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CHCHD2 mutations in autosomal dominant late-onset
Parkinson’s disease: a genome-wide linkage and
sequencing study

Manabu Funayama, Kenji Ohe, Taku Amo, Norihiko Furuya, Junji Yamaguchi, Shinji Saiki, Yuanzhe Li, Kotaro Ogaki, Maya Ando, Hiroyo Yoshino,
Hiroyuki Tomiyama, Kenya Nishioka, Kazuko Hasegawa, Hidemoto Saiki, Wataru Satake, Kaoru Mogushi, Ryogen Sasaki, Yasumasa Kokubo,
Shigeki Kuzuhara, Tatsushi Toda, Yoshikuni Mizuno, Yasuo Uchiyama, Kinji Ohno, Nobutaka Hattori

Summary

Background Identification of causative genes in mendelian forms of Parkinson’s disease is valuable for understanding
the cause of the disease. We did genetic studies in a Japanese family with autosomal dominant Parkinson’s disease to
identify novel causative genes.

Methods We did a genome-wide linkage analysis on eight affected and five unaffected individuals from a family with
autosomal dominant Parkinson’s disease (family A). Subsequently, we did exome sequencing on three patients and
whole-genome sequencing on one patient in family A. Variants were validated by Sanger sequencing in samples from
patients with autosomal dominant Parkinson’s disease, patients with sporadic Parkinson’s disease, and controls.
Participants were identified from the DNA bank of the Comprehensive Genetic Study on Parkinson’s Disease and
Related Disorders (Juntendo University School of Medicine, Tokyo, Japan) and were classified according to clinical
information obtained by neurologists. Splicing abnormalities of CHCHD2 mutants were analysed in SH-SY5Y cells.
We used the Fisher’s exact test to calculate the significance of allele frequencies between patients with sporadic
Parkinson’s disease and unaffected controls, and we calculated odds ratios and 95% ClIs of minor alleles.

Findings We identified a missense mutation (CHCHD2, 182C>T, Thr611le) in family A by next-generation sequencing.
We obtained samples from a further 340 index patients with autosomal dominant Parkinson’s disease, 517 patients
with sporadic Parkinson’s disease, and 559 controls. Three CHCHD2 mutations in four of 341 index cases from
independent families with autosomal dominant Parkinson’s disease were detected by CHCHD2 mutation screening:
182C>T (Thr6llle), 434G>A (Argl45Gln), and 300+5G>A. Two single nucleotide variants (-9T>G and 5C>T) in
CHCHD?2 were confirmed to have different frequencies between sporadic Parkinson’s disease and controls, with
odds ratios of 2-51 (95% CI 1-48-4-24; p=0-.0004) and 4-69 (1-59-13-83, p=0-0025), respectively. One single
nucleotide polymorphism (rs816411) was found in CHCHD2 from a previously reported genome-wide association
study; however, there was no significant difference in its frequency between patients with Parkinson’s disease and
controls in a previously reported genome-wide association study (odds ratio 1-17, 95% CI 0-96-1-19; p=0-22). In
SH-SYS5Y cells, the 300+5G>A mutation but not the other two mutations caused exon 2 skipping.

Interpretation CHCHD2 mutations are associated with, and might be a cause of, autosomal dominant Parkinson’s disease.
Further genetic studies in other populations are needed to confirm the pathogenicity of CHCHD2 mutations in autosomal
dominant Parkinson’s disease and susceptibility for sporadic Parkinson’s disease, and further functional studies are
needed to understand how mutant CHCHD2 might play a part in the pathophysiology of Parkinson’s disease.

Funding Japan Society for the Promotion of Science; Japanese Ministry of Education, Culture, Sports, Science and
Technology; Japanese Ministry of Health, Labour and Welfare; Takeda Scientific Foundation; Cell Science Research
Foundation; and Nakajima Foundation.

Introduction

Parkinson’s disease (MIM 168600), which is caused by
the death of dopaminergic neurons in the substantia
nigra, is the second most common neurodegenerative
disorder. Symptoms mainly involve movement, including
resting tremor, rigidity, bradykinesia, and postural
instability. Most Parkinson’s disease cases are sporadic;
only about 11% of patients with Parkinson’s disease have
one or more first-degree relatives diagnosed with
Parkinson’s disease.! Nevertheless, identification of
causative genes in rare familial cases can shed new light

on the cause of Parkinson’s disease. Most monogenic
forms of neurodegenerative diseases are autosomal
dominant; however, so far, only six genes have been
identified for autosomal dominant forms of familial
Parkinson’s disease.”*

Although the exact mechanisms of dopaminergic cell
death are still unclear, discovery of causative genes for
Parkinson’s disease has enabled several processes to be
proposed, such as impairments in protein degradation,
oxidative stress, and mitochondrial dysfunction.* We
aimed to identify a novel causative gene for familial
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See Online for appendix

Parkinson’s disease by whole-genome and exome
sequencing with next-generation sequencing.

Methods

Study design and participants

Participants were selected from the DNA bank of the
Comprehensive Genetic Study on Parkinson’s Disease
and Related Disorders (CGSPD). The CGSPD bank in the
Department of Neurology at Juntendo University School
of Medicine (Tokyo, Japan) collects DNA and RNA of
patients with typical Parkinson’s disease, patients with
atypical parkinsonism, and control participants for use in
case-control studies, replication studies, and the discovery
of novel genetic factors for Parkinson’s disease. The
CGSPD DNA bank stores samples from over 3500 patients
with Parkinson’s disease and about 800 controls.

We selected patient and control samples according to
the following criteria: participants who had a completed
clinical data sheet, participants with no known patho-
genic mutations for Parkinson’s disease, and participants
with no parental consanguinity. Patients who seemed to
have an autosomal recessive mode of inheritance were
excluded, as were those with a family member with
Parkinson’s disease but an unknown mode of
inheritance. We classified patients who had affected
family members in at least two consecutive generations
(including the index patient) as having autosomal
dominant Parkinson’s disease and the remaining
patients as having sporadic Parkinson’s disease. All
patients were diagnosed by neurologists according to the
Parkinson’s UK Brain Bank clinical diagnostic criteria.®
Controls, who were hospital staff and volunteers
recruited during annual medical check-ups for metabolic
syndrome, were confirmed by study neurologists (RS,
YK, and SK) to be free of neurological disease. All
participants were classed as Japanese according to
self-reported racial and ethnic data.

The study was approved by the ethics committee of
Juntendo University School of Medicine and all
participants gave written informed consent for inclusion
in CGSPD, of which this study is a part.

Procedures

For one index patient in our DNA bank, DNA were
available for patients with Parkinson’s disease and
unaffected family members in three generations (family A).
Thus, we did linkage analysis and next-generation
sequencing to identify a candidate gene in this family. We
collected DNA samples from all members of family A who
consented to genetic testing (eight affected and five
unaffected individuals from family A; figure 1A) and
confirmed that they did not have known Parkinson’s
disease causative gene mutations (appendix). All
participants in family A were genotyped using a Genome-
Wide human SNP Array 6.0 (Affymetrix, Santa Clara, CA,
USA), and we did multipoint parametric linkage analyses
with single nucleotide polymorphism (SNP) high

throughput linkage analysis system (SNPHitLink)’ and
Merlin software® We selected three patients (A-III-1,
A-III-6, and A-II1-17) with maximum genetic distance for
exome sequencing and one patient (A-1I-18) for whole-
genome sequencing to complement the regions of
difficulty captured by exome sequencing. We did whole-
genome sequencing by 100 bp paired-end sequencing on
HiSeq2000 (Hlumina, San Diego, CA, USA). Sample
preparation for exome sequencing was done using the
SureSelect Human All Exon Kit (Agilent Technologies,
Santa Clara, CA, USA), and samples were subjected to
75 bp paired-end sequencing on a GenomeAnalyzer IIx
(Ilumina). We did read alignment to the reference human
genome (UCSC hgl9) with Burrows-Wheeler Aligner
version 0.5.9.° Single nucleotide variants (SNVs) and indels
were detected in each participant by use of SAMtools
version 0.1.16.° The variants identified by next-generation
sequencing were filtered according to the following
criteria: location in regions with positive log of odds greater
than 1 (appendix); absence from dbSNP132; location in
exons or splice sites; being carried in the heterozygous
state; prediction to be non-synonymous or cause aberrant
splicing; confirmation by Sanger sequencing; and not
noted in our unaffected Japanese controls.

We analysed genomic sequences from index cases with
autosomal dominant Parkinson’s disease, patients with
sporadic Parkinson’s disease, and control participants by
Sanger sequencing with the Applied Biosystems 3130 and
3730 Genetic Analyzer (Life Technologies, Carlsbad, CA,
USA) to validate the candidate genes. Primers for Sanger
sequencing were designed using ExonPrimer (appendix).
The sample size needed for validation was decided on the
basis of a previous genetic study that identified a causal
gene for neurodegenerative disease and that included
212 controls and data from public databases for the
validation of novel variants." We used 1000 Genomes
(1089 individuals), dbSNP138, the Human Genetic
Variation Database (1208 individuals), and the National
Heart, Lung, and Blood Institute (NHLBI) Exome
Sequencing Project (ESP) database (6503 individuals) as
public databases for the validation.

For cell culture and transfection, cells were seeded onto
tissue culture plates for 5 days (SK-N-SH and SH-SY5Y
cells) or 24 h (HeLa cells) before transfection. SH-SY5Y
cells were used for splicing assays, SK-N-SH cells were
used for localisation assays, and HeLa cells were used for
splicing, localisation, and immunoelectron micro-
scopy analyses. Cultured cells were transfected using
Lipofectamine 2000 reagent (Life Technologies),
according to the manufacturer’s recommendations.

For splicing analysis, we cloned wild-type and mutant
genomic CHCHD2DNA fragments (182C>T, 300+5G>A,
and 434G>A) into pCR-Blunt II-TOPO vector (Life
Technologies) and then transferred them to Kpnl-Xhol
sites in pcDNA3.1/myc-His-A (Life Technologies),
generating pcDNA3.1-CHCHD2 (wild-type, 182C>T,
300+5G>A, and 434G>A). CHCHD?2 exon 2 (wild-type
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and 300+5G>A) with flanking intronic sequence
(52 nucleotides upstream and 14 nucleotides down-
stream) was subcloned into pSPL3,” generating pSPL3-
CHCHD2 (to analyse abberant exon 2 splicing of
300+5G>A). Total RNA was extracted 24 h after
transfection using TRI Reagent (Life Technologies)
followed by RQ1 DNase (Promega, Madison, WI, USA)
treatment. cDNA was synthesised with random primers

Technologies) or ReverTra Ace (TOYOBO, Osaka, Japan).
Two primer pairs were used for amplification to detect
mutation-induced exon skipping of the transfected
pcDNA splicing minigene (appendix). a-32P-uridine
triphosphate-labelled RNA was synthesised in the
5’ splice site of CHCHD2 exon 2 using the Riboprobe
in-vitro transcription system (Promega) with a PCR-
amplified fragment, according to the manufacturer’s

using Superscript II reverse transcriptase (Life instructions. We did an RNA-electrophoretic mobility
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e
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1] 1] é * 6
M
v 3 4
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Family A-11-12 Family B-1I-6 7p11.2 (4-9 kb)
G CAAY CA CT T G C C R A CT T 1 50 51 300 301 445 446 456

182C>T 300+5G>A 434G>A

1 30 107 147 151
MTS [ cicn ]
Family C-11I-6 Family D-1I-1 Th’Gi”e Arg145Gin

G C AAY CA CT G T GG R A A T T

Homo sapiens MAQMATTAAGY—===—— VLKQCRLANGL
Pan troglodytes MAQMATTAAGV-——--~— VLKQCRLANGL
v v Mus musculus MAQMATTAAGY—————— VLRQCRIANGL
Rattus norvegicus MAQMATTAAGV-----~ VLRQCRIANGL
Gallus gallus MAQMATTAAGY - ———==———————————
Danio rerio FAQMASTAAGV-=——-- VLKQCRFSNGL
Drosophila melanogaster FQQMAATAGGV-===~~ ALRQCKQSHHL
Caenorhabditis elegans MKQMAATAGGY—====— IFKQCKARYA-

Figure 1: CHCHD2 mutations in four Japanese families with autosomal dominant Parkinson’s disease

(A) Pedigrees of families with CHCHD2 mutations. M=heterozygous CHCHD2 mutation. W=wild-type. Blue symbols represent affected individuals. Red symbols represent
unaffected individuals. Numbers within red symbols represent number of unaffected offspring. The quarter-filled symbol represents an individual with essential tremor.
Squares represent men. Circles represent women. Diamonds represent sex masked to protect privacy of unaffected individuals. Lines through symbols represent
deceased individuals. *Participants analysed by next-generation sequencing. (B) Sequence electropherograms of identified CHCHD2 mutations. Arrows=mutated bases.
(C) Schematic representation of the CHCHD2 locus and CHCHD2 structure. Genomic locations of identified CHCHD2 mutations are shown in the upper part of the panel.
Boxes on the line represent exons. Aminoacid locations of mutations and sequence alignment with various species are shown in the lower part. NCBI RefSeq accession
numbers are as follows: Homo sapiens, NP_057223.1; Pan troglodytes, XP_003318501.1; Mus musculus, NP_077128.2; Rattus norvegicus, NP_001015019.1; Gallus gallus,
NP_001006218.1; Danio rerio, NP_957061.1; Drosophila melanogaster, NP_573196.1; and Caenorhabditis elegans, NP_497826.1. CHCH=coiled-coil-helix-coiled-coil-helix
domain. MTS=mitochondrial targeting sequence.
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shift assay as described by Ohe and colleagues.” The
appendix provides probe information, details of
antibodies used, and supplemental methods.

Statistical analysis

SNPs with a Hardy-Weinberg equilibrium p value
greater than 0-05, a minimum call rate of 1in controls, a
maximum confidence greater than 0-02, a minimum
interval of 100 kb, and a minimum minor allele frequency
of 0-2 were selected using SNPHitLink. We did
parametric multipoint linkage analysis using Merlin
software, with a disease frequency of 0-0001. The
phenotypes of unaffected siblings and children of
patients were described as 0 (missing phenotypes). We
did case-control studies using the genotype data of ten
variants that were detected in sporadic Parkinson’s
disease or controls, or both. We used the Fisher’s exact
test to calculate the significance of allele frequencies
between patients with sporadic Parkinson’s disease and
unaffected controls. We calculated odds ratios (ORs) and
95% Cls of minor alleles found in this study using JMP 8
(SAS Institute, Drive Cary, NC, USA). In association
analyses, we used the Bonferroni correction to adjust for
multiple testing (ten tests), after which p values of 0-005
or lower were regarded as statistically significant, as
detailed in a previous study.*

Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or

Numberof Ageatonset Ageatsampling Women:men

participants (years) (years) ratio

Autosomal dominant Parkinson’s disease 340 5142 57:99 127
(13-81,8-83) (13-29,17-85)

Sporadic Parkinson’s disease 517 48-94 5738 106
(1511,5-88)  (14-53,12-92)

Controls 559 NA 5874 157

(11-72,28-89)

Data are mean (SD, range) unless otherwise specified. 340 patients were from different, independent, families, whereas
family A included eight affected and five unaffected individuals; thus, family A is not included here. NA=not applicable.

Table 1: Characteristics of participants for additional mutation screening

Number of variants

Total variants 2312760
In the linkage region 200075
Not in db132 38969
In exon or splice site 1018
Heterozygous 304
Predicted to be damaging* 10
Validated by Sanger sequencing 1
Not in 559 controls 1

*Predicted to be non-synonymous or cause aberrant splicing.

Table 2: Variant filtering

writing of the report. MF and NH had full access to all
the data in the study and had final responsibility for the
decision to submit for publication. The other authors had
access to all data except for the sequence data acquired
from next-generation sequencing, to protect the privacy
of personal data.

Results

The mean age at onset of the participating patients in
family A (eight patients) was 55-5 years (SD 4-8; range
48-61). For validation and case-control analysis, we
obtained DNA samples from 340 additional index
patients with autosomal dominant Parkinson’s disease,
517 patients with sporadic Parkinson’s disease, and
559 controls (16 hospital staff and 543 volunteers
recruited during medical check-ups; table 1).

Using next-generation sequencing, we detected a
cumulative total of over 2-3 million variants in the four
patients who were assessed (table 2; appendix). Our
filtering criteria were satisfied by only one variant
(table 2; appendix). The heterozygous 182C>T (Thr61lIle)
mutation in coiled-coil-helix—coiled-coil-helix domain
containing 2 (CHCHD2;, RefSeq accession number
NM_016139.2) cosegregated with Parkinson’s disease in
family A as assessed by Sanger sequencing of eight
affected and five unaffected individuals (figure 1A and B).
CHCHD2is located on chromosome 7p11.2 and contains
four exons that encode 151 aminoacids with a predicted
N-terminal mitochondrial targeting sequence (figure 1C).
To validate the results of the initial genome-wide linkage
analysis of family A (appendix), we did parametric
multipoint linkage analysis using six microsatellites
mapped to the 5" and 3'flanking regions of CHCHD2.
Parametric multipoint linkage analysis by Merlin yielded
a maximum log of odds score of 3-009 at D7S506
(appendix). Additionally, we did two-point linkage
analysis using the 182C>T mutation as a genetic marker
with a frequency of 0-0018 (1 in 560; 559 controls were
sequenced in this study). As a result, the maximum log
of odds score was 3-004.

To confirm whether CHCHD2 is associated with
autosomal dominant Parkinson’s disease, we screened
340 index cases with autosomal dominant Parkinson’s
disease by Sanger sequencing and detected three
additional patients with CHCHD2variants (families B-D;
figure 1A and B). None of the three variants were noted
in the 559 unaffected Japanese controls (table 3). None of
the three variants detected in this study were found in
1000 Genomes, the Human Genetic Variation Database
(table 3), the NHLBI ESP, or dbSNP138 (data not shown).
Although the Thr61lIle variant was identified in patients
from families A and C, independent founders were
estimated by haplotype analysis (appendix). Altogether,
we identified two missense mutations (182C>T, Thr61lIle,
and 434G>A, Argl45Gln) and one splice-site mutation
(300+5G>A) from four independent families with
autosomal dominant Parkinson’s disease.
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Variant rs number Alternative minor allele frequency Sporadic PD vs controls
cDNA Aminoacid Autosomal Sporadic  Controls 1000 HGVD*  OR(95% Cl)* p valuet
dominant  PD (n=559) Genomes
PD (n=340) (n=517)
chr7:56174117  -11G>A 5'UTR 15200226056  0-000 0-000 0-00099 0-0014 ND
chr7:56174115  -9T>G 5'UTR rs10043 0-041 0-048 0-020 013 0-044 2.51(1-48-4-24) 0-0004
chr7:56174102  5C>T Pro2Leu 15142444896  0-035 0-018 0-004 0-008 0-013 4-69 (1-59-13-83)  0-0025
chr7:56172172  51-4A>G Splicesite  Unknown 0.000 0-00097 0-005 ND 0-004 0-19 (0-02-1-66) 0-1189
chr7:56172171  51-3C>T  Splicesite  rs201791644  0-002 0-00097 0-000 0-00046 0-003
chr7:56172037  182C>T Thr61lle Novel 0-006 0-000 0-000 ND ND
chr7:56171964  255T>A Ser85Arg 15182992574  0-002 0-000 0-000 0-00092 0-002
chr7:56171914  300+5G>A Splicesite  Novel 0-002 0-000 0-000 ND ND
chr7:56170571  434G>A Arg145GIn  Novel 0-002 0-000 0-000 ND ND -
chr7:56169419  *125G>A 3'UTR 158406 0-041 0-048 0-027 0-13 ND 1-85(1-16-2-94) 0-0112
~=not calculated because the genotypes of all of the patients with sporadic PD or controls were the major allele. HGVD=Human Genetic Variation Database.”* ND=no data
were found in database. OR=o0dds ratio. PD=Parkinson’s disease. UTR=untranslated region. *Calculated for the minor allele. tFisher’s exact test. $Did not cosegregate in an
autosomal dominant PD family.
Table 3: Alternative minor allele frequencies of identified CHCHD2 variants

Thr61 and Argl45 are conserved residues among
vertebrates (figure 1C), suggesting these sites may be of
functional importance. The substitutions Thr61lle and
Argl45GIn are predicted to be pathogenic or disease
causing by Polyphen2,* MutationTaster,” and SIFT.*
Furthermore, we analysed the 300+5G>A mutation using
Human Splicing Finder (version 2.4.1)® to predict
whether it affects CHCHD?2 splicing. The 300+5G>A
mutation at the 5' splice site decreased the Human
Splicing Finder score from 88-2 to 76-0, and the MaxEnt
score from 6-71 to 1-62. The SD-score® similarly
predicted that 300+5G>A causes aberrant splicing and is
likely to be a splicing mutation.

To assess whether any of the mutations affect splicing
in the human SH-SY5Y neuroblastoma cell line, we
cloned wild-type and mutant fulllength (4921 bp)
genomic DNA fragments into the pcDNA3.1 mammalian
expression vector. As shown in figure 2A, exon 2 splicing
was not affected by pcDNA-CHCHD2 wild-type, 182C>T,
or 434G>A, but the 300+5G>A mutation caused exon 2
skipping. None of the clones affected exon 3 splicing
(appendix).

We further analysed the 300+5G>A mutation in Hela
cells by inserting CHCHD?2 exon 2 and flanking introns
between the two proprietary constitutive exons of a
modified exon-trapping vector, pSPL3. In this
heterologous context, the 300+5G>A mutation caused
CHCHD2 exon 2 exclusion (figure 2B). The exon
2-excluded mRNA generated a premature termination
codon 24 nucleotides upstream of the last exon junction,
and thus should be resistant to non-sense-mediated
mRNA decay. The band with intermediate mobility
between the exon-containing and exon-skipped bands
was sequenced and shown to result from activation of an
upstream cryptic-5' splice site at position 161in CHCHD2
exon 2. This mRNA was predicted to be subject to

non-sense-mediated mRNA decay due to a premature
termination codon generated 98 nucleotides upstream of
the last exon junction. We tested Ul small nuclear
ribonucleoprotein (snRNP) binding to wild-type and
300+5G>A mutant 5 splice sites with RNA
electrophoresis mobility shift assays. We noted decreased
Ul snRNP-binding in Hela nuclear extracts for
300+5G>A compared with wild-type 5" splice site RNA
(figure 2C, lanes 4 and 8). We verified the mobility of the
complex using purified Ul snRNP.® Database searches
for a truncating mutation in CHCHD?2 detected a non-
sense SNV, Tyr99Stop, in 1000 Genomes and dbSNP138
databases, with an allelic frequency of one in 2178. No
other protein-truncating mutations were registered in
the Human Genetic Variation Database or the NHLBI
ESP database. This is a rare non-sense SNV and we are
unable to say whether it is related to pathogenicity in
Parkinson’s disease or other diseases.

To investigate whether CHCHD2 might be a
susceptibility gene for sporadic Parkinson’s disease, we
sequenced all CHCHD2 exons, including splice junctions,
in 517 patients with sporadic Parkinson’s disease and
559 controls. Two SNVs had significantly different
frequencies (-9T>G, OR 2-51, 95% CI 1-48—4.24,
p=0-0004; and 5C>T, 4-69, 1-59-13 - 83, p=0-0025; table 3).
The frequencies of several variants in the control
participants were slightly different to those in public
databases (table 3). To confirm the link between CHCHD2
variants and risk of sporadic Parkinson’s disease, we
examined a previously reported genome-wide association
study on sporadic Parkinson’s disease in Japanese people.”
Although one SNP (rs816411) was found on the intron of
CHCHD2, there was no significant difference in its
frequency between patients and control participants in
this genome-wide association study (OR 1-17, 95% CI
0-96-1-19, p=0-22, Cochran-Armitage trend test).”
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For the UniProt database see
http://www.uniprot.org

CHCHD2 has a predicted N-terminal mitochondrial
targeting sequence according to the UniProt database;
therefore, we investigated whether CHCHD?2 is located
in mitochondria. Western blot analysis of subcellular
fractions revealed that endogenous CHCHD?2 is present
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Figure 2: Splicing assay of CHCHD2 300+5G>A

(A) pcDNA-CHCHD2- 300+5G>A induced exon 2 skipping in SH-SY5Y cells,
whereas 434G>A, 182C>T, or wild-type did not. *A faint band with intermediate
mobility was present between exon 2-containing and exon 2-excluded bands.

(B) pSPL3-CHCHD2-exon 2- 300+5G>A generated an exon 2-skipped transcript
and a transcript with partial exon 2-inclusion via activation of an upstream cryptic
5’ splice site (arrow above exon 2). The arrows next to exons 1and 3 show the
position of primers used in the analyses. Triangles above the gene schematic
denote normal splicing between exons 1 and 2, and 2 and 3, which results ina
transcript with all three exons shown as a transcript bar below; the two triangles
immediately below the line refer to the middle transcript bar with partial exon 2,
and the lowest triangle refers to the lowest transcript bar with completely skipped
exon 2. Numbers on the right side of the electrophoresis bands show their size.
(C) Binding of CHCHD2 exon 2-wild-type and 300+5G>A-mutant 5" splice sites to
U1 snRNP was measured using increasing amounts of HeLa nuclear extracts (3 pg,
6 pg, and 12 pg). Binding of the 5’ splice site probe to U1 snRNP was compromised
with Hela nuclear extracts. CMVp=cytomegalovirus promoter. M=100 bp DNA
marker. snRNP=small nuclear ribonucleoprotein. tBandshift of incomplete
U1snRNP complexes.

in mitochondria (appendix). Furthermore, findings from
confocal microscopy studies showed that exogenously
expressed CHCHD?2 localises to mitochondria, whereas
CHCHD?2 that has had the mitochondrial targeting
sequence deleted does not (appendix). Immunoelectron
microscopy and trypsin digestion assays showed that
CHCHD?2 is mainly localised in the intermembrane
space (appendix). No localisation differences were noted
between wild-type and missense mutants (appendix).

Table 4 summarises the clinical features of the patients
with CHCHD2 mutations. The mean age at onset of
Parkinson’s disease was 56-2 years (SD 8-1, range 40-67).
Although a patient from family C (C-III-3; figure 1), who
was examined and from whom DNA was collected after
additional mutation screening with 340 index cases,
mainly showed only upper limb tremorlike essential
tremor, other patients presented with typical parkinsonian
features, including bradykinesia, rigidity, and gait
disturbance, with symptoms responsive to levodopa that
are consistent with the UK Brain Bank Parkinson’s disease
criteria.® Additionally, we detected three asymptomatic
carriers with heterozygous 182C>T (Thr61lle) mutations
(A-III-18, A-IV-5, and A-1V-8). Their ages at sampling were
55 years, 56 years, and 35 years, respectively.

Discussion

In this study, we show that the heterozygous 182C>T
(Thr61lle) mutation in CHCHD2 cosegregated with
Parkinson’s disease in a Japanese family with autosomal
dominant Parkinson’s disease. We identified three
CHCHD2variants, none of which was present in controls,
and our findings suggest that CHCHD?2 is a novel gene
for autosomal dominant Parkinson’s disease (panel).

CHCHD?2 belongs to the CHCHD protein family,
which are small proteins (about <18 kDa) containing
twin cysteine-x9-cysteine motifs. CHCHD proteins
localise to the mitochondrial intermembrane space via
the Mia40 and Ervl disulphide relay system.* Proteins
with the cysteine-x9-cysteine motif are involved in
biogenesis and regulation of enzymes in the mito-
chondrial respiratory chain, from yeast to mammals.*
In particular, CHCHD?2 seems to be closely linked to
cytochrome ¢ oxidase (COX), because COX2 protein
concentrations and COX activity are affected by
CHCHD2 knock down.?* Moreover, CHCHD?2 acts as
an antiapoptotic factor in cancer cells.® Although
further functional studies are needed to investigate
how mutant CHCHD2 plays a part in Parkinson’s
disease in mitochondria, the combination of previously
reported CHCHD2 functions and our findings
suggest that mitochondrial respiration is the link to
Parkinson’s disease.

We identified CHCHD2 mutations not only in patients
with Parkinson’s disease, but also in a patient with
essential tremor from the same family. Although we do
not have any dopamine transporter scan data to check for
any evidence of a dopaminergic deficit, an association
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Depression - - -

Smell disturbance - - _

ND=not done. W=woman. -=not present. +=present.

A-lI-9 A-1I-12 A-11-18 A-lll-1 A-l-6  A-lI-10  A-lI-13 A-ll-17  B-lI-6 -3 C-1I-6 D-lI-1
Sex M W W M W W W ) W M M W
Age at onset (years) 60 61 55 57 59 49 55 48 67 10 40 67
Age at examination (years) 83 81 69 67 63 50 57 58 72 50 43 68
Disease duration (years) 23 20 14 10 4 1 2 10 5 40 3 1
Initial symptoms Resting  Bradykinesia Bradykinesia Bradykinesia Resting Resting  Bradykinesia Resting  Resting  Fine Resting  Gait
tremor tremor  tremor tremor  tremor  tremor  tremor  disturbance
Hoehn and Yahr stage (on/off) 5/5 4/ND ND/ND 3/ND 3/3 2/ND 2/ND 3/ND 3/4 ND/ND 2/ND ND/3
Resting tremor + + + + + + - + + + (fine + -
tremor)

Bradykinesia + + + + + + + + - - + +
Rigidity + + + + + + + + - - + +
Postural instability - - + + + - + + - - - +
Asymmetry at onset + - + + + + + - + - + +
Clinical response to levodopa + ND + + + ND + + + ND + ND
Wearing off - ND + - + ND - + - ND - ND
On/off phenomenon - ND - - - ND - - + ND - ND
Levodopa-induced dyskinesia - ND + - + ND - - - ND - ND
Hyper-reflexia - - - - + + - - + - - +
Orthostatic hypotension - - - - + - + - - - - -
Constipation - + + + + - + - - - - +

All patients also had gait disturbance. No patients had urinary urgency, hallucinations, delusion, dementia, mental retardation, rapid eye movement sleep behaviour disorder, or restless legs syndrome. M=man.

Table 4: Clinical characteristics of patients with CHCHD2 mutations

between essential tremor and Parkinson’s disease has
been suggested by many clinical, epidemiological, neuro-
imaging, and genetic studies. Additionally, a large
family from Arkansas, USA, with Parkinson’s disease,
essential tremor, and restless legs syndrome has been
reported.” CHCHD2 mutations might be identified in
this family, but to our knowledge the family has not been
tested for CHCHD2 mutations. We could not make any
conclusions regarding the relation between essential
tremor and CHCHD2 mutations because only one
patient with essential tremor and a CHCHD2 mutation
was detected in this study. Further studies are needed to
identify whether CHCHD2 1is involved in both
Parkinson’s disease and essential tremor, or whether
essential tremor happens to coincide with Parkinson’s
disease in the same family because of reduced
penetrance. Recent studies have reported that CHCHD2
expression is increased in neural stem cell lines derived
from a patient with Huntington’s disease (MIM 143100)
and in HEK-293 cells under hypoxic conditions (4%
oxygen).””” Based on these observations, CHCHD2
might be involved in various neurodegenerative diseases
and cerebral infarction (MIM 601367).

Causative genes for mendelian forms of Parkinson’s
disease play an important part in mitochondrial clearance,
and the clearance of damaged mitochondria is a key
mechanism in the pathogenesis of Parkinson’s disease
and needs to be better understood. PARK2 (MIM 602544)

and PINKI (MIM 608309) are well known causative genes
for early-onset autosomal recessive Parkinson’s disease.
Findings from functional studies have revealed that
Parkin E3 ubiquitin ligase is fully activated by PINKI-
dependent phosphorylation of both Parkin and ubiquitin
on damaged mitochondria in the first phase of PINK1/
parkin-mediated mitophagy.*** MIX17 (YMRO02W), the
yeast homolog of CHCHD?2, is regulated by the ubiquitin-
proteasome system.” Although there has been no
evidence of a relation between CHCHD?2 and mitophagy,
whether CHCHD?2 is involved in PINK1/parkin-mediated
mitophagy should be investigated.

Although the Thr6llle mutation of CHCHD2 was
confirmed in independent probands and cosegregates
with Parkinson’s disease, the Argl45GIn and splicing
(300+5G>A) mutations were found in only one patient in
a small family with autosomal dominant Parkinson’s
disease. Whether or not these two mutations are linked
to Parkinson’s disease remains unclear. We would have
liked to confirm these findings by undertaking mutation
screening of patients and unaffected members of
families B and D, but unfortunately the patients in this
study declined access to other family members.
Furthermore, we could not collect RNA samples from
patients with 300+5G>A mutations, which produced the
splicing abnormality in SH-SY5Y cells.

Our findings differ from those from a previously
reported genome-wide association study.” We are
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Panel: Research in context

Systematic review

We searched PubMed, in English, until Dec 11, 2014, for known genes for autosomal
dominant Parkinson’s disease using the terms “SNCA”, “LRRK2", “VPS35", “EIF4G1”",
“DCTN1” and “DNAJC13". We also searched PubMed for studies published in English using
the search terms “CHCHD2", “CHCHD", “Gene AND Parkinson’s disease”, “import AND
assembly of IMS”, and “Mic17” until Dec 11, 2014.

Interpretation

We show that (1) all affected individuals in family A who had genetic tests harboured a
mutation in CHCHD2; (2) the log of odds score was greater than 3; (3) the detected
mutations were not found in our control cohort or public variant databases; (4) different
mutations in the same gene were found among four families with the same disease; and
(5) all detected mutations were predicted to be pathogenic by a mutations algorithm.
Although this is strong evidence that CHCHD2 mutations are associated with Parkinson’s
disease, only one mutation (182C>T, Thr61lle) was confirmed to cosegregate with
autosomal dominant Parkinson’s disease in this study. CHCHD2 has been implicated in
mitochondrial respiration and is involved in cytochrome C oxidase activity,>* but no
previous reports had shown that CHCHD2 mutations are associated with disease.

unsure whether our case-control study detected false
positive results because of the small sample size or
whether the genome-wide association study could not
detect positive variants for Parkinson’s disease risk
because of the low allele frequencies of SNVs mapped
on the CHCHD2 region.
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Lysosome-associated membrane protein-2 (LAMP-2) is the gene responsible for Danon disease,
which is characterized by cardiomyopathy, autophagic vacuotar myopathy, and variable mental
retardation. To elucidate the function of LAMP-2 in the central nervous system, we investigated the
neuropathological changes in Lamp-2—deficient mice. Immunohistochemical observations revealed
that Lamp-1 and cathepsin D—positive lysosomal structures increased in the large neurons of the
mouse brain. Ubiquitin-immunoreactive aggregates and conci valin A—positive materials were
detected in these neurons. By means of ultrastructural studies, we found various-shaped accumu-
lations, including lipofuscin, glycolipid-like materials, and membranous structures, in the neurons
and glial cells of Lamp-2—deficient brains. In deficient mice, glycogen granules accumulated in
hepatocyte lysosomes but were not observed in neurons. These pathological features indicate
lysosomal storage disease; however, the findings are unlikely a consequence of deficiency of a single
lysosomal enzyme. Although previous study results have shc a large amount of autophagic
vacuoles in parenchymal cells of the visceral organs, these findings were rarely detected in the brain
tissue except for some axons in the substantia nigra, in which abundant activated microglial cells
with increased lipid peroxidation were observed. Thus, LAMP-2 in the central nervous system has a
possible role in the degradation of the various macromolecules in lysosomes and an additional
function concerning protection from oxidative stress. esneciallv in the suhstantia nigra.
(Am J Pathol 2015, 185: 1713—1723,

X-linked vacuolar cardiomyopathy and myopathy (Danon
disease) are caused by the primary deficier~v of lysosome-
associated membrane protein-2 (LAMP-2. Danon disease
was first described as lysosomal glycogen storage disease
with normal acid maltase because the cases closely resem-
bled features of the infantile form of acid maltase deficiency
(Pompe disease; glycogen storage disease type 1I), =v<ept
that acid maltase activity was normal in the muscle The
muscle malfunction of Danon disease has been well inves-
tigated with biopsied specimens characterized by »»*ophagic
vacuolar myopathy with sarcolemmal feature: Despite
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the presence of cognitive impairment in these patients,
the neuropathological findings have not been investigated.
Recently, we reported an autopsy case of genetically confirmed
Danon disease and found distinct neuropathological changes<
including features of lysosomal accumulation and senescencs

although the role of LAMP-2 in the central nervous system
(CNS) is still under investigation.

The lysosomal membrane glycoproteins, LAMP-1 and
LAMP-2, are type 1 membrane proteins that consist of a
short cytoplasmic tail, one transme™hrane domain, and a
heavily glycosylated luminal domair  Juman LAMP-1 and
LAMP-2 share 36.7% seque~~= identity and many structural
and biochemical similaritiec The human LAMP2 gene haec
three splice variants: LAMP-2A, LAMP-2B, and LAMP-2(
LAMP-2A serves ~=s a receptor for chaperone-mediated
autophagy (CMA = and CMA malfunction may be related
to aging and lysosomal storage diseases, as well as neuro-
degenerative disorders such as Parkine~ disease, Alzheimer
disease, and polyglutamine disorder.. Fujiwara et ¢
discovered a novel function of LAMP-2C that mediates
selective autophagy for nucleic acids. Despite the advance-
ment of this field, results from relatively few studies confirm
these functions of LAMP-2 in vivo.

Here, we examined the CNS of Lamp-2—deficient mire
All genes for Lamp?2 subtypes of the mice were deleted
The neuropathological featur=< were consistent with those
of human Danon disease  suggesting that Lamp-
2—deficient mice are an appropriate in vivo model for human
Danon disease and are, therefore, available to elucidate the
mechanism and therapeutic intervention of the disease.
Characteristic features, ie, accumulation of glycogen in ly-
sosomes and enhancement of macroautophagy, are not
noted in the brain. Different responses between neural cells
of the CNS and parenchymal cells of visceral organs are
discussed.

Materials and Methods
Experimental Animals

Littermates of male Lamp2-deficient mice and wild-type mice
were used in this experiment. All of the animals were
offspring from pairs of wild-type C57BL/6J male mice and
hemizygote Lamp2™'~ female mice hecause the Lamp2 gene
is located at X chromosome Xc Lamp-2—deficient mice
were provided by Dr. Paul Safti; | were backcrossed with
C57BL/6J mice >20 generations in our laboratory. The mice
were maintained at Juntendo University and at the National
Institute of Neuroscience, National Center of Neurology and
Psychiatry (Tokyo, Japan). The experiments were approved
by the institute’s Animal Investigation Committee.

Antibodies

The following primary antibodies were used for Western
blot analysis and immunohistochemical analysis: Lamp-2
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(M3/84, rat monoclonal, 1:100, Abcam, Cambridge, UK),
Lamp-1 (1D4B, rat monoclonal, 1:1000, Stressgen Bio-
reagents, Victoria, BC, Canada), cathepsin D (rabbit poly-
clonal, 1:1000, Dr. Yasuo Uchiyama), light chain 3 (LC3)
(rabbit polyclonal, 1:1000, Abcam), a-synuclein (rabbit poly-
clonal, 1:1000 for Western blot analysis, 1:500 for immuno-
histochemical analysis, EMD Millipore, Billerica, MA), B-actin
(mouse monoclonal, 1:10,000, Sigma-Aldrich, St. Louis, MO),
ubiquitin (rabbit polyclonal, 1:200, Dako, Glostrup, Denmark),
glial fibrillary acidic protein (rabbit polyclonal, 1:1000,
Neomarkers, Fremont, CA), Mac-2 (rat monoclonal, 1:500,
Cedarlane, Burlington, ON, Canada), GM130 (mouse
monoclonal, 1:100, BD, Franklin Lakes, NJ), Rab7 (rabbit
polyclonal, 1:100, Santa Cruz Biotechnology, Dallas, TX),
microtubule-associated protein 2 (HM2, mouse mono-
clonal, 1:500, Sigma-Aldrich), ionized calcium-binding
adapter molecule 1 (rabbit polyclonal, 1:200, Wako Pure
Chemical Industries, Osaka, Japan), 2',3'-cyclic-nucleotide 3'-
phosphodiesterase (mouse monoclonal, 1:200, Covance,
Princeton, NJ), SMI31 (mouse monoclonal, 1:1000, Covance),
synaptophysin (mouse monoclonal, EMD Millipore), and 4
hydroxynonenal (mouse monoclonal, 1:200, Nikken Seil, Shi-
zuoka, Japan).

Western Blot Analysis

Mice of both genotypes at the age of 12 weeks were
deeply anesthetized with diethyl ether and decapitated,
and then each tissue was dissected and lysed in radio-
immunoprecipitation assay buffer [50 mmol/L Tris-HCI,
pH 7.6; 150 mmol/L NaCl; 1% Triton X-100 (Nacalai
Tesque, Kyoto, Japan); 0.5% sodium deoxycholate; 0.1%
SDS] containing protease inhibitor cocktail (Nacalai Tes-
que) by means of a homogenizer (Polytron PT3100, Kin-
ematica, Littau-Lucerne, Switzerland). After centrifuging
at 10,500 x g for 10 minutes at 4°C, the protein concen-
tration of the supernatants was determined by means of a
microplate reader SpectraMax M2 (Molecular Devices
Japan, Tokyo, Japan) by using bovine serum albumin
as a standard. Proteins were separated on 10% or 15%
SDS-polyacrylamide gels, transferred to polyvinylidene
difluoride membranes (EM Millipore), and incubated
with 5% skim milk in phosphate-buffered saline (PBS)
with Tween 20 [135 mmol/L PBS containing 0.05% Tween
20 (Nacalai Tesque)] for 1 hour at room temperature. The
membranes were incubated overnight with each primary
antibody, washed in PBS with Tween 20, and further
incubated with anti-mouse or rabbit IgG horseradish
peroxidase conjugate (1:1000, Dako). After washing in
PBS with Tween 20, the membranes were developed with
chemiluminescent horseradish peroxidase substrate
(Immobilon Western, EMD illipore) and analyzed using
the LAS-4000 luminescent image analyzer (Fujifilm,
Tokyo, Japan). B-Actin was used as a loading control.
Statistical analyses (n = 3) were performed using a Stu-
dent’s r-test in Excel (Microsoft, Redmond, WA).
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Immunohistochemical Analysis

For immunohistochemical studies, male mice of both ge-
notypes at 12 and 32 weeks of age (total 12 mice) were
deeply anesthetized with diethy! ether and perfused with 4%
paraformaldehyde. The brain, heart, and liver were removed
and postfixed overnight and then embedded in paraffin and
sectioned. Sections (5 pm thick) were deparaffinized and
treated with 1% hydrogen peroxide for 30 minutes, auto-
claved at 105°C for 10 minutes, and then incubated with 5%
normal serum in PBS (pH 7.4) for 1 hour at room temper-
ature followed by incubation overnight at 4°C with each
primary antibody. The sections were washed in PBS then
incubated with biotinylated secondary antibodies diluted
1:500 in PBS containing 5% normal serum. The sections were
treated with the VECTASTAIN Elite ABC kit (Vector Lab-
oratories, Burlingame, CA) according to the manufacturer’s
protocol. Some sections were incubated with EnVision +
System horseradish peroxidase—labeled polymer anti-rabbit
or anti-mouse (Dako) as secondary antibodies. Sections were
developed with 0.02% 3,3'-diaminobenzidine tetrahydro-
chloride solution containing 0.003% hydrogen peroxide. After
visualization, sections were counterstained with hematoxylin.

For single or double immunofluorescent studies, sections
were incubated with primary antibodies overnight, followed
by secondary antibodies conjugated to Alexa Fluor 488 and/or
594 (1:200, Molecular Probes, Thermo Fisher Scientific,
Eugene, OR) for 1 hour, then DAPI (250 nmol/L) for 5 mi-
nutes. Confocal microscopy was performed using the Fluo-
View FV1000 confocal microscope system (Olympus, Tokyo,
Japan). The percentage of intracellular particles that were
immunoreactive for Lamp-2, Lamp-1, or Rab7 was counted in
100 particles of hippocampal large neurons for three candi-
dates from each wild-type and Lamp-2—deficient mice groups.

Fluorescein Isothiocyanate Lectin Staining for
Glycoanalysis

To identify the profiling of glycans for intracytoplasmic ag-
gregates, we stained fluorescein isothiocyanate—conjugated
lectins. Paraffin-embedded 4% paraformaldehyde-fixed sec-
tions were deparaffinized and incubated with 3% bovine
serum albumin in PBSfor 1 hour at room temperature fol-
lowed by incubation overnight at 4°C with each fluorescein
isothiocyanate—conjugated lectin for concanavalin A, suc-
cinyl concanavalin A, wheat germ agglutinin, Lens culinaris
agglutinin, Psathyrella velutina lectin, Phaseolus vulgaris
erythrolectin, Vicia villosa lectin, Galanthus nivalis lectin, or
Bauhinia purpurea lectin (Sigma-Aldrich) diluted 1:500 in
3% bovine serum albumin in PBS. The sections were
observed with a confocal laser scanning microscope (Fluo-
View FV1000, Olympus).

Electron Microscopic Analysis

Both genotypes of male mice at the age of 8 and 34 weeks
(total eight mice) were deeply anesthetized with dimethyl
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ether and perfused with 2% paraformaldehyde and 2%
glutaraldehyde in 0.1 mol/L. phosphate buffer (pH 7.4). The
brain and liver were removed, postfixed with the same fixa-
tive, and left overnight at 4°C. The specimens were trimmed
and washed with PBS, incubated in phosphate-buffered 1%
osmium tetroxide for 1 hour, dehydrated in ethanol, and
embedded in resin (Epon 812, TAAB Laboratories Equip-
ment, Berkshire, UK). Ultrathin sections were mounted on
copper grids and stained with urany] acetate and lead citrate.
The sections were observed using an H-7000 electron mi-
croscope (Hitachi, Tokyo, Japan) or Tecnai transmission
electron microscope (FEI, Hillsboro, OR).

Results

General Appearance of Lamp-2—Deficient Mice

The body weights of Lamp-2—deficient mice were signifi-
cantly reduced when comnared with those of wild-type mice
at 16 weeks of age . Lamp-2—
deficient mice are reportea '~ nave ncreased mortality be-
tween 20 and 40 days of age  [n our observation, life spans
of the mice that survived >40 days were also shortened

Localization of Lamp-2 in the CNS

Lamp-2 protein is abundant in the liver, and to a lesser
extent, in the heart and brain of wild-type mice at the age of
12 weeks \). Expression of Lamp-2 was lacking in
the Lamp-z—aencient mice A—E). Double
immunohistochemical analysis revealea that immunoreac-
tivity for Lamp-2 largely colocalized in granules with
immunoreactivity for Lamp-1 (89.3%), and some granules
immunopositive for Lamp-2 colocalized with those for a late
endosome marker, Rab7 (10.7%) F and G). In the
CNS, Lamp-2 was expressed ubiquitoustv in the neurons
(microtubule-associated protein 2) I), astro-
cytes (glial fibrillary acidic prote K—M),
microglia (ionized calciv -binding aaapter molecule 1)

N—P), and oligodendrocvtes (2',3'-cyclic-nucle-
otige #-phosphodiesterase) Q—S). showing
relatively prominent stain  1n 1arge neurons J).

Morphological and Functional Changes in Lysosomes in
Lamp-2—Deficient Mice

To study the structural and immunohistochemical changes
in lysosomes, expression of another lysosomal membrane
protein, Lamp-1 and a lysosomal aspartic proteinase, we
examined cathepsin D. Western blot analysis showed that
expression of Lamp-1 and cathepsin D was significantlv
increased in the brain of I  1p-2—deficient mice

A and B). Both Lamp-1 and cathepsin D—immunoreactuve
lysosomes were enlarged. esnecially in the large neurons of
Lamp-2—deficient mice C—H).
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The formation of puncta by fluorescent protein-tagged LC3s
(FP-LC3s) (EGFP-LC3, YFP-LC3, CFP-LC3, RFP-LC3,
mCherry-LC3 and HcRed-LC3) are used to monitor autophago-
some formation [11,12,13,14,15,16]. When autophagy is induced
in the cells expressing a FP-LC3, the I'P-LC3 is lipidated and
localized to autophagosomes. The localization of IP-LC3 to
autophagosomes was recognized as appropriate fluorescent
puncta, Therefore, an increase in the puncta of FP-LC3 reflects
an crease in autophagosomes and autolysosomes in the cells.
The inhibition of lysosomal degradation results in a further
increase in the puncta of FP-LC3, since autolysosomes in addition
to autophagosomes are significantly accumulated by the inhibition
{10]. An increase in the puncta that is promoted by the mbhibition
of lysosomal degradation is considered to be a reflection of
autophagic flux. Mutant FP-LC3AGs (EGFP-LC3AG, YFP-
LC3AG, CFP-LC3AG, and HcRed-LO3AG) lacking the carboxyl
terminal Gly that is essential for LC3 lipidation are used as
negative controls [12].

The TP-LC3s are considered to be a useful tool for the
monitoring of autophagy, but there are limitations. It is difficult to
use the fluorescent puncta of FP-LC3 to distinguish between
autophagosomes and autolysosomes. In addition, Kimura et al.
have found that EGFP-LC3 tends to lose fluorescence due to
lysosomal acidic and degradative conditions, but mRFP-LC3 does
not, indicating that the former mostly reflects only autophago-
somes. The difference between EGIFP-LC3 and mRFP-1.C3 is a
dependence on their pKa (pKa of EGIP is 5.9, and that of mRFP
is 4.5) in addition to a degradation of EGIP by the lysosomal
contents [17].

Based on these findings, a mRFP-EGFP tandem fluorescent
protein-tagged LC3 (({L.C3) was generated for the monitoring of
the autophagosomal maturation step [17]. The green and red
double-positive fluorescent puncta of tLC3 reflect autophago-
somes (non-acidic compartments). The fluorescent puncta that are
green-negative and red-positive reflect autolysosomes as acidic
compartments, since EGFP tends to decrease its fluorescence at an
acidic pH. An mCherry-EGFP-LC3 also was generated [18].
However, under acidic conditions (pH 4.0-5.0), EGFP has a weak
fluorescence and acidic lysosomes [19,20]. Therefore, because the
green fluorescent puncta of LGIFP in tfLLC3 stll partially reflects
autolysosomes in addition to autophagosomes, the pH-sensitivity
of green fluorescent protein is important in order to distinguish
autophagosomes from autolysosomes with a higher degree of
sensitivity when using tfLLC3.

To improve the problem of an LGFP-based tandem fluorescent
protein-tagged LC3, mTagRFP-mWasabi-LC3 was generated,
since the pKa of mWasabi (pKa=6.5) was higher than that of
EGIP [21,22]. mWasabi is a mutant of mTFP1, and mTIFP1 is a
pH-stable fluorescent protein [22,23]. As yet, the mechanism by
which the fluorescence of mWasabi decreases under acidic
conditions remains unknown, while the pKa of mWasabi has
been reported.

The higher pH-sensitivity of a protein tag, which emits green
fluorescence, is a critical point for monitoring the autophagosomal
maturation step using a tandem, fluorescent, protein-tagged LC3.
Therefore, we focused on a pH-sensitive green fluorescent protein,
super-ecliptic pHluorin (pKa = 7.6) (hereafter simply referred to as
pHluorin) [24]. In the present study, we compared the pH-
sensitivity of green fluorescent proteins, including EGFP, mWa-
sabi, and pHluorin, and constructed a tandem, fluorescent,
protein-tagged LC3 and its negative control mutant using the
most pH-sensitive protein.
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Results

The pH-sensitive green fluorescent protein, super-ecliptic
pHluorin, is the most sensitive to acidic pH among EGFP,
mWasabi, and pHluorin

T'o investigate which is the most sensitive to acidic pH among
EGFP, mWasabi, and pHluorin, we expressed each protein in
Huh7.5.1 cells. After fixation, cells were permeabilized by
digitonin, and the fluorescence derived from the fluorescent
proteins was investigated with buffering at pH 5.5, 6.0, and 6.5
(Fig. 1). The fluorescence of EGFP was observed at pH 5.5-6.5 in
addition to pH 7.2 (Fig. 1A--D). The fluorescence of mWasabi was
slightly weakened at pH 6.0 and 6.5, and significantly decreased at
pH 5.5 (Fig. IE-H). The decreased fluorescence of mWasabi at
pH 5.5 was detected via a three-time overexposure (Fig. 1H vs. I).
The fluorescence of pHluorin was decreased significantly at
pH 6.5, and little fluorescence was observed at pH 5.5 and 6.0
(Fig. 1L & M). A faint residual fluorescence of pHluorin was
recognized at pH 5.5 and 6.0 using a ten-fold overexposure, while
an autofluorescence of the cells was also observed under these
conditions (Fig. 10 & P). When the pH of the incubated buffer
was changed from 5.5 to 7.0, the green fluorescence of pHluorin
was recovered (Fig. IN). These results indicated that pHluorin was
the most sensitive to an acidic pH among the three green
fluorescent proteins.

pHluorin-mKate2 fusion protein showed pH-sensitive
green fluorescence and pH-resistant far-red fluorescence

Using pHluorin, we next generated a plasmid for the expression
of pHluorin-mKate2 (green and far-red) tandem fluorescent
protein in order to investigate whether the pHluorin-mKate2
fusion protein would show both pH-sensitive green fluorescence
derived from pHluorin and pH-stable far-red fluorescence derived
from mKate2. A pHluorin-mKate2 protein was expressed in
Huh7.5.1 cells. After fixation and mild permeabilization, cells were
buffered at pH 5.5-6.5, and the green and far-red fluorescence of
pHluorin-mKate?2 in the cells was monitored (Fig. 2). As expected,
both green and far-red fluorescence was observed at pH 7.2
(Fig. 2A & T). The green fluorescence of pHluorin-mKate2 was
significantly decreased at pH 6.5 and almost completely abolished
at pH 5.5, while its far-red fluorescence was easily detected even at
pH 5.5 (Fig. 2B-D vs. G-I). The green fluorescence was recovered
when cells were incubated at pH 7.2 after incubation at pH 5.5
(Fig. 2E). These results indicated that the tandem fluorescent
protein, pHluorin-mKate2, showed pH-sensitive green and pH-
resistant far-red fluorescence.

pHluorin-mKate2-tagged hLC3 is a modifier for LC3-
conjugation

We then constructed mammalian expression plasmids for
pHluorin-mKate2-tagged human LC3, which was designated
PK-hL.C3, under the control of a CAG promoter (Fig. 3A). As a
negative control, we generated mammalian expression plasmids
for PK-hLC3AG, which lacked the carboxyl terminal Gly of PK-
hI.C3 that is essential for LC3-lipidation. A FUGW plasmid is an
expression vector for a 3™ generation lentiviral expression system
[25]. A set of FUGW-based plasmids for the expression of PK-
hLC3 and PK-hLC3AG under the control of the human
polyubiquitin promoter C were also generated (Fig. 3B).

We investigated whether PK-hLLC3 can form the Atg7-LC3 (E1-
substrate) intermediate with Atg7 (Fig. 4A). When LC3-1 activates
Atg7, a transient El-substrate intermediate is formed via a
thioester bond between the carboxyl terminal Gly of LC3-1 and
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Figure 1. The pH sensitivity of the green fluorescence of EGFP, mWasabi, and super-ecliptic pHluorin. The green fluorescent proteins,
EGFP (A-D), mWasabi (E-1), and pHiuorin (J-P), were expressed in the Huh7.5.1 cells. After fixation and permeabilization of the cells, the cells were
buffered at pH 5.5 (D, H, I, M, N, P), 6.0 (C, G, L, O), 6.5 (B, F, K), and 7.2 (A, E, J). The green fluorescence of each of the proteins in the cells were
obtained with Biozero BZ-8000 using the filter set for GFP. The Images in A-H and J-N were obtained under the same conditions of the fluorescent
microscope. The image in | was exposed three times longer than that in H. The images in O and P were exposed ten times longer than those in the
respective L and M. In H, cells were incubated at pH 5.5, and the pH was changed to 7.2. Bar indicates 10 pm.
doi:10.1371/journal.pone.0110600.g001

the active site Cys”2 in human Atg7 [7,26]. The El-substrate
intermediate is unstable in the cells, since LC3-1 is transferred to
Atg3. Therefore, an active site mutant Atg7“""*® was employed to
detect the formation of the IX1-substrate intermediate. This mutant
formed a stable El-substrate intermediate viz an O-ester bond
with LC3 via Ser®’? within the mutant Atg7 " and the carboxyl
Gly within LC3 (7). The Atg7%"®-1C3 intermediate was
recognized by immunoblotting using appropriated antibodies
when wild type PR-hLC3 was expressed together with Atg7“*72®
(Fig. 4A, wt). In contrast, no intermediate was recognized when

PK-hLC3AG was expressed instead of the wild type (Fig. 4A, wt
vs. AG).

We next investigated the formation of the L2-substrate
intermediate of PK-hL.C3 with Atg3 (Fig. 4B). The Atg3-LC3
(E2-substrate) intermediate is unstable, and LC3 is conjugated to
phospholipids. To investigate if PK-hLC3 can form an E2-
substrate intermediate with Atg3, we employed an active-site
mutant, Atg3%?™* since the mutant Atg3 forms an E2-substrate
intermediate with LC3 via an O-ester bond instead of a thioester
bond [8). The Atg3-LC3 E2-substrate intermediate was recognized

pH5.5 t0 7.0

I D_l

Figure 2. The pH sensitivity of the pHluorin-mKate2 tandem fluorescent protein. The pHluorin-mKate2 tandem fluorescent protein was
expressed in the Huh7.5.1 cells. After fixation and permeabilization, cells were buffered at pH 5.5 (D, I}, 6.0 (C, H* A5 (B, G), and 7.2 (A, F). In Eand J,

cells were incubated at pH 5.5, and the pH was changed to pH 7.2. The green and far-red fluorescence in the «

were obtained with Biozero BZ-

8000 using the filter sets for GFP (A-E) and Texas Red (F-J). Bar indicates 10 pm.

doi:10.1371/journal.pone.0110600.9002
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when wild type PK-hLC3 was expressed together with Atgg©?**
and Atg7. A scant level of E2-substrate intermediate was recognized
when mutant PK-hLC3AG was expressed instead of wild type.
These results demonstrated that PK-hLC3 has the ability to modify
LC3-conjugation, and that mutant PK-hLC3AG 1s a suitable
negative control of PK-hL.C3.

Puncta of PK-hLC3 were increased during autophagy

To investigate whether the PK-hL.C3 can form puncta under
starvation conditions, we next examined the formation of PK-
hLC3 punicta under starvation conditions (Fig. 5). If PK-hLC3 was
lipidated and localized to autophagosomes like endogenous LC3,
the green and far-red fluorescent puncta of PK-hLC3 could be
detected in the cells expressing PK-hLC3 during autophagy.
Huh7.5.1 cells expressing PK-hLLC3 were incubated in a Krebs-
Ringer buffer for 4h to simulate starvation conditions that would
induce autophagy. PK-hLC3 puncta of green and far-red
fluorescence was investigated. Under nutrient-rich conditions, a
few green and far-red, double-positive, fluorescent puncta were
observed in the cells (Fig. 5Aa—Ad). Under starvation conditions,
the double-positive puncta were increased (Fig. 5Ca—Cd). The
green-negative, but far-red-fluorescent-positive, puncta were also
increased in the cells (Fig. 5Ca—Cd), indicating that PK-hLC3
forms intracellular puncta under starvation conditions.

To further investigate whether the green-negative, but far-red-
positive, puncta of PK-hLLC3 increase when autolysosomes are
increased, we examined the formation of puncta in the cells
expressing PK-hLC3 in the presence of inhibitors for major
lysosomal proteases and cathepsins under starvation conditions.
E64d is an inhibitor for cathepsins B, H and L, and pepstatin A is
an inhibitor for cathepsin D [27,28,29]. Inhibition of the protease
activities of these cathepsins leads to an inactivation of lysosomal
hydrolases, since cathepsins B and D) are major processing
enzymes that are essential for lysosomal hydrolases in addition
to proteases for the degradation of proteins. As a result,
autolysosomes and autophagosomes significantly accumulated
under starvation conditions in the presence of E64d and pepstatin
A [10]. If PK-hLC3 reflects autolysosomes as the green-negative,
but far-red-positive, fluorescent puncta, the far-red, single,
fluorescent puncta of PK-hLC3 would accumulate in the presence
of these inhibitors under starvation conditions. Huh7.5.1 cells
expressing PK-hLC3 were incubated for 4 h under starvation
conditions in the presence of these inhibitors, and the puncta of
intracellular fluorescence in the cells were monitored. The green-
negative, but far-red-positive, puncta of PK-hLC3 were signifi-
cantly increased in the cells (Fig. 5Da-Dd). In contrast, few puncta
were ohserved in the cells expressing PK-hLCG3AG under the same
conditions (Fig. 5Ea-Ed). The mTOR-signaling pathway nega-
tively regulates autophagy. Rapamycin/sirolimus inhibits activities
of mTORC]1 complex vie FKBP12, resulting in an induction of
autophagy [30,31]. To investigate whether fluorescent puncta of
PK-hLC3 are increased by rapamycin-induced autophagy,
Huh7.5.1 cells expressing PK-hLC3 were incubated for 6 h under
nutrient-rich conditions in the presence of 100 nM rapamycin,
and the puncta of intracellular fluorescence in the cells were
monitored (Fig. 5Fa—Fd). The green-negative, but far-red-positive,
fluorescent puncta of PK-hLC3 and the double-positive puncta
were increased in the cells.

We further investigated the formation of puncta of PK-hLC3
using a highly potent, selective and ATP-competitive mTOR
inhibitor, torinl, that also induces autophagy [32]. As was the case
in the rapamycin-treated cells, the green-negative, but far-red-
positive, puncta and the double-positive puncta of PK-hLC3 were
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observed when the cells expressing PK-hLC3 were treated with
100 nM torinl for 6 h (Fig. 5Ga-Gd).

The lysosomotropic agents, ammonium chloride and chloro-
quine, inhibit acidification of the intracellular compartments,
leading to a defect in the fusion of autophagosomes with lysosomes
during autophagy [33]. These reagents siniultaneously induce the
vacuolation of intracellular compartments including autophagic
vacuoles [34]. If PK-hLC3 is localized to autophagosomes and
autolysosomes, treatment of the cells with ammonium chloride
and chloroquine should result in an increase in the green and far-
red, double-positive, fluorescent puncta/vacuoles. The cells
expressing PK-hLG3 were treated with 20 mM ammonium
chloride or 20 pg/ml chloroquine for 4 h under starvation
conditions (Fig. 5Ha Hd and Ia-Id, respectively). The green
and far-red, double-positive, fluorescent puncta and vacuoles of
PK-hLC3 were significantly increased. In contrast, only a few
fluorescent-positive puncta and no vacuoles were observed in the
cells expressing PK-hLLC3AG in the presence of chloroquine
(Fig. 5Ja-]d). These results suggested that PK-hLC3 is suitable for
monitoring autophagosomes and their maturation step.

Discussion

By comparison with EGI'P and mWasabi, the super-ecliptic
pHluorin, a pH-sensitive mutant GFP, was more sensitive to acidic
pH. The green fluorescence of pHluorin was significantly
decreased at pH 6.5, and the fluorescence was further decreased
to a level similar to the autofluorescence of cells at pH 5.5-6.0.
The pHluorin-mKate? tandem fluorescent protein showed green
and far-red fluorescence at pH 7.2, while it showed far-red, single-
positive, fluorcscence at pH 5.5-6.0, indicating the pHluorin-
mKate2? tandem fluorescent protein is suitable as a tandem-
fluorescence protein-tag for the monitoring of autophagosome
maturation. The PK-hLC3 formed an El-substrate intermediate
with Atg7, and an E2-substrate intermediate with Atg3, suggesting
that fluorescent, protein-tagged LC3 is a modifier of LC3-
lipidation. The PK-hL.C3 formed green and far-red, fluorescent
puncta, and far-red, single-positive, fluorescent puncta were
observed under starvation conditions. When autolysosomes were
accumulated under starvation conditions by treatment with E64d
and pepstatin A, far-red, single-positive puncta were significantly
increased. Under the same conditions, few puncta of PK-hLC3AG
were observed. These results suggested that PK-hLC3 and its
negative control, PK-hLC3AG, are suitable to monitor the
mammalian autophagosomal maturation step.

In general, the pH of the cytosol is 7.4, that of the endoplasmic
reticulum is 7.0, that of the cis-Golgi is 6.5, the pH of secretory
vesicles is 5.0-6.0, early endosomal pH is 5.9-6.8, and late
endosomal pH is 5.4-5.6. When autophagosomes are formed, the
intra-autophagosomal pH is considered to be near that of the
cytosol. During the autophagosome-lysosome fusion, the intra-
autophagosomal pH turns acidic. Considering that the green
fluorescence of pHluorin is significantly decreased at pH 6.5, the
green fluorescent puncta of PK-hLC3 will reflect autophagosomes
and an early stage of autophagosome-lysosome fusion. Therefore,
when using PK-hLC3, the signals of autophagosomes will be
detected as green and far-red double positive puncta in a niore
sensitive manner. Using PK-hLC3AG as a negative control,
artificial fluorescent signals that are independent of autophagy will
be excluded in the cells.

Autophagy in the tissues of transgenic mice uses EGFP-LC3.
Our results suggested that the puncta of EGFP-LC3 in the mouse
tissues tends to be overestimated as autophagosome formation.
Now we are generating PK-hLC3- and PK-hLC3AG-transgenic
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“Merge” indicates the merging of the green (pHIluorin) and far-red images (mKate2), and “DIC+Merge” indicates the overlaying the merged
images on the DIC (differential interference contrast) images in the same field. Pearson’s correlation coefficient (PCC) analysis with Costes’ method
was used as a measure of colocalization of mKate2 signals with pHiuorin signals. The mean PCC value + S.E. of at least 20 cells is shown on the

bottom.
doi:10.1371/journal.pone.0110600.g005

mice. These mice will confer the problems derived from EGIT
and LGFP-LC3 to further the study of autophagy. In future
studies, we will report autophagic events in mouse tissues using
these transgenic mice.

Materials and Methods

Cells, Media, Materials, and Antibodies

KOD-plus- (KOD-201) was employed for high-fidelity poly-
merase chain reactions (IOYOBO). Huh7.5.1 cells derived from
the Huh7 cell line (ATCC CCL-185) were cultured in a
Dulbecco’s modified Eagle Medium (DMEM; Wako, 045-30285)
containing 10% fetal calf serum (JRH biosciences/SIGMA,
12603C) and 1% nonessential acids  (Invitrogen,
11140050). Polyclonal antibodies against human LC3  was
described previously [10]. 'The mouse monoclonal antibody, clone
M2, against FLAG peptide (DYKDDDDK) (IF1804), ammonium
chloride (254134), and chloroquine diphosphate salt (C6628) were
purchased from SIGMA-ALDRICH, the mouse monoclonal
antibodies against GAPDH (ab8245) were from Abcam, and the
rabbit monoclonal antibody against Myc epitope tag (2278) was
from Cell Signaling Technology. Protein concentrations were
determined using the bicinchoninic acid protein assay reagent
(Pierce, 23225). E64d (4321-v) and pepstatin A (4397-v) were
purchased from Peptide Institute, and the rapamycin (#tlrl-rap)
was from InvivoGen. Torinl was a kind gift from Dr. Nathanael S.
Gray at the Dana Farber Cancer Iustitute and Dr. David Sabatini
at the Whitehead Institute for Biomedical Research. To introduce
the plasmid into the cells, FuGENE HD transfection reagent
(E2311) was used (Promega).

amino

Construction of plasmids for the expression of pHluorin-
based proteins

The plasmid containing DNA fragments encoding super-ecliptic
pHluorin was kindly provided by Dr. James Edward Rothman
[24]. pEX-GFPhLC3wt, pEX-GIPhLC3AG, pTlag2B-hATG7,
pTag2B-hATG7C572S, and pTlag3B-hATG3C264S were de-
scribed previously [8,12,35]. A pmKate2-C plasmid containing a
DNA fragment of mKate2 (FP181) was purchased from Lvrogen,
the pmWasabi-C plasmid (ABP-FP-WCNCS10) was from Allele
Biotechnology, and pEGIP-C1 (#6084-1) was from Clontech/
TAKARA. FUGW (Addgene plasmid 14883) plasmid for 3™
generation lentiviral plasmid with the human polyubiquitin G
(hUbC) promoter was obtained from Addgene [25]. Using two
primers, pHluorin-Nhel-F (5’-GCT AGC GCC ACC ATG AGT
AAA GGA GAA GAA CTT TTC ACT GGA GTT G-3') and
pHluorin-GS-Bgl2-Rv (5'-AGA TCT ACC TCC TCC ACC
TTT GTATAG TTC ATC CAT GCCATG TGT AAT C-3'), a
DNA fragment was amplified via high-fidelity polymerase chain
reaction using the pHluorin plasmid as a template to introduce the
Nhel site and the Kozak sequence just prior to the start codon of
pHluorin and the Gly-Gly-Gly-Ser sequence and BglII site prior
to the stop codon of pHluorin, and the amplified fragment was
cloned into a pCRII-TOPO plasmid using a T'A-cloning kit
(K2050, Life Tech.), designated pCR-pHluorin. To introduce the
BamHI site before the start codon of mKate2 and the Gly-Gly-
Gly-Ser linker and the XhoI-BglII site before the stop codon of
mKate2, a DNA fragment was amplified via high-fidelity
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polymerase chain reaction using two primers, mKate2-BamHI-I
(3"-GGA TCC ATG GTG AGC GAG CTG ATT AAG GAG
AAC ATG CAC-3") and mKate2GS-Bglll-Rv (5'-CTC GAG
ATC TGA GTC CGG AAC CTC CTC CAC CTC TGT G-37)
with pmKate2-C. The amplified DNA fragment was introduced
into a pCRII-TOPO plasmid, designated pCR-mKate2. The
Nhel-Bglll DNA fragment containing the open reading frame of
EGFP in the pEGFP-C1 was replaced with the Nhel-Bglll DNA
fragment containing the open reading frame of pHluorin in the
pCR-pHluorin for the expression of pHluorin under the control of
a cytomegalovirus Immediate ecarly promoter, designated
pHluorin-G. The BamHI-Bglll DNA fragment containing
mKate? of pCR-mKate2 was inserted into the BglII site of the
pHluorin-G plasmid for the expression of a pHluorin-niKate2
fusion protein under the control of a cytomegalovirus immediate
early promoter, designated pHmK-G. For the expression of wild
type PK-hLLC3, the NheI-Bglll DNA fragment containing the
open reading frame of EGFP of pEX-GFP-hLC3WT (Addgene
plasmid 24987, Addgene) [12] was replaced with the Nhel-BglII
DNA fragment containing the open reading frame of pHluorin-
mKate?2 fusion protein derived from pHmK-G plasmid, and the
resultant plasmid was designated pEX-PK-hLC3. For the expres-
sion of mutant PK-hLC3AG, the Nhel-Bglll LGITP DNA
fragment of pEX-GIFP-hLC3AG (Addgene plasmid 24988,
Addgene) [12] was replaced with the Nhel-Bglll DNA fragment
encoding pHluorin-mKate2 fusion protein, and the resultant
plasmid was designated pEX-PK-hLC3AG. For the lentiviral
packaging system for the expression of PK-hLC3 fusion protein,
the DNA fragment was amplified via a high-fidelity polymerase
chain reaction using pEX-PK-hLG3, pH-Bam-Nhe-F (5'-AAA
GGA TCC GCT AGC GCC ACC ATG AGT AAA GGA GAA
G-3'), and hLC3-RI-Rv (5"-AAA GAA TTC TTA CAC TGA
CAA TTT CAT CCC GAA CG-3') primers. After the digestion
of the amplified DNA fragment with BamHI-EcoR]1, the fragment
was Inserted into the BamHI-EcoR1 site of FUGW. The resultant
plasmid was designated FUGW-PK-hLC3. For a lentiviral
packaging system for the expression of mutant PK-hLC3AG, the
hLC3AG-RI-Rv (5'-AAA GAA TTC TTA CAC TGA CAA
TTT CAT GAA CG-3') primer was employed instead of hLC3-
RI-Rv, and the resultant plasmid was designated FUGW-PK-
hLC3AG.

immunoblotting analyses

Cells were washed twice in phosphate-buffered saline, lysed in
lysis buffer (10 mM sodium phosphate, pH 7.2, 150 mM NaCl,
and 1% sodium dodecyl sulfate) containing a CGomplete protease-
inhibitor cocktail (Roche Diagnostics, 1697498). Proteins (10 pg)
of the lysate were separated on sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE). After transferring the
proteins to a polyvinylidine difluoride membrane using a I'rans-
Blot SD transfer cell (Bio-Rad, 170-3940), FLAG-Atg7, Myc-Atg3,
LC3 and GAPDH in the lysate were recognized using the
appropriate antibodies. A chemiluminescent method was carried
out according to standard protocols with SuperSignal West Dura
Extended Duration Substrate (Pierce, 34075) or SuperSignal West
Pico Chemiluminescent Substrate (Pierce, 34077).
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Fluorescent Microscopy

Cells were fixed in a fixation solution (phosphate buffered saline
containing 4% paraformaldehyde) at room temperature for 5 min,
and permeabilized in a phosphate-buffered saline containing
50 ug/ml digitonin. After cells were buffered in 20 mM citrate
phosphate buffer at pH 5.5, 6.0, and 6.5 containing 150 mM
NaCl when indicated, the fluorescence of the fluorescent proteins
was monitored using a Biozero BZ-8000 microscope (KEYENCE,
Tokyo, Japan).

Laser scanning confocal microscopy

The fluorescence of the fluorescent proteins in the cells
expressing PK-hLLC3 was monitored using a Olympus FluoView
FV1000 confocal laser scanning microscope. Pearson’s correlation
coetlicient (PCC) analysis with Costes” method [36] was employed
to estimate the colocalization of mKate2 signals with pHluorin
signals of at least 20 independent images using Image] software
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Clearing methods that render the brain optically transparent allow high-resolution three-
dimensional (3D) imaging of neural networks. We used diffusion tensor imaging (DTI) and
two-photon imaging of cleared brains to analyze white matter in BTBR mice. We con-
firmed corpus callosum agenesis and identified an abnormal commissure close to the third
ventricle. DTI and cleared-brain two-photon imaging revealed that these commissural fi-
bers constituted a frontal clustering of the ventral hippocampal commissure and provided a
detailed assessment of white matter structure in mice.

Keywords: CLARITY, cleared brain, CUBIC, diffusion tensor imaging, mice

Introduction

Various methods of rendering the mouse brain
transparent (SCALEA2, CLARITY, SeeDB, 3DIS-
CO, CUBIC) have recently been developed.'-?
These techniques yield optical transparency and
thus allow the creation of three-dimensional (3D)
neural network images with single-cell resolution;
they are therefore highly advantageous in neuro-
science because they create novel perspectives
completely different from those available with
standard glass slide immunostaining. In addition,
clinically oriented human brain imaging methods
such as diffusion tensor imaging (DTI) have been
applied to laboratory animals, enabling improve-
ments in current experimental neuroscience. DTI
allows researchers to measure the characteristics of
local microstructural water diffusion in the brain,>*
taking advantage of the macroscopic geometric ar-
rangement of white matter bundles.

*Corresponding author, Phone: +81-3-3813-3111, Fax: +81-
3-5684-0476, E-mail: kkamagat@juntendo.ac.jp

159

The inbred BTBR T+tf/J (BTBR) mouse strain
is a mouse model of autism that displays robust
analogies to the diagnostic signs of this disorder
in humans.> Neuroanatomical studies of the BTBR
mouse brain have shown total agenesis of corpus
callosum (CC) connective tissues, lack of a hippo-
campal commissure, and a putative accessory inter-
hemispheric white matter tract that is implicated in
abnormal behaviors.®~® Here, to better characterize
the inter-hemispheric commissure in the BTBR
strain of mice, we performed a neuroanatomical
analysis by using both 3D high-resolution two-
photon images of the transparent mouse brain and
DTI. To our knowledge, this is the first report on
the use of this dual procedure in the mouse brain.

Materials and Methods

Sample preparation

We performed two-photon analysis on the brains
of five BTBR mice and five C57BL/6J (B6) mice
(obtained from Jackson Laboratory, Bar Harbor,
ME, USA) as controls. The brains of two of the
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BTBR mice and two of the B6 mice were also scan-
ned by MRI. Twelve-week-old male BTBR and B6
mice were deeply anesthetized and then perfused
with 25 ml of ice-cold PBS-heparin (10 U/ml) solu-
tion followed by 25ml of ice-cold paraformalde-
hyde (PFA) hydrogel solution (acrylamide 4%, bis
0.05%, Bio-Rad Laboratories, Inc., Hercules, CA,
USA; PFA 4%, VA-044 initiator 0.25%, 145-
05605, Wako Pure Chemical Industries Ltd., O-
saka, Japan). The brain was carefully dissected and
incubated in 10 ml of fresh hydrogel PFA solution
in a sealed 50-ml conical tube for 2 days at 4°C.
The tube containing the brain sample was then de-
gassed and placed in a water bath for 3h at 37°C
for hydrogel polymerization. The brain was then
carefully removed from the polymerized hydrogel
and embedded in 1% agarose for MRI. All animal
protocols were approved by the Animal Care and
Use Committee of Juntendo University.

MRI

MR images were acquired within 2 weeks from
perfusion using a 7T animal MRI system (MRI Sys-
tem, Agilent Technologies Inc., Palo Alto, CA,
USA). The DTI sequence used was a 3D diffu-
sion-weighted FSE, with TR = 300 ms, echo train
length = 4, TE = 31.86 ms, two averages, field of
view 19.2 x 19.2 x 19.2 mm, and matrix size 128 x
128 x 128, yielding an image with 150-pm isotrop-
ic voxels. The b value was 1,000s/mm? (§ = 8 ms,
A =13.0ms), and there were 30 diffusion direc-
tions. The total imaging time was 21 h and 10 min.
Maps of fractional anisotropy (FA) and mean dif-
fusivity (MD) were computed by using dTV II and
VOLUMEONE 1.72, developed by Masutani et al.’
Diffusion tensor tractography (DTT) of the BTBR
mice and the B6 controls was performed with a de-
terministic fiber assignment by using a continuous
tracking approach.!? The FA threshold for tracking
was set at 0.13, and the stop length was set at 160
steps. The bending angle of the tract was not al-
lowed to exceed 45°.

In the B6 mice, we identified the corpus callosum
(CC), dorsal hippocampal commissure (DHC), an-
terior commissure (AC), posterior commissure
(PC), and ventral hippocampal commissure (VHC)
as red areas on a mid-sagittal color-coded map
(Fig. 1A). In BTBR mice, on the same type of map,
we confirmed a total lack of the CC and DHC, al-
though the AC and PC were present (Fig. 1E). We
did not identify the VHC in BTBR mice, but we did
find a red area in the rostral region of the third ven-
tricle (Fig. 1E). The seed region of interest (ROI),
including the entirety of the AC (blue), PC (yel-
low), and VHC (red) or abnormal commissure in
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the rostral region of the third ventricle (red), was
placed manually on a reconstructed mid-sagittal
isotropic diffusion-weighted image by referring to
the mid-sagittal color-coded map (Fig. 1A, B, E,
F). Because the habenular commissure (HBC) was
a very small structure, we did not identify it in red
on the mid-sagittal color-coded map; instead, we
drew the seed ROI of the HBC on the mid-sagittal
isotropic diffusion-weighted image while referring
to a coronal non-diffusion-weighted image (Fig.
1C, G).

Tissue clearing and two-photon image acquisition

We used a modified version of the CLARITY!
and CUBIC? protocols. The brain was removed
from the agarose and washed in PBS-Triton X-100
(0.1%) for 1 h on a moving plate at 37°C. Sections
(2 mm thick; coronal or sagittal) were obtained by
using a mouse brain matrix (Muromachi Kikai Co.,
Ltd., Japan). Brain slices were incubated for 3 days
at 37°C on a moving plate in a solution composed
of 5wt% urea (35904-45; Nacalai Tesque Inc., Ja-
pan), 25wt% N,N,N' N -tetrakis(2-hydroxypropyl)
ethylenediamine (T0781; Tokyo Chemical Industry
Co., Ltd., Japan), and 15 wt% Triton X-100 (25987-
85; Nacalai Tesque Inc.). The brain slices were
washed in PBS-Triton X-100 (0.1%) overnight and
then incubated with FluoroMyelin green (1:100;
Invitrogen) for 5 days at 37°C on a moving plate.
They were then washed in PBS-Triton X-100
(0.1%) overnight and incubated with a solution
composed of 50 wt% sucrose (30403-55; Nacalai
Tesque Inc.), 25 wt% urea, 10 wt% 2,20,20 -nitrilo-
triethanol (145-05605; Wako Pure Chemical Indus-
tries Ltd., Japan), and 0.1% (v/v) Triton X-100. Im-
age acquisition was performed with a Carl Zeiss
LSM 780 two-photon microscope (two-photon
Chameleon laser; wavelength 800 nm) with a x10
Plan Apochromat objective (numerical aperture
0.45; working distance 2 mm). Image processing
was performed with Imaris Interactive Microscopy
Image Analysis software (Bitplane).

Results

DTI and DTT revealed agenesis of the CC but
intact inter-hemispheric tracts in the AC, PC, and
HBC of all BTBR mice (Fig. 1), along with abnor-
mal commissure fibers in the rostral region of the
third ventricle. DTT revealed that these abnormal
commissural fibers seemed to connect with the fim-
bria (Figs. 1H and 2B), which is the route followed
by hippocampal axons to reach the hippocampal
commissure at the midline. Therefore, we suspect-
ed that the abnormal inter-hemispheric commissure
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to the behavioral abnormalities of BTBR mice.
However, we confirmed by DTI and two-photon
imaging that the abnormal inter-hemispheric com-
missural fibers in the rostral region of the third ven-
tricle were connected to the fimbria. Wyss et al.!!
reported that the topographic organization of the
fibers in the fimbria is reflected in the arrangement
of the crossed components in the VHC. Therefore,
the inter-hemispheric commissural fibers in the ros-
tral region of the third ventricle in BTBR mice rep-
resent not a novel inter-hemispheric commissure,
as reported by Miller et al.,® but the VHC.

White matter voxels in the brain contain multiple
fiber bundles in tracts that are oriented in different
directions (e.g., crossing, “kissing,” and ‘“fan-
ning”); in these areas, DTT is not reliable.!? DTT
evaluations of the connectivity of nerve fibers can
depict nerve fiber connectivity where none is pres-
ent. By using 3D images of cleared mouse brains
with single-cell resolution, we confirmed here that
the inter-hemispheric fibers were connected to the
fimbria. Because two-photon imaging of cleared
mouse brains enables the evaluation of the brain
microstructure with high resolution, it is useful for
local-area characterization of the brain. However,
evaluating macroscopic nerve fiber connectivity by
this method is difficult. Therefore, combining DTI
and two-photon imaging of cleared mouse brains
improves the reliability of analyses of brain white
matter connections.

Conclusion

DTI combined with two-photon imaging of the
cleared mouse brains enables detailed assessment
of white matter structure.
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arrested before the occurrence of cell death in the organ of Corti
Thus, Gjb2 appears to be indispensable in the postnatal de-
velopment of the organ of Corti and normal hearing. Very recent-
ly, we developed a conditional Cx26-deficient mouse with a
localized gene deletion in the inner ear under the control of the
Protein O (PO) promoter. Wild-type mice revealed that both Cx26
and Cx30 were expressed at the cell border forming orderly pen-
tagonal or hexagonal outlines in the whole-mount cochlear tis-
sues. On the other hand, the punctate distribution of Cx30
alone was observed along the cell border in the Cx26-deficient
mouse
Gene delivery systems must be non-cytotoxic, and must be
able to return to a normal physiological state after treatment
We developed a technique for successful transgene expres-
sion through the round window membrane in the supporting
cells of the neonatal mouse cochlea using adeno-associated
viral (AAV) vectors without causing additional damage to the
cochlear function Therefore, we investigated the efficiency
and specificity of transcriptionally targeted AAV vectors to de-
liver Cx26 into the cochlea of Gjb2-deficient neonatal mice. We
demonstrated efficient expression of Cx26 in the non-sensory
cells of the organ of Corti. In addition, gene transfer prevented
the progression into profound deafness as indicated by the func-
tional assessment of hearing when the treatment was performed
during the neonatal stage. The successful restoration of hearing
mediated by gene replacement in the genetically created deaf
mouse model of Gjb2 could contribute to the development of clin-
ical applications for human hereditary deafness.

Results

Creation of Gjb2 conditional knockout mice

Mice lacking Gjb2 exhibit embryonic lethalitv because of defect-
ive glucose transport across the placenta To circumvent
this lethality, we deleted Gjb2 in a specific spatial pattern by
crossing Cx26fl/fl mice with mice expressing Cre recombinase
under the control of the PO promoter (P0-Cre; Fig ). PO pro-
moter activity was clearly observed at the otic vesicle of the
mouse To characterize Cx26 expression in the cochlea, we
performed immunohistochemistry. High levels of Cx26 protein
were detected in the supporting cells of the organ of Corti, spiral
limbus and the lateral wall fibrocytes of littermate controls. How-
ever, Cx26 was not detected in the cochlear tissues of Cx26fl/f1PO-
Cre mice (Fig ). To confirm the expression pattern of PO in the
inner ear lineage, PO-Cre mice were crossed with R26R“** reporter
mice, which contained GFP knocked into the ROSA26 locus, al-
lowing for the activation of GFP using Cre recombinase, and
GFP signals were observed at the otocyst which is consist-
ent with the finding that Cx26 ablation disrupted gap junction
networks within both epithelial and connective tissues.

The body weight and litter size of Cx26fl/flPO-Cre mice were
normal, and the only apparent phenotypic difference exhibited
by these mice was deafness. We evaluated the auditory function
in Cx261l/fIPO-Cre mice by recording the auditory brainstem re-
sponse (ABR), which is widely used to objectively determine
hearing thresholds. Thresholds for the wave III component of
the ABR were measured for click and tone burst stimuli of 8, 12,
16 and 20 kHz in adult Cx26fl/flP0-Cre (n=5) and control (n=7)
mice; the evaluated mice were 5-6 weeks old (Fig ). ABR
thresholds in Cx26fl/flP0-Cre mice were ~100 dB sound pressure
level (SPL) for click stimuli (data not shown) and >90 dB SPL for
tone bursts. Control mice exhibited normal values for these
thresholds (15-20 dB SPL). At P161, cochleae of Cx26fl/flPO-Cre

mice showed normal gross anatomy with no obvious collapse
orexpansion of the Reissner’'s membrane. No defects were appar-
ent in the tectorial membrane, stria vascularis or spiral ligament
in mice lacking Gjb2 expression, although a dramatic collapse of
the organ of Corti including loss of hair cells and supporting cells
was evident (Fig ). Transmission electron microscopy showed
collapse of both the tunnel of Corti and Nuel’s space and deform-
ities in the shapes of supporting cells, despite the presence of
hair cells in the Cx26fl/fIPO-Cre mice at P35. In contrast, fine struc-
tures of the stria vascularis and the spiral ligament were intact
(Fig ).

We then measured the endocochlear potential (EP), which is
the resting DC potential in the scala media of the cochlea that
is produced by the stria vascularis. These measurements were
taken from the basal tum. The average EP value in Cx26{l/flPO-
Cre mice was 40.3 £ 15.5 mV (n= 8), which was significantly re-
duced as compared with control mice (80.5+10.7 mV, n=6; P<
0.01; Fig ). However, the presence of a residual EP value of
~40 mV cannot completely explain the reduced ABR thresholds
that characterized the Cx26{l/flPO-Cre mice. The EP is determined
by two K* diffusion notentials of the stria vascularis across the
electrical barrier The latter is closelv related to tight junction
proteins around the cochlear duct Since the EP depres-
sion previously reported in Gjb2-deficient mice has been ex-
plained by the disruption of the reticular lamina the tight
junctions between the hair cells and supporting cells were ob-
served. The fine structure of tight junctions within the organ of
Corti was well preserved in the Cx26fl/flPO-Cre mice (Fig ).
Thus, the EP defects observed in Cx26fl/flPO-Cre mice may have
resulted from insufficient K* recycling through the gap junction
network rather than through a disruption of the intercellular
barrier associated with the cochlear duct.

No correction of hearing by AAV-mediated delivery of
Gjb2 to adult Gjb2-deficient mice

To potentially rescue deafness using gene therapy, we generated
an AAV vector that drove Gjb2 expression with the cytomegalo-
virus promoter. This AAV vector that encoded the Cx26 protein
was applied to the perilymph through the round window mem-
brane in adult (P42) Cx26fl/flPO-Cre mice. Eight weeks after treat-
ment, the ABR was measured, and cochlear sections were
examined for Cx26 expression. Although the Cx26 gene was
transduced moderately in the spiral ligament, the spiral limbus
and, weakly, in the organ of Corti, the organ of Corti remained
collapsed, and no sensory hair cells were observed. Non-treated
cochleae did not show restored Cx26 expression and did not
have rescued cochlear morphology (Fis ). Furthermore, no sig-
nificant change in the ABR threshold was measured in treated
or non-treated cochleae (Fig ). Thus, delivery of Gjb2 to the
perilymphatic space of adult Cx26fl/flP0-Cre cochleae failed to
improve hearing despite the successful restoration of Cx26
expression in the organ of Corti, the spiral ligament and the spiral
limbus. This suggests that the secondary degeneration of hair
cells observed in adult Cx26fl/fIPO-Cre mice was not arrested or
repaired by Gjb2 gene delivery.

Developmental changes associated with auditory
function and cochlear morphology in Gjb2-deficient mice

We next compared the developmental course of the ABR thresh-
olds between Cx26fl/flIPO-Cre and control mice. In controls, the
onset of hearing occurred between P11 and P12, and the ABR
thresholds essentially reached adult levels between P18 and

101 PaprRO[UMO(]

9107 ‘1 ApIA to 03uoH 1y opusiuny (1) 1






3654 | Human Molecular Genetics, 2015, Vol. 24, No. 13

>

Immunohistochemistry

Treated cochlea

Non-treated cochlea

B 12 kHz
110

=

90_—

80 -+~

SPL (dB)

100

Non-treated Treated
side side

Llamnmtavndin © Aannin mbainina

24 kHz
R o S U—

NS
100 - S

90 - -

80 -

SPL (dB)

70

60

50

40 :
Non-treated Treated
side side

Figure 2. AAV-mediated delivery of Gjb2 to adult Cx26""P0-Cre mice (P42). (A) Cx26 localization (red, left panels) and light micrographs (right panels) of transverse sections
of treated and non-treated cochleae from Cx26%"P0-Cre mice (P198). (B) Average ABR thresholds to pure tone bursts (12 and 24 kHz) in the treated and non-treated side of
Cx26"P0-Cre mice (P98; n = 5). Significance was calculated using the paired t-test. NS, not significant. Scale bars = 100 um.

P20 (Fig ). For Cx26fl/flP0-Cre mice, however, click stimuli
never elicited detectable ABR waveforms, indicating that devel-
opment of the auditory organ had been disrupted. Histological
examination of cochleae from Cx26fl/flPO-Cre mice revealed
that the tunnel of Corti, which normally opens bv P10, failed to
open before the organ of Corti degenerated {Fig ), indicating
a developmental defect. In the present mouse model of Gjb2 de-
ficiency, functional and morphological findings confirmed that
Gjb2 is indispensable during postnatal development of support-
ing cells in the organ of Corti. In other words, a well-timed trans-
fer of functional Gjb2 may rescue the postnatal development of
the organ of Corti and prevent the secondary degeneration of
hair cells.

Successful hearing correction after AAV-mediated
delivery of Gjb2 to neonatal Gjb2-deficient mice

We next used a different gene therapy strategy to prevent deaf-
ness caused by Gjb2 deficiency. At PO (rather than P42), an AAV

vector containing wild-type Gjb2 was introduced into the
cochlear perilymph through the round window membrane. We
measured the ABR and examined cochlear sections 10-12
weeks post-treatment. A significant improvement in the ABR
thresholds was observed (Fig ), together with the successful
rescue of Cx26 expression in supporting cells of the organ of
Corti. the spiral ligament fibrocytes and the spiral limbus
(Fig ). Non-rescued cochleae Jacked Cx26 expression in these
tissues (Fig ). Fluorescence confocal images in the lateral
wall fibrocytes showed that the Cx26 staining was punctate
along the plasma membrane (Fig and D).

Histological examinations revealed proper formation of the
tunnel of Corti and preservation of inner and outer hair cells,
as well as supporting cells (Fig ). These rescued phenotypes
were more apparent at the basal turn than at the apical turn.
Morphological differences between turns may have resulted
from differential access to the perilymph through the round
window membrane. AAV transduction lasted over 6 months
(data not shown). Non-rescued cochleae showed unchanged
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Auditory brainstem response

All electrophysiological measurements were performed within a
grounded test room that was acoustically and electrically insu-
lated. For the ABR measurement, mice were anesthetized and
maintained in a headholder. Stainless steel needle electrodes
were placed at the vertex and ventrolateral to the left and right
ears. The ABRs were measured using waveform storing and
stimulus control with Scope software on the Power Lab system
(PowerLab4/25; AD Instruments, Castle Hill, Australia). Electro-
cardiogram recordings were performed using an extracellular
AC Preamplifier (P-55; Astro-Med, Inc., RI, USA). Acoustic stimuli
were delivered using a coupler type speaker (ES1spc; Bio Research
Center, Nagoya, Japan). Thresholds were determined for click
sounds and tone bursts {frequencies of 8, 12, 16, 20 and 24 kHz)
from a set of responses at different intensities (5 dB intervals).
Electrical signals were averaged over 512 repetitions. Hearing
thresholds >95 dB were listed as 100 dB.

Endocochlear potential

For EP measurements, each mouse was artificially ventilated
with a respirator through a tracheal cannula after deep anesthe-
sia and muscular relaxation. Rectal temperature was maintained
at 37°C, and an electrocardiometer was used to monitor the heart
rate. A glass microelectrode filled with 150 mm KCl was inserted
into the scala media of the basal turn through the lateral wall of
the cochlea as previously reported Output was recorded
using a high-impedance dual electrometer.

Light microscopy

Animals were anesthetized and then perfused intracardially with
0.01 M phosphate-buffered saline (PBS; pH 7.2), followed by 4%
paraformaldehyde (PFA; pH 7.4) in 0.1 M phosphate buffer (PB;
PH 7.4). The mice were decapitated and their cochleae dissected
under a microscope. Dissected cochleae were placed in 4% PFA at
room temperature overnight. Cochleae were then placed in
0.12 M ethylenediaminetetraacetic acid (EDTA; pH 7.0) in PBS
for 1 week for decalcification. Specimens were then dehydrated,
embedded in paraffin and sectioned (6 pm). Serial sections were
stained with hematoxylin and eosin staining.

Quantitative analyses of spiral ganglion neurons

To evaluate the survival of the spiral ganglion neurons, four
animals from each group were used for cell counting. Five
cross-sections of hematoxylin and eosin staining randomly
selected from each animal were analyzed. The area of the
Rosenthal’s canal at the basal, middle and apical turns was mea-
sured using Image Pro Plus 6.0 software. The number of spiral
ganglion neurons per 1000 ym?® was calculated for each profile.

Transmission electron microscopy

Animals were anesthetized and then perfused intracardially with
0.01 M PBS, followed by 4% PFA and 2% glutaraldehyde (GA) in
0.1 M PB. The cochleae were opened and flushed with buffered
4% PFA and 2% GA and fixed for 2 h at room temperature. The spe-
cimens were washed and then post-fixed using 2% OsO,in 0.1 M
PB for 1.5 h. Specimens were then dehydrated through graded
concentrations of ethanol and embedded in Epon. Samples
were sectioned (1 pmy), stained with uranyl acetate and lead
citrate and examined using an electron microscope (H-7100;
Hitachi, Tokyo, Japan).
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Immunohistochemistry

Mice were anesthetized and then perfused intracardially with
PBS, followed by 4% PFA in PB. Cochleae were excised and fixed
in 4% PFA for 2 h and then decalcified in 0.12 M EDTA for 7 d at
room temperature. For frozen sections, specimens were cryo-pro-
tected in 30% sucrose in PBS overnight at 4°C and then embedded
in OCT compound, frozen and sectioned (10 pm). For immuno-
fluorescence, sections were incubated with 50% Block Ace (DC
Pharma Biomedical, Osaka, Japan) in PBS/0.3% Triton X-100 for
60 min and then incubated overnight at 4°C with rabbit poly-
clonal antibodies directed against Cx26 and Cx30 (1:200; Zymed
laboratories, CA, USA) that were diluted in PBS. Tissue specimens
were then rinsed with PBS, incubated with goat anti-rabbit IgG
antibodies conjugated with Alexa Fluor 594 (1:500; Molecular
Probes, OR, USA) for 60 min and then rinsed with PBS. Specimens
were mounted in Vectashield antifade mounting medium (Vec-
tor Laboratories, CA, USA). Images were captured using a Zeiss
Axioplan2 microscope, an AxioCam HRc CCD camera and AxioVi-
sion Rel.4.5 software (Carl Zeiss, Esslingen, Germany). Fluores-
cence confocal images were obtained with a LSM510-META
confocal microscope {Carl Zeiss, Jena, Germany).

Statistical analyses

Error bars represent the SEM. Statistical differences were calcu-
lated using the Student's t-test or paired t-test where indicated.
Differences were considered significant for P <0.05.
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(Background: Lys-63-linked ubiquitination in mitochon- )
dria occurs in PINK1/Parkin-mediated mitophagy, and
its important roles have been proposed.

Results: The suppression of Lys-63-linked ubiquitination
did not modulate PINK1/Parkin-mediated mitophagy
and Drosophila mitochondrial phenotypes.

Conclusion: Lys-63-linked ubiquitination is dispensable
for PINK1-Parkin pathway.

Significance: This is the first study to report the biologi-
cal significance of Lys-63-linked ubiquitination in PINK1-
Parkin pathway in vitro and in vivo.

\_ J

PINK1/Parkin-mediated mitophagy is thought to ensure mito-
chondrial quality control in neurons as well as other cells. Upon the
loss of mitochondrial membrane potential (AWm), Lys-63-
linked polyubiquitin chains accumulate on the mitochondrial
outer membrane in a Parkin-dependent manner. However,
the physiological significance of Lys-63-linked polyubiquiti-
nation during mitophagy is not fully understood. Here, we
report that the suppression of Lys-63-linked polyubiquitina-
tion through the removal of Ubc13 activity essentially affects
neither PINK1 activation nor the degradation of depolarized
mitochondria. Moreover, the inactivation of Ubcl13 did not
modulate the mitochondrial phenotypes of PINKI knock-
down Drosophila. Our data indicate that the formation of
Lys-63-linked polyubiquitin chains on depolarized mito-
chondria is not a key factor for the PINK1-Parkin pathway as
was once thought.
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Mutations of the Parkin and PINKI genes cause selective
degeneration of the midbrain dopaminergic neurons in auto-
somal recessive juvenile Parkinson disease (1, 2). The Parkin
and PINK1 genes encode a ubiquitin-ligase (E3)® and a serine/
threonine protein kinase, respectively (3—7). Loss of the Parkin
and PINK1 genes in Drosophila leads to the degeneration of the
mitochondria in tissues with high energy demands, such as the
muscles and sperm, and genetic analysis has demonstrated that
PINKI1 is an upstream regulator of Parkin, suggesting an impor-
tant role of Parkin and PINK1 in mitochondrial maintenance in
the midbrain dopaminergic neurons that are affected in Parkin-
son disease (8 —10).

A series of cell biological studies has provided strong evi-
dence that Parkin cooperates with PINK1 to induce mito-
chondrial autophagy or mitophagy when the mitochondria
are damaged (11-16). The reduction of AWm leads to the
accumulation and activation of PINK1 in the mitochondria
(12, 17), which leads to the phosphorylation of a latent form
of Parkin, priming its E3 activation (17, 18). PINK1 also
phosphorylates ubiquitin (19-21), which in turn fully acti-
vates Parkin E3 activity, leading to Parkin translocation from
the cytosol to the mitochondria and the subsequent ubiquiti-
nation of mitochondrial proteins (14, 15). Ubiquitin modifi-
cation on the mitochondria induces the LC3-mediated
autophagic elimination of the damaged mitochondria, a
process known as mitophagy (11). The ubiquitination of
mitochondrial proteins mainly produces Lys-63-linked
polyubiquitin and only a small portion of Lys-48 linkages (22,
23). The Lys-63-linked polyubiquitin chain is proposed to
activate PINK1 (24) and the mitochondrial translocation of
Parkin (25). We examined the impact of Lys-63-linked
polyubiquitination on PINK1/Parkin-mediated mitophagy
in cells and mitochondrial maintenance in Drosophila and
report that Lys-63-linked polyubiquitination is dispensable
for PINKI activation, mitochondrial clearance, and Drosophila
mitochondrial homeostasis.

EXPERIMENTAL PROCEDURES

Antibodies, Reagents, Plasmids, and Cell Lines—The follow-
ing antibodies were used in the Western blot analysis: anti-
PINK1 (1:1,000 dilution; Novus Biologicals, BC100-494),
anti-Mfnl (1:1,000 dilution; Abnova, clone 3C9), anti-Ubc13
(1:1,000 dilution; Life Technologies, clone 4E11), anti-poly-
ubiquitin (1:1,000 dilution; MBL International, clone FK2),
anti-Lys-63-linked polyubiquitin (1:1,000 dilution; Cell Signal-
ing Technology, clone D7A11), anti-Lys-48-linked polyubiqui-
tin (1:1,000 dilution; Cell Signaling Technology, clone D9D5),
anti-Tom20 (1:500 dilution; Santa Cruz Biotechnology,
FL-145), anti-HA (1:1,000 dilution; Roche Applied Science,
clone 3F10), anti-FLAG-HRP (1:2,000 dilution; Sigma-Aldrich,
clone M2), anti-actin (1:10,000 dilution; Millipore, MAb1501),

3 The abbreviations used are: E1, ubiquitin-activating enzyme; E2, ubiquitin-
conjugating enzyme; E3, ubiquitin-ligase; MEF, mouse embryonic fibro-
blast; Mfn1, Mitofusin1; Dox, doxycycline; CCCP, carbonyl cyanide m-chlo-
rophenyl hydrazine; dMfn, Drosophila Mitofusin.
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FIGURE 1. The loss of Ubc13 activity impairs the accumulation of Lys-63-linked ubiquitin chains during Parkin-mediated mitophagy. A, MEFs
retrovirally introduced with GFP-Parkin were treated with Dox to remove Ubc13 genes and then treated with 30 um CCCP for 6 h. Parkin and mitochon-
dria were visualized with GFP fluorescence (green) and anti-Tom20 (red), respectively. B, the mitochondrial translocation efficiency of Parkin treated as
in A was graphed. The values represent the means = S.E. of the percentages of cells exhibiting mitochondrial recruitment in three independent
experiments. The translocation efficiency was similar in Ubc713*/* and Ubc713™/~ (3 h, p < 0.8024; 6 h, p < 0.1309 by Student’s t test). C, ubiquitin
accumulation was detected with anti-polyubiquitin (red) in cells treated as in A. D, accumulation of a Lys-63-linked ubiquitin (K63-Ubiquitin) chain was
detected with anti-Lys-63 linkage-specific ubiquitin antibody (red) in cells treated as in A. Scale bars = 10 um. E, accumulation of Lys-63-linked
polyubiquitin (K63-Ub) but not of Lys-48-linked polyubiquitin (K48-Ub) was reduced in the absence of Ubc13 activity. Crude mitochondrial fractions from
MEFs expressing GFP-Parkin (1 X 10°) treated with (+) or without (—) 30 um valinomycin for 6 h were prepared. Polyubiquitin purified with TUBE1-
agarose in the mitochondrial fractions was detected by Western blot. poly-Ub, polyubiquitin. All experiments were repeated at least three times in A-D

and two times in E, and representative results were shown.

anti-Hsp60 (1:10,000 dilution; BD Biosciences, clone 24/
Hsp60), anti-NDUFS3 (1:10,000 dilution; Abcam, 17D95), anti-
Drosophila Hsp60 (1:1,000 dilution; Cell Signaling Technology,
D307), and anti-Drosophila Mitofusin (dMfn) (1:2,000 dilution;
made in-house). The following antibodies were used for immu-
nocytochemistry analysis: anti-polyubiquitin (1:250 dilution;
MBL International, clone FK2), anti-Lys-63-linked polyubiqui-
tin (1:50 dilution; Millipore, clone Apu3), and anti-Tom20
(1:1,000 dilution; Santa Cruz Biotechnology, FL-145). Mouse
embryonic fibroblasts (MEFs) harboring wild-type or homozy-
gous loxP-flanked Ubcl3 alleles (26) were stably transfected
with Cre recombinase controlled by Tet-On systems. Ubcl3
genes were floxed out following Cre-mediated excision by
treatment with 1 pug/ml doxycycline (Dox) for 72 h to generate
Ubcl3~'~ MEFs. Wild-type Ubcl3 MEFs were also treated
with Dox as a control. The plasmids encoding GFP-Parkin,
HA-Parkin, and PINK1-FLAG have been described previ-
ously (15, 27). MEFs and HeLa cells were retrovirally trans-

33132 JOURNAL OF BIOLOGICAL CHEMISTRY

fected with pMXs-puro harboring PINK1-FLAG, HA-Par-
kin, and GFP-Parkin, and the infected cells were selected
with 1 ug/ml puromycin. The mitochondrial uncoupler car-
bonyl cyanide m-chlorophenyl hydrazine (CCCP) and the
ubiquitin-activating enzyme (E1)-specific inhibitor UBEI-41
were purchased from Sigma-Aldrich. The mitochondrial
uncoupler valinomycin and TUBE1l-agarose were obtained
from Wako and LifeSensors, respectively.

Immunocytochemical and Biochemical Analyses—Cells plated
on 3.5-mm glass-bottom dishes (MatTek) were fixed with 4%
paraformaldehyde in PBS and permeabilized with 50 ug/ml digi-
tonin in PBS. The cells were stained with anti-Tom20 or anti-
ubiquitin antibodies. The cells were imaged using laser-scanning
microscope systems (LSM510 META, Carl Zeiss). Phos-tag
(Wako Pure Chemical Industries) Western blotting was per-
formed as described previously (18).

Drosophila Genetics—Fly experiments were performed as
described (28). The w'**® (w™) line was used as a wild-type
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FIGURE 2. Suppression of Lys-63-linked ubiquitin chain formation does not affect PINK1 activation or mitochondrial clearance. A, MEFs expressing
HA-Parkin were treated with 30 um CCCP for up to 24 h and subjected to Western blot analysis. Mfn1 and Tom20 were used as markers of mitochondrial outer
membrane proteins. Hsp60 was used as a marker of mitochondrial matrix proteins. Actin was used as a loading control. B, MEFs expressing PINK1-FLAG were
treated with 30 um CCCP as in A. The autophosphorylation of PINK1 and accumulation of PINK1 were estimated by Phos-tag Western blot with anti-PINK1
(Phos-tag WB) and conventional Western blot with anti-FLAG (WB). C, MEFs harboring loxP-flanked Ubc13 were treated with (+) or without (—) Dox for 72 h and
were further treated with CCCP for the indicated time periods. The degradation of Parkin, Mfn1, and Tom20 was analyzed by Western blot analysis. D, HeLa cells
stably expressing GFP-Parkin were pretreated with 60 um UBEI-41 (E1 inhibitor) or dimethyl sulfoxide (DMSO) solvent for 1 h and were further treated with or
without 20 um CCCP for 3 h. GFP-Parkin and mitochondria were visualized with GFP signal (green) and anti-Tom20 (red), respectively. Scale bars = 10 um. All

experiments were repeated at least three times in A-C and two times in D.

genetic background. The Ubc13 RNAI line was obtained from
the Vienna Drosophila RNAi Center and was characterized in
Ref. 29. Other fly stocks used in this study have been described
previously (8).

RESULTS AND DISCUSSION

Because Ubcl3 is an E2 enzyme crucial for generating
Lys-63-linked chains (30), we tested PINK1/Parkin-mediated
mitophagy in Ubc13 mutant cells to estimate the effects of Lys-
63-linked polyubiquitin chain formation. In the Ubc13 mutant
cells harboring the loxP-flanked Ubcl3 gene, Ubcl3 can be
inactivated by Dox-induced flox-out. We inactivated Ubc13 by
Dox treatment and induced the mitochondrial translocation of
GFP-Parkin and the accumulation of ubiquitin chains using
CCCP. The mitochondrial translocation of GFP-Parkin
occurred with similar efficiency (Fig. 1, A and B). In contrast,
the accumulation of total ubiquitin (Fig. 1, C and E) as well as
Lys-63-linked polyubiquitin (Fig. 1, D and E) in the mitochon-
dria was dramatically reduced in the absence of Ubc13 activity.
Accumulation of Lys-48-linked polyubiquitin in the mitochon-
drial fractions was similar between UbcI3"'* and Ubc13~'~
MEFs expressing GFP-Parkin (Fig. 1E).

Polyubiquitination induces the degradation of mitochondria
outer membrane proteins through the proteasome and recruits
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LC3-mediated autophagy machinery (22). To test whether
autophagy is altered in U/bc13~/~ MEFs, we examined the levels
of Mfn1, a known substrate of Parkin E3; a mitochondrial outer
membrane protein, Tom20; and a matrix protein, Hsp60. The
time-dependent degradation of Mfnl, Tom20, and Hsp60 in
Ubc13~'~ MEFs was comparable with that in {/bc13*/* MEFs
(Fig. 2A4). When Parkin is activated upon CCCP treatment,
Parkin is subjected to autodegradation by the proteasome (18).
The degradation efficiency of HA-tagged Parkin was similar
between Ubc13"'" and Ubc13~'~ MEFs, suggesting that the
formation of Lys-63-linked polyubiquitin affects neither the
activation of Parkin nor the autophagic clearance of
mitochondria.

It has been proposed that Lys-63-linked ubiquitination of
PINK1 by TRAF6 is required for the mitochondrial accumula-
tion of PINK1 and mitochondrial translocation of Parkin upon
areduction of AWm (24). PINK1 stabilization on the mitochon-
drial outer membrane stimulates its dimerization and is closely
correlated with its autophosphorylation at Ser-228 and Ser-402
in an intermolecular fashion (31), through which PINK1 kinase
activity is thought to be activated (32). We estimated the extent
of PINKI1 accumulation and PINK1 autophosphorylation by
conventional Western blot and Phos-tag Western blot analyses,
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FIGURE 3. Inhibition of Ubc13 does not modulate the mitochondrial phenotypes caused by PINK1 inactivation. A, fluorescentimages of the indirect flight
muscle in 7- and 30-day-old adult flies expressing the indicated shRNAs are shown. To visualize the mitochondria, the mitoGFP (green) transgene was
co-expressed, and the muscle tissue was counterstained with phalloidin (magenta). Representative images from three independent samples in each genotype
are shown. Experiments were repeated two times. Scale bar = 10 um in the fluorescentimages. B, the protein levels of dMfn, complex | subunit NDUFS3, and
Hsp60 from the thoraxes of 7-day-old adult flies were analyzed by Western blot. Coomassie Brilliant Blue (CBB) staining around the dMfn migration position
confirms that approximately equivalent amounts of protein were loaded. C, the band intensities of dMfn and NDUFS3 were normalized to each Coomassie
Brilliant Blue signal. The values (arbitrary units (A.U.)) represent the means = S.E. from 4-5 independent samples as in B. Although dMfn and NDUFS3 levels
showed increasing and decreasing tendencies, respectively, with PINK1 inactivation as reported (28), there were no statistical differences between any
combinations. N.S., not significant. n = 4-5. D, ATP contents of thorax muscle tissues of 7-day-old adult flies were measured. ATP contents were normalized
against the protein levels. The values represent the means = S.E. from five independent samples. *, p < 0.05, **, p < 0.01 by Tukey-Kramer test. Fly genotypes
used in A-D are as follows: UAS-mitoGFP/UAS-LacZ RNAi; MHC-GAL4/+ (LacZ RNAI), UAS-mitoGFP/UAS-Ben RNAi; MHC-GAL4/+ (Ben RNAI), UAS-mitoGFP/UAS-

LacZ RNAi; MHC-GAL4, UAS-PINKT RNAi/+ (PINKT RNAI, LacZ RNAI), UAS-mitoGFP/UAS-Ben RNAi; MHC-GAL4, UAS-PINKT RNAi/+ (PINK1 RNAI, Ben RNAI).

respectively (Fig. 2B). However, there was no evidence that
PINK1 accumulation and autophosphorylation were altered in
the absence of Ubc13 activity, suggesting that the formation of
the Lys-63-linked polyubiquitin chain is not a key factor in
PINK1 regulation in mitophagy.

Because MEFs are derived from a heterogeneous population
of cells, the response to PINK1/Parkin-mediated mitophagy
might differ among different batches of cells. To exclude this
possibility, we used the same batch of Ubcl3 mutant cells,
which were treated with or without Dox. PINK1/Parkin-medi-
ated mitophagy was induced by CCCP treatment for up to 24 h.
We again confirmed that the efficiency of the degradation of
HA-Parkin, Mfnl, and Tom20 is comparable between Dox-
treated and untreated cells (Fig. 2C).

It has been reported that Parkin is also involved in xenophagy
for Mycobacterium tuberculosis, in which the co-localization of
a Lys-63-linked ubiquitin chain with phagosomes containing
M. tuberculosis was observed (33). Because the formation of
Lys-63-linked ubiquitination, the subsequent accumulation of
the ubiquitin adaptors, and the autophagy machinery are Par-
kin-dependent, Lys-63-linked ubiquitination likely mediates
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the recruitment of autophagy-related proteins, as proposed in
studies of mitophagy (14, 22). Lys-63-linked ubiquitination is
also observed in Salmonella xenophagy (34). However, the
recruitment of the autophagy machinery occurred with the
same efficiency in Salmonella xenophagy (35). The results
describing both mitophagy and xenophagy suggest that the
autophagy machinery can recognize other polyubiquitin link-
ages in addition to Lys-63 or that Lys-63 linkage is not involved
in this step. Although Lys-63-linked ubiquitination is not
essentially required for mitochondrial translocation of Parkin,
the inhibition of all of ubiquitination reactions by an E1-specific
inhibitor completely suppresses Parkin translocation, suggest-
ing that ubiquitination is part of the regulation in Parkin trans-
location (Fig. 2D).

The formation of Lys-63-linked polyubiquitination by Ubc13
and Uevla is involved in the TNF signaling in both mammals
(36) and Drosophila (29). Knockdown of Bendless (Ben), an
ortholog of Ubc13, suppresses TNF signaling in Drosophila,
suggesting that the formation of Lys-63-linked polyubiquitina-
tion is inhibited (29). Muscular mitochondria in the thorax, in
which Ben was inactivated, showed a normal gross morphol-
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ogy, implying that Lys-63-linked ubiquitination is dispensable
for mitochondrial maintenance under steady-state conditions
(Fig. 3A). In contrast, PINK1 activity is essential for maintaining
mitochondrial homeostasis because inactivation of PINK1
largely leads to mitochondrial degeneration, as described pre-
viously (Fig. 34) (8). The mitochondrial degeneration by PINK1
inactivation was no longer modulated by the suppression of Ben
activity, even in old flies (Fig. 34). Consistent with the histo-
chemical analysis, levels of a mitochondrial outer membrane
protein Mitofusin, which is a ubiquitination substrate of Parkin,
as well as the mitochondrial complex I subunit NDUFS3, were
not altered by Ben inactivation (Fig. 3, Band C). In addition, the
absence of Ben did not affect mitochondrial ATP production
(Fig. 3D).

In conclusion, this study revealed that Lys-63-linked ubiq-
uitination is dispensable for the PINKI-Parkin pathway.
Although Lys-63-linked ubiquitination by Parkin has been sug-
gested to be important for the suppression of protein toxicity by
Parkin, further investigations will be required to determine
whether specific roles of Lys-63-linked ubiquitination in the
PINK1-Parkin pathway exist (37, 38).

Acknowledgments—We thank Drs. S. Akira and M. Yamamoto for
Ubcl3 mutant cells, and T. Arano and T. Imura for technical
assistance.

Addendum—After submission of this study, two studies using
siRNA against Ubcl3 reported that Ubcl3 has a role for the
autophagy process of Parkin-mediated mitophagy (39) and Parkin
translocation (40). As we also observed some delay in mitophagy in
our initial study using siRNA, we feel that certain sequences of
siRNA affect mitophagy.
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Assembly of the cochlear gap junction
macromolecular complex requires connexin 26
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Hereditary deafness affects approximately 1 in 2,000 children. Mutations in the gene encoding the cochlear gap
junction protein connexin 26 (CX26) cause prelingual, nonsyndromic deafness and are responsible for as many
as 50% of hereditary deafness cases in certain populations. Connexin-associated deafness is thought to be the
result of defective development of auditory sensory epithelium due to connexion dysfunction. Surprisingly,
CX26 deficiency is not compensated for by the closely related connexin CX30, which is abundantly expressed in
the same cochlear cells. Here, using two mouse models of CX26-associated deafness, we demonstrate that dis-
ruption of the CX26-dependent gap junction plaque (GJP) is the earliest observable change during embryonic
development of mice with connexin-associated deafness. Loss of CX26 resulted in a drastic reduction in the
GJP area and protein level and was associated with excessive endocytosis with increased expression of caveolin
1 and caveolin 2. Furthermore, expression of deafness-associated CX26 and CX30 in cell culture resulted in
visible disruption of GJPs and loss of function. Our results demonstrate that deafness-associated mutations
in CX26 induce the macromolecular degradation of large gap junction complexes accompanied by an increase

in caveolar structures.

Introduction

Hearing loss is the most common congenital sensory deficit (1, 2).
Approximately 1 child in 1,000 is affected at birth or during early
childhood by severe hearing loss, which is defined as prelingual deaf-
ness (3,4), with about half of the cases attributable to genetic causes
(5). Among the more than 100 known forms of nonsyndromic deaf-
ness with identified genetic loci, by far the most common and best
characterized is the one associated with GJB2 (OMIM 121011), the
gene encoding the connexin 26 (CX26) protein (6). This gap junc-
tion protein, which assembles to form channels between cells in the
cochlear supporting cells, allows the rapid removal of K* away from
the base of hair cells, resulting in the recycling of this ion back to
the endolymph to maintain cochlear homeostasis (7). CX26 and
CX30 are the two most abundantly expressed gap junction proteins
in the cochlea (8) and form heteromeric and heterotypic channels
in most of the cochlear gap junction plaques (GJPs) (9) as well as
in in vitro experiments (10). In addition to their effects on K*, gap
junction proteins mediate the movement of Ca?" and anions via
inositol 1,4,5-trisphosphate, as well as the cell-signaling, nutrient,
and energy molecules ATP and cAMP (11).

Connexins are assembled into hexameric connexons in the endoplas-
mic reticulum and are trafficked to the plasma membrane. Hemichan-
nels dock head to head with partner hexameric channels positioned
on neighboring cells (12). The resulting GJP may vary from 100 nm
to several micrometers in diameter and can contain up to 10,000 con-
nexons. Newly synthesized gap junctions always merge into the out-
side of existing GJPs, and the older gap junctions in the central area of
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the plaques are internalized in approximately 1 to S hours (13). Dif-
ferent types of connexin channels segregate into the different plaques
forming both hetero- and homoconnexons (14). This dynamic process
regulates gap junction assembly and disassembly in living cells.

In this study, we demonstrate that a mutation in CX26 induces
the macromolecular degradation of large gap junction complexes
accompanied by an increase in caveolar structures and that the
assembly of this macromolecular complex requires CX26.

Results
In this study, we performed a detailed compositional analysis of
cochlear GJPs using models of two major types of CX26-related
hearing loss. The first model consists of a mouse that expresses
human CX26 with the R75W dominant-negative muctation
(CX26%75%*; refs. 15-17 and Supplemental Figure 1, A and B; sup-
plemental material available online with this article; doi:10.1172/
JCI67621DS1). The other is a newly developed conditional
Cx26-deficient mouse (Cx267f PO-Cre) with localized gene deletion
in the inner ear under the control of the protein 0 (P0) promoter
(ref. 18 and Supplemental Figure 1C). To confirm the expression
pattern of PO in the inner ear lineage, PO-Cre mice were crossed
with R26REFP reporter mice, which contain GFP knocked into the
ROSA26locus, allowing for the activation of GFP using Cre recom-
binase, and GFP signals were observed at the otocyst (Supplemen-
tal Figure 2). Cx26"f P0-Cre mice had severe sensorineural hearing
loss (Supplemental Figure 1D), although no abnormalities were
observed in other organs (data not shown). Furthermore, these
mice displayed an impaired ability to propagate Ca?* oscillations
from cell to cell at PS (Supplemental Figure 3), which is proba-
bly related to an impaired function of gap junctions (19, 20) and
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Figure 4

Disruption of cochlear GJPs is reproduced by human cDNA clones for CX30 and CX26, with or without mutations in HelLa cells, and leads to
functional differences in dye transfer depending on the resultant GJP sizes. (A—E) Clear differences in GJP formation were observed in HelLa
cells that expressed the indicated connexin(s), which made homomeric or heteromeric channels. Cells were colabeled with anti-CX26 (green) and
anti-CX30 (red) antibodies and were counterstained with DAPI (blue). L-GJPs were observed only when normal CX26 was expressed alone (A)
or was coexpressed with CX30 (C). The other combinations (B, D, and E) formed S-GJPs. (F-Q) In HeLa cells that expressed CX30 and CX26,
cells with smaller GJPs demonstrated decreased NB transfer. (F, G, L, and M) Shown are HeLa cells that expressed WT CX30 alone (CX30) or
coexpressed WT CX30 and WT CX26 (CX30/CX26), or the indicated CX26 mutants (CX30/Cx26R75Q or CX30/CX26R75W). CX26 and CX30
were colocalized, and the GJP size differed across cell lines. (H and N) Quantitative analysis of the GJP length (mean + SEM). ***P = 3.3 x 10-"7
(H)or P=77 x 10-2(N). (1, J, O, and P) Digital fluorescence images of HelLa cells expressing the indicated connexin(s) after NB scrape-loading.
(K and Q) Quantitative analysis of intercelfular NB transfer after scrape-loading. Columns represent the mean distance (+ SEM) of NB transfer
from the scrape line. “**P = 9.6 x 102 (K) or P = 3.2 x 10~" {Q). Scale bars: 10 um and 5 um (insets).
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L-GJPs has a definite CX26 dependency and that CX26 is required to
form the large macromolecular complex of gap junctions.

Regarding the association between connexins and caveolins (Fig-
ure 5 and Supplemental Figure 9), gap junction activity is regu-
lated by protein kinase Cy activity associated with CAV1-contain-
ing lipid rafts (27). Connexin family members (including CX26)
are targeted to lipid raft domains, where they interact directly with
caveolins such as CAV1 (28). Interestingly, in that experimental
system, CX26 was targeted to lipid rafts only when CX26 was coex-
pressed with CAV1, suggesting that CAV1 recruits CX26 to lipid
rafts, although other connexins such as CX32, CX36, CX43, and
CX46 showed this lipid raft targeting without any artificial expres-
sion of CAV1 (28). These data showing that CX26 is excluded from
the lipid raft fraction are in agreement with our present obser-
vation that the lipid raft signals in Cx26%f PO-Cre mice localized
between S-GJPs with no regularity and with more diffuse labeling
and less clarity compared with those in control mice (Supplemen-
tal Figure 9). This suggests that the partial targeting to lipid rafts
of connexins such as CX30 occurred to prevent the assembly or
reassembly of GJPs in CX26-mutant mice.

In many tissues, CX26 is often coexpressed with another con-
nexin in individual cells (29), and it can form heterotypic chan-
nels containing homomeric or heteromeric channels with CX30
(10). Hearing loss caused by CX30 deficiency in mice is rescued by
the overexpression of CX26 (30). This observation demonstrates
that CX26 can compensate for CX30. In contrast, when CX26 is
absent in conditional CX26-null mice, CX30 overexpression does
not rescue the severe hearing loss (31). Thus, it was concluded that
CX26 plays an essential role in the development of the auditory
sensory epithelium and that its unique developmental functions
required for normal hearing cannot be replaced by CX30 (31). In
lens fiber cells, although the expression of CX46 and CX50 overlap
extensively, mice thatlack one or the other of these connexins (and
that serve as a model system for cataract formation) exhibit differ-
ent phenotypes (32, 33). Macromolecular complex degradation in
GJPs that affects other partner connexins and critically reduces
functional plaque area may explain not only hearing loss, but also
conditions such as cataracts resulting from gap junction dysfunc-
tions with uncompensated connexin muctations.

Until now, hereditary deafness with connexin mutations was
believed to be initiated by a single molecular dysfunction or dom-
inant-negative effect on the connexin partners (34), and the pri-
mary pathology had never been observed at the embryonic stage.
As for the cell degeneration in the connexin mutants, Liang et
al. reported that cell degeneration was not a primary cause of
CX26 deficiency-associated hearing loss (35). Using a CX26-de-
ficient mouse model similar to the one used in the present study,
they demonstrated that cochlear cells, including spiral ganglion
neurons, had no significant degeneration throughout postnatal
development, although auditory brainstem responses (ABRs) were
absent in the whole frequency range (8-40 kHz) after birch.

Here, we demonstrate that connexin-associated deafness, which
is the most frequent type of hereditary deafness, may be initiated
not by a single molecular dysfunction of connexins, but by a mac-
romolecular complex degradation of GJPs from the embryonic
stage. This loss of GJP area may then abolish the proper ionic gra-
dient needed for intercellular communication in the cochlea.

To the best of our knowledge, this is the first report demonstrat-
ing that a mutation in CX26 induces macromolecular degrada-
tion of large gap junction complexes accompanied by an increase
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in caveolar structures, which may lead to excessive membrane
retrieval and result in a drastic reduction in the GJP area. This may
represent a new molecular pathology for hereditary sensorineural
deafness and for the general formation of gap junctions, and thus
this machinery could be an effective target for drug design and
chemical screening to reinforce the assembly of the other cochlear
connexins such as CX30.

Methods
Dominant-negative CX26R75W (CX26875%*) transgenic mice. CX26775"* mice
were obtained from a breeding colony of a previously reported line (16).
CX26%75%* mice were maintained on a C57BL/6] background and crossed
with C57BL/6] animals to generate R75W rransgenic offspring. Nontrans-
genic (non-Tg) littermares on a C57Bl/6] background were always used as
the control for CX26775%* mice.

Generation of novel conditional knockout mouse for CX26. A targeting vector of
a floxed Cx26 allele including exons 1 and 2 was consrructed using phage
DNA clones from a genomic library of J1 ES cells. An approximately 8.4-kb
HindIII-BamHI fragment with exon 1 and a 2.85-kb Sacl-Sacl fragment
containing the 3" half of exon 2 were isolated and used to construct a tar-
geting vector with long and short homologous sequences, respectively, One
loxP sequence was introduced at the end of intron 1, and a Neo cassette was
introduced between two loxP sequences in exon 2. The diphtheria toxin A
(DT-A) chain expression cassette was used as a negative selection marker.
The linearized targering vector was introduced into J1 ES cells by electro-
poration, and G418-resistant clones were analyzed by Southern blotting
to isolate the homologous recombinant as described (18, 36). Identified
recombinant ES cells were injected into C57/BL6]J blastocysts. A mouse
strain harboring the floxed Cx26 allele was established by crossing chi-
meras with C57/BL6]J fernales to produce F1 heterozygotes (Cx26%*). F2
offspring were generated by crossing F1 heterozygotes, and their genotyp-
ing was performed by PCR amplification. No apparent abnormalities were
detected in the Cx26 mice. Otic vesicle-specific CX26-knockout mice were
generated by breeding Cx26/f mice with mice that expressed the Cre recom-
binase gene under the control of the promoter of the PO gene (P0-Cre mice,
on a C57BL/6] background), as described (18). To evaluate Cre recombi-
nase expression and distribution, PO-Cre mice were crossed with ROSA26-
GFP reporter mice (Gt-ROSA-26sortmIsor, R26R), and the four mice from
rwo litters were analyzed by fluorescence and confocal microscopy (Supple-
mental Figure 2). Cx26/f on a C57Bl/6) background in the littermates was
always used as the control for the Cx26/ P0-Cre mice.

Immunobistochemistry. Mice were anestherized, killed, and the inner
ear tissues were removed. The cochleae were further dissected and fixed
in 4% PFA. Immunofluorescence staining with antibodies against CX26
(rabbit IgG from Life Technologies and mouse IgG from LifeSpan Biosci-
ences), CX30 (rabbit IgG; Life Technologies), caveolin 1 (mouse IgG; BD
Biosciences), and caveolin 2 (mouse IgG; BD Biosciences) was performed
on whole-mount preparations of the finely dissected organ of Corti or
cochlear cryosections (5-pum) that included ISCs. We incubated rhe tissues
in the antibody solurions for 1 hour after blocking. The following second-
ary antibodies were used: Cy3-conjugated anti-rabbit IgG (Sigma-Aldrich)
for anti-CX26 or -CX30 rabbit antibodies; Alexa Fluor 488-conjugated
anti-mouse IgG (Life Technologies) for anti-CX26 mouse antibodies; Alexa
Fluor 594-conjugated anti-mouse IgG (Life Technologies) for anti-CAV1
or -CAV2 mouse antibodies; and Alexa Fluor 633-conjugated anti-rabbit
IgG (Life Technologies) for CX30 in double or triple staining. Lipid rafts
were visualized with Alexa Flour 594-conjugated cholera toxin subunit B
(CTxB, Life Technologies). Fluorescence confocal images were obtained
with an LSM510-META confocal microscope (Zeiss). Some of the green
fluorescence in CX26%7°%" mice indicates the pseudocolor obrained from
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the Alexa Fluor 633-conjugated secondary antibody signal (Life Technol-
ogies), because these mice have ubiquitous EGFP expression from their
transgene. z-stacks of images were collected at 0.5-um intervals, and the
single image stacks were constructed with the LSM Image Browser (Zeiss);
three-dimensional images and videos were constructed using IMARIS soft-
ware (Bitplane). We analyzed at least five samples from five animals at each
age used, and representative images are shown. The compared images were
photographed and processed using identical parameters. Three-dimen-
sional images were construcred with z-stacked confocal images by IMARIS
(Bitplane). Quantitative analysis of the GJP length (mean + SEM) was
performed with the LSM Image Browser (Zeiss), and data were compared
using a Student’s ¢ test (Microsoft Excel).

Western blot analysis. The mouse cochlear proteins were extracted with
T-PER Tissue Protein Extraction Reagent (Thermo Scientific) from at least
six cochleae that included the organ of Corti, lateral wall, and stria vascu-
laris. The proteins were resolved by SDS-PAGE with 4% to 20% mini-PRO-
TEAN TGX gels (Bio-Rad Laboratories) and then transferred onto a PVDF
membrane (Amersham Hybond-P; GE Healthcare). After blocking, the
membranes were processed through sequential incubations with anti-
caveolin 1 (1:1,000; BD) and anti-caveolin 2 (1:500; Sigma-Aldrich), rabbit
anti-CX26 (1:1,000; Life Technologies), mouse anti-CX26 (1:1,000; Life-
Span Biosciences), and monoclonal anti-B-actin (1:1,500; Sigma-Aldrich)
with HRP-conjugated anti-rabbit or anti-mouse IgG (1:40,000; GE Health-
care) as the secondary antibody. Amersham ELC Prime Western Blotring
Detection Reagent (GE Healthcare) was then used for visualization, and
the signal was developed on x-ray film (Amersham Hyperfilm ECL; GE
Healthcare). Each experiment was repeated at least three times. Densit-
ometric analysis of the band intensities was performed with Image]J soft-
ware (NIH). The data were normalized to the corresponding B-actin levels,
expressed relative to the amount present in each littermate control, and
compared using a Student’s ¢ test (Microsoft Excel).

Transmission electron microscopy. Animals were deeply anesthetized and
perfused intracardially with 0.01 M PBS, followed by 2% PFA and 2% glu-
taraldehyde in 0.1 M cacodylate buffer. The cochleae were opened and
flushed with the fixative for 2 hours at room temperature. After washing,
the specimens were postfixed for 1.5 hours in 2% osmium tetroxide in
0.1 M phosphate buffer and then dehydrated through a graded ethanol
series and embedded in Epon. Horizontal sections of the surface of the
cochlear membrane labyrinth were cut, stained wich uranyl acerate and
lead citrare, and examined by electron microscopy (H-7100; Hirachi). The
numbers of caveolae and vesicles were counted and compared using a
Student’s ¢ test (Microsoft Excel).

Expression constructs and cell lines expressing CX26, CX30, or CX26 mutants.
Expression constructs and cell lines wete generated as previously described
(10, 22). Briefly, human GJB6 was obtained by RT-PCR (Superscript II;
Life Technologies) from human corpus callosum RNA (Clontech) and
subcloned into the pIRESpuro3 vector, then human GJB2 was subcloned
into the pIRESneo3 vector, and the GJB2 mutations were introduced
into the ORF of human GJB2 cDNA by PCR site-directed mutagenesis
using the QuickChange kit (Stratagene). Communication-incompe-
tent HeLa cells were used to generate the stable cell lines expressing WT
CX30. To generate cells expressing both WT CX30 and WT CX26 or CX26
mutants, one cloned cell line that stably expressed CX30 was transfected
with GJB2 in pIRESneo3. After selection with both 1 ug/ml of puromy-
cin (Sigma-Aldrich) and 1 mg/ml of G418 (Life Technologies) for about
3 weeks, the colonies were trypsinized, and these bulk-selected cells were
expanded for the subsequent studies. Quantitarive analysis of GJP length
(mean + SEM) was performed with Image] software.

Immunocytochemistry and GJP quantification. HeLa cells were grown on
coverslips for 2 days ro a confluence of approximarely 70% to 90%, fixed
1606
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in acetone, and incubated with a monoclonal antibody (33-5800, dilured
1:500; Zymed Laborarories) and a rabbit antiserum against the C terminus
of CX30 (71-2200, dilured 1:1,000; Zymed Laborarories ); these did not
cross-react with each other, as previously shown (10). The cells were visual-
ized with tecramethylrhodamine isothiocyanate-conjugated (TRITC-con-
jugated) donkey anti-rabbir (Abcam) and FITC-conjugated donkey anti-
mouse secondary antibodies (Abcam). The cells were photographed under
a Leica fluorescence microscope with a Hamamartsu C4742-95 digital
camera connected to a G5 Mac computer using OpenLAB 2.2 software for
deconvolution. The images were analyzed for GJP length using ImageJ soft-
ware. All GJPs from 30 to 35 cells of each cell line were measured, and the
mean GJP length was compared between cells expressing CX30 alone and
those expressing both CX30 and CX26, or between cells expressing both
CX30 and CX26R75Q and those expressing both CX30 and CX26R75W,
using a Student’s ¢ test (Stata).

Dye transfer with Scrape-loading. Dye transfer was investigared using a
scrape-loading assay as previously described (10). Briefly, parental HeLa
cells, bulk-selected cells that expressed WT CX30 alone, or cells thar coex-
pressed WT CX30 and CX26 or one of the CX26 mutants (R75Q or R75W)
were grown to confluence on coverslips. Following the scrape-loading with
2% NB and diffusion, the cells were washed, fixed, and the NB was visual-
ized by TRITC-conjugated avidin (Sigma-Aldrich). Cells were photographed
under a Leica fluorescence microscope with a Hamamatsu C4742-95 digiral
camera connecred to a G5 Mac compurter, using OpenLAB 2.2 software. Dye
transfer was quantified by measuring the distance from the scrape line to
the point where the average fluorescence intensity dropped to 1.5 times the
background intensity. Eleven to twelve images were acquired from each of
three different plates of cells. The images were processed and analyzed with
Image] software, and the mean distance was calculated using Microsoft
Excel software and compared using a Student’s ¢ test (Stara).

Statistics. A one-tailed Student’s ¢ test, with a significance criterion of P < 0.0,
was used to compare the GJP length, relative protein levels, number of cells
positive for accumulated caveolins, ABR thresholds, propagation ranges of
Ca? signaling, distance of dye transfer, and number of caveolae or vesicles.

Study approval. All experimental protocols were approved by the IACUC
of Juntendo University School of Medicine and were conducted in accor-

dance with the NIH guidelines for the care and use of laboratory animals.
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White Matter Alteration of the Cingulum in
Parkinson Disease with and without Dementia:
Evaluation by Diffusion Tensor Tract-Specific
Analysis

BACKGROUND AND PURPOSE: In PD, the neurodegenerative process begins in the brain stem and
extends to the limbic system and finally into the cerebral cortex. We used diffusion tensor tractography
to investigate the FA of the cingulate fiber tracts in patients with PD with and without dementia.

MATERIALS AND METHODS: Fifteen patients with PD, 15 patients with PDD, and 15 age-matched
healthy controls underwent diffusion tensor imaging with a 3T MR imager. Diffusion tensor tractog-
raphy images of the anterior and posterior cingulate fiber tracts were generated. Mean diffusivity and
FA were measured along the tractography of the anterior and posterior cingulate fiber tracts. One-way
ANOVA with the Scheffé post hoc test was used to compare results among the groups.

RESULTS: FA was significantly lower in patients with PDD than in healthy controls in both the anterior
and the posterior cingulate fiber tracts (P = .003, P = .015) and significantly lower in patients with PD
than in healthy controls (P = .003) in the anterior cingulate fiber tract. There were no significant mean
diffusivity differences among the groups. MMSE and FA values of the anterior cingulate fiber tracts in
patients with PDD were significantly correlated (r = 0.633, P < .05).

CONCLUSIONS: The reduced FA in patients with PD and PDD might reflect neuropathologic changes
such as Lewy body pathology in the cingulate fibers. This abnormality might contribute to the

dementing process in PD.

ABBREVIATIONS CFT = cinguiate fiber tract; FA = fractional anisotropy; HSD = Honestly Signifi-
cant Difference; MD = mean diffusivity; MMSE = Mini-Mental State Examination; PD = Parkinson
disease; PDD = Parkinson disease with dementia; UPDRS = Unified Parkinson’'s Disease Rating

Scale

D is the second most frequent neurodegenerative disorder

after Alzheimer disease.! It is clinically characterized by a
complex motor disorder known as parkinsonism, which is
manifested principally by resting tremor, slowness of initial
movement, rigidity, and general postural instability.? In PD,
the primary pathologic changes involve loss of nigrostriatal
dopaminergic neurons and the presence of Lewy bodies (a-
synuclein—immunoreactive inclusions), with neuronal loss in
numerous brain regions.> The presence of these Lewy body
aggregations, which result, in part, from protein misfolding, is
mandatory for neuropathologic confirmation of the clinical
diagnosis. The neurodegenerative process (Lewy body pathol-
ogy) begins in the brain stem and extends into the limbic sys-
tem and finally into the cerebral cortex.’® Extension of the
neurodegenerative process beyond the brain stem is probably
the basis for some of the clinical features, including nonmotor
deficits such as dementia. Although dementia frequently oc-
curs in the late stages of PD and is associated with increasing
disability, mainly in elderly cohorts,”* its neuroanatomic basis
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is still controversial. In particular, it is unclear whether cogni-
tive deterioration is primarily a cortical or a subcortical
process.

To distinguish these pathophysiologic changes in PD, con-
ventional MR imaging has so far been unsuccessful. A nonin-
vasive technology such as diffusion tensor imaging would be
helpful for understanding changes at the microstructural level,
as well as for monitoring disease progression and improving
prognosis in terms of these aspects of PD. A recent study in-
cluding only patients with newly diagnosed PD used high-
resolution diffusion tensor imaging at 3T to evaluate rostral,
middle, and caudal ROIs within the substantia nigra on a sin-
gle section of the midbrain. This study found that patients
with PD could be completely distinguished from the control
group on the basis of reduced FA values in the caudal ROI of
the substantia nigra.” In another study, diffusion tensor imag-
ing and ROI analyses revealed changes in FA in the cingulum
in patients with PD without dementia relative to controls.’®
Changes in FA have also been found in the frontal lobes, in-
cluding the supplementary motor area, the presupplementary
motor area, and the cingulum, in patients with PD without
dementia relative to controls by using statistical parametric
mapping analysis in conjunction with diffusion tensor imag-
ing.!! In a diffusion tensor imaging study of subjects with PDD
(n = 11), Matsui et al'* reported a reduction in the FA in the
posterior cingulate compared with the FA in subjects with PD
(n = 26) and healthy controls (n = 10). These findings sup-
port the notion that the posterior cingulate may play an im-
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Table 1: Demographic characteristics of subjects

Control PD PDD P Value P Value P Value

{n = 15) {n =15) {n = 15) {Control vs PD) (Control vs PDD) (PD vs PDD)
Sex, male/female 6:9 9.6 8.7 NS NS NS
Age in years, {mean) (SD) 69.5(6.9) 69.8(5.9) 71.3(5.6) NS NS NS
Disease duration in months {mean) (SD) NA 70.6 {58) 139.0(96.5} NA NA <.05
Hoehn and Yahr stage (SD) 0 2.3(1.3) 3.0(0.7) NA NA <.05
MMSE (SD) 285 26.1(3.2) 20.2(4.0) NS <01 <0
UPDRS-II score (SD) NA 19.0(12.0) 27.1(9.9) NA NA <.05
Levodopa dosage {mg/day) (median) 0 409.1(280.3) 687.0{126.0) NA NA <05

(SD)

Note:—NA indicates not applicable; NS, not significant {P > .05).

portant role in the pathologic process of PDD. On pathologic
examination, Kovari et al'? reported that there was a highly
significant correlation between the clinical dementia rating
scores and regional Lewy body densities in the entorhinal cor-
tex and anterior cingulate gyrus.

The posterior cingulum is an important part of the Papez
circuit, which is important for the processing of episodic
memory. Posterior CFTs connect the anterior thalamus, cor-
tical cingulum, association cortices, and hippocampus.'* The
importance of the cingulum goes far beyond episodic mem-
ory. As previously suggested, the perigenual anterior cingulate
cortex is involved in affect; the subgenual subregion of the
anterior cingulate cortex, in visceromotor control; the middle
cingulate cortex, in response selection (including the dorsal
middle cingulate cortex in skeletomotor control); the poste-
rior cingulate cortex, in visuospatial processing; and the retro-
splenial cingulate cortex, in memory access.'”

The cause of dementia in PD is still under debate, but we
consider that 1 underlying cause of dementia might be the
process of neurodegeneration in the anterior and posterior
cingulate gyrus over the brain stem, given the general role of
the cingulate gyrus and the pathology of PD as described thus
far.

We hypothesized that patients with PD with and without
dementia show diffusion abnormalities in the cingulate fibers
and that these diffusion abnormalities are an important part of
the pathologic process of PD.

Almost all studies of diffusion tensor imaging in PD have
used either ROI diffusion tensor imaging'®!? or statistical
parametric mapping methods.!! Diffusion tensor tractogra-
phy is one of the most promising imaging processing tech-
niques because it enables both visualization of the fiber path-
ways in the brain and quantitative analysis of specific fiber
bundles,'®"’

We, therefore, compared diffusion abnormalities in the
cingulate fibers in patients with PD with and without de-
mentia and healthy controls by using diffusion tensor
tractography.

Materials and Methods

Subjects

This study was approved by an institutional review board, and in-
formed consent was obtained from all participants before evaluation.
For subjects who, because of cognitive impairment, were determined
by the clinician not to have the capacity to give consent, a legally
authorized surrogate provided consent. The demographic character-
istics of the subjects are shown in Table 1. In all patients with PD, the
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disease had been diagnosed by neurologists and fulfilled the UK Par-
kinson’s Disease Society Brain Bank criteria.'® PD was staged accord-
ing to the Hoehn and Yahr scale, and the subjects underwent the
Japanese version of the MMSE to assess cognitive dysfunction.'” PDD
was diagnosed in accordance with recently published guidelines,zo
and patients with probable PDD were selected. All patients with PD
and PDD were taking levodopa at the time of the MR imaging and
clinical examination. Eighteen months or more after scanning, all
patients remained free of atypical parkinsonism and continued re-
sponding satisfactorily to antiparkinsonian therapy. Fifteen healthy
subjects were recruited from the general population as control sub-
jects, and they were carefully matched in age to the patients. Individ-
uals with any history of hypertension, diabetes mellitus, cardiovascu-
lar disease, stroke, brain tumor, epilepsy, PD, dementia, depression,
drug abuse, or head trauma were excluded as controls.

MR Imaging

The brains of all patients were examined with a 3T MR imaging unit
(Achieva; Philips Healthcare, Best, the Netherlands) and an 8-chan-
nel-array receiving head coil for sensitivity encoding parallel imaging.
Regular structural images such as T1-weighted spin-echo images, T2-
weighted turbo-spin-echo images, and fluid-attenuated inversion re-
covery images were obtained before acquisition of diffusion tensor
images. Diffusion tensor imaging was performed by using the spin-
echo echo-planar technique (TR/TE, 5443/70 ms; matrix size, 128 X
128; FOV, 224 X 224 mm?; section thickness, 3 mm with no gap).
Images were obtained with both 32-direction diffusion encoding
(b=1000 s/mm? for each direction) and no diffusion encoding (b=0
s/mm?), A total of 50 axial section images were obtained, covering the
whole cerebrum. Scanning time was 7 minutes 17 seconds.

Diffusion Tensor Data Postprocessing

Diffusion tensor imaging data were transferred to an off-line
workstation. Maps of FA and MD were computed by using dTV II
and Volume-One 1.72 (http://www.volume-one.org), developed
by Masutani et al (University of Tokyo; diffusion tensor visualizer
available at http://www.ut-radiology.umin.jp/people/masutani/dTV.
htm).'”*! Diffusion tensors were computed, and fiber tracts were
created by using interpolation along the z-axis to obtain data (voxel
size, 2.0 X 2.0 X 3.0 mm?). Using 33 sets of images (32 sets of images
with b=1000 s/mm?, 1 set of images with b=0 s/mm?), we created
color-coded maps. On the color maps, red was assigned to left-right,
green to the anteroposterior, and blue to the craniocaudal direction.”
Fiber tracts were based on the fiber assignment made by using the
continuous tracking approach®® to obtain a 3D tract reconstruction.
Identification of fiber tracts was initiated by placing a “seed” and a
“target” area in anatomic regions through which the particular fibers




were expected to course.® We performed diffusion tensor tractogra-
phy of the anterior and posterior CFTs and also the corticospinal
tracts as a control procedure. The FA threshold for tracking was set at
0.18, and the stop length was set at 160 steps, in accordance with a
previous report by Yasmin et al.?® Tract measurements were per-
formed by 2 of the authors (K.S., K.X.), who were blinded to the
disease status of the subjects.

Tractography of the anterior CFT was performed from the seed
ROl in the anterior part of the CFT to the target ROI in the middle of
the CFT, and tractography of the posterior CFT was performed from
the seed ROI in the posterior part of the CFT to the target ROl in the
middle of the CFT. Color maps were created to enable the exact and
objective placement of these ROIs in the CFTs. Coronal sections at the
level of the genu of the corpus callosum and the center of the corpus
callosum were identified on a sagittal section of the color map (Fig
1A). The CFTs were shown as green in the coronal sections. The seed
and target ROIs of the anterior CFTs were drawn manually. The seed
region of interest included the entirety of the green partindicating the
CFT on a coronal section of the color map at the level of the genu of
the corpus callosum, with the green being replaced with light blue to
mark the ROI (Fig 1B). The target ROI included the entirety of the
green part on a coronal section of the color maps at the level of the
center of the corpus callosum, with the green replaced by purple to
mark the ROI (Fig 1C). A tractographic image of the anterior CEFT was
then generated (Fig 1D).

For the posterior CFTs, coronal sections at the level of the sp-
lenium of the corpus callosum and the center of the corpus callosum
were identified on a sagittal section of the color map (Fig 24). The
seed and target ROIs of posterior CFTs were also drawn manually,
including the entirety of the green part on a coronal section of the
color maps at the level of the splenium of the corpus callosum for the

Fig 1. Diffusion tensor tractography images of the right
cingulate, fiber tracts (CFTs), and voxelization along with
diffusion tensor tractography images of the anterior CFTs. 4,
Sagittal section of the color-coded map was used to deter-
mine coronal sections at the level of the genu of the corpus
callosum and the middle of the corpus callosum. 8, The seed
ROI, including the entirety of the CFTs {/ight blue area), was
placed manually on a coronal section of the color maps at the
level of the genu of the corpus callosum. C, The target ROI,
including the entirety of the CFTs (purple area), was placed
manually on a coronal section of the color maps at the level
of the center of the corpus callosum in the sagittal plane. D,
Tractographic image of the right anterior CFTs was generated
from the seed ROI (light blue line) to the target region of
interest (purple (ine). £ in this study, the anterior CFTs were
defined as the CFTs between the seed ROl and the target
ROI. Voxelization was performed along the right anterior CFTs
between the seed ROl and the target ROI {blue voxels), and
FA values in coregistered voxels were calculated.

seed (Fig 2B) and the center of the corpus callosum for the target (Fig
2C). A tractographic image of the posterior CFTs was then generated
(Fig 2D). The trackline voxelization function of the dTV II software
voxelizes the tracking line of the white matter tract by using the orig-
inal tensor parameters. In this study, anterior and posterior CFTs
were defined as the CFTs between the seed ROI and the target ROL
The anterior and posterior CFTs were voxelized between the seed ROI
and the target region of interest (Figs 1E and 2E), and MD and FA
values in coregistered voxels were calculated.

Tractography of the corticospinal tract was performed by placing
the seed ROI on the cerebral peduncle and the target ROI on the
superior precentral gyrus and adjacent white matter, in accordance
with a previous report by Yasmin et al.?® A tractographic image of the
corticospinal tract was then generated. The corticospinal tract be-
tween the seed region of interest and the target region of interest was
voxelized, and MD and FA values in coregistered voxels were

calculated.

Statistical Analysis

Statistical analysis of demographic and clinical data was ANOVA with
the Tukey HSD test for continuous variables and a y° test for categoric
data. The criterion of statistical significance was P < .05.

Statistical analyses were performed by using Statistical Package for
the Social Sciences for Windows, Release 8.0 (SPSS, Chicago, Illinois).
One-way ANOVA was used to compare the averaged MD and FA
among patients with PD or PDD and healthy controls. The Scheffé
correction was used for post hoc analysis. A Bonferroni correction
was applied for the number of comparisons (n = 3: [anterior cingu-
lum, posterior cingulum, corticospinal tract], setting the level of sig-
nificance at P < .05/3 = .016). The Spearman rank-order correlation
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test was used to investigate the correlations between the imaging mea-
surements and continuous clinical variables.

Results

The 3 groups did not differ by age (P > .53, ANOVA) or sex
distribution (P > .68, x*) (Table 1). As expected, patients with
PDD scored significantly lower than patients with PD and
control subjects on the MMSE (P < .01, P <.01, ANOVA with
the Tukey HSD test), but patients with PD and control sub-
jects did not differ significantly on the MMSE. There were
significant differences in disease duration, Hoehn and Yahr
stage, UPDRS-III score, and levodopa dosage (milligrams/
day) between patients with PD and those with PDD (Table 1).

Reproducibility was determined on the basis of fiber
counts and expressed as an intraclass correlation coefficient;
the coefficient was 0.96 for the anterior CFTs, 0.94 for the
posterior CFTs, and 0.96 for the corticospinal tracts. No sig-
nificant differences were seen in either MD or FA between the
right and left anterior or posterior CFTs (P > .05). Averaged
values were, therefore, used for further statistical analyses.

There was a significant correlation between the MMSE
score and FA value in the anterior CFTs (r = 0.633, P < .05) in
patients with PDD (Fig 3). Measured FA and MD values of the
anterior and posterior CFTs were not significantly correlated
with disease duration or Hoehn and Yahr stage (P > .05) in
patients with either PD or PDD.

FA measured in the anterior CFTs was significantly lower
in patients with PD and PDD than in healthy controls (P =
.003, P = .003) (Table 2). FA measured in the posterior CFTs
was significantly lower in patients with PDD than in healthy
controls (P = .002). There were no significant diffusion dif-
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Fig 2. Diffusion tensor tractography images of the right
cingulate. Fiber tracts (CFTs) and voxelization along with
diffusion tensor tractography of the posterior CFTs. A, Sag-
ittal section of the color-coded map was used to determine
coronal sections at the fevel of the splenium of the corpus
callosum and the middie of the corpus callosum. B, The seed
ROM, including the entirety of the CFTs {light blue area), was
placed manually on a coronal section of the color maps at the
level of the splenium of the corpus cailasum. C, The target
region of interest, including the entirety of the CFTs (purple
area), was placed manually on a coronal section of the color
maps at the level of the center of the corpus callosum in the
sagittal plane. 0, A tractographic image of the right posterior
CFTs was generated from the seed ROI {light biue line) to the
target ROI {purple line}. £ In this study, the posterior CFTs
were defined as the CFTs between the seed ROl and the
target ROI. Voxelization was performed along the right pos-
terior CFTs between the seed ROI and the target ROI {purple
voxels), and FA values in coregistered voxels were

calculated.
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Fig 3. FA values in the anterior cingulate fiber tracts in patients with PDD were
significantly correlated with the MMSE scores (r = 0.633, P < .05).

ferences in the corticospinal tracts among the groups (Table
2).

Discussion

We compared diffusion tensor imaging measurements of the
cingulate fasciculi in patients with PD and PDD with those in
healthy controls by using diffusion tensor tract-specific anal-
yses. Our major findings were that the measured mean FA in
the anterior CFT's was significantly lower in patients with PD
and PDD than in healthy controls and that the measured mean
FA in the posterior CFTs was significantly lower in patients
with PDD than in healthy controls. Most interesting, there was




Table 2: Comparison of MD and FA in patients and control subjects®

HC PD PDD HC > PD HC > PDD PD > PDD

Anterior CFTs

FA 0.441 = 0.035* 0.399 +0.028 0.399 = 0.031 P= 003° P= 003" P= 90

MDe 0.758 = 0.025 0.789 = 0.034 0.775 £ 0.031 P= 031 P=33 P= 47
Posterior CFTs

FA 0519 = 0.038 0.489 = 0.040 0.477 £ 0.040 P=09 P= 015" P=72

MD 0.755 = 0.046 0.759 * 0.022 0.770 = 0.027 P= 94 P=232 P= 51
Corticospinal tract

FA 0.655 *+ 0.020 0.651 £ 0.022 0.651 = 0.024 P= 289 P= 87 P= 99

MD* 0.751 = 0.026 0.775 = 0.025 0.756 = 0.031 P= 077 P=92 P=17

Note:—HC indicates healthy controls.

2Values are mean * SD.

Y Indicates statistical significance (P < .016).

¢ Mean diffusivity values are expressed as 1072 mm?/s.

also a significant correlation between MMSE scores and FA
values of the anterior CFTs in patients with PDD.

Diffusion tensor imaging is capable of measuring the char-
acteristics of local microstructural water diffusion in brain
tissue. One representative diffusion tensor measurement is
FA, which describes the degree of water molecule anisotropy
or the directional preference of the water diffusion process.
FA abnormalities in the brain are interpreted pathologically
as being caused by loss of neurons or glia or by gliosis or
demyelination.”®

The existing literature already includes results showing dif-
fusion abnormalities in the cingulum bundle.''>*” However,
there has been no report to date of the use of tractography to
show diffusion abnormalities in the cingulum bundle in pa-
tients with PD and PDD. Diffusion tensor tractography en-
abled us to clearly identify the anterior CFTs and posterior
CFTs and measure diffusion parameters more precisely than
with a manually drawn ROI study. Use of diffusion tensor
tractography avoided contamination of data by anterior and
posterior CFTs from adjacent components such as CSF or cal-
losal fibers. Taoka et al*® compared a tract-specific method
and an ROI method for evaluating the diffusion parameters of
3 cerebellar peduncles in subtypes of spinocerebellar degener-
ative disease. They found that the tract-specific method
tended to show significant differences more clearly than the
ROI method because instabilities in the placement of ROIs in
anatomic structures directly result in instability of the values
measured with the ROI method.*® We consider the results of
the tractography to be more reproducible and more accurate
than those of other research in the existing literature.

The decreased FA in the anterior CFTs in patients with PD
and PDD may be associated with the pathologic process of PD.
Brains of patients with PD have Lewy bodies in various areas,
including the cingulate cortex.”® Neuropathologically, post-
mortem material from patients with PD is divided into 6 sub-
groups (stages 1-6) that differ from each other by virtue of
changes in the topographic distribution pattern and severity of
Lewy body involvement.*® Postmortem material from pa-
tients with PD who manifest clinical findings consistent with
sporadic PD can be assigned to 1 of 3 subgroups (stages 4—6).
Because Lewy bodies appear in the anterior cingulate gyrus in
stage 5,°"° neurodegeneration may occur in the anterior CFTs
adjacent to the anterior cingulate gyrus.

The FA values of the anterior CFTs were significantly cor-
related with the MMSE scores. This result is in good agree-

ment with that of a previous pathologic study in which Kévari
et al'® reported a highly significant correlation between the
clinical dementia rating scores and regional Lewy body densi-
ties in the anterior cingulate gyrus.

The decreased FA values in the posterior CFTs of patients
with PDD may be related to the pathologic processes respon-
sible for dementia in PD. Atrophy in the limbic and paralimbic
regions occurs in patients with PD without dementia, though
less markedly so than in patients with PDD.****® Metabolic
abnormalities in the posterior cingulate regions®"** and cere-
bral blood flow reduction in the anterior cingulate cortex™**
have been reported in patients with PDD. A reduction in ce-
rebral blood flow in the posterior cingulate cortex has also
been reported in PDD.”® In several previous studies of neuro-
psychologic diseases such as amyotrophic lateral sclerosis,
posttraumatic stress disorder, and schizophrenia, metabolic
and cerebral blood flow abnormalities in the cortex and diffu-
sion abnormalities in the white matter tracts that connect the
affected regions of the cortex have been reported.'®***¢

Our definition of the posterior cingulum bundle probably
corresponds to the white matter directly below the posterior
cingulate cortex and dorsal middle cingulate cortex, as de-
scribed by Vogt et al.'® They have also reported on the rela-
tionship between the posterior cingulate cortex and visuospa-
tial perception. There have been reports of a general reduction
in visuospatial perception in patients with PDD.*”** Diffusion
impairment in the posterior cingulum bundle may reflect the
particular pathophysiology of PDD.

The pathologic processes responsible for dementia in pa-
tients with PD are still controversial. Cortical Lewy bodies;
striatal and extrastriatal dopamine deficiencies; loss of ascend-
ing noradrenergic, cholinergic, and serotonergic projections
to the cortex; disruption of corticostriatal connections; coex-
istence of Alzheimer disease pathology; and frontal dysfunc-
tion have all been considered responsible for dementia in
PD.***! Although the pathologic processes responsible for de-
mentia in PD may be multifaceted, our results show that the
posterior CFT is important in the dementing process in PDD.

Some limitations of our study need to be addressed. First,
because the diagnoses of PD and PDD were not histopatho-
logically confirmed, the possibility of misdiagnosis remains.
However, the validity of the diagnoses is supported by the fact
that 18 months or more after being scanned, all the patients
remained free of atypical parkinsonisms and continued to re-
spond satisfactorily to antiparkinsonian therapy. Second, the
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small size of our samples may have limited the detection of
group differences, especially in the comparison of neuropsy-
chological profiles and FA values. Third, the seed and target
ROIs were drawn manually, and the reproducibility of the
measurements was uncertain. However, rater bias was pre-
vented by blinding, all ROIs were drawn by 2 of the authors,
and the intraclass correlation coefficients were 0.94 -0.96.

Conclusions

The decreased FA found in patients with PD on tract-specific
analysis is likely due to neuronal loss, gliosis, or demyelination
in the white matter of the cingulum. Our results suggest that
these reduced values reflect neuropathologic changes—such
as Lewy body pathology in the cingulate gyrus—that may play
important roles in the dementing process in PD.
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