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Figure 7. Tau but not MAP2c forms ThT-positive insoluble
aggregates induced by heparin. (A) The ThT fluorescence of Tau
ON4R isoform (circles), Tau ON3R isoform (squares), and MAP2c
(triangles) aggregates were measured at the times indicated. (B) After
the 7-day incubation, the amount of Sarkosyl-insoluble proteins in the
indicated samples was analyzed by SDS-PAGE followed by Coomassie
brilliant blue staining.

doi:10.1371/journal.pone.0089796.g007

raised MAP2 carboxyl-terminal site-specific antibodies used in this
study.

The present results indicated that four-repeat Tau is signifi-
cantly neurotoxic but three-repeat Tau is not (Figure 2). Because
MAP?2 is predominantly in the three-repeat form in mammalian
neurons, the question arises why three-repeat MAP2 showed
significantly greater neurotoxicity than three-repeat Tau. We
compared the carboxyl-terminal amino acid sequences, as shown
in Figure 1B, which are highly homologous between MAP2 and
Tau. Aside from the homologous amino acid sequences, there are
some differences in amino acids between Tau and MAP2. It is
possible that these distinct amino acids make MAP2 more toxic
than three-repeat Tau. The hereditary FTDP-17 form of dementia
is caused by mutations in the Tau gene. Previous studies have
indicated that these mutations increase Tau pathology through
apparently different mechanisms, such as increasing four-repeat
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Tau isoforms by affecting the splicing pattern or increasing Tau
aggregation.  Interestingly, two  perfect FIDP-17 mutations,
Q336R and E342V, and two imperfect mutations, S325A
(S325L in FITDP-17) and K369V (K3691 in FIDP-17), are
observed in MAP2 MTBDs [40-43] (Figure 1B). The presence of
FIDP-17 mutations in the MAP2 sequence may increase its
neurotoxicity to a greater extent,

The present study raises the possibility of a pathoetiological role
of MAP2 in the generation of AD and tauopathies. The regions
responsible for both aggregation and toxicity are located in the
same carboxyl-terminal portions of Tau and MAP2. Thus far,
aggregation has been the focus of research, and therefore Tau has
been considered exclusively as a pathogenic molecule. Our present
study indicates that Tau and MAP2 exhibit toxicity without
forming aggregates in worms. This suggests that the involvement
of MAP2 in the pathogenesis of AD cannot be excluded because of
the absence of its aggregates,

Supporting Information

Figure S1 Abnormal neurites expressing Tau or MAP2. The
paraffin sections of 5-day-old worms (Is368/592, DsRed/mock-
transgenic(T'g) worm; 1s390/592, DsRed/Tau-Tg worm; 1s849/
592, DsRed/MAP2-Tg worm) used in Figure 5 were colabeled
with anti-DsRed and either pool 2 (anti-Tau) or MAP2N (anti-
MAP2). Arrows indicate the normal neurites. Abnormal kinks
(arrowheads) are observed in the neurites expressing MAP2 or
Tau. Scale bar=20 um. n=6-12.

(T1E)

Figure 82 The three independent site-specific MAP2 antibodies
did not cross-react with Tau. Purified recombinant MAP2¢ and
Tau (ON4R) linked with His-tags at the amino-terminals were
subjected to western blotting using anti-His tag and antd-MAP2
antibodies (#39, #40, and #41).

(T1F)

Figure S3 Semiquantification of Tau and MAP2 in Sarkosyl-
insoluble, SDS-soluble fractions from human autopsy samples
from normal and advanced AD brains. Note that standards made
of recombinant Tau and MAP2 showed similar staining levels.
The amount of Tau was greater than that of MAP2 in the
Sarkosyl-insoluble/SDS-soluble  fractions from advanced AD
brains. NC, normal brain; AD, Alzheimer’s disease brain.

(T1F)

Table S1 Information of cases used in this study.
(PDF)

Text S1  Supporting Methods.

(PDF)
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Evaluation of SLC20A2 mutations that
cause idiopathic basal ganglia calcification

in Japan

ABSTRACT

Objective: To investigate the clinical, genetic, and neuroradiologic presentations of idiopathic
basal ganglia calcification (IBGC) in a nationwide study in Japan.

Methods: We documnented clinical and neurcimaging data of a total of 69 subjects including
23 subjects from 10 families and 46 subjects in sporadic cases of IBGC in Japan. Mutational
analysis of SLCZ20AZ was performed.

Results: Six new mutations in SLC20AZ2 were found in patients with IBGC: 4 missense mutations,
1 nonsense mutation, and 1 frameshift mutation. Four of them were familial cases and 2 were
sporadic cases in our survey. The frequency of families with mutations in SLC20AZ in Japan was
50%, which was as high as in a previous report on other regions. The clinical features varied
widely among the patients with SLC20A2 mutations. However, 2 distinct families have the same
mutation of S637R in SLC20AZ2 and they have similar characteristics in the clinical course,
symptems, neurologic findings, and neurcimaging. In our study, all the patients with SLC20A2
mutations showed calcification. In familial cases, there were symptomatic and asymptomatic
patients in the same family.

Conclusion: SLC20A2 mutations are a major cause of familial IBGC in Japan. The members in the
families with the same mutation had similar patterns of calcification in the brain and the affected
mermbers showed similar clinical manifestations. Neurology® 2014,82:705-712

GLOSSARY

DNTC = diffuse neurcfibrillary tangles with calcification; FIBGC = familial idicpathic basal ganglia calcification; IBGC =
idiopathic basal ganglia calcification; MMSE = Mini-Mental State Examination; PDGF = platelet-derived growth facior
PDGFRB = platelet-derived growth factor receptor-p; Pi = inorganic phosphate; PiB = Pittsburgh compound B; PiT = typs
11 sodium-dependent phosphate transporter; PKC = paroxysmal kinesigenic choreoathetosis

Idiopathic basal ganglia calcification (IBGC), also known as Fahr discase, is thought to be a rare
neuropsychiatric disorder characterized by symmetrical calcification in the basal ganglia and
other brain regions. Clinical manifestations range widely from asymptomatic to variable symp-
toms including headaches, psychosis, and dementia.’ The diagnosis of IBGC generally relies on
the visualization of bilateral calcification mainly in the basal ganglia by neuroimaging and the
absence of merabolic, infectious, toxic, or traumartic causes.*?

The mode of inheritance of familial IBGC (FIBGC) has been thought to be autosomal dom-
inant and, to date, 4 responsible chromosomal regions have been identified, namely 14q (IBGC1),
2¢37 (IBGC2), 8p11.21 (IBGC3), and 5¢32 (IBGC4).*** The causative gene ar the IBGC3
locus was identified as SLC2042 encoding type 11T sodium-dependent phosphate transporter 2
(PiT-2). Screening of a large series of patients with IBGC revealed that murations in SLC20A42 are
a major causc of FIBGC' morcover, other murations in SLC20A2 have recently been reported in
China and Brazil."'"" The mutations of PDGFRE encoding platcler-derived growth factor

*THese authors contributed equally 10 this work.

From the Laboratory of Medical Therapeutics and Molecular Therapeuics (Y.M., M. Takagh, Y.H., MK, LH.), Gifu Pharmaceutical University,
Gifigy Department of Neurology (M. Tanaka, H. L, LML S Tauji), The University of Tokyo; Deparument of Neurology (N.A., G.8.), Nagoya
University: Deparument of Newropsychiay (8.K.), Sappoto Medical University, Sapporo; Deparument of Newrology (Y.Y., S. Takashima, K.T),
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(PDGF) receptor-B (PDGFRB) and PDGFEB

have recently been reported to cause calcifica-

tion in the brain.'*"

We have collected clinical information of
patients with IBGC in a nationwide survey
in Japan. Here, on the basis of a mutational
analysis of SLC2042, we aim to establish the
molecular epidemiology of IBGC3 and evalu-
ate clinically and genetically SLC2042 muta-
tions in Japan.

METHODS Subjects and samples. We collected clinical
information on patients with IBGC in a natdonwide study. The cri-
teria for the selection of patients in the initial survey were us follows:
13 conspicuous caleification is observed in dhe basal ganglia andfor
dentate nuclens by CT scam; 2) calcification is bilateral and sym-
metrical; and 3) idiopathic (absence of biochemical abnormalities,
and an infecdous, toxic, or tmwmaric cause)™ Neurologists
enrolled patienus in the survey, They examined the medical chars
and performed the neusologic examinations again i necessary, The
survey was approved by the Ethics Commitice of the Gifu Univer-
sity Graduate School of Medicine. During the survey, same pa-
dents were found o have hypopamthyroidism, Alcardi-Goutires
syndrome, and Cockayne syndrome, and these patents were
excluded. For the genetic siudy, a wwl of 69 subjeas from 41
hospitals provided written informed consent and were enrolled in
the project. Of these patents, 46 came from families with a single
affccted member, and the other 23 came from 10 families with
muldple affecied members. We defined the former as sporadic
padents and the latter as familial padents. The patients’ mean
age & SD was 41.3 % 23.6 years av registradion. The padents
comprised 32 males and 37 females.

Standard protocol approvals, registrations, and patient
consents. All experiments on human DNA were approved by
the Echics Commitrees of both Gifu Univessity and the Univer-
sity of Tokyo. After writen informed consent was obrained,
peripheral blood samples were collecred.

Mutational analysis. Genomic DNA was extracted from the
whole blood samples. SLC2042 analysis was performed by Sanger
sequencing of all coding regions, as deseribed in detail in e-Methods
and wble e-1, A and B, on the Newwlogy® Web site at wwnw.

newrology.org. The pathologic  porential of the identified
variants was predicted using PolyPhen-2 (hetp:/genctics.bwh,

harvard.cdu/pph/). '

RESULTS Mutational analysis. We screened a roral of
69 subjects including 23 subjects from 10 families in
which multple affected subjects were observed and 46
subjects in sporadic cases, all of whom were Japanese.
Six new mutatons in SLC2042 were found: 4 missense
mutations, 1 nonsense mutation, and 1 frameshift mura-
don (figure 1), Elecrropherograms showed the individual
heterozygous mutacions (figure e-1). None of them were
present in an in-house exome sequencing dara set (358
Japanese control subjects), dbSNP 137 (wwww.ncbinlm.
nih.gov/snp/), or the National Heart, Lung, and Blood
Institure “Grand  Opportuniy” Exome  Sequencing
Project (ESPG300SI-V2). In silico analysis predicted
deleterious  consequences, as determined from  the
residuc changes in figures 1 and e-1. When confined
to the FIBGC patients, 5 of the 10 families (50.0%)
showed mutations in SLC20A2. In contrast, 2 of the 46
patients {4.3%) with sporadic IBGC carried mutations
in SLL20A2 in this sudy.

Clinical manifestations. The clinical manifestarions are
summarized in wble 1. A positive family history of
IBGC was present in 5 families. Families 1 and 2 had
the same muration.

Familial cases. Case I (in family 1). The proband in fam-
ily 1 was a 64-ycar-old woman who had dysarthria and
gait disturbance for 5 years. She showed no dementia.
Her neurologic examination revealed dysarthria, small
steppage gait, rigidity at bilateral wrist joints, bradyki-
nesia, and a pyramidal sign. Her CT images revealed
severe calcification at the bilateral globus pallidus, cau-
date nuclel, thalamus, subcorrical white matter, and
dentare nuclei (figure 2C). Her son’s CT showed sim-
ilar brain calcificarion (figure 2D), although he w:

clinically asympromatic. His DNA study revealed the

Figure 1 Schematic representation of causative mutations in SLC20AZ2 in idiopathic basal ganglia
calcification
8 7 8 9 10

Exon 1 2 3 4 5

L ¢.344C>T

¢.260_261delTC
c.212G>A

b . 152C>T

I I

c.1389C>T c.1909A>C

Untranslated region

! Coding region

Six new causative mutations in exon 2 [.152C:T, c.212 G>A, ¢.260_261delTC), exon 3{c.344C>T), exon 8 (c.1398C>T),

and exon 11 {c.1902A>C) were found in this study.
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( Table 1 Clinlcal features of 6 Individuals (probands) with SLC20A2 mutations

Mutation

Zygosity
Exon

Proband Informatlon

Ago at dotectlon of calcification, y

Age at onset, y
Onsot symptom
Neurologic findings

Cognltive Impalrment {MMSE)

Pyramidal sign
Extrapyramldal slgn
Famlly information {except the
probarxi}
No. of other Individuals with
calcification

Ho. of other Individuals with
confirmed mutations

No. of other symptomatic
Individuals

Qther symptoms {no. In the family — —_—

Coso 2 Cnse 3

Case 1 Cone 4 Cose 8 Case 6 Casa 7

e1800A>C  ¢1809A>C c.344C>T c.212G>A c1389C>T e152C>T  ¢.260261delTC

$637R S637R T118M R71H R467X ABLV L87Hfs*6

Hetero Hetero Hetero Hetero Hataro Hetaro Hetero

i1 "1 3 2 8 2 2

60 51 60 73 23 71 74

58 50 60 71 15 71 57

Dysarthria Dysarthria Dementla Parkinsonism PKC Domantla Athetosis

27 24 / 20 16 30 22 22

+ + - - - - -

+ + - + - - +

1 2 5 1 1 o [0

1 NE 5 NE 1 NA NA

(4] o] 2 0 o] NA NA
Mental disorder (1), — - NA NA

alcoholism (1)

Abbreviations: MMSE = Mini-Mental State Examination; NA = not applicable; NE = not examined; PKC = paroxysmal kinesigenic choreoathetosis.
®Because there was no other family member who had any neurclogic symptoms, brain CT screening of other family members was not performed.

same mutation in exon 11 that had been found in his
mother.

Case 2 (in family 2), The proband in family 2 was a
54-year-old woman who had dysarthria and gait distur-
bance for 4 years. She showed mild mental deteriora-
tion in Mini-Mental State Examination (MMSE)
score of 24 points, frontal signs, dysarthria, mild par-
kinsonism (rigidity of bilateral wrist joints and bradyli-
nesia), adiadochokinesis, spasticity, and small steppage
gait. Her CT images revealed severe calcification at the
bilateral globus pallidus, caudate nuclei, thalamus, sub-
cortical white matter, and dentate nuclei (figure 2E).
Although her son and cousin also showed calcification
in CT images, they were asymptomatic. Her DNA
analysis revealed the same mutation as that in family 1.

Case 3 and other symptomatic individuals (in family 3).
The proband was a 69-year-old woman (II-1 in the
pedigree in figure 3). She was admitted to a hospital
at the age of 65 because of forgetfulness since the age
of 60 years, Her MMSE score was 20, which indi-
cated a possibility of dementia (MMSE score below
22). Decreased blood flow was detected in the bilat-
eral basal ganglia and thalamus and the right frontal
lobe in particular by SPECT. She had a positive fam-
ily history of brain calcification, as shown in figure
3A. The inital clinical diagnosis had been diffuse
neurofibrillary tangles with calcification (DNTC),7

although to our knowledge familial cases of DNTC
have not been reported. Her son had psychological
disorders including violent behavior; unfortunately,
no brain CT had yer been performed on him. In
the patients in family 3, the degree of calcification
was mild compared with that observed in the other
families (figure 3, B~G). Her brother wich calcifica-
tion in the brain (II-7) had a mental disorder and
another (II-8) presented with alcoholism. The 3 other
relatives with calcification were asymptomaric (II-5,
11-9, and I11-3). The symptomatic patients (II-1, 117,
and II-8) showed more apparent brain atrophy than
the others (figure 3, B, D, and E, respectively). The
individuals with calcification on the CT images (1I-1,
1I-5, I1-7, 11-8, 11-9, and I11-3) had the same mutation
in exon 3 in SLC20A2. However, the individuals with
no calcification (I1I-2, III-5, and IV-1) revealed no
mutation in SLC20A42. In summary, 6 patients had
calcification among the 10 individuals examined by
CT scan in family 3 and all of them carrying the
SLC20A2 mutation exhibited similar calcification
on CT images. However, persons without the muta-
tion did not show calcification.

Case £ (in family 4), Family 4 had 2 mutation in exon
2. The proband developed clumsiness of her hands
and gait unsteadiness at the age of 71 yeass, and she
was diagnosed as having Parkinson disease. Visual
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Figure 2
A
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CT images and family trees of families 1 and 2

71

71

(A) Family tree of family 1. {B) Family tree of family 2. The arrow indicates the index subject. Filled symbols represent patients affected by brain calcification. We
show the ages of persons under symbols in the family tree for those we could obtain. (C) CT images of proband (-4 in pedigree of family 1, part AL {D) CT imagas
of the proband's son {l-1 in pedigree of family 1, part Al {E) CT images of the proband {lI-2 in pedigree of family 2, part B). All have mutation of S637R.
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hallucinations started with the initation of medication.
She showed parkinsonism {rigidity, bradykinesia, and
postural instabiliey), which responded to levodopa.
Her MMSE score was 16, Her brain CT images re-
vealed calcification at the globus pallidus, caudace
nuclei, and dentate nuclel, and her daughter, who
was asymptomatic, also had intracranial calcification
{figure ¢-2C). Brain CT was not performed in her
other children. Her SPECT images showed decreased

perfusion in the bilateral frontal, temporl, and parietal -

regions of the bunin. She died of pneumonia ar the age
of 79. Neuropathologic examination revealed neuronal
loss and Lewy bodies in the substantia nigra, locus cer-
uleus, amygdala, and parahippocampal gyrus indicartive
of Parkinson discase, and prominent deposition of cal-
cium in the parenchyma and the wall of arteries in the
globus pallidum and dentate nuclei compatible with
the pachologic findings of IBGC.

Case 5 (in fumily 5). The proband was a 24-year-old
man who had paroxysmal kinesigenic choreoathetosis
(PKC). His faboratory data were normal excepr for
CT findings. He presented with an acrack of PKC
after exercise and his symptom responded well ro car-
bamazepine. His CT images revealed calcification at

<y

iy

014

I ebruary

the globus pallidus, thalamus, subcortical white mac-
ter, and dentate nuclei (figure e-2B [A]). We had an
opportunity o examine his parents, who had no
sympioms or signs, Mutational analysis of SLC2042
of his parents with their informed consent revealed
the same mutation in exon 8 in his mother as he had.
Brain CT scan of his mother confirmed ealcificarion
at the globus pallidus, subcortieal white marter, and
dentate nuclel.

Sporadic cases. Case 6. The paticnt had a mutadon in
exon 2. She was a 72-year-old woman who noticed for-
getfulness at the age of 71. She had no moror deficits,
Her MMSE score was 22, and her score on the revised
Hasegawa Dementia Scale was 24. Her Frontal Assess-
ment Battery score at bedside was 5, indicating a fron-
tal lobe deficit (cutoff score, 11/12). The index scores
of the revised Wechsler Memory Scale were as follows:
atrendion and concentration, $6; verbal memory, 89;
general memory, 83; awention/concentration, 71;
and delayed recall, 75. Her brain CT images revealed
calcification at the globus pallidus, caudare nuclei, thal-
amus, subcortical and periventricular whie mareer,
and dentate nuclei (figure e-28 [B]). Her SPECT im-
ages showed decreased perfusion in the lefi froncal,
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Figure 3 Pedigree and CT images of family 3
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(A) Pedigree of family 3. The arrow indicates the index subject. Filled symbols represent pa-
tients affected by brain calcification. We show the ages of persons under symbols in the fam-
ily tree for those we could obtain. The striped symbol represents a symptomatic patient,
although his CT image and DNA sample were not available for the study. (B) CT image of
the proband {II-1 in pedigree of family 3). (C) CT image of asymptomatic II-5. (D) CT image
of symptomatic II-7. (E) CT image of symptomatic 1I-8. (F) CT image of asymptomatic I1-9.
{G) CT image of asymptomatic -3, All have mutation of TLL5M.

remporal, and parietal regions of the cerebrum and
bilateral cerebellum. [V'C] Pitsburgh compound B
{(PiB) retention was not observed by [MCIPiB PET.
There were no other family members presenting wich
similar neurclogic symptoms. CT scan was not per-
formed for other individuals in the family.

Case 7."The patient was a 78-year-old man who had
a frameshift in exon 2. Involuntary movement of the
left thumb and index finger like “pill-roiling” began
in his sixth decade. His family first noticed memory
impairment at the age of 75. Guit disturbance ap-
peared at the age of 77 and oral dyskinesia and left
shoulder shrugging appeared at the age of 78. His
scores on the MMSE and Fronral Assessment Bactery
were 22 and 10, respectively. His brain CT images
showed calcification at the globus pallidus, thalamus,

subcortical and periventideular white mateer, and den-
e nuclel (fgure 20 [C]). His SPECT images
showed decreased perfusion in the bilateral (predom-
inantly in the lefo) frontal and temporal regions of the
cerchrinm and bilaeral cerebellum, [PCIPIB recen-
tion was not obsceved by [PCIPIB PET, which was
performed at the age of 81, There were no other
family members presending with similar neurologic
symproms. CT scan was not performed for other in-
dividuals in the family,

DISCUSSION We have obtained clinical informacion
of 161 patients with brain calcification in a nationwide
study. We discovered that 3 padents had hypoparathy-
roidism, Aicardi-Goutitres syndrome, and Cockayne
syndrome during the survey. CT hmages revealed vary-
ing degrees of caleification, from marked caleificadon
in the basal ganglia to parchy calcification in various
regions, suggesting diversity in the criologies. Some
patients were incidentally found to have calcification
by CT performed for head injury caused by accidents.
Because our previous survey revealed a considerable
frequency (196-2%) of patchy calcification in the
CT images of all patients in 2 university hospitals in
)ap;an,ig more asymptomatic IBGC patients with
patchy caleificadon may exist than the number that
we had previously assumed to be present in the pop-
ulation in Japan. After the examination by neurolo-
gists, we collected 69 DNA samples from patients
who met the erireria for IBGC? Symproms and neu-
rologic findings varied widely from asympromatic to
variable symproms including headaches, psychosis, and
dementia.

In dhis sady, we investigated  murations  in
SLC20A2 10 69 patients with IBGC in Japan and iden-
tificd 4 new mutations in 10 familial cases (the same
mutation in 2 {amilies) and 2 other new murations in
46 sporadic cases. The frequency of families with mu-
tations in SLC2042 was 50% (5 of the 10 familics),
and that of sporadic padents was 4.3% (2 of the 46
paticnes). The frequency of the mugations in SLC2042
in FIBGC in Japan was as high as in other countries in
a previous report.' Case 3 indicates thaticis difficule o
reliably determine sporadic cases without brain CT
scans and genetic studies of all members in the family.

The mutadions in our study existed in exons 2, 3,
8, and 11, One of these mutations (R467X) in exon 8
resulted in a substitution o a TGA stop codon, and
the other (¢.260_261delTC) in exon 2 was a frame-
shift. None of the mutadons were reported previ-
ously, indicating heterogencities of the murartions in
SLC20A2. Taken rogether with other reports, causa-
tive mutations identified in SLC20A2 include 6 mu-
wations in ¢xon 2, 1 in exon 3, 3 in exon 4, 1 in exon
5, 1inexon 7, 10 in exon 8, 2 in exon 9, 4 in exon
10, and 4 in exon 11.77%* [t does not scem that there
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are mutation hot spots in SLC2042. The in silico anal-
ysis using PolyPhen-2 for the missense mutations pre-
dicted all to be likely damaging, as determined from
the residue changes. We drew the structure model of
the PiT-2 prorein using the TOPO2 software (huep://
wiww.sacs.uest.edu/TOPO/top.huml). The schematic
structure of the PiT-2 protein with the murations is
shown in figure 4.

Although the clinical features varied widely among
che families with IBGC with SLC2042 mutations, the
patients in families 1 and 2 with the same SLC2042
muration  exhibited similar clinical manifestations
including dysarthria, mild cognitive decline, pyramidal
signs, and extapyramidal signs as well as similar ages at
detecton of calcification and onset of symproms. OF
note, the CT images among the affected individuals
in the 2 families are similar (figure 2). In family 3,
in contrast, 3 symptomatic patients presented with
dementia, psychological disorder, and alcoholism,
accompanied with brain awophy in CT images. None
of chem showed movement disorders such as those in
families 1 and 2.

Although mutadonal analysis and CT scan were
not performed in other familial members of cases 6
and 7, concordance of the presence of murtations of
SLC20A2 and brain calcification were confirmed in
15 individuals, and we did not observe any individu-
als who carried the mutation and did not show brain
calcification. These obscrvations strongly suppore a
high penetrance of the SLC2042 mutations regarding
brain calcification.

Correlations of genotypes and neurologic pheno-
types, however, have been controversial, SLC2042
mutations in  patents with FIBGC have been

described to show variability in clinical manifestations
among the families. In the present study, the 2
affected individuals in families 1 and 2, who carried
the same mutarion, exhibited quite similar neurologic
manifestations and clinical courses, suggesting a
genotype-phenotype correlation of the S637R mura-
tion. Of note, 2 individuals aged 56 and 61 years in
family 3 did not exhibit any neurologic manifesta-
tons despite carrying the mutation and having brain
calcificacion, indicating that penctrance regarding the
neurologic manifestations is incomplete.

In case 4, interestingly, the proband showed path-
ologic findings of both IBGC and Parkinson disease.
Because Parkinson disease is a common disorder in
aged people, there remains a possibilicy thar the pres-
ence of IBGC and Parkinson disease is coincidental.

Case 5 had a mutation that leads to a premature
stop codon, making an incomplete structure of
PiT-2, His neurologic symptom was PKC controllable
by carbamazepine. Intriguingly, several patients with
IBGC have been reported to present with PKC or par-
oxysmal nonkinesigenic dyskinesia."** For these cases
of PKC or paroxysmal nonkinesigenic dyskinesia,
mueational analyses of not only SLC2042 but also
PRRT2 and MRI will be indispensable.??

Herein, we have reported § cases of FIBGC and 2
cases of IBGC with SLC2042 murations in Japan, We
could not find any characteristic features of Japanese
patients, although we had discovered that each case has
a new mutation in SLC20A42, respectively.

The mechanisms of calcification and cell damage
remain to be elucidated. Despite that the expression
of PiT-2 encoded by SLC2042 is distribured widely
in the human body,® mutations in SLC2042 cause

{ Figure 4 Schematic structure of PiT-2 (type Il sodium-dependent phosphate transporter} with the mutations {

710

L87fs
Extracellular

Neurology 82 February 285, 2014

— 423 —

i S637R %
% BHORTBNE }?g.(
. T |
3 :ﬁ,? gigﬁgs fen o
VIS VIl g2 Vil
o® Bngy =
g
Vonanrons
T115M D R467X
§m~&m@@gm&é : ¥ D
5 5& 0% @ @ © w B
% g o § g & @ b % g % :.;
§,§ @ 5 % PE 2 % 2o8 4 ¢ g 2
b si.g %:&% % éz@ D Cg g@ L

L




calcification only in the brain. Muradons in SLC3442
have been reported to cause pulmonary alveolar micro-
lichiasis.** Because NpeZb encoded by SLC34A2 is the
only phosphate transporter that is highly expressed in
the lungs,* the mutations in SLC34A42 are compatible
with the lesion of the alveolar type II cells in the
lungs.* Because the limitation of calcification to the
bmin cannot be explained by only the mutadon in
SLC2042 followed by abnormalities of inorganic phos-
phate (Pi) transport via PiT-2, there might be some
other genes responsible for calcification in the braip, or
the mutations in SLC2042 may take some toxic gain
of function. The dysfunction of Pi transport can
explain the accumulation of various metals in regions
of the brain and the abnormal distribution of metals,
which we observed in CSF* and hair in the patients
with IBGC.” We have recently shown chat PiT-2
immunopositivity was expressed predominantly in
neurons, astrocytes, and vascular endothelial cells in
the mouse brain.®® PDGE-B is exptessed in endothelial
cells and neurons.” PDGE-B homodimer (PDGF-BB)
enhanced the expression of PiT-1 mRNA encoded by
SLC20A1 in human aortic smooth muscle cells.” The
hypomorph of PDGE-B in mice has recently been
revealed to cause brain calcification through pericyte
and blood-brain barrier impairment.’® Recently, sim-
ple knockout of SLC20A2 has also been shown to lead
to calcification in the mouse brain?* PiT-2, PDGF,
and as yet undetermined other molecules are consid-
ered to have pivotal roles in blood vessel-associared
calcification and neuronal death in patients with
IBGC. Elucidation of the molecular basis underly-
ing IBGC will contribute to the development of
therapeutic measures for patients with calcificarion
in the brain.
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