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Figure 5. The novel nDNA mutation c.55C>T in NDUFAT. (A) Sequence chromatograms showing the ¢.55C>T (NDUFAT p.P19S) mutation in Pt312
and 293FT genomic DNA as a wild-type control. (B) Alignment of amino acid sequences of NDUFA1 subunit between different species shows the
high conservation of amino acid Proline 19. G8R, G32R, and R37S show reported pathogenic mutations in NDUFAT. (C) Blue native polyacrylamide
gel electrophoresis for Cl, ClI, Clll, and CIV following lentiviral transductions. Transduction of wild-type NDUFAT cDNA into Pt312 fibroblasts using
recombinant lentivirus rescued complex | assembly levels of the fibroblasts, similar to the transduction of mtTurboRFP into normal fibroblasts (fHDF).
As control gene of candidate genes, mtTurboRFP was used which inserted mitochondrial targeting signal sequence to N terminal of TurboRFP
protein. By contrast, lentiviral transduction of control mtTurboRFP into Pt312 fibroblasts decreased the assembly level of complex 1.

ously found to be associated with Leigh syndrome®® and
MELAS,?' and this gene region is also reported to be a
hot spot for LHON mutations.”* Mitochondrial 125 rRNA
is a hot spot for mutations associated with aminoglyco-
side ototoxicity and non syndromic hearing loss, although
mutations in this gene have not been reported to cause
syndromic mitochondrial disorders.”> We found that the
m.14439G>A mutation altered an evolutionarily con-
served proline to a serine in the hydrophilic inner mem-
brane space of the ND6 protein®® (Fig. 3C). As this
mutation was homoplasmic in the patient’s fibroblasts
and absent from the blood of unaffected parents (Fig. 3A
and B), this suggests that it developed de novo.

Exome sequencing in this study identified a single
hemizygous change (c.55C>T, p.P19S) in exon 1 of the
X-linked NDUFAI gene. To date, three missense muta-
tions (G8R,'° G32R,** and R375'°) have been reported
in NDUFAI that are associated with neurological symp-
toms. NDUFAI was shown to interact with the subunits
encoded by mtDNA during the complex I assembly pro-
cess."!
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Cybrid study is a powerful tool for detecting pathoge-
nicity of either mtDNA or nDNA origin, although
patients’ cells showing RC enzyme deficiency are inevita-
ble. Nevertheless, a major limitation of this technique is
the length of time to establish transmitochondrial cybrids.
We would, therefore, propose a systematic approach for
diagnosing MRCD that starts with a biochemical enzyme
assay and is followed by whole mtDNA sequencing. For
patients with no apparent putative mtDNA mutations,
whole exome sequencing is a powerful tool to diagnose
nuclear gene mutations especially in cases when molecular
diagnosis leads to appropriate genetic counseling.
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N-acetyltransferase, in the nucleus accumbens
attenuates the response to methamphetamine via
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Abstract

A novel N-acetyltransferase, Shati/Nat8l, was identified in the nucleus accumbens (NAc) of mice with metham-
phetamine (METH) treatment. Previously we reported that suppression of Shati/Nat8l enhanced METH-induced
behavioral alterations via dopaminergic neuronal regulation. However, the physiological mechanisms of Shati/
Nat8l on the dopaminergic system in the brain are unclear. In this study, we injected adeno-associated virus
(AAV) vector containing Shati/Nat8l into the NAc or dorsal striatum (dS) of mice, to increase Shati/Nat8l
expression. Overexpression of Shati/Nat8l in the NAc, but not in the dS, attenuated METH-induced hyperloco-
motion, locomotor sensitization, and conditioned place preference in mice. Moreover, the Shati/Nat8] overexpres-
sion in the NAc attenuated the elevation of extracellular dopamine levels induced by METH in in vivo
microdialysis experiments. These behavioral and neurochemical alterations due to Shati/Nat8l overexpression
in the NAc were inhibited by treatment with selective group II metabotropic glutamate receptor type 2 and 3
(mGluR2/3) antagonist LY341495. In the AAV vector-injected NAc, the tissue contents of both N-acetylaspartate
and N-acetylaspartylglutamate (NAAG), endogenous mGluR3 agonist, were elevated. The injection of peptidase
inhibitor of NAAG or the perfusion of NAAG itself reduced the basal levels of extracellular dopamine in the NAc
of naive mice. These results indicate that Shati/Nat8] in the NAc, but not in the dS, plays an important suppress-
ive role in the behavioral responses to METH by controlling the dopaminergic system via activation of group II
mGluRs.
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Introduction conditioned place preference (CPP) (Nishikawa et al,
1983), and increases extracellular dopamine (DA)
levels in the brain (Giros et al., 1996; Sulzer et al., 2005).
The drastic increase of DA, especially in the nucleus
accumbens (NAc) and dorsal striatum (dS), results in a
part of the METH-induced psychostimulative properties
(Goodwin et al, 2009). The dopaminergic neuronal
system that projects to the NAc from the ventral tegmen-
tal area has been implicated in drug dependence
(Ikemoto, 2007). The dS is involved in motor disorders,
such as Parkinson’s and Huntington’s diseases, and is
related to drug addiction (Gerdeman et al., 2003). The cas-
cading loop circuitry from the NAc to the dS plays an
important role in the conditioned reinforcement of addic-

The abuse of methamphetamine (METH) is prevalent
throughout the world (Beauvais et al.,, 2011). However,
therapeutic methods have not been established since the
key molecules related to METH-induced addiction are
unknown. METH induces specific behavioral responses
such as hyperlocomotion, locomotor sensitization, and
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tive drugs (Everitt and Robbins, 2005; Di Ciano et al.,
2008).
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Shati, a novel molecule containing a conserved
sequence of the N-acetyltransferase superfamily, is
expressed in the NAc in mice treated with METH
(Niwa et al., 2007). Recently, Shati was shown to generate
N-acetylaspartate (NAA) from aspartate as an
N-acetyltransferase 8-like protein (Nat8l) (Ariyannur
et al, 2010). Shati/Nat8] mRNA expression was induced
by treatment with METH in the NAc and dS (Niwa
et al, 2007). Knock down of Shati/Nat8l expression by
intraventricular administration of antisense oligonucleo-
tide in mice potentiates METH-induced behavioral
alterations and increases extracellular DA levels in the
NAc (Niwa et al.,, 2007). Furthermore, NAA undergoes
conversion to N-acetylaspartylglutamate (NAAG), an
endogenous metabotropic glutamate receptor type 3
(mGluR3) agonist, via NAAG synthase in neurons
(Becker et al, 2010). Thus, a functional role of
Shati/Nat8l should be regulated by NAA and NAAG
activity. However, the efficacy of Shati/Nat8l expression
in specific brain regions on METH-induced responses
has not been clarified. Moreover, the mechanism of
Shati/Nat8] regulation of METH-induced DA elevation
is unknown.

In this study, Shati/Nat8] was overexpressed in the
NAc or dS to clarify its mechanism in METH addiction
and its regional specificity of function. Overexpression
of Shati/Nat8l in the NAc, but not in the dS, of mice
attenuated METH-induced hyperlocomotion, locomotor
sensitization, CPP and elevation of extracellular DA
levels. Treatment with 1Y341495, an antagonist for
group II mGluRs (mGluR?2/3), inhibited those suppressive
efficacies on behavioral and neurochemical alterations
by Shati/Nat8l overexpression in the NAc. In addition,
the tissue contents of NAA and NAAG were increased
in the AAV vector-injected NAc accompanied with a
decreased extracellular DA level. These results suggest
that activation of gruop II mGluRs in the NAc is import-
ant for the suppressive function of Shati/Nat8]l in
METH-induced addiction.

Materials and methods
Animals

Male C57BL/6] mice (Nihon SLC, Inc., Japan) were 8 wk
old and weighed 22-27 g at the beginning of the experi-
ments. Animals were housed in a room with 12h light/
dark cycle (lights on 08:00 hours). Food and water were
available ad [libitum. All experiments followed the
National Institute of Health Guidelines for the Care and
Use of Laboratory Animals and were approved by the
committee for Animal Experiments of the University of
Toyama.

Drugs

METH hydrochloride and pentobarbital were obtained
from Dainippon Sumitomo Pharmaceutical Co.
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(Japan) and were dissolved in saline. NAAG, 2-(phospho-
nomethyl) pentanedioic acid (2-PMPA), and LY341495
were purchased from Tocris Bioscience (USA). NAAG
and 2-PMPA were dissolved in saline. LY341495 was dis-
solved in 0.125 M phosphate buffer (pH 8.00). NAA was
purchased from Sigma-Aldrich (USA).

Production of AAV vector

The production of AAV vector was described previously
(Krzyzosiak et al., 2010). Briefly, the AAV vector plasmids
contained an expression cassette, consisting of a human
cytomegalovirus immediate-early promoter (CMV pro-
moter), followed by ¢cDNA encoding either Shati/Nat8]
(Shati: GenBank accession number NM_001001985) or
EGFP, and a simian virus 40 polyadenylation signal se-
quence (SV40 poly (A)), between the inverted terminal
repeats of the AAV3 genome. The recombinant AAV vec-
tors were produced by transient transfection of HEK293
cells using the vector plasmid; an AAV2 rep and AAV1
vp expression plasmid, and the adenoviral helper plas-
mid, pHelper (Agilent Technologies). The recombinant
viruses were purified by isolation from two sequential
continuous CsCl gradients, and the viral titers were deter-
mined by qRT-PCR.

Microinjection of AAV vector

Under pentobarbital (50 mg/kg, i.p.) anesthesia, mice
were fixed in a stereotactic frame (SR-5M, Narishige,
Japan). AAV-Shati vector (10" to 10" unit/0.7 ul/side)
suspension was injected bilaterally into the NAc
(I4mm anterior and 0.6mm lateral from bregma,
4.2 mm below skull surface) or dS (0.5 mm anterior and
2.0 mm lateral from bregma, 3.5 mm below skull surface)
according to the atlas (Paxions and Franklin, 2008).
Injection volume was set as in previous studies
(Krzyzosiak et al., 2010). The injection was carried out
at 0.05ul/min, and the needle was left at rest in the
brain for 10min after the end of the injection. Mice
were used for the experiments 3 wk later.

Quantitative RT-PCR

Whole brains were removed and divided into 1 mm thick
sections using mouse brain matrix. Tissue corresponding
to the NAc was collected with a 1 mm punch from the
section. Similarly, dS tissue was collected using a 1mm
punch from subsequent sections. The accurate location
of these brain structures was based on visual inspection
of each section using a stereomicroscope and comparison
with the stereotaxic atlas of mouse brain (Franklin and
Paxinos, 2008). Tissue samples were placed on dry ice
and kept at —80 °C until use. Total RNA extraction was
carried out using the RNeasy Plus Mini Kit protocol
(QIAGEN, Japan). Total RNA from each tissue sample
was transcribed into cDNA using the Prime Script RT re-
agent kit (Takara, Japan) according to the manufacturer’s



recommendation. Briefly, the reaction was carried out at
37 °C for 20 min in a total volume of 10 4l and was inacti-
vated at 85°C for 5s. Twenty-times diluted cDNA was
used as a template, and quantitative real-time PCR
was run in a Thermal Cycler Dice Real Time System
(Takara) using Power SYBR Green PCR Master Mix
(Applied Biosystems, USA) with cDNA and genespecific
primers (1 um) following the manufacturer’s instructions.
All of the reactions were performed in duplicate
with the following cycling protocol: 10min of heat
activation of the enzyme at 95°C, 45 cycles of
denaturation at 95 °C for 5s, annealing at 60 °C for 30's,
and extension at 72 °C for 20s. The Shati/Nat8] primers
used for real-time PCR were as follows: 5-GTGAT-
TCTGGCCTACCTGGA-3" (forward bp 457-477) and
5-CCACTGTGTTGTCCTCCTCA-3' (reverse bp 616-
636). 36B4 transcript was used as the internal control.
36B4 transcript amount was quantified using forward
primer 5-ACCCTGAAGTGCTCGACATC-3' and reverse
primer 5-AGGAAGGCCTTGACCTTTTC-3".

In situ hybridization

Adult mice were anesthetized with a lethal dose of
sodium pentobarbital (50 mg/kg) and perfused through
the left ventricle with 50 ml of phosphate buffered saline
(PBS) to flush the blood vessels quickly, followed by
50ml of cold 4% paraformaldehyde (PFA) in PBS. The
brains were removed from the skull, postfixed in 4%
PFA at 4°C overnight, followed by cryoprotection in
30% sucrose in PBS overnight at 4 °C. Serial coronal sec-
tions of the whole brain were cut at 20 um thickness on
a cryostat. We selected this thickness to check expression
of AAV vector-induced genes in the injection brain site
(Leica CM 3050, Japan).

To generate antisense riboprobes, mouse cDNA
sequences for Shati/Nat8l (bp 1133-1557) were amplified
by PCR and cloned into the pGEM-T Easy vector
(Promega, USA). Digoxigenin (DIG)-labeled antisense
and sense cRNA probes were synthesized from linearized
plasmids using T7 and SP6 RNA polymerase (Roche,
Germany), according to the instructions of the manufac-
turer. Brain sections from mice were hybridized to anti-
sense and sense cRNA probes as described previously
with modification (Nitta et al., 1999). Sections were cov-
ered with the hybridization buffer (10% dextran sulfate,
5xstandard saline citrate (S5C), 20mm Tris-HCl pH
8.00, 300 mM NaCl, 50% formamide, 1xDenhardt’s sol-
ution and 500 ng/ml yeast tRNA) containing 25ng/ml
salmon sperm DNA at 65 °C for 1h, and then incubated
with hybridization buffer containing a DIG-labeled
cRNA probe at 65 °C for 16 h. Post-hybridization washes
were performed stepwise with 4xSSC at 65 °C for 20 min,
50% formamide in 2xSSC at 65 °C for 30 min, TNE buffer
(500mMm NaCl, 10mm Tris-HCl buffer pH 7.50, 1 mm
EDTA) at 37°C for 10min, 4ng/ml RNase A in TNE
buffer at 37°C for 30min, TNE buffer at 37°C for
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10 min, 2xSSC at 65 °C for 30 min, 0.2xSSC at 65 °C for
30min, buffer A (150mm NaCl, 100mm Tris-HCl pH
7.50) at room temperature for 10min, and buffer B
(1.5% blocking reagent in buffer C [100mm NaCl,
100 mm Tris-HCI pH 9.50, 50 mm MgCl,]) for blocking
at room temperature for 1h. Subsequently, sections
were washed with buffer B at room temperature, and
then incubated with 0.75U/ml anti-DIG-AP Fab frag-
ments in buffer B containing 0.2% Tween-20 at 4°C
for 16 h. After washing with buffer B containing 0.2%
Tween-20 at room temperature for 15min, sections
were treated with buffer C, and then with buffer C con-
taining NBT/BCIP Stock Solution (Roche) for different
periods to obtain images most appropriate for subsequent
development. After washing with buffer C at room tem-
perature for 5min, the development was stopped by
incubation in 1xTE (10mm Tris-HCl pH 7.5, 1mwm
EDTA pH 8.00). The histochemical staining signal
was observed by an AxioObserver Z1 (Carl Zeiss,
Germany).

Immunostaining

Sections were fixed with 4% PFA for 20min, and
incubated with 0.25% Triton X-100 for 15 min. Sections
were treated with 10mmM citrate buffer (pH 6.00) for
antigen retrieval at 95°C for 10min, washed with
Tris buffered saline with Tween-20 (TBS-T), and then
blocked in 10% goat serum for 1h. Sections were
incubated with rabbit antibody against GFP (1:1000,
Abcam, USA) at 4°C overnight, washed with TBS-T,
and then incubated with CF™ 594 goat anti-rabbit
IgG (H+L) (Biotium, USA) at room temperature for 2h.
After being washed and mounted, sections were
observed.

Measurement of locomotor activity and sensitization

Mice were placed individually in a transparent
acrylic cage with a black frosting Plexiglas floor
(45x25x40 cm), and locomotor activity was measured
every 5min for 60 min using digital counters with infra-
red sensors (Scanet MV-40; MELQEST, Japan). METH
(I mg/kg s.c.) or saline was administered immediately
before the measurement of locomotor activity. After re-
peated METH treatment for 7d and following METH
withdraw for 5d, the re-challenge lower dose of METH
(0.3mg/kg s.c.) for locomotor sensitization was adminis-
tered immediately before the measurement of locomotor
activity on Day 13.

CPP test

The place conditioning test was performed according to
the method of Miyamoto et al. (2004) and Furukawa-
Hibi et al. (2010). Briefly, the apparatus consisted of two
compartments: transparent and black Plexiglass boxes
(both 15x15x15cm) The floors of the transparent and
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black boxes were covered with white and black frosted
Plexiglass, respectively. Each box could be divided by a
sliding door (10%15cm high). In the pre-conditioning,
the sliding door was opened and the mouse was allowed
to move freely between both boxes for 15 min once a day
for 3d. On day 3, the time that the mouse spent in the
transparent and black boxes was measured using the LD
mode of a Scanet MV-40 (MELQEST). The box in which
the mouse spent the most time was referred to as the “pre-
ferred side’, and the other box, the ‘non-preferred side’.
The conditioning was performed on six successive days.
The mouse was given the drug or vehicle immediately
before the conditioning in the apparatus with the sliding
door closed. On days 4, 6 and 8, the mouse was given
METH (1 mg/kg s.c.) or saline and placed in its non-
preferred side for 20min. On days 5, 7 and 9, the
mouse was given saline and placed in its preferred side
(opposite to the METH-conditioning side) for 20 min.
On day 10, the post-conditioning was performed without
drug treatment. In the post-conditioning, the sliding door
was opened, and the time that the mouse spent in the
transparent and black boxes during 15 min was measured
as on day 3. Place conditioning behavior was expressed
by Post — Pre, which was calculated as (post value) -
(pre value), where post and pre values were the differ-
ence in time spent in the METH-conditioning and the
saline-conditioning sides in post-conditioning and pre-
conditioning, respectively.

In vivo microdialysis

We performed in vivo microdialysis as described pre-
viously (Niwa et al., 2007). The cannula was placed into
the NAc (1.4mm anterior and 0.6 mm lateral from
bregma, 4.2 mm below skull surface) according to the
atlas (Paxions and Franklin, 2008). The next day after sur-
gery, a dialysis probe (Al-4-1; 1mm membrane length,
EICOM) was inserted through a guide cannula and per-
fused with a ringer’s solution (147 mm NaCl, 4 mm KC,
2.3mm CaCly) at a flow rate of 0.5ul/min by a syringe
pump (ESP-64, EICOM). Dialysate was collected in
15min fraction and injected into the HPLC system
(HTEC-500, EICOM) to quantitate extracellular DA levels.
Three samples were used to establish baseline levels of
extracellular DA.

Measurement of NAA and NAAG

The measurement of NAA and NAAG by HPLC was per-
formed as described previously (Reynolds et al., 2005;
Takanashi et al., 2012). Brain tissue was homogenized
with 10 times the volume of 0.1 M perchloric acid. We ap-
plied the solution to pretreated SPEC 3 ml SAX 15mg
anion exchange columns for NAc (Agilent Technologies,
USA) followed by extraction with 5.88ml/l phosphate
acid (85%). Samples were injected into the HPLC system
(LC-2010CHT, Shimadzu, Japan) with ZORBAX SB-C18
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columns (4.6 x250 mm, Agilent Technologies). The detec-
tor was set at 215 nm. NAA and NAAG peaks in the sam-
ple were identified by their retention times compared to
standards. Both NAA and NAAG gave linear standard
curve and the compounds were quantified using peak
height measurements.

Statistical analysis

All data are expressed as the meanss.g.m. Statistical differ-
ences between the two groups were determined with a
Student-f test. Statistical differences among values for in-
dividual groups were determined by analysis of variance
(ANOVA), followed by the Student-Newmann-Keuls
post-hoc test, when F ratios were significant (p<0.05). In
the analysis of the development of locomotor sensitiza-
tion and in vive microdialysis, statistical differences
were determined by ANOVA with repeated measure-
ment, followed by Bonferroni’s post-hoc test (Prism
version 5).

Results

Microinjection of AAV-Shati vector enhanced the
expression levels of Shati/Nat81 mRNA in the NAc
and dS

AAV vector containing only EGFP (Mock) or both Shati
and EGFP (Shati) sequences (Fig. la) were injected into
the NAc (Fig. 1b left) (NAc-Mock and NAc-Shati, respect-
ively) or dS (Fig. 1b right) (dS-Mock and dS-Shati, respect-
ively) of mice. Shati/Nat8] mRNA expression levels were
measured by quantitative RT-PCR and were presented as
relative to the expression of 3684, the internal control
(Krzyzosiak et al., 2010). Shati/Nat8] mRNA levels
increased 7.0+0.69 fold in the NAc of NAc-Shati mice
compared with that of NAc-Mock mice (Fig. 1c; left two
columns). No change was observed in the dS (Fig. ic;
right two columns). On the other hand, Shati/Nat8]
mRNA was elevated 13+1.9 fold only in the dS of
dS-Shati mice compared with that of dS-Mock mice
(Fig. 1d). As shown in both left upper panels of Fig. le
and f, Shati/Nat8] mRNA was also detected by in situ
hybridization in the NAc and dS, respctively. However,
the Mock-injected site showed little detectable Shati/
Nat8] mRNA (both left lower panels of Fig. le and f).
Moreover, immunohistochemistry revealed that there
was obvious protein expression of EGFP in the AAV vec-
tor injection site of the NAc and dS (both right panels of
Fig. 1e and f).

Overexpression of Shati/Nat8l in the NAc reduced
METH-induced hyperlocomotion

Figure 2a and b show locomotor activity induced by
a single METH treatment (1.0mg/kg s.c.) in mice.
In Fig. 2a, both NAc-Mock and NAc-Shati mice
exhibited METH-induced hyperlocomotion. However,
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Fig. 1. Schematic representation of the AAV vector and effect of AAV-Shati vector microinjection in the NAc or dS. (2) Sequence of
AAV-Mock or -Shati vector. An AAV vector was constructed using the cytomegalovirus immediate-early promoter (CMV) to drive
EGEFP or Shati. ITR: inverted terminal repeats; IRES: internal ribosomal entry site; WRPE: woodchuck hepatitis virus
post-transcriptional regulatory element; pA: polyadenylation signal sequences. (b) Microinjection site of AAV-Mock or -Shati vector.
The square insertions illustrate the brain region that was injected with each AAV vector. (c, d) Expression levels of Shati/Nat8l
mRNA in the NAc-Shati (c) or dS-Shati (d) mice. For each group N=3. *p<0.01 vs. each Mock group (Student-t test). (¢, f) In situ
hybridization for Shati/Nat8] mRNA and immunohistochemical staining for representative EGFP in the NAc-Shati (¢) or dS-Shati
(f) mice. aca: anterior commissure; LV: lateral ventricle; CTX: cortex.

METH-induced hyperlocomotion in NAc-Shati mice hand, there were no differences of METH-induced loco-
was decreased significantly compared with that in NAc-  motor activities between dS-Shati and dS-Mock mice
Mock mice (F;333=43.16, p<0.0001). On the other (Fig. 2b).
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Fig. 2. Effect of overexpression of Shati/Nat8l in the NAc or dS on METH-induced behavioral alterations. (7, b) METH-induced
locomotor activity in the NAc-Shati (#) or dS-Shati (b) mice. Saline or METH (1 mg/kg, s.c.) was administered immediately before
the measurement of locomotor activity for 60 min. For NAc-Mock N=8, NAc-Shati N=9, dS-Mock N=8, dS-Shati N=9. **p<0.001
vs. corresponding saline treatment group, *p<0.01 vs. METH-treated NAc-Mock group (ANOVA followed by the Student-
Newman-Keuls post-hoc test). (¢, d) METH-induced locomotor sensitization in the NAc-Shati (c) or dS-Shati (d) mice. For NAc-Mock
N=5, NAc-Shati N=5, dS-Mock N=5, dS-Shati N=7. *p<0.05, **p<0.01 vs. METH-treated NAc-Mock group. $p<0.05 vs. locomotor
activity on Day 1 of METH-treated dS-Mock group. “p<0.05 vs. locomotor activity on Day 1 of METH-treated dS-Shati group
(ANOVA with repeated measures followed by the Bonferroni's post-hoc test, ANOVA followed by the Student-Newman-Keuls
post-hoc test). (e, f) METH-induced conditioned place preference in the NAc-Shati (¢) or dS-Shati (f) mice. For each group N=9.
*p<0.05 vs. corresponding saline treatment group, “p<0.05 vs. METH-treated NAc-Mock group (ANOVA followed by the
Student-Newman-Keuls post-hoc test).

Overexpression of Shati/Nat8l in the NAc reduced for 5 d. Locomotor activity was measured for 2h on Day 1,
METH-induced locomotor sensitization 3,5 7, and 13. In Fig. 2c, daily METH treatment for

7 d caused a sensitization to the locomotor-stimulating
We examined the efficacy of overexpression of Shati/Nat8l  effects in NAc-Mock (F312=4.814, p<0.05) and NAc-Shati
on locomotor sensitization induced by repeated METH  mice (F31,=13.42, p<0.001). Although there was no
treatments. Mice were administrated METH (1 mg/kg/  significant difference between NAc-Mock and NAc-Shati
day, s.c. for 7d) and were re-challenged with a lower  mice in the time course of locomotor sensitization (AAV
dose of METH (0.3 mg/kg, s.c.) on Day 13 after withdrawal =~ vector treatment, F;5=16.22, p<0.01: time, F;,,=12.38,
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p<0.0001: AAV vector treatmentxtime, F354=0.92,
p=0.4467), METH-induced hyperlocomotion was signifi-
cantly reduced in NAc-Shati mice compared with
NAc-Mock mice on Day 1, 3, 5 and 7. Also in both
dS-Mock (F312=19.82, p<0.0001) and dS-Shati mice
(F3,18=8.562, p<0.01), repeated administration of METH
resulted in the development of locomotor sensitization
(Fig. 2d). There was no significant difference in the time
course of METH-induced sensitization between dS-Mock
and dS-Shati mice on Day 1-7 (AAV vector treatment,
F1,10=3.39, p=0.0953: time, F3 30=8.60, p<0.0001: AAV vec-
tor treatmentxtime, F330=1.59, p=0.2121). In NAc-Mock
and NAc-Shati mice, locomotor activity after re-challenge
METH treatment on Day 13 was not decreased compared
with Day 1 (F316=3.212, p=0.0512), although the challenge
dose of METH was lower than the daily dose. Both

dS-Mock and dS-Shati mice showed locomotor sensitiza-

tion after re-challenge with METH on Day 13 (F350=
5.608, p<0.01), but there was no difference in locomotor ac-
tivity of dS-Mock and dS-Shati mice on Day 13.

Overexpression of Shati/Nat8l in the NAc reduced
METH-induced CPP

As shown in Fig. 2¢, METH treatment produced place
preference in NAc-Mock mice in the place conditioning
paradigm. However, the preferred effect of METH in
NAc-Shati mice was significantly weaker than that in
NAc-Mock mice (Fs15=5.412, p<0.05). On the other
hand, the administration of METH induced CPP in both
dS-Shati and dS-Mock mice, and there was no difference
in the preferred effect of METH between these groups
(Fig. 2f) (F5,16=7.039, p<0.01).

The behavioral alterations in locomotor activity, loco-
motor sensitization and CPP described above indicate
that the overexpression of Shati/Nat8l in the NAc, but
not in the dS, suppressed METH-induced addictive
behaviors.

Overexpression of Shati/Nat8l in the NAc suppressed
the basal levels of extracellular DA and METH-induced
elevation of extracellular DA levels

To clarify the suppressive mechanism of Shati/Nat8l
overexpression in the NAc, but not in the dS, for
METH-induced behavioral alterations in mice, we mea-
sured the METH-induced elavation of extracellular DA
levels in the NAc of NAc-Mock or NAc-Shati mice
using an in vivo microdialysis method.

Basal levels of extracellular DA in the NAc of
NAc-Shati mice were significantly lower than that of
NAc-Mock mice (Fig. 3a) (NAc-Mock mice, 1.39+0.33
nM: NAc-Shati mice, 0.28+0.07nMm). METH (1mg/kg,
s.c.)-induced DA elevation was markedly suppressed in
the NAc of NAc-Shati mice compared with that of
NAc-Mock mice (Fig. 3b) (AAV vector treatment, Fy 0=
35.35, p<0.001: time, Fq166=34.14, p<0.0001: AAV vector
treatmentx time, Fy;66=9.423, p<0.0001). The increase of
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extracellular DA levels by METH was observed in
both NAc-Shati (Fg,,=7.121, p<0.0001) and NAc-Mock
(Fg27=22.18, p<0.0001) mice (Fig. 3b). The peak of extra-
cellular DA levels was elevated to over 150 and 260%
of the baseline levels in the NAc-Shati and NAc-Mock
mice, respectively, by a single METH treatment (Fig. 3b).

Ouwerexpression of Shati/Nat8l in the NAc increased the
tissue contents of NAA and NAAG

Since Shati/Nat8l synthesizes NAA and its NAA is con-
densed with glutamate to produce NAAG in the brain,
we measured the tissue contents of NAA and NAAG in
the NAc by HPLC method. The tissue contents of NAA
and NAAG in the NAc are shown in Fig. 3c and 4, re-
spectively. Both NAA and NAAG levels in the NAc of
NAc-Shati mice were significantly higher than those of
NAc-Mock mice. However, there were no differences in
tissue contents of NAA and NAAG in the dS between
NAc-Shati and NAc-Mock mice (data not shown).

The suppressive effect of Shati/Nat8l overexpression in
the NAc on METH-induced behavioral alterations was
inhibited by the selective group II mGluRs antagonist

We examined the involvement with group II mGluRs on
attenuated METH-induced behavioral alterations in the
NAc-Shati mice, using the selective group II mGluRs an-
tagonist LY341495. Figure 4a shows that pretreatment
with LY341495 (0.1 mg/kg, ip.) 30 min prior to METH
treatment blocked the suppressive effect of Shati/Nat8l
overexpression in the NAc on METH-induced hyperloco-
motion (F543=16.85, p<0.0001). Furthermore, the sup-
pressive effect of Shati/Nat8l overexpression on
METH-induced CPP was blocked by the same pretreat-
ment with LY341495 (Fig. 4b, F550=4.443, p=0.0020).

The suppressive effect of Shati/Nat8l overexpression in
the NAc on METH-induced DA elevation was inhibited
by the selective group II mGluRs antagonist

Next, we investigated the suppressive mechanism of
Shati/Nat8]  overexpression for attenuating the
METH-induced elevation of extracellular DA levels in
the NAc. In this experiment, we also used the selective
group II mGluRs antagonist 1Y341495. Figure 4c shows
that pretreatment with 1Y341495 (0.1 mg/kg, i.p.) 30 min
prior to METH treatment blocked the suppressive
effect of Shati/Nat8l overexpression in the NAc on
METH-induced DA elevation. Therefore, two-way
ANOVA with repeated measures did not reveal signifi-
cant differences between NAc-Shati and NAc-Mock
mice (AAV vector treatment, Fq,10=0.6003, p=0.4679:
time, Fi1,66=29.22, p<0.0001: AAV vector treatmentx
time, Fy166=1.217, p=0.2937). Alternatively, pretreatment
with  01mg/kg LY341495 did not affect the
METH-induced elevation of extracellular DA levels in
the NAc of AAV vector non-injected mice (wild-type
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Fig. 3. Effect of overexpression of Shati/Nat8l in the NAc on basal levels of extracellular DA and tissue contents of NAA and
NAAG. (a) Basal levels of extracellular DA in the NAc of Nac-Shati mice. For each group N=9. *p<0.05 vs. NAc-Mock group
(Student-t test). (b) METH-induced elevation of extracellular DA levels in the NAc of NAc-Shati mice. For each group N=9.
*#*1<0.001 vs. METH-treated NAc-Mock group (ANOVA with repeated measures followed by the Bonferroni’s post-hoc test). (C, D)
Tissue contents of NAA (c) and NAAG (d) in the NAc of NAc-Shati mice. For NAc-Mock N=7, NAc-Shati N=6. *p<0.05 vs.

NAc-Mock group (Student-t test).

mice) (Fig. 3d). Furthermore, in wild-type mice, pretreat-
ment with the higher dose of LY341495 (0.3 mg/kg)
markedly increased the METH-induced elevation of
extracellular DA levels (Fig. 3d).

The elevation of NAAG reduced the basal levels of
extracellular DA and METH-induced elevation of
extracellular DA levels in the NAc

NAAG is known as a highly selective agonist of mGluR3
(Neale et al, 2000). We used 2-PMPA, the selective
glutamate carboxypeptidase II (GCP II) inhibitor, to pre-
vent the degradation of endogenous NAAG. Figure 4e
shows that the basal levels of extracellular DA were
obviously decreased by the administration of 2-PMPA
(30 mg/kg, ip.) in the NAc of wild-type mice (Fg16=
35.01, p<0.0001). Next, we perfused NAAG (0.1 mg/ml,
15min) through the in vivo microdialysis probe in the
NAc of wild-type mice. As shown in Fig. 4f, intra-NAc
perfusion of NAAG significantly reduced the basal levels
of extracellular DA in the NAc (Fg16=10.74, p<0.0001).
Therefore, both pretreatment with 2-PMPA and preperfu-
sion of NAAG into the NAc attenuated METH-induced
elevation of extracellular DA levels in the NAc (Fig. 4e
and f).
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These observations in aforementioned assays suggest
that the elevation of NAAG induced by Shati/Nat8l over-
expression in the NAc attenuates the METH-induced
elevation of extracellular DA levels via activation of
mGluR3, one of the group II mGluRs.

Discussion

METH addiction is mediated by multiple brain regions,
neurotransmitter systems and bioactive molecules. In
the present study, we clarified differential roles of Shati/
Nat8l, a novel aspartate N-acetyltransferase, in the NAc
and dS. Our results suggest that Shati/Nat8l in the NAc
mediates METH-induced behavioral and dopaminergic
neuronal responses via activation of group II mGluRs.
The AAV vector is a noteworthy gene delivery tool for
therapeutic approaches to neurological diseases, and the
safety of this vector for clinical use in the human brain
has been confirmed (Muramatsu et al., 2010; Miyazaki
et al.,, 2012). The transfer of AAV vector is stable and long-
term gene expression can be attained in neuronal function
(Eberling et al, 2009). The AAV vector transduces
neurons preferentially, but not glial cells (Davidson
et al., 2000; Tenenbaum et al., 2004). Therefore, we used
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Fig. 4. Effect of group II mGluRs antagonist on METH-induced alterations in the NAc-Shati mice and effect of 2-PMPA and NAAG
on METH-induced elevation of extracellular DA levels in the NAc in mice. (g, b) Effect of group II mGluRs antagonist on
METH-induced locomotor activity (4) and conditioned place preference (b) in the NAc-Shati mice. Pretreatment with LY341495

(0.1 mg/kg, i.p. 30 min prior to METH treatment) canceled attenuated METH-induced behavioral alterations in the NAc-Shati mice.
For each group, N=9. *p<0.05, **p<0.001 vs. corresponding vehicle-saline treatment group, ‘p<0.05 vs. vehicle-METH-treated
NAc-Mock group, tp<0.05, t1p<0.01 vs. vehicle-METH-treated NAc-Shati group (ANOVA followed by the Student-Newman-—
Keuls post-hoc test). (c) Effect of group II mGluRs antagonist on METH-induced elevation of extracellular DA in NAc-Shati mice.
Pretreatment with LY341495 (0.1 mg/kg, i.p. 30 min prior to METH treatment) canceled attenuated METH-induced elevation of
extracellular DA in the NAc of NAc-Shati mice. For each group N=4. ANOVA with repeated measures did not reveal significant
differences between NAc-Mock and NAc-Shati mice. (d) Effect of group II mGluRs antagonist on METH-induced elevation of
extracellular DA in the normal (none-AAV-injected) mice. Pretreatment with LY341495 (0.3 mg/kg, i.p. 30 min prior to METH
treatment) enhanced METH-induced elevation of extracellular DA in the NAc of normal mice. For each group, N=5. *p<0.01 vs.
vehicle-METH treatment group (ANOVA with repeated measures followed by the Bonferroni’s post-hoc test). (e, f) Effect of GCP II
inhibitor (¢) and exogenous NAAG (f) on METH-induced elevation of extracellular DA in the wild-type mice. Pretreatment with
2-PMPA (30 mg/kg, i.p. 30 min prior to METH treatment) (¢) and NAAG perfusion (0.1 mg/ml, 15 min) (f) inhibited METH-induced
elevation of extracellular DA in the NAc of wild-type mice. For each group N=4. *p<0.05, **p<0.01 vs. vehicle-METH treatment
group. (ANOVA with repeated measures followed by the Bonferroni’s post-hoc test).
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AAV vector to overexpress Shati/Nat8] in the mouse
brain. The AAV-Shati vector injection induced the ex-
pression of Shati/Nat8] mRNA in the NAc or dS specifi-
cally, as assessed by quantitative real-time RT-PCR and
in situ hybridization methods (Fig. lc-f). In addition,
this injection also enhanced the tissue contents of NAA
in the NAc (Fig. 3c and d). Thus, it seems the inducible
Shati/Nat8l by AAV  vector injection possessed
N-acetyltransferase activity for aspartate, at least in the
NAc.

The psychostimulant, METH, causes hyperlocomotion
in rodents (Kitanaka et al., 2005). METH-induced en-
hancement of locomotor activity was suppressed signifi-
cantly in the NAc-Shati mice (Fig. 2a). Repeated
treatments of METH can produce behavioral sensitization
in rodents, characterized by a progressively enhanced
locomotor activity (Shen et al., 2010). On Days 1-7 during
METH treatments, METH-induced hyperlocomotion was
reduced in the NAc-Shati mice (Fig. 2c). METH-induced
CPP in mice is a popular model of drug-mediated associ-
ative learning in humans (Shen et al., 2006). In the CPP
task, the potentiation of place preference by METH was
not observed in the NAc-Shati mice (Fig. 2¢). These results
showed that the overexpression of Shati/Nat8l in the
NAc inhibits METH-induced behaviors in mice.
METH-induced hyperlocomotion and CPP are closely re-
lated to the activation of the dopaminergic system (Kim
and Jang, 1997, Wakuda et al., 2008). The efficacy of
METH depends primarily on its ability to increase extra-
cellular DA levels in the brain (Clarke et al., 1988;
Kuczenski et al, 1995; Goodwin et al, 2009). In this
study, the METH-induced elevation of extracellular
DA levels was significantly suppressed in the NAc of
NAc-Shati mice (Fig. 3b). Thus, our results demonstrate
that the attenuation of METH-induced behavioral altera-
tions by Shati/Nat8l overexpression occurs via suppres-
sing the increase of extracellular DA levels in the NAc.

Overexpression of Shati/Nat8l enhanced the tissue con-
tents of not only NAA (Fig. 3¢) but also NAAG (Fig. 3d) in
the NAc. NAAG is synthesized by a NAAG synthetase
catalyzing the ATP-dependent condensation of NAA
and glutamate (Becker et al., 2010), and is the most widely
abundant distributed peptide neurotransmitter in mam-
malian neurons (Neale et al., 2005). It was also found
to be a highly selective endogenous mGIuR3 agonist
(Wroblewska et al., 1997). Group II mGluRs including
mGluR2 and 3 are coupled G; proteins, which negatively
regulate adenylate cyclase activity, and are expressed at
moderate-to-high levels in brain regions implicated in
drug addiction (Adewale et al., 2006). Pretreatment with
the group II mGluRs antagonist 1Y341495 attenuated
the suppressive effect of Shati/Nat8l overexpression on
the METH-induced locomotor activity (Fig. 4a), CPP
(Fig. 4b) and elevation of extracellular DA levels
(Fig. 4c). The elevation of endogenous NAAG by its pep-
tidase inhibitor, 2-PMPA, in naive mice resulted in a re-
duction in the basal levels of extracellular DA in the
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NAc (Fig. 4e). Moreover, exogenous NAAG perfusion
significantly decreased the basal levels of extracellular
DA in the NAc of naive mice (Fig. 4f). The mechanism
underlying the regulation of the dopaminergic system
by NAAG and mGluR3 is not fully understood.
Previously, it was demonstrated that 2-PMPA lowered
the basal levels of extracellular glutamate in the NAc of
rats, and the effect was blocked by pretreatment with
LY341495 (Xi et al., 2010). The NAc receives glutamater-
gic neuronal afferents from the prefrontal cortex, hippo-
campus and amygdala (Meredith et al.,, 1993), and these
afferents increase DA release in the NAc (Taber and
Fibiger, 1995; Chaki et al., 2006). Therefore, the activation
of mGIluR3 by NAAG could inhibit glutamate release
from the terminals of glutamatergic afferents, which in
turn reduces DA release in the NAc. Taken together,
these results suggest that Shati/Nat8l may reduce in-
directly the basal levels of extracellular DA by elevating
NAAG, a selective endogenous mGluR3 agonist. This
speculation is supported by the observation that the
basal levels of extracellular DA were decreased signifi-
cantly by 20% in the NAc of NAc-Shati mice (Fig. 3a),
which enhanced the tissue contents of NAAG in the NAc.

Another important finding of this study was the re-
gional specificity of the functional contribution of Shati/
Nat8} in the brain. Curiously, although the expression
levels of Shati/Nat8] mRNA were increased in both the
dS of dS-Shati mice and the NAc of NAc-Shati mice, the
overexpression of Shati/Nat8l in the NAc, but not in the
dS, suppressed METH-induced abnormal behaviors.
This discrepancy may be attributed to the distribution
of several enzymes and amino acids involved with the
functional role of Shati/Nat8l. Shati/Nat8l catalyzes the
N-acetylation of aspartate to produce NAA, and then
NAAG is synthesized from NAA and glutamate by
NAAG synthetase I in the cytoplasm (Becker et al,
2010; Neale et al., 2011). NAAG is released from nerve
terminals, most likely via synaptic vesicles, although the
transporter into synaptic vesicles for NAAG has not
been identified. Released NAAG binds to mGIuR3 on
the presynaptic membranes (Conn and Pin, 1997), and
is also degraded by GCP II (Becker et al., 2010), liberating
NAA and glutamate (Moffett, et al., 2007). Liberated
NAA is translated into astrocytes and oligodendrocytes
by sodium-dependent dicarboxylate (NaDC3). Another
glutamate liberated by GCP II modulates glutamatergic
neurotransmission (Zhou et al., 2005). The next step is
to identify differences in the distribution of aspartate, glu-
tamate, NAAG synthetase I, GCP II, and NaDC3 between
in the NAc and dS, and to clarify the functional contri-
bution of NAAG to the dopaminergic system in each
brain region.

In conclusion, we hypothesize that the expression of
Shati/Nat8l in the NAc inhibits METH-induced elevation
in the extracellular levels of DA via mediating NAAG and
mGluR3. As a result of the suppression on the extracellu-
lar levels of DA in the NAc, Shati/Nat8] inhibits



METH-induced hyperlocomotion and CPP. Since the
NAc and dS are involved in A10 and A9 neuronal cell
groups, respectively, the different role of Shati/Nat8l
between the NAc and dS may be dependent on distinct
neuronal regulation in these cell groups. We need further
study, but the difference could be a new key point to clar-
ify the mechanisms of drug addiction. Thus, we provide
evidence that Shati/Nat8] in the NAc is a key molecule
to suppress METH-induced abnormal behaviors by med-
iating extracellular DA levels via activation of grop II
mGluRs, probably of mGIluR3. Moreover, the Shati/
Nat8l-related neuronal system may become a new target
of therapy for METH addiction.
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Abstract

Mutant ataxin-1 (Atxnl), which causes spinocerebellar ataxia type
1 (SCA1), binds to and impairs the function of high-mobility group
box 1 (HMGB1), a crucial nuclear protein that regulates DNA
architectural changes essential for DNA damage repair and
transcription. In this study, we established that transgenic or virus
vector-mediated complementation with HMGB1 ameliorates motor
dysfunction and prolongs lifespan in mutant Atxnl knock-in
(Atxn1-Kl) mice. We identified mitochondrial DNA damage repair
by HMGBL1 as a novel molecular basis for this effect, in addition to
the mechanisms already associated with HMGB1 function, such as
nuclear DNA damage repair and nuclear transcription. The
dysfunction and the improvement of mitochondrial DNA damage
repair functions are tightly associated with the exacerbation and
rescue, respectively, of symptoms, supporting the involvement of
mitochondrial DNA quality control by HMGB1 in SCA1 pathology.
Moreover, we show that the rescue of Purkinje cell dendrites and
dendritic spines by HMGB1 could be downstream effects. Although
extracellular HMGB1 triggers inflammation mediated by Toll-like
receptor and receptor for advanced glycation end products,
upregulation of intracellular HMGB1 does not induce such side
effects. Thus, viral delivery of HMGB1 is a candidate approach by
which to modify the disease progression of SCA1 even after the
onset.

Keywords AAV; DNA damage repair; HMGB1; mitochondria; SCAL

Subject Categories Cenetics, Gene Therapy & Genetic Disease; Neuroscience
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Introduction

Spinocerebellar ataxia type 1 (SCA1) is one of the major groups of
autosomal dominant hereditary cerebellar ataxia. The pathology
shows dysfunctions and cell death of Purkinje cells in the cerebel-
lum and motor neurons in the spinal cord. Correspondingly,
patients show slowly progressive cerebellar ataxia, sometimes
accompanied by neurogenic muscular atrophy mimicking motor
neuron disease, and slow eye movement. The molecular mecha-
nisms underlying the pathology have been gradually unravelled by
extensive analyses by many groups. Importantly, overexpression of
the normal form of the disease protein, ataxin-1 (Atxnl), has similar
toxic effects on cells (Skinner et al, 1997), suggesting that an activ-
ity or interaction of mutant Atxnl, which normal Atxnl also
possesses, in excess causes neuronal dysfunction.

In this regard, the reciprocal interactions of Atxnl with Capicua
(CIC) and RNA binding motif protein 17 (RBM17) are of importance.
Zoghbi’s group and Orr’s group found that mutant Atxnl must be in
its large native complexes to cause neurodegeneration and that its
interactions with RBM17 are enhanced at the expense of interactions
with CIC (Lam et al, 2006; Lim et al, 2008). Given that RBM17, also
called splicing factor 45 (SPF45), is an RNA binding protein
involved in splicing and that CIC/Capicua is a Sox2-like high-
mobility group (HMG) protein involved in transcriptional repression,
the shifted balance between splicing and transcription could broadly
affect gene and protein expression profiles. We also found that poly-
glutamine binding protein 1 (PQBP1), a splicing factor involved in
the US complex (Waragai et al, 2000; Zhang et al, 2000) at the step
of exon—intron junction recognition by the spliceosome (Makarov
et al, 2002; Makarova et al, 2004). 1t also binds to C-terminus
of RNA polymerase II and similarly forms larger nuclear bodies
through binding with Atxnl (Okazawa et al, 2002), supporting the
hypothesis that mutant Atxnl shifted the balance of transcription
and splicing to an abnormal state.
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A current goal, therefore, is to find efficient methods to rescue the
imbalance of gene expression and to determine the molecular mech-
anism that underlies the rescue. We previously searched for nuclear
proteins quantitatively affected by mutant Atxnl in neurons and
found a significant decrease in high-mobility group box (HMGB) 1/2
proteins in the soluble nuclear fraction. The decrease was mainly
attributed to proteasomal degradation and sequestration to inclusion
bodies of the mutant Atxn1-HMGB1 complex (Qi et al, 2007). HMGB
supplementation actually ameliorates eye degeneration in an SCAl
fly model and restores impaired DNA damage repair (Qi et al, 2007).

HMGB1/2 are architectural proteins that regulate the higher
structure of genomic DNA. Consequently, they influence a broad
range of nuclear functions, including transcription and DNA damage
repair (Muller et al, 2001; Travers, 2003). HMGB1/2 possess HMG
boxes like another Atxnl binding partner, HMG-box transcription
factor 1 (HBP1), which includes one Atxnl-HBP1 shared (AXH)
domain (de Chiara et al, 2003) and one HMG box. The AXH domain
may contribute to the self-association (Burright et al, 1997) or RNA
binding (Yue et al, 2001) of Atxnl. These possibilities suggest that,
in addition to architectural change of DNA, HMGB1 might influence
the functional link between the HMG-box proteins (HBP1, Capicua,
HMGB1/2) related to transcription and the AXH-domain proteins
(Atxnl, HBP1) related to RNA metabolism.

In this study, we extend our previous findings in primary
neurons and Drosophila and show that HMGB1 has a strong thera-
peutic effect on multiple phenotypes of mutant Atxnl1-KI mice. In
addition to the therapeutic effect of transgenic expression of
HMGB1, we show that a single injection of an adeno-associated
virus type 1 (AAV1) vector carrying HMGBI is effective in vivo even
after the onset of symptoms in mutant Atxnl-KI mice and that the
therapeutic effect persists for more than 8 weeks. Moreover, we
reveal mitochondrial DNA damage repair by HMGB1 as a new
mechanism to rescue the pathology of SCA1.

Results

HMGB1 restores SCA1-KI mouse symptoms without
affecting aggregation

We generated an HMGB1 transgenic mouse model on a C57BL/6
background expressing HMGB1 under the control of a 1.9-kb rat
neuron-specific enhancer/promoter (Supplementary Fig S1A).
Genome integration of the full-length construct was confirmed by
PCR with genomic DNA from HMGB1-Tg mice (Supplementary Fig
S1B). HMGBI protein tagged with a 3x FLAG sequence was detected
in total brain tissue by Western blot analysis (Supplementary Fig
S1C) and in neurons of various brain regions including cerebral
cortex, brain stem, hypothalamus and cerebellum by immunohisto-
chemistry (Supplementary Fig S1D). In the cerebellum, expression
of HMGB1-FLAG was prominent in Purkinje cells (Supplementary
Fig S1E), which was confirmed by immunohistochemistry with anti-
calbindin and anti-NeuN antibodies (Supplementary Fig S1F).
HMGB1-Tg mice did not show pathological changes, such as
decreased Purkinje cell number or decreased thickness of the molec-
ular layer (Supplementary Fig S1G).

The major concern in the overexpression is that HMGB1 may
trigger inflammatory responses via Toll-like receptor 2/4 (TLR2/4)
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or receptor for advanced glycation end products (RAGE) when
released into the extracellular space (Park et al, 2006; Yu et al,
2006). Therefore, we tested inflammatory responses, including
lymphocyte infiltration and microglia/macrophage activation, in the
brains of HMGBI1-Tg and non-Tg littermate mice (Supplementary
Fig S2A). Peritoneal injection of lipopolysaccharide (LPS) into back-
ground mice (C57BL/6) was performed to make a positive control
for brain inflammation. Immunohistochemistry of the cerebellum
with antibodies against multiple inflammation marker proteins,
such as CD4 (a helper T-cell marker), CD8 (a cytotoxic T-cell
marker), CD11c (a dendritic cell marker) and microglial response
factor-1 (a microglial marker), did not reveal any inflammation
response in HMGBI1-Tg mice (Supplementary Fig S2A). The cerebral
cortex showed similar findings (data not shown). These results
suggest that HMGB1 does not trigger brain inflammation in our
mouse model (Supplementary Fig S1).

We next mated HMGB1-Tg mice with Atxn1-154Q knock-in mice
(Atxn1-KI mice) of the same background C57BL/6 and generated
double-transgenic mice (Atxnl-K;HMGB1 mice). As reported previ-
ously (Qi et al, 2007), HMGB1 was decreased in the nucleus of
Purkinje cells of Atxnl-KI mice (Fig 1A). In addition, HMGB1 was
decreased in the cytoplasm of Purkinje cells (Fig 1A). In Atxn1-KI;
HMGBI mice, the expression of HMGB1 was restored to the level of
background C57BL/6 mice in the nucleus and cytoplasm of Purkinje
cells at 9 weeks (Fig 1A). The ubiquitin-positive aggregation of
mutant Atxnl was not largely affected by expression of exogenous
HMGBI1 when assessed by immunohistochemistry and Western blot
analysis (Fig 1B and C), even though HMGBI is a binding partner of
mutant Atxnl (Qi et al, 2007), probably because exogenous expres-
sion of HMGB1 was far smaller than endogenous expression (Supple-
mentary Fig S1C). Meanwhile, immunostaining showed recovery of
HMGBL in the Purkinje cells of Atxn1-KI;HMGB1 mice (Fig 1A and B),
reflecting an increase in Atxnl-unbound HMGBI reactive to antibody.

Despite continued aggregation of mutant Atxnl, the Atxnl-KI;
HMGBI1 mice showed a remarkable improvement of motor activity
in the rotarod test (Fig 1D and E). The improvement was obvious in
comparison of multiple genotypes including Ku70-Tg mice and
Atxnl-KI;Ku70 double-transgenic mice (Supplementary Fig S1H).
Transgenic co-expression of Ku70 was effective for a Huntington’s
disease (HD) mouse model (R6/2 mice) (Enokido et al, 2010) but
not effective for Atxn1-KI (Supplementary Fig S1H).

Moreover, the lifespan was extended dramatically (Fig 1F). The
50% and maximum survival durations were elongated from
217 days (Atxnl-KI} to 282 days (Atxnl-KI;HMGBI1) and from
274 days (Atxnl-KI) to 360 days (Atxnl-KI;HMGB1), respectively.
This elongation rate is one of the best results reported with Atxnl-
KI mice (Watase et al, 2007). In our analysis, the thickness of the
molecular layer was decreased at the onset of symptoms (9 weeks).
Consistent with the improved motor activity, pathological examina-
tion revealed recovery of the molecular layer thickness in Atxn1-KI;
HMGB1 mice at 9 weeks (Fig 1G and H).

HMGB1 expression restores nuclear DNA damage in vivo
Given that HMGB1 promotes DNA damage repair via architectural
changes in genomic DNA (Bianchi & Beltrame, 1998; Agresti & Bianchi,

2003; Travers, 2003), we evaluated double-strand breaks (DSB) in
genomic DNA by immunostaining and Western blot of phosphorylated

© 2014 The Authors
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Figure 1. | Symptomatic rescue of double-transgenic mice without decreased protein aggregation.

A - The expression of exogenous HMGB1-FLAG (detected with an anti-FLAG antibody) and endogenous+exogenous HMGB1 {detected with an anti-HMGB1 antibody) was
tested by immunohistochemical analysis. Nuclear and.cytoplasmic signals were reduced in Atxn1-KI mice but restored in double-transgenic mice. The mean + SD
are shown in the lower graph. :

B Aggregate formation was tested by immunchistochemical analysis of cerebellar tissues of background C57BL/6 mice, mutant Atxn1-Kl mice and double-transgenic

mice. Ubiquitin-positive aggregates were observed in mutant Atxn1-KI mice and double-transgenic mice (upper panels); the ratio of aggregate-positive Purkinje cells

did not differ between the four mutant Atxn1-Ki mice and the four double-transgenic mice (lower graph). The data are presented as mean + SD.

Western blot analysis with anti-ubiquitin antibody confirmed that aggregate formation was similar in mutant Atxn1-KI mice-and double-transgenic mice.

D ' The rotarod performance test revealed improvement in the motor activity of double-transgenic mice over that of mutant Atxn1-KI mice. The time on rotarod was the
mean value of the times from day 1 to day 3. The symptomatic onset in mutant Atxn1-Kl mice was 7 weeks; improvement in'double-transgenic mice lasted from 9 to

21 weeks. The data are presented as mean =+ SD. Statistical analysis was performed with the Bonferroni—Dunn test and Student’s t-test. :

E ' Details of the rotarod performance of the three genotypes of mice (WT, Atxn1-KI and double-transgenic) from day 1 to day 3 at 5,9 and 21 weeks. The data are
presented as mean = SD.

F The survival rates of the four genotypes of mice. The mean.and maximum lifespans of double-transgenic mice were nearly 30% longer than those of mutant Atxn1-Ki
mice. The 50% survival duration was extended from 217 days (Atxn1-Kl) to 282 days (Atxnl-K;HMGBI), and the maximum survival duration was extended from
274 days (Atxn1-KI) to 360 days (Atxn1-KI;HMGBI). The effect of HMGB1 on the lifespan was assessed by Kaplan—-Mejer analysis, and the end-point postponement
was significant in the log-rank test (P = 0.0025).

G Histological evaluation of the double-transgenic mice.

H -Quantitative analysis of histological parameters in.the three groups of mice showed that reduction in the molecular layer thickness was reversed in double-
transgenic mice (upper graph; Student’s t-test, P < 0.05). The mean thickness was quantified in more than 10 visual fields per mouse, and the mean + SD was
calculated for nine mice in each group. The number of Purkinje cells, similarly calculated, was not changed in mutant Atxn1-KI mice or in double-transgenic mice
(lower graph). The data are presented as mean + SD. *P < 0.05 in Student’s t-test, “P < 0.05 in one-way ANOVA followed by post hoc Tukey's HSD (honestly
significant difference) test.

(@}

Source data are available online for this figure.

histone H2AX (yH2AX) or p53 binding protein 1 (53BP1) (Supple- reproduced by 53BP1 in both methods (Supplementary Fig S3A and C).
mentary Fig S3). yYH2AX signals were increased in Purkinje cells of Western blot analyses with YH2AX and 53BP1 antibodies also revealed
mutant Atxnl-KI mice and recovered in those of Atxnl-KI;HMGBI1 the increase of DSB in Atxnl-KI mice and the recovery in Atxnl-KI;
mice in immunohistochemistry (Supplementary Fig S3A), which was HMGB1 mice (Supplementary Fig S3D and E). Moreover, a negative
confirmed quantitatively (Supplementary Fig S3B). The results were relationship was observed between the yH2AX signal and HMGB1
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signal in the Purkinje cells of Atxnl-KI mice (Supplementary Fig S3F
and G). These results indicate that HMGB1 supplementation rescues
DNA damage in Atxnl-KI mice, as expected from our previous results
with primary neuronal cultures (Qi et al, 2007).

Mutant Atxnl reduces mitochondrial HMGB1

HMGBI is reported to exist in the cytoplasm and to regulate auto-
phagy (Tang et al, 2010, 2011). Cytoplasmic HMGB1 binds to phos-
phorylated Beclinl and deprives it from Bcl2. The HMGB1-Beclinl
complex accelerates autophagy and contributes to mitochondrial
quality control (Tang et al, 2011). However, it is not yet clear
exactly where in the cytoplasm HMGI is located. Unexpectedly, our
Western blot analysis with fractionated cellular compartments from
mouse cerebellar tissues revealed mitochondrial HMGB1 in addition
to the nuclear and cytosolic HMGB1 (Fig 2A). Moreover, HMGBI in
the mitochondria fraction was decreased in Atxnl-KI mice and
recovered in Atxnl-KL;HMGB1 mice (Fig 2A). Consistently, over-
lapped signals between HMGBI and Cox IV were decreased in
Atxnl-KI mice in comparison with the background mice and
restored in Atxn1-KI;HMGB1 mice (Supplementary Fig S4A).

To examine mitochondrial localization of HMGB1, we performed
immunoelectron microscopy of cerebellar tissues from wild-type
mice with anti-HMGBI1 antibody. Silver staining, which enlarges
gold particles by the complex, was used to enhance reaction
(Fig 2B). As expected, we found gold particles in the matrix of mito-
chondria (Fig 2B, arrowhead). Peri-mitochondrial deposition of gold
particles (Fig 2B, arrow) might be consistent with autophagy-related
function of HMGB1. The three mouse genotypes were further exam-
ined by immunoelectron microscopy (Supplementary Fig S4B).
Grain-positive mitochondria was decreased in Atxnl-KI mice but
recovered in Atxnl-K;HMGB1 mice (Supplementary Fig S4B).
Immunostaining with normal 1gG did not reveal grains in electron
microscopy (Supplementary Fig S4C).

In order to confirm existence of HMGBI1 in mitochondria, we
purified mitochondrial fraction by Percoll density gradient centrifu-
gation method (Sims & Anderson, 2008) and by isotonic homogeni-
zation method (Shimizu et al, 1998), in addition to mitochondrial
preparation using commercial kit. In mitochondrial fractions
prepared by both methods, we detected the band of HMGB1 by
Western blot (Fig 2C). When mitochondrial fraction by Percoll
density gradient centrifugation method was treated with proteinase
K before membrane perforation, HMGB1 was not digested just like
Cox 1V, cytochrome ¢ and TFAM, a transcription factor for mito-
chondrial genome that are localized at or inside of inner mitochon-
drial membrane (Fig 2D) (Parisi & Clayton, 1991). Tom20 at outer
mitochondrial membrane was digested by proteinase K under the
similar condition (Fig 2D), supporting the digestion was sufficient
for proteins anchored or attached to the mitochondrial surface. After
membrane perforation, all these mitochondrial proteins were
completely degraded by proteinase K (Fig 2D). These results
supported that HMGBI exists inside of mitochondrial membrane.

HMGB1 may restore mitochondrial function through
non-autophagic mechanism

As HMGBI1 is implicated in autophagy (Tang et al, 2010, 2011), we
performed electron-microscopic analyses expecting to detect
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changes of autophagy in Purkinje cells. However, we could not find
any evidence to support an increase of autophagic vacuoles or of
mitophagy in the cell bodies (Supplementary Fig S4D and E) and
synapses (Supplementary Fig S4F) of Atxnl-KI mice although we
found that the mitochondrial electron density was obviously
decreased in Atxnl-KI mice (Supplementary Fig S4D). The interac-
tion of HMGBI1 and Beclinl, which was increased in the autophagy
cellular model (Tang et al, 2010), was not also confirmed in our
immunoprecipitation experiments with brain samples (Supplemen-
tary Fig S4G).

However, we found several findings to suggest functional
impairment of mitochondria by mutant Atxnl. First, we found that
mutant Atxnl impaired mitochondrial dynamics. Mitochondrial
fission and fusion were evaluated by live imaging (Jendrach et al,
2005) in HeLa cells (Supplementary Videos S1, S2 and S3).
Compared with HeLa cells expressing DsRed (Supplementary Video
S1), fission and fusion frequencies were decreased in HeLa cells
expressing mutant Atxnl-DsRed (Supplementary Video S2), and
the decrease was rescued by co-expression of HMGBI1-EGFP
(Supplementary Fig S3H, Supplementary Video S3). Second, analy-
sis of membrane potential by MitoTracker Deep Red revealed
reduced mitochondrial membrane potential in HeLa cells express-
ing mutant Atxnl and the recovery by co-expression of HMGBI1-
GFP (Fig 3A). The change of mitochondrial membrane potential by
HMGB1 was further tested with JC-1 (S,5,6,6'-tetrachloro-1,1',3,3’-
tetraethylbenzimidazolylcarbocyanine iodide), a more direct
indicator of in the mitochondrial membrane potential (A¥m) and
siRNA against HMGB1 (Fig 3B). As expected, transfection of two
types of siRNAs changed the colour of JC-1 from red to green (Fig 3B)
and suppressed HMGB1 protein (Fig 3C) in siRNA-transfected cells..
Third, enzyme histochemistry revealed reduced activities of
succinate dehydrogenase (SDH) and cytochrome c¢ oxidase (CCO)
activities in Purkinje cells of Atxnl-KI mice and their recovery in
Atxnl-KGHMGB1 mice (Fig 3D). Fourth, HMGB1 knock-down

~decreased TMRM (tetramethylrhodamine methyl ester) intensity in

FACS analysis of HeLa cells by transiently expressing HMGBI1-
siRNA (Fig 3E).

These results collectively suggested that mutant Atxnl damaged
mitochondria via intrinsic mitochondrial function(s) related to
HMGBL. Therefore, we next sought another hypothesis to explain
the effect of mutant Atxnl on mitochondria.

HMGBL1 contributes to mitochondrial DNA quality control

From the localization of HMGB1 in the mitochondria matrix
(Fig 2B) and deprivation of HMGB1 from mitochondria by mutant
Atxnl (Fig 2A and Supplementary Fig S4A and B), we speculated
that HMGB1 might be relevant to the architectural control of mito-
chondria DNA. If this is the case, mitochondrial DNA damage repair
should be affected. To address this question, we first investigated
the ratio of long and short cDNA amplification from mitochondrial
DNA, which is commonly used for the quantitative analysis of
mitochondrial DNA damage (Das et al, 2010) based on the fact that
nicks in mitochondrial DNA disturb ¢cDNA extension. As expected,
mitochondrial DNA damage in the cerebellar cortex was increased in
Atxnl-KI mice, but not in Atxnl-KI;HMGBI1 mice (Fig 4A). We also
performed the chloramphenicol (CAP) resistance assay (Aamann
et al, 2010) based on the fact that HeLa cells with mitochondrial

© 2014 The Authors



Published online: December 15, 2014
Hikaru Ito et al HMGBL1 rescues SCAL-KI mice through mitochondrial DNA damage EMBO Molecular Medicine

*0<0.05. "p<0.01 in t-test
#p<0.05, #p<0.01 in ANOVA+Tukey's HSD test

g Nuclear fraction ; Cytosolic fraction E Mitochondrial fraction [ Cc
Atxn 1Kl Atent-Ki; Atxn K

HMGBY

HPte |

eTubulin ! 50

WT_Atart-Kl HMGB1 W Abxnt-Ki_HMGB1 WT Abinl-Ki HMGB1 1: mitochondrial fraction from brain (density gradient centrifugation method)
2: mitochondrial fraction from fiver (isotonic homogenization method)

3: mitochondriat fraction from brain (commercial isolation kit)

4: cytosolic fraction from brain (commaercial isolation kit)

5: nuclear fraction from brain {(commarcial isolation kit)

1 2 3 4 5
Cox IV E } % i
a HMGB1 i
# 16
s HP1a
14 i
o5 o5 aTubulin
ol o
WT Aixm Ki Nx;\: KE; wr A‘lxm Kl A.m‘«ﬁ(i WY At Kl Atxm K
HMG81 HMGB1
B Cox IV
D mitochondrial fraction from whole brain
(density gradient centrifugation method)
g
a Membrane perforation - -
=
& Proteinase K tretament - + o+
3
% HMGB1
5 Cox IV §
=4 -
©
Cytochrome C
TFAM
TOM20
L B

Figure 2. Mitochondrial HMGBl is lmked to mitochondrial functions.

A

Western blot with separated cellular components from the cerebellar tissues of the three genotypes of mice showed that HMGB1 was decreased not only in the
nucleus but also in the cytosol and mitochondria of mutant Atxn1-Ki mice. The downregulation in the three subcellular fractions was reversed in the double-
transgenic mice. The band intensity was quantified and is shown in the lower graphs. The data are presented as mean =+ SD. Statistical analysis mvolved Student’s
t-test and one-way ANOVA followed by post hoc Tukey’s HSD (honestly significant difference) test.

Immunoelectron microscopy of the cerebellar cortex of control mice, with staining using an anti-HMGB1 antsbody Nucleus-dominant distribution of the go!d—snlver
complex particles was found (arrows in the upper left panel), aithough the particles were also found in the cytoplasm. [n the cytoplasm (lower left panel), the
mitochondrial membrane (arrow) and matrix (arrowhead) were stained. Higher-magnification images of the mitochondrial matnx staining are shown in the upper
and lower right panels.

Western blot detection of HMGB1 in mitochondria purified by multiple methods. Lane 1: the mitochondrial fraction purified from the brain by the Percoll density
gradient centrifugation method (Sims & Anderson, 2008), Lane 2: the mitochondrial fraction purified from the mouse liver by the other centrifugation method
(Shimizu et al, 1998), Lane 3: mitochondrial fraction purified from the mouse brain using a commercial isolation kit), Lane 4: the cytosol fraction from the mouse
brain isolated using the Mitochondria {solation Kit (Thermo Scientific, IL, USA) and Lane 5: a nuclear fraction from the mouse brain isolated using the same kit. All the
methads revealed the presence of HMGB1 in mitochondria.

Proteinase K was added to the mitochondrial fraction prepared by the Percoll density gradient centrifugation method, to exclude the possibility of contamination
with the nuclear or cytosolic fraction. Addition of proteinase K before membrane perforation did not affect HMGBL dramatically decreased HMGB1 after membrane
perforation, indicating that HMGBL is located in the mitochondria. Other mitochondrial proteins including Cox IV and cytochrome c at the inner mitochondrial
membrane or TFAM that binds to mitochondrial DNA inside the inner mitochondrial membrane showed a similar pattern of changes, whereas Tom20 at the outer
mitochondrial membrane was digested before membrane perforation.

Source data are available online for this figure,

DNA damage become resistant to CAP. Again, the number of but the increase was rescued by co-expression of HMGB1 (Fig 4B).
chloramphenicol-resistant colonies that possessed mitochondrial Expression levels of mutant Atxnl and HMGB1 were equal in
DNA damage was increased in Hela cells expressing mutant Atxnl, Western blot analysis (Fig 4C).
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Figure 3. HMGBI1 restores mitochondrial functions.

HMGB1
##: p<0.01, Tukey's test folows One-way ANOVA

A The accumulation of MitoTracker Deep Red, a far red-fluorescent dye indicator of the mitochondrial membrane potential, in the mitochondria of mutant Atxn1(86Q)-
DsRed-transfected Hela cells was reduced by co-expression of HMGB1-GFP,

B A knock-down of HMGBL by two types of HMGB1-SiRNA (HMGB1_A, HMGB1_B) decreased the number of mitochondria with the normal membrane potential (stained
red with JC-1) and increased the number of mitochondria with an abnormal membrane potential (stained green with JC-1). NC: negative control siRNA. Right panels
show HMGB1 signals in the transfected cells. :

C Expression levels of HMGBL in the transfected cells used in (B) were confirmed by Western blot analysis.

D Mitochondrial enzyme histochemical analysis revealed reduction of succinate dehydrogenase (SDH) and cytochrome oxidase (COX) activity in Purkinje cells of Atxnl-
K mice. The reduced activity of these enzymes was restored in Atxn1-KI;HMGB1 mice.

E  FACS analysis with the well-characterized potentiometric fluorescent dye tetramethylrhodamine methyl ester (TMRM) to quantify the changes of the mitochondrial

membrane potential and mitochondrial permeability transition induced by HMGBL. The upper left panel shows experimental procedure, and the upper right panel
shows parameters in the following graphs. Non-specific negative control siRNA did not affect TMRM signals, whereas siRNA-A and siRNA-B against HMGBL
substantially reduced a part of transfected Hela cells. The siRNAs that were used for this analysis were similar to those in Supplementary Fig S8, where suppression
of HMGB1 by these siRNAs was confirmed. The results from three sets of independent transfection experiments indicated that the mitochondrial membrane potential
and mitochondrial permeability transition were changed by the deficiency in HMGBL.

Source data are available online for this figure.

Next, we evaluated mitochondrial DNA damage by direct
sequencing of mitochondrial DNA (Fig 4D). The assay was based on
the fact that length of read becomes shorter when the template DNA
has a nick or a single-/double-strand break. We first separated mito-
chondrial fraction from cerebellar tissues of WT mice (background
C57BL/6 mice), Atxnl-KI mice and Atxnl-KI;HMGB1 mice and
extracted DNA. Using the samples as template, we performed direct
DNA sequencing using next-generation sequencer (NGS). Each
sample produced 5,000-6,000 reads. The read sequences were refer-
enced to mitochondrial genome sequence database, and only the
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reads that matched to the mitochondrial genome sequence were
selected for further analysis, and the reads matched to nuclear
genome were excluded from the next analysis. We made histograms
from the results of read frequency and read length in three geno-
types of mice. The distribution of read length was shifted to the
shorter range in Atxnl-KI mice, while the shift was recovered in
Atxnl-KLHMGB1 mice (Fig 4D). The shift and recovery was
statistically confirmed using Friedman test with post hoc Wilcoxon
rank-sum test. The difference was definite even with additional
Bonferroni correction. Finally, NGS analysis revealed various types
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