placed under the cup. Subject mice
were allowed to explore the stranger 1 and stranger 2 mice
for 10 min after stranger 2 was introduced into the cage. Both
juvenile mice were 5-wk-old C57BL/6] male mice (stock
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no. 000664), and they were housed in different cages. Sub-
ject mice were tracked with Ethovision XT software (Noldus
Information Technology), and the center of the subject mice
within 4-cm virtual zones around the cups were used as the
interaction time. A total of 19 mice (n = 10 WT and n = 9
R6/2) were used in the test.

Passive avoidance test

The passive avoidance test was conducted using a GIMINI
avoidance system (San Diego Instruments) when the mice
were 8 wk old. This automated system contained two com-
partments, which were separated by a drop door (gate). Both
compartments had grid floors that could deliver electric
shock, but one compartment was lighted, whereas the other
was dark. The experiment consisted of 1 d of habituation, 1 d
of training, and 2 d of testing. On habituation day, the mouse
was placed in the lighted compartment. After 30-s acclima-
tion, the gate was opened and the mouse was allowed to ex-
plore both compartments freely. The gate was programmed to
close when the mouse entered the dark compartment to pre-
vent the mouse from returning to the lighted compartment.
The mouse was removed from the system and returned to
the home cage after it entered the dark compartment. On the
following day, training day, the mouse was placed in the light
compartment. After 30 s of acclimation, the gate was opened
and the mouse was allowed to explore both compartments
freely. The gate was closed after it entered the dark compart-
ment. 3 s after the gate was closed, an electric shock (0.5
mA for 2 s) was delivered. The mouse remained in the dark
compartment for an additional 30 s before being removed
and returned to the home cage. On the following day, day 1
testing day, the mouse was placed in the lighted compartment.
After 5-s acclimation, the gate was opened. When the mouse
entered the dark compartment, the gate was closed, the trial
ended, and the mouse was returned to the home cage. 7 d
after training, day 7 testing day, the same procedures were
repeated as day 1 testing day. The maximum duration of each
trial was 300 s after the gate was opened. The time between
the gate opening and the mouse passing through the gate was
recorded as latency time. The compartments were cleaned
with 1% Virkon between each animal. A total of 19 mice (n =
10 WT and n = 9 R6/2) were used in the test.

Fear-conditioning test

The fear-conditioning test was conducted using fear-condi-
tioning chambers (Coulbourn Instruments) when the mice
were 11-12 wk old. The test consisted of day 1 training, day
2 cued testing, and day 3 contextual testing. During day 1
training and day 3 contextual testing, mice were tested in dis-
tinct context A (metal grid floor, square-shape clear chamber,
yellow dim light, mint extract as odor cue, and 10% simple
green solution to clean the chamber between each mouse).
During day 2 cued testing, mice were tested in context B
(plastic floor, round-shape opaque chamber, blue dim light,
vanilla extract, 70% alcohol to clean the chamber between
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each mouse, and different testing room). On day 1 training,
the mice were acclimated in the chamber for 200 s followed
by 5X pairing of tones and shocks. The tones were 20-s du-
ration, 2-kHz frequency, and 70-dB loud. The shocks were
2-s duration at 0.5-mA shock intensity. The time between a
tone and a shock pairing was 18 s, and the ITIs between the
tones were 100 s. The mice were removed from the chamber
and returned to the home cage 80 s after the last tone. On
day 2 cued testing, the mice were acclimated in the chamber
for 200 s followed by three tones without any shock. The
tones were 20-s duration, 2-kHz frequency, and 70-dB loud.
The ITI between each tone was 100 s. The mice were re-
moved from the chamber and returned to the home cage 80 s
after the last tone. On day 3 contextual testing, the mice were
placed in the context A testing chamber for 5 min without
any tone or shock. Mice were returned to the home cage
after the trial. The mice freezing behavior was recorded with
a camera above the chamber, and freezing was defined as the
complete lack of motion for a minimum of 0.75 s, as assessed
by FreezeFrame software (Actimetrics).A total of 15 mice (n =
9WT and n = 6 R6/2) were used in the test.

Human CSF collection and measurement of mtDNA levels
CSFs from three control and three HD subjects were obtained
from the Human Brain and Spinal Fluid Resource Center,VA
West Los Angeles Healthcare Center, Los Angeles, CA. CSF
samples were collected before removing the brain from the
skull of postmortem patients using a lumbar puncture nee-
dle with a stylet to prevent brain tissue from entering the
needle. After the calvarium was open and before removing
the brain, the lumbar puncture needle was inserted into the
lateral (either the left or right side) ventricle. At least 20-ml
samples of CSF were obtained from the lateral ventricles
(without blood contamination). The CSF was mixed gently
by inverting the tube five times and then transferred into
15-ml centrifuge tubes before spinning at 1.5 g for 15 min
at 4°C. The supernatant was aliquoted and stored at —80°C.
MtDNA from 200 pl CSF was extracted using a viral DNA kit
(QIAGEN) to minimize contamination of molecules present
in CSF that inhibit the detection of DNA by PCR. 5 pl of
undiluted CSF DNA was used in the real-time PCR reac-
tion as described in the Blood collection and measurement
of mtDNA levels from plasma section. 2784C_indicates the
fold-changes in gene expression.

Statistical analysis

Statistical analyses for behavior studies were processed using
Prism software (version 5; GraphPad Software). Data are pre-
sented as mean = SEM, and statistically significant was defined
as P < 0.05. Repeated measures two-way ANOVA with Bon-
ferroni posthoc tests was used for evaluation of the parameters
in rotating rod tests and DMP-DM:s. Unpaired Student’s t tests
were used for y-maze total entries, passive avoidance tests, and
fear-conditioning tests. One-sample Student’s ¢ tests were used
for spontaneous alternation comparing the mean alternation
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of each genotype to the hypothetical value of 50%. Paired Stu-
dent’s ¢ tests were used to compare the time spent in stranger
1 versus novel object zones during the sociability sessions for
both genotypes. Wilcoxon nonparametric paired Students ¢
tests were used in social novelty sessions for the WT mice, and
paired Student’s ¢ tests were used for the R6/2 mice when
comparing the time spent in stranger 1 and stranger 2 zones
during the social discrimination test. D’Agostino and Pearson
omnibus normality tests were used to determine the normal
distribution of the dataset. Kolmogorov-Smirnov tests were
used to determine the normal distribution of the dataset for
fear conditioning because the number of R6/2 mice was too
small for the D’Agostino and Pearson omnibus normality test.

The results (Figs. 1-7) are presented as mean + SE. Sta-
tistical analysis was assessed by unpaired Student’s ¢ tests and
one-way ANOVA using Prism (GraphPad Software). The
standard Mantel-Cox log-rank test was used to assess survival.
Repeated measures two-way ANOVA with Bonferroni post-
hoc test was used for evaluation of the parameters in rotat-
ing rod tests and DMP-DMs. All tests were performed in a
blinded way. P < 0.05 was considered statistically significant.

Online supplemental material

Fig. S1 shows behavioral analysis of R6/2 mice at 11 wk
of age. Fig. S2 shows mtDNA levels in plasma of YAC128
mice. Fig. S3 shows 4-HNE staining of skeletal muscle and
skin sections of 13-wk-old mice. Fig. S4 shows mtND2
levels in human HD CSE
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