( Table 1 Clinical features of 6 individuals (probands) with SLC20A2 mutations ]

Case 1 Case 2 Case 3 Case 4 Cage 5 Case 6 Case 7
Mutatlon ¢1909A>C  c1908A>C  ¢.344C>T c212G>A c.1388C>T ¢152C>T  ¢.260,261delTC
S637R S637R T115M R71H R467X AS1V L87Hfs*6
Zygosity Hetero Hetero Heterc Hetero Hetero Hetero Hetero
Exon 11 T11 3 2 8 2 2
Proband Information
Age at detactlon of calcification, y 60 51 60 73 23 71 74
Age at onset, y &8 50 60 71 15 71 57
Onset symptom Dysarthria Dysarthria Dementia Parkinsonism PKC Dementia Athetosis
Neurologic findings
Cognitive Impalrment (MMSE) 27 24 / 20 16 30 22 22
Pyramidal sign + + - - - - -
Extrapyramidal aign + + - + - - +
Family Information [except the
proband}
No. of other Individualo with 1 2 5 1 1 o 0°
calcification
No. of other individuals with 1 NE 5 NE 1 NA NA
confirmed mutations
No. of other symptomatic 0 0 2 4] o} NA NA
Individuals
Other symptoms {no.) in the family — - 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 neurologic symptoms, brain CT screening of other family members was not performed.

same mutation in exon 11 that had been found in his  although to our knowledge familial cases of DNTC
mother. have not been reported. Her son had psychological
Case 2 (in family 2). The proband in family 2 was a  disorders including violent behavior; unfortunately,
54-year-old woman who had dysarthria and gait distur- 1o brain CT had yet been performed on him. In
bance for 4 years. She showed mild mental deteriora-  the patients in family 3, the degree of calcification
don in Mini-Mental State Examination (MMSE) was mild compared with that observed in the other
score of 24 points, frontal signs, dysarthria, mild par- families (figure 3, B~G). Her brother with calcifica-
kinsonism (rigidity of bilateral wrist joints and bradyki- tion in the brain (II-7) had a mental disorder and
nesia), adiadochokinesis, spasticity, and small steppage another (II-8) presented with alcoholism. The 3 other
gait. Her CT images revealed severe calcificarion at the  relatives with calcification were asymptomatic (II-5,
bilateral globus pallidus, caudate nuclei, thalamus, sub-  1I-9, and I11-3). The symptomatic patients (II-1, II-7,
cortical white matter, and dentate nuclei (figure 2E).  and II-8) showed more apparent brain atrophy than
Although her son and cousin also showed calcification ~ the others (figure 3, B, D, and E, respectively). The
in CT images, they were asympromatic. Her DNA  individuals with calcification on the CT images (1I-1,
analysis revealed the same muration as that in ﬁmﬁ]y 1. II-5,11-7,11-8, II-9, and III-3) had the same mutation
Case 3 and other symptomatic individuals (in fiemily 3). in exon 3 in SLC20A2. However, the individuals with
The proband was a 69-year-old woman (II-1 in the no calcification (III-2, III-5, and IV-1) revealed no
pedigree in figure 3). She was admitted to a hospital ~Mutation in SLC2042. In summary, 6 patients had
at the age of 65 because of forgetfulness since the age calcification among the 10 individuals examined by
of 6O years. Her MMSE score was 20, which indi- CT scan in family 3 and all of them carrying the
cated a possibility of dementia (MMSE score below SLC20A2 mutation exhibited similar calcification
22). Decreased blood flow was derected in the bilar-  ©n CT images. However, persons without the muta-
eral basal ganglia and thalamus and the right frontal ~tion did not show calcification.
lobe in particular by SPECT. She had a positive fam- Case £ (in family 4). Family 4 had a mutation in exon
ily history of brain calcification, as shown in figure 2. The proband developed clumsiness of her hands
3A. The initial clinical diagnosis had been diffuse and gait unsteadiness at the age of 71 years, and she
neurofibrillary tangles with calcification (DNTC),”” was diagnosed as having Parkinson disease. Visual
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Figure 2
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(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 {II-4 in pedigree of family 1, part A). (D) CT images
of the proband's son (ll-1 in pedigree of family 1, part A). (E) CT images of the proband {lI-2 in pedigree of family 2, part B). All have mutation of S637R.
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hallucinarions started with the initarion of medication.
She showed parkinsonism (rigidity, bradykinesia, and
postural instability), which responded to levodopa.
Her MMSE score was 16, Her brain CT images re-
vealed calcification at the globus pallidus, caudate
nuclei, and denrate nuclei, and her daughter, who
was asymptomatic, also had intracranial calcification
(figure e-2C). Brain CT was not performed in her
other children. Her SPECT images showed decreased
perfusion in the bilateral frontal, temporal, and parietal
regions of the brain. She died of pneumonia ar the age
of 79. Neuropathologic examination revealed neuronal
loss and Lewy bodies in the substanda nigra, locus cer-
uleus, amygdala, and parahippocampal gyrus indicative
of Parkinson discase, and prominent deposition of cal-
cium in the parenchyma and the wall of arteries in the
globus pallidum and dentate nuclei comparible wich
the pathologic findings of IBGC.

Cuase 5 (in fumily 5). The proband was a 24-year-old
man who had paroxysmal kinesigenic choreoatherosis
(PKC). His laboratory data were normal excepr for
CT findings. He presented with an artack of PKC
after exercise and his symptom responded well to car-

bamazepine. His CT images revealed calcification at

the globus pallidus, thalamus, subcortical white mate-
ter, and dentate nudlel (figure ¢-2B [Al). We had an
opportunity to examine his parents, who had no
symptoms 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 calcification
ar the globus pallidus, subcortical whire martter, and
dentate nuclei.

Sporadic cases. Case 6. The patient had a muration in
exon 2. She was a 72-year-old woman who noticed for-
getfulness at the age of 71. She had no mortor deficits.
Her MMSE score was 22, and her score on the revised
Hasegawa Dementia Scale was 24. Her Fronral 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:
attention and concentration, 86; verbal memory, 89;
general memory, 85; attention/concentration, 71;
and delayed recall, 75. Her brain CT images revealed
calcification at the globus pallidus, caudate nuclei, thal-
amus, subcortical and periventricular white mareer,
and dentate nuclei (figure e-2B [B]). Her SPECT im-
ages showed decreased perfusion in the left frontal,
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[ Figure 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 (lI-1 in pedigree of family 3). (C) CT image of asymptomatic lI-5. (D) CT image
of symptomatic II-7. (E) CT image of symptomatic II-8. (F) CT image of asymptomatic 1I-9.
(G) CT image of asymptomatic [I-3. All have mutation of T115M.

temporal, and parietal regions of the cerebrum and
bilareral cerebellum. [M'C] Pitsburgh compound B
(PiB) retention was not observed by [M'C]PiB PET.
There were no other family members presenting with
similar neurologic 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
lefe thumb and index finger like “pill-rolling” began
in his sixth decade. His family first noticed memory
impairment at the age of 75. Gait 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 Frontal Assessment Battery
were 22 and 10, respectively. His brain CT images
showed calcification at the globus pallidus, thalamus,
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subcortical and periventricular white mateer, and den-
tate nuclei (figure ¢-2B [C]). His SPECT images
showed decreased perfusion in the bilateral (predom-
inandy in the left) frontal and temporal regions of the
cercbrum and bilateral cerebellum. ['CIPIB reten-
tion was not observed by ['"'CIPiB PET, which was
performed at the age of 81. There were no other
family members presenting with similar neurologic
symproms. CT scan was not performed for other in-
dividuals in the family.

DISCUSSION We have obuained clinical informarion
of 161 patients wich brain calcification in a nationwide
study. We discovered that 3 patients had hypoparathy-
roidism, Alcardi-Goutitres syndrome, and Cockayne
syndrome during the survey. CT images revealed vary-
ing degrees of calcification, from marked calcification
in the basal ganglia to parchy calcification in various
regions, suggesting diversity in the etiologies. 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 (1%-29%) of patchy calcificadion in the
CT images of all patients in 2 university hospitals in
Japan,'® more asymptomatic IBGC padents wich
patchy calcification may exist than the number that
we had previously assumed to be present in the pop-
ulation in Japan. After the examinaton by neurolo-
gists, we collected 69 DNA samples from patients
who met the criteria for IBGC.*? Symptoms and neu-
rologic findings varied widely from asymptomaric to
variable symptoms including headaches, psychosis, and
dementia. )

In this study, we investigated mutations in
SLC20A2in 69 patients with IBGC in Japan and iden-
tified 4 new mutations in 10 familial cases (the same
mutation in 2 families) and 2 other new mutations in
46 sporadic cases. The frequency of families with mu-
tations in SLC20A42 was 50% (5 of the 10 families),
and that of sporadic patents was 4.3% (2 of the 46
patients). The frequency of the mutations in SLC2042
in FIBGC in Japan was as high as in other countries in
a previous report.' Case 5 indicates that it is difficult o
reliably determine sporadic cases without brain CT
scans and genetic studies of all members in che family.

The mutations in our study existed in exons 2, 3,
8, and 11. One of these mutations (R467X) in exon 8§
resulted in a substitution to a TGA stop codon, and
the other (c.260_261delTC) in exon 2 was a frame-
shift. None of the mutations were reported previ-
ously, indicating heterogeneities of the murations in
SLC20A2. Taken rogether with other reports, causa-
tive mutations identified in SLC2042 include 6 mu-
tations in exon 2, 1 in exon 3, 3 in exon 4, 1 in exon
5,1 inexon 7, 10 in exon 8, 2 in exon 9, 4 in exon
10, and 4 in exon 11.%'2 It does not seem thar there
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are mutation hot spots in SLC20A2. 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 protein using the TOPO2 software (heep://
www.sacs.ucsf.edu/TOPO/top.html). The schematic
structure of the PiT-2 protein with the mutations is
shown in ﬁg{]re 4.

Although the clinical features varied widely among
the families with IBGC with SLC20A42 mutations, the
patients in families 1 and 2 with the same SLC2042
murtation exhibited similar clinical manifestations
including dysarthria, mild cognitive decline, pyramidal
signs, and extrapyramidal signs as well as similar ages at
detection 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,

2

in contrast, 3 symptomatic patients presented with
dementia, psychological disorder, and alcoholism,
accompanied with brain atrophy in CT images. None
of them showed movement disorders such as those in
families 1 and 2.

Although murational analysis and CT scan were
not performed in other familial members of cases 6
and 7, concordance of the presence of murations 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 observations strongly support a
high penetrance of the SLC20A2 murarions regarding
brain calcification.

Correlations of genotypes and neurologic pheno-
types, however, have been controversial. SLC2042
mutations in patients 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 mutation, exhibited quite similar neurologic
manifestations and clinical courses, suggesting a
genotype-phenotype correlation of the S637R muta-
tion. Of note, 2 individuals aged 56 and 61 years in
family 3 did nor exhibit any neurologic manifesta-
tions despite carrying the mutation and having brain
calcification, indicating that penetrance 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 possibility that 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,
mutational analyses of not only SLC20A42 but also
PRRT2 and MRI will be indispensable.?'

Herein, we have reported 5 cases of FIBGC and 2
cases of IBGC with SLC2042 murations in Japan. We
could not find any characreristic features of Japanese
patients, although we had discovered thart 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 SLC20A2 is distributed widely
in the human body,”® mutations in SLC20A42 cause

Extracellular

(Figure 4 Schematic structure of PiT-2 (type lll sodium-dependent phosphate transporter) with the mutations ]

SB37R %
%@D@t@w \ g
§ :f'\' LoE P - %
& o
VI B Vil o2 vill
& @30
@;ng, ©9g
R467X
@0 Breases
nnannnnn
11111 % B¢ % 11
11141 FiatiEs
Cytoplasm

Neurology B2 February 25, 2014

—143—




calcification only in the brain. Muations in SLC3442
have been reported to cause pulmonary alveolar micro-
lithiasis,** Because Npt2b encoded by SLC34A2 is the
only phosphate transporter that is highly expressed in
the lungs,?® the mutations in SLC34A2 are compatible
with the lesion of the alveolar type II cells in the
lungs.* Because the limitation of calcification to the
brain cannot be explained by only the muration in
SLC20A2 followed by abnormalities of inorganic phos-
phate (Pi) transport via PiT-2, there might be some
other genes responsible for calcification in the brain, or
the mutations in SLC2042 may take some toxic gain
of functon, 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 that PiT-2
immunopositivity was expressed predominantly in
neurons, astrocytes, and vascular endothelial cells in
the mouse brain,?® PDGEF-B is expressed in endothelial
cells and neurons.?? PDGF-B homodimer (PDGE-BB)
enbanced the expression of PiT-1 mRNA encoded by
SLC20A1 in human aortic smooth muscle cells.®® The
hypomorph of PDGFE-B in mice has recendy 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 bmin?! PiT-2, PDGEF,
and as yet undetermined other molecules are consid-
ered to have pivotal roles in blood vessel-associated
calcification and neuronal death in patients with
IBGC. Elucidation of the molecular basis underly-
ing IBGC will contribute w the development of
therapeutic measures for patients with calcification
in the brain.
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