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BRI & AR, BT E i IEER ORI~ D ) v ey A DIFER 75
WETH D, MDA AR OND Z LD Y| BRYYE, JME. b7 &t JFK I £k
STHLNG T E23% v, flic | BIFREEEK TIED X 5 2ARBHHRESL I 2 v P
THER X7 ViE 7 & OMREFREIC BT b BRI N A IR & R IREB L EAR S 2,

1930 £, F A ¥ OfRF##H TH % Theodor Fahr (1877-1945) 13N Ic I 1F 2 JRIAAHH
A WA AL % SR 3 HIBRE G & 5 L 7 L EAE E CL JRIPRIAD BN A IKALAE 123t L T
X, WMEFOARIE L o T Fahr i & W 5 EAPMEGINICH G ST & 7228, EEM&ZD
LR & 2> & I N IRAVAE % f5 3R A DS BIFEE L T % %

TRINCMN IR E & - SR O, AR OBEIR T T 2 -0 icdh . K
I B TR ML R A IR ALSE  (Idiopathic Basal Ganglia Calcification: IBGC) D 4 1
ThHi— L. 2017 FFIC HAMREE R IC B W TWHEERENR T b/ (Tablel), 72, BOKT
13 5N NE D BN A RAE % Primary Familial Brain Calcification (PFBC) & IESZ & 8% >, L
2 L7 &, PFBC I35tk D RN A IRARE 72 \F 248 3 72 © . BN RAVAE i< 351 % A
DHHEE XA L\ IBGC & OEBESICHIEDLH % 3,

IBGC ORFEICHLZIF %R, HOWIEMBECRIET 2L 3 Nnd, LaorLiarb, AKX
L3 io% % & L I BEML < FHEUGE CHEFTIED RERT AR & EBIEIR 234 &
N5 EHRHAFITH S, 3L AEPMAERTH Y. FKEFNIE IBGC 2AEDERETH
%, BiC BT 2 AALTAL L. KINEREZ 2 13 U & U<, /MMBIRZ., R SR, K
HER LIS RRT L35 2208, EAZEBIEFICKE WO, BKERICOWTH, ~—F v
V=R L, HEFEE, BEEE, CA»A. AREREEIE, KER, FRAVERER, B

IR 7 D CTHRRIED D 5, —T7 T RN AL 230 2 & D DIHERD LA D 25

Nd, £/, 2o DINAPALDELR R E T & B TR O N 3 MRIEIRP Z DFREIC



MBI v e dh s 3, BEFBEOMIEIIC L 2L, AFFIcEwTERINLTWS IBGC
TEGIBUT BB X Z 3001 CTH 5, L Lads s, IBGC DA R & L TR A 5., IBGC
EROPTICHEAERZBI LT EEFED WD L PRI, ERIZBE D BEIERIEK X
DHLEVnEEZLNLTWD,

#7 80 4ERIIC Fahr & L THRE I NTH 5, IBGC ikt L TREEDHRIZHE T 7D > 7=,
L2 Lds s, 2012 fFIChE 0 70— 7 X0 FIKEE 72500 THE & i o 2otk b i
Repo 7 v —7 X W HR Tl S, 2 F CICJREEE T 1E SLC20A2°, PDGFRBT,
PDGFB®, XPR1°, MYORG" ® 5 D3#ii5 X 11T\ % (Table 2), SHfFEE S 5 b AR
BT BHHDOER SLC20A2 W& L T\w5b 1,

IBGC DiBHRICBIL Tld. BIHED & 2 AMAR Z2iaRE & < WHEREAF.LTH 2,
FHEEER) SRR 2 B9 2 1T 13 quetiapine 78 & O PR IHRIE AV N 5, F 72,
I EINIC S —F v Y VIRE APET B RENCIZP S — % v v VSR RIEMEEBEE R
7 7 b —-+ (Paroxysmal Kinesigenic Choreoathetosis : PKC) Z#f L Tl carbamazepine
BRAVONG, LeLAa2 S, SIRIEENTH Y, BEICHED D 2 REEOFHFEIYIE X
NTW5, LA Lads, AT CEYOKRE & & EERER-C Z 0 B I B A 7
W &, IBGC I B R METIEE 2 A A~ —h =MW 2 & 2 5| SRERI P IRIE
TiiEDOFFEBEEE L 7o T 5,

2006 4, AT %BEMER#IAE (Induced pluripotent stem cells, iPS i) 23 7 Z fihfELE A
fel2 G X 4 120 2007 fFEic it e b iPS i 7z B, 2 @ iPS Mg b O F A -
R U<, @O 12ISHROMEREZ b D, @ A DHERE KT 2 2T oM - Mk o
b+ 2% 0LEE2ET 2. @ Kb O A\ DEMIEA HBIZATRETH 5 &\ 5 HAZET 5
N3, 2T X b BEF oML S iPS MilaxBh7 L, BB~ L ot ez &
THRREMRIHPRIZRICR L T3 C & 3H[REL oo 72,

IBGC i BT, i AL AREAEIR D BTN & 72 2 S & B o i % feh i



7)) Tl BE» OGS 2L ARNETH S, £ 2 C, EERNENIPSHlEH w32 L

T IBGC JifiE D 8 52 70 B LIRS R 2 0 2 C L 03A[RECTH 5 L & 2 7= (Fig. 1),

2E iPSili (= DR

Fig. 1 iPS cells technology contributes to IBGC disease modeling, drug screening

% 2T, AWiFEcli, IBGC DIRREMID 720, N4 A~ —Hh — %R, K invitroE
BRICEB T 2REET AR EHN E LTz, 5B 1 BTk, AHICE T 28l PDGFB %
BERHL, BRICX>THIBRTIA v IR EZ R L7, b, PDGFBZERE
FHICH T 2MiEF D PDGF-BB DK T2 F A L7z, 28Tt SLC20A2ER*HT 5
HICH T 2 MERER T O PLHREZHE L. IMNICE T 5 SLC20A2 DfRE L BRE V50
BOWHRRE 2R L7, 3 HE TR, SLC20A27%5% 3 L 13 PDGFBER % H+ 2 H¥
X0 RERER iPS Milg 2 BhI L7z, &5, ZhZ o ERRRN iPS Mifd % miE M &
M eFEET 22 L C, H1E, §2 BB THE L7 PDGE-BB O4r i ## . Pi

Wi DI T %, in vitro FEER %R CHERR L 72,



Table 1 FeAMEERAIKE (IBGC) ORHiEHE

(oM EAE)

SHEPCT L, Ml B 2 & iy A KL 2589 %,

PG I3 e A IRAL 2 R0 T O BFHICTH 5, WL T HERIT. KE XL LT
BER (B TI0mmbA Eod o 2Rk, 10mmAiH XK ULEod o, &5 0»IidH
RO ML AL A AT 2 /NS IREL. FRR. REMECERGIRI 8. KM B B PRS0 7
I EED LD EERT D,

TRECART X9 NG IKAL 2 ZRINICRTERE R R T 5,

Fado e LCEIFIREESR (MEHI VT 4 (Ca) o HEEY v A v 227 bEIFRIR
Ry S EEAE, RPERIHF RS AR T E (M Caflfid) | PR MR H R S AR (K
TE (AlbrightH¥#EKEIE) . 274 VM., It v FITHH, 274774
T — VREMREE. X v vRERRE. B, M8 R, &Y (HIVEEEZ &, EBY 4 v R
Quie 7 &) . hE. SME. BRI R &2 ERAL T 5,

TREICAR T L 9 RERE T o RS - APRER Z BT 5,

SE. RSAPRERR (BHDFIRER. 7o —URTEER L) « CTAD AL FEFGERIE, 72
FUE, X—F vy =X L4, AREEGEE) R & DNNIER 72 & O R - MRER 72 & A3 B
%,

BIR T2

INE TICHE I N T W BIBGCO JEKEIR T 13 SLC20A2. PDGFRB. PDGFB.
XPRI, MYORGERHY, INHICEREZD LD D,

JRERE RN I PNITIRI e AL 2 38, /IR - SER 2 & e, o HERE, SME. &
QUE., I Fa v FY 7H7%aEOREIMERE R E0 BRI TR 2 3 D,

Z )
Definite
1, 2, 3, 4%§i7=3 b D,
1, 2, 3, 5%i/=3 D,
Probable
1, 2, 3%i7=3 b0,
Possible
1, 2%§7=3 % D,

AAMRR SRR R RO RAUEZ W IO WT (bW 7 7 —AdF) 2017 X D ERR, —&fck&



Locas

Gene

Table 2 List of causative gene associated with IBGC

Chromocal

Name  Symble LuCUS Protein Name Reference
IBGC1 SLC20A2 8pll.21 Sodium dependent phosphate transporter 2 Wang et al. 2012
IBGC2 PDGFRB 5032  Platlet-derived growth factor receptor beta Nicolas et al. 2013
IBGC3 PDGFB  22qg13.1 Platlet-derived growth factor subunit B Keller et al. 2013
IBGC4  XPR1 1g25.3  Xenotropic and polytropic retrovirus receptor 1 Legato et al. 2015
IBGC5 MYORG 9q.13.3 Myogenesis regulating glycosidase Yao et al. 2018




# 1 8 FKEW IBGC 1281 2 28R PDGFB DR O BERERNT

3
—
=
s
all]

IBGC JFIREIR 113, BEARERIC K o2 R
XL 30D N =TI TE S, 1 I X;El
DHE L TIREMY #E (inorganic .

phosphate ion: Pi) #iiikfi & L CHilfg - MYORG

PO D PiHEEMERFICBID 28151 [PDGFB-PDGFRS | PDGFRp
(SLC20A2. XPRI). 2 - H /MK PDGF-BB

ik Bk K A 7 (platelet derived
growth factor: PDGF) @ % % {k

(PDGFRB) t = o YV & v F

(PDGFB), 3 2HIX MYORG T® % 7%, Fig. 2 Causative gene accociated with IBGC.
FEMI 7o BERE IC B 2 I3 v (Fig. 2), 2 n IBGC JRIAER T D 9 B, MYORG (130
—. WROEAEERERX % & 2 Dicx L <, SLC20A2. PDGFRB, PDGFB, XPRI 3
L REMEETH B,

WIFREIC B W THIKRKRY L OILFEIFFRIC L Y . KIS BT 25 SLC20A22 5% FL
HLTw3 1, —5T, 2013 FEiCiZer T, 7990, 77 VA, FA4Y, 74V TV
F. 2% = —F v 05N IBGC 5% 105\ C PDGEFB A HiERELE L LTl s h
728, ZD%d PDGFBIZ 2T, HiMAROMED TS 0 Ko b oW Ik
7275\,

PDGF %, 3R M0 G 2E 1B b 2 EE AR KT TH % 7, PDGF Z&EMAKIFF v
VX F—RRIZRKRT o RUOBD 2 DY 7 2 4 TFET 5, PDGF Z&EMKpIZE /

< I L, 2 DOZEEHSY H Y F 2 A L CORGHESED ) 7 v F— 2Rk a2 TR
6



T2, 2 LT, ZEGOMMBEN L=y MICHFET 28O Fu s v F—¥ F AL VA
CACY vBLT B LT FRY 2T AT Y 20— b AV L, Y7 FARGEES L
218, )HY FCH2PDGFIFA, B, C. DO 4FOY 72=y F p3FEEL, FELA
~— (AA.BB.CC.DD)) LK lI~7Tr X4 ~— (AB) &M L CZEMICERT 2 (Fig.
3)e TNH X PDGF ZHEG L OBAMMEN R 2, VAV F AL ClIZHEEa L OB
Fit, VA Y F D 3ZEMEBE oBMELRRiD, £72, VAV FBIIZE Ko, BOMITIC

AT BB Z R b, & BITES F 181 (Fig. 3).

AA CC AB BB DD

ok ()OO0 O U

-\

PDGF
e %0 binding
O . domain

Cell O ®

membrane
Tyrosine —
kinase ¢ B
domain

Fig. 3 PDGF and PDGEFR signal transduction
Interaction between PDGF families and PDGFR. Arrows indicate the affinity PDGF to
PDGFR. B: PDGF-BB/PDGFR-B signal transductions of neuron and central nervous system

vessels.

Bk X 5 icAkH o IBGC HBE <D PDGFBZEBEOEERINIZESD & ZARHDE T

b, F T, AN TIZ PDGFBZER L IBGC OFRIE & D B [z ONFRIERERE O R o Ay .
7



AKH<co IBGC BHFICH T 5 PDGFBEILTFHREZITW», ARHEINAEZZERICEBITERATF
AV TRBEICOWTHS Lz, 61, Bon7-FEE2 5 PDGF-BB O RBHBUK T 2855 2

b7, PDGFBZERBF oIMEHIc T 3 PDGF-BB B0 21T- 72,



55 2 i TR I YRR

F1IH  fi

AWFZE TR 72 M KX KRR E O v b foR B iR IE 3 X T B IERLR Y IRRK
oMK ARBEEROKREO T, 2F L IBGC B##F»ro( v 7+ —LFavke
VM AXETOREZFL ) A TRt Nz, £ 72, W IXR R MR R A ALTERZ |

e (Table 1) ST ifThbh 7,

PDGFB 85T RFELUIIMFAEBI D 70 FEH] & KiEHI 16 5% 86 il GERIEE 2 &T) TH

277,

ARG AT oMY Th 5,
Dna Quick II(Genomic DNA Separation Kit) |3 DS Pharma Biomedical, Tris-EDTA(TE,
pH=8.0). MEfE (Acetic acid), = F L v 7 I VIUFEEE = F bV v A KA
(Ethylenediaminetetraacetic Acid Disodium Salt Dihydrate: EDTA) (% Wako Pure Chemical
Industries, JE /K (Water deionized & sterilized), 2V &Y v (Glycerol), b+ Y & [Tris
(hydroxymethyl) aminomethane], 7 7' © — 2 (Agarose), 100 bp Ladder One i NACALAI
TESQUE, INC.,% PCR 7' 7 4 ~—(M13 77 4 ~ — (% Eurofins Genomics K.K.), AmpliTaq

Gold® Fast PCR Master Mix, Tempus™ Spin RNA Isolation Kit, SuperScript®IIl First-



standard Synthesis Kit % Life technologies. illustra ExoProStar (% GE Healthcare .
PrimeSTAR® HS DNA Polymerase [5 X PrimeSTAR Buffer (5 mM Mg?* plus), 2.5 mM
dNTP Mixture £7J&] (% Takara BioInc., Bt =57 4. (ethidium bromide: EtBr) % Bio-
Rad Laboratories, Wizard® SV Gel and PCR Clean-Up System {3 Promega Corporation,

Human PDGF-BB Quantikine ELISA kit (% R&D Systems & h 2z AL 72,

I

478 DNA

H

\

DNA % v 7 VIFHEE 2 bR X 1721 X Y Dna Quick 1T (Genomic DNA Separation
Kit) v, Fffo 7w b a—ichto Chith L7z, #5457 DNA (X TE (pH=8.0) T

Bl 10 ng/pLic7z 3 X 5L 7=,

516 PCR

PDGFBD & T ¥V v & X DiatED A4 v b v VHEIBIC DWW T, Variant SEQr primer 1 X

% PCR %17 o 7z, Variant SEQr primer & 3 X v X7 {FHREZ I —F T 5%V v & 2Dt
fFOA v ey EGEUHEBERET 2 X EN T 74 ~v—ita= =% 1T T4 <
— (M13 forward/reverse) %z fML7-774~—TH 2% (Fig. 4), BEALFIL T
% Applied Biosystems I X Y 3Gt X L7z 7 7 4 v —[il%] % National Center for
Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/) & » HifS L 7= (Table 3),
19714729 10pMPCR 7 7 4 ~—% Forward, Reverse 211 Z# 1.2l 2, 50 %
(v/v) 77V %V v % 3.2uL. AmpliTaq Gold Fast PCR master mix % 10 uL, 20 ng ¥~ 7
A DNA #iR& LIKEIKT 20 L Ic AR T v 7L 705, Veriti % —< A9 4 75— (Life

technologies) TG Z 1T o 72, fEll 7 SOGSIFIZAIFRICR T (Table 4),

10



Primer

Primer

Genomic DNA
AGAGGCTTCG--TTGGTACCTG
TCTCCGAAGC - -AACCATGGAC

- AGCTATGACCAGAGGCTTCG--

PCR products

- TCGATACTGGTCTCCGAAGC: --AACCATGGACTGACCGGCAG:
-AGCTATGACCAGAGGCTTCG--TTGGTACCTGACTGGCCGTC:-

g

Fig. 4 Variant SEQr primer

- AACCATGGACTGACCGGCAG:

PCR was used Variant SEQr primer. Gray background sequences can bind M13 primer.

Table 3 PCR (Variant SEQr) primers for PDGFB DNA sequence analysis

Product

Name Sequense (5>3") size ;25
(bp)
Exon 1-Forward TGTAAAACGACGGCCAGTGCCTTCCCTTAGAGCCTGTCACC 835 74
Exon 1-Reverse CAGGAAACAGCTATGACCGGTGCTCGAGCTGCCGTTG 73
Exon 2-Forward TGTAAAACGACGGCCAGTCAGGTACCAACCCGCCTGCT 507 75
Exon 2-Reverse CAGGAAACAGCTATGACCAGAGGCTTCGGCAGGTCCAG 72
Exon 3-Forward TGTAAAACGACGGCCAGTAGTTCGCTCAGTCCTGAATGTGG 440 71
Exon 3-Reverse CAGGAAACAGCTATGACCTGCTTGGAGGGTCCCTGCTC 72
Exon 4-Forward TGTAAAACGACGGCCAGTGCCTCTCTGGACAGAGCCCA 628 74
Exon 4-Reverse  CAGGAAACAGCTATGACCTGGTTCTTGGGTGTAGATCTCATGG 70
Exon 5-Forward  TGTAAAACGACGGCCAGTGGGCCTGATCCCATTTCCATT 584 72
Exon 5-Reverse  CAGGAAACAGCTATGACCGCGCTCCGGGAATGAGGATA 72
Exon 6-Forward TGTAAAACGACGGCCAGTGTCTCCAAAGCCCACCACCC 435 74
Exon 6-Reverse  CAGGAAACAGCTATGACCCATGGCAGGCCTTGGTCAGT 73

11



Table 4 PCR conditions

Pre-thermal ~ Thermal Annealing Additonal
Step : : and :
denaturation denaturation . elongation
elongation
Cycles 1 40 1
95 °C 98 °C 68 °C 72 °C
Exon 1 )
10 minutes 5second 13 second 10 second
95 °C 96 °C 68 °C 72 °C
Exon 2 )
10 minutes 3second 13 second 11 second
Exon 3, 95 °C 96 °C 72 °C 72 °C
5,6 10 minutes 3second 13 second 12 second
95 °C 96 °C 64 °C 72 °C
Exon 4 )
10 minutes 3second 13 second 13 second

5 61H PCR FEY D FEHL

PCR %) 5 pL I illustra ExoProStar Exonuclease I, illustra ExoProStar Alkaline
Phosphatase # Z 12t 1puL $2oEA L, 2720 +—~ A% 4 7 7 — (Life technologies) T

BEE G (37°C, 15 47), BEEAGGILE (80°C, 15 ) % 1T - 7=,

HTIH v —7 v R

V=T VAT TA= =L LTMI3 774 =— (Table 5) 227z v — 7 v R IR KF
EmPEARANEE T Y 2 —7 7 LIRS ITIC R L7z, BEI SNy —T VAT — X
% novoSNP  (http://www.molgen.ua.ac.be/bioinfo/novosnp/) < NCBI X Y 5 L 7
PDGFB FASTA fid%]7 — % (NG_012111.1) ZJCICfET L7z, R L 2ZRIZBEH © SNP

T 55 NCBI ® dbSNP TR LTEEL 7-.

12



Table 5 Sequence primers for DNA sequence analysis

Name Sequense (5>3")
M13-Forward GTAAAACGACGGCCAGT
M13-Reverse CAGGAAACAGCTATGAC

¥ 8IH RNA i

BE D> SR I N2 MR 2> 5 Tempus™ Spin RNA Isolation Kit Z i\, ##ffo 7w b =

— LIZHE - T Total RNA Z4hiH L 7=,

i}

9IH RT-PCR

H

\

fiiHi L 7z Total RNA % SuperScript®IIl First-standard Synthesis Kit # >, #ffo 7'm
P —icfiE o T, 2720 —~v P4 7 T — TG KGE TV cDNA 215372, 774~
—RBERZEDA v v viEfFo ¥y VEBEMIET 2 X 9 %EFL 72 (Table6), 1%~
TNY7-0 5 X PrimeSTAR Buffer % 4 pL, 10uM 77 4 = —% Forward, Reverse Z L
Z1 0.4ul 92, 2.5 mM dNTP mixture % 1.6 uL, PrimeSTAR® HS DNA Polymerase %
0.2uL, ¢cDNA % 1ng iB& L. WBE/KT20pL iIc A 27 v 7 L7, Verti %+ —< A% 4 7
7 — CRISZAT 2 Teo SUGSKMFIZHIIEZN: (94°C, 10 ) ok, BAZETE (98°C. 10 ).
7=—=V v (55°C, 5#), MRKIG (72°C, &% 162+2T>A Hi%k cDNA (1 30 £, £ %
c.457-1G>T Hi%k ¢cDNA X 2 50) % 35 4 7 ViR L, RBICGEIERKIE (72°C, 2
7)) #iTo 72, 135172 PCR #EY) % Mupid-exU (TakaraBio)icty b L722%7 A1 — A
TNCT 774 L, 100V, 30 Sy[EE XK 21T > 720 ikENE D 7 70 — X7 v % EtBr/TAE

Wi (0.5 pg/mL) 1 10 43[EiRiE & # 7= ® 5, Benchtop 2 UV Transilluminators (UVP, LLC,

13



Upland, CA, USA) k¢ 365 nm UV %84 L, 7 A ifis#iE (Funakoshi) T L7z, ik
Wtk TR mRNA Hko Ny F Y)Y L, Wizard® SV Gel and PCR Clean-Up
System T DNA Wik %R L 72, 5 5 #1172 DNA Wi/ 122\ T PCR 77 4 ~— (Table 6)
EH Wy —7 v AR IBERREEGRARAME g v £ =7 ) L BICRGEL .

BHIE v —7 v 25 — £ % ApE(http://www.biology.utah.edu/jorgensen/wayned/ape/)

TREHT L 720
Table 6 PCR primers for mRNA expression analysis
A Product Tm
Name Sequense (5>3") size (bp)  (°C)
Exon 2>3-Forward  CTGAGTGACCACTCGATCCG 153 60
Exon 2>3-Reverse  CAGGCTCCTTCTTCCACGAG 60
Exon 4>5-Forward CCTCATAGACCGCACCAACG 307 60
Exon 4>5-Reverse CCGAATGGTCACCCGAGTTT 57

14



Pavaxd Yo

95 3 fi ESL RS

1 AIICH T 3 PDGEBEIGET D P Bk

AH D IBGC & IcE 5 PDGFBER MR T 5720, £FE o IBGC BE 5 5 DNA

BiAZINE L, DNA ' —7 v RIC X % PDGFB L TREBEZIT o 72 BARTIRBDRGR.

3%lo PDGFBZER % R L 7= (Fig.5A), £7-. #NFNOFIE DEEKRAEIR % LT ITR

L7z (Table7), c.160+2T>A X2 FEHO ¥V v OEK, c457-1G>T X5 FEHDO - * v

v DERNCHERDERD S - 72 (Fig. 5B, C), ¢.33_34delCT 13 1 HEHO =¥V v NT 21

R RAE L, DNA OIFERCY 23 =2 — N3 2 B S OF AN EE §5 7L — L0 7 M &

BxafEoTw7z (Fig. 5C),

Table 7 Clinical features of the three individuals (probands) with PDGFB variants.

. €.33_34delCT c.160+2T>A €.457-1G>T
Mutation pCysizleufsx19  pGIuS4Glyfsx94  p.\Vall53Profsx8
Zygosity hetero hetero hetero
Exon 1 2 5
Proband’s information
Age at detection of calcification 71 57 14
Age at onset 70 57 10
Onset symptom dizziness anX|et_y headache

depression

Neurological findings
Cognitive impairment (MMSE) 23 28 NE
Pyramidal sign - - -
Extrapyramidal sign + - -
Cerebellar sign - + -
Family's information (except the proband)

Numper qf other individuals with NE 1 2

calcification

Number of other individuals with i 1 1

confirmed mutations

Number of other symptomatic

individuals i ! !
Other symptoms (number) in the family - panic disorder (1) MR (1)

NE: not examined, MMSE: mini-mental state examination, MR: mental retardation

15



A

1 2 3 4 5 6 7
c.33_34delCT C.162+2T>A c.457-1G>T
Untranslated Il Coding region
B C
Case 1 .
WT: G AGGTAa WT:CAGG‘TG
c.160+2T>A: G A GGOZ AR cd4571G>T: ¢ A T G T G
D
Case 3 _
WT: TCTCTCTGCTG
¢33 34delCT: T ¢ T C T G C T G C T
) o

Fig. 5 DNA sequence electropherograms showing different heterozygous variants in PDGFB
identified in IBGC patients.
(A) Arrows indicated mutations found in this research. (B-D) Sequence electropherogram of

the novel heterozygous mutation in IBGC patients. Letters in red indicated variant sequences.

16



¥ 21 Casel (c.160+2 T>A)

R 13 57T O HMETH Y 3EM. 5o, BWEZRMAEIR CEbE L Tz (Fig. 6B, I
-2) o FHREEIIMAE © IS o/ NGEB)REE 278 L. CT A cldmifith o & Bk, R,
R, B CcoEE R AL 2389 7= (Fig. 6B), D sE L= (1-1)3385E %
FAEL CTH Y, I oI I T 2 Gk @ ® 7= (Fig. 6C), o BT (-1 10

Rp o=y Z7IEELZH I T2, ARILIZRD bikd o7,

Fig. 6 Familial IBGC (Case 1 in family I).

(A) Pedigree of family 1. The arrow indicates the index subject. Filled symbols represent patients
with brain calcification. Participants’ ages are shown under the symbols in the pedigree of those
whose data were available. The symbols + and — indicate variant carriers and noncarriers,
respectively, as determined via genetic analysis. The striped symbol represents a variant carrier,
although the CT image was not available for the study. (B) CT images of the proband (II-2). (C) CT

images of the proband’s father with variant (I-1). Subdural hematoma was also identified on CT

scan.

17



F 31 Case2 (c.457-1 G>T)

7 10 OED O AELTH -

e (1-2) (Fig. 7A)1F 16 skctEc. HEEMAH 0 .
IR

Too MREFZRIMRE CIZREIIRD O N o7, CT AtIIBHR OB ISR E B,

ICRE DAL, BE DR PAL DR
-2)13F I L RO B TR R 2 R b R L IREER,

. HE., ERZICEE® b vz (Fig. 7B), Fims OREH (1
R, BUR, thiikiz, BEIC

20 b7z (Fig. 7C), S @ 8 s (11-5) ICHRRAEIR IZ5ED b7z a3, 4

20 bz (Fig.7D), MOFmzEE T 5 &, WAL TH 5

B ERICE 7 40 KA 2352
EEZ b, B TRITOME., ik FEOBLETERSRO bz, T2, 4EoH (1

RO ONIRD 0T, o, FINE D 12 7%

FIRAL D5

-3) CIHERFAENED O NT ., MDA

D (I1-4) IOV TR TAER RO 7253, KRR O 7= 0 ICEEKRBICE b . 5l 7

Euur_‘ IEIE%&' i LN D o 7;0

18



A Case 2

Fig. 7 FIBGC (Case 2 in family 2).

(A) Pedigree of family 2. The arrow indicates the index subject. Filled symbols represent
patients with brain calcification. Participants’ ages are shown under the symbols in the
pedigree. The symbols + and — indicate variant carriers and noncarriers, respectively. CT
images of the proband (II-2) (B). Computed tomography (CT) image of her mother (I-2)
with the variation (C). CT image of her younger brother (II-5) with the variation. The
calcification of II-5 was mild (D). The calcification on CT images of the proband’s mother

(I-2, C) was prominent compared to that of her children (II-2, B) and (II-5, D).
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% 418 Case3 (c.33 34 del CT)

71 AYE. 70 BRHCO TV ERAZZ L 72, MIRFIRE C IR ORAREE (mini-
mental state examination [MMSE] score: 23) & BifEFRIE 23 5T < iz, CT AT Cld il oA

B, IR, GUREZ. R, BOE & A L2558 b7z (Fig. 8),

Fig. 8 Case 3 CT images.
Computed tomography (CT) images of Case 3 with PDGFB deletion variant (c.33_34del CT).

Calcifications were observed in both cerebellar hemispheres, basal ganglia, and cerebral

ventricle.
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¥ 5IH IBGC HE K O # e 3513 2 s PDGF-BB @ i

PDGFBIZZER MR S =72 i+ © PDGF-BB &% HIiE L 7, HIEICIZ
PDGFB ZE R a Nz (3AN). 72, AFRECHE LT3 SLC20A2E R %
5 IBGC ¥ (5 N), fl#HE (3 )2 LM% L, ELISA i Tlfiisf PDGF-BB @
HE %17 > 72, ELISA I X 2 [fiED PDGF-BB ER DR, SRR L 22R2FoEH
4T T PDGF-BB i@V i 5 7- (Table 8) (Fig. 9), i # < olfif+ PDGF-BB
HIFEfEI1Z 3000 205 6000 pg/mL OHFHTH - =D ikt LT, EREEH DI+ PDGF-
BB (%9 ~T 2000 pg/mL Z FEloTHH, @BEED 275D 1225 355D 1 REDEK W
lEe o7, £7-. SLC20A27E F3 A @ IBGC ## < idifiE+ PDGF-BB K F i R
bNehol, UEDOREFR XY, PDGFBZ %A IBGC BE <olfilifH PDGF-BB fE®D

KT 12 IBGC DIiERICHE S d DTl <, B FEEMPFERTH 2 2 LARBRI NI,
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Table 8 ELISA of PDGF-BB in serum
Patient PDGF-BB (pg/mL) Mutation Gender Age

PDGFB
1730 €.33_34delCT male 71
1900 c.160+2T>A male 57
1340 c.457-1G>T female 16
SLC20A2
3370 c.344C>T female 69
4370 €.1399C>T male 24
5550 c.1848G>A male 28
5720 ¢.1909A>C male 25
4720 c.1909A>C female 64
Controls
5030 - male 24
3890 - male 29
5690 - female 33
7000 A
6000 4 4870 4746
| | I
é 5000
(@]
& 4000 A
m
@ 3000 A
L
O
E 2000 4 1730 1900
1340
1000 4 I I I
0
\
& O (9‘9
00 rbb‘b Qx(l, 03\:\ \/C)
© )
o‘.’-’rb/ o o

PDGFB variant

IBGC

Fig.9  Serum PDGF-BB levels from ELISA.
Black bars were PDGFB variant carriers, gray bar was SLC20AZ2 variant carriers and white
bar was controls. Control and SLC20A2 showed the average of PDGF-BB levels (Data shown

as mean = SD) and PDGFB variants sowed individuals.
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% o6IH ZRERRESE (Case 2) NcolEd PDGF-BB o #s}

PDGFB &5 %12 X 3 i+ PDGF-BB 0@/ & IBGC D ¥ & o KRG % L v
ISR 2 %, c.457-1G>T fRE D EHERE (Case 2)I22WCHAES CT B TOWRHIH
AL DHERE. DNA o — 7 v 12 X 2 8{5F1R5K. ELISA I X % [fili&+ PDGF-BB & & % 52
L. 2 B ARG L7z, AREHE T _RToTF— 228 b - BE oM, W, #
541K LCiTo 7z, HHER CT HifR COMER CTREORKRUH 1 % il oM Gk
DHEZR I T (Fig. 7C, D)o ZOHRKILDB R b7z 2 4 OBETFHREE T c.457-1G>T OfR
BaMER L7z, £7z, IMiE+ PDGF-BB fEOK T b il X 417z (Table 9) (Fig. 10), —J/i
T, BEDOR, I DTN ORI KA IZHE < c.457-1G>T DfRA 7 b I

PDGF-BBEHDK T H Ao iind o 77,
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Table 9 Serum PDGF-BB ELISA in Case2 (c.457-1G>T) family

Number PDGF-BB (pg/mL) Calcification Mutation Gender Age

I-1 2660 - - male  unknown
-2 938 + + female unknown
-1 5440 - - male 17
-2 1340 + + female 16
-3 NE - NE male 14
-4 NE unknown NE female 12
I1-5 532 + + male 8

NE: not examined

5440
5000
-y
£ 4000
(@)]
RS
oM 3000 2660
o
LL
8 2000 1340
o 938
. ||
I1-2 I-2 I-5 I-1 I-1
PDGFB variant
c.457-1G>T

Fig. 10 Analyzing serum PDGF-BB levels in ¢.457-1G>T family
PDGF-BB levels in Case 2 (¢.457-1G>T) family. Black bars were mutation carriers and white

bars were no mutation carriers.
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H7IH R L7 PDGFBZERICHBF 5 AT 54 v v Vit

F1IHTO DNA v —7 v ZADFER AR IC BT 2 3 DOl PDGFB 75 % R L
720 ¢160+2T>A, c457-1G>T PMiET % 4 v b v vilio 2 $iix mRNA OfEE 5
HRECOBBETmMRNA Z 774 > v itk nT, =XV vef v boyoERHicE
BAKEZH-TWwE 0, 2D L hb, c.160+2T>A, c.457-1G>T | mRNA X 7'5 4 &
VI ORERERI L, KA mRNA I W TRERS O AL KIE, 7L —24> 7 b
oz enrillani, 22T, BEOMEH CERICHIL T2 RNABED X 9 7%
AT TAL VT HRZT T DL BN EIT- 72,

MR A H A L 72 RNA 12D T RT-PCR % Vs TR JEAGEE O mRNA F3 % 5~
7o AR €.160+2T>A Tld 100 22 & 200 MEHBREMR L 72 mRNA DR T F7 4 & v 7Y T
v F AR 57 (Fig. 11B), —/7 T, c457-1G>T T3 150 HEARE4HE L 72 mRNA O %
HWAR SN (Fig. 12B), %£7-. Wi LR CIER4E X D mRNA 0D O RS>
Too IOIWICHHICAT ZAL v I AN) TV P55, BEPRL LN NV F O DNA K
FiconwTy =4 v R x T o 72, ¥ —7 ¥V ADFE, ¢.162+2T>A Tlt 2 FHO T *

BEHROEREELTEA v b uvo—i (172 ) offi AR on7 (Fig. 11C,D), %
7z, c457-1G>T CTRAREX|D 5 HFHOT XV v (145 {E) o RIED R S iz (Fig.
12C, D), LU ED#EHR L .33 34delCT ® DNA & — 7 ¥ ZDFER1 S, 7L —LY 7 I
£ 5 mRNA 0#& k2 F v 0288 & BH mRNA OFHFRGEEIC O W TP L 72,¢.33_34delCT
TIEBE=a F v X0 88 205 90 FHH MR cikika F v 2sHEI L, BIERfER T 77 F =
7F FHEBO®RHT T 22y 2 &7 0, KFAPDGF-B < 7' F FiEl{lz &< & EhTwan

e EINn3 (Fig. 13), c.160+2T>A Tli A v b v v off AT PEiF ARSI % &
fllfa Fv XY 439 FHH2 6 441 HHOEHE CKIE 2 F v 2sBins, FEREEIZA v b a

YORAIC LY NRIRH 7 v <x7F FEo@EfhcI 2ty 2E72 Y, ¢.33_34delCT & [H
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BICHEL PDGF-B = 75 FHIMIZ S EhC AL L A TR SRS, c457-1G>T 1t 5 %
Hoxzxy voREBOA, Fha Fv X b 478 FH2 S 480 HFH OERECRIEa F v 238
Nizo c45T-1G>T 13fho 2 D OZH L His b BFRERICREA PDGF-B ~ 7' F Nl &

FNTniz,
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I . @/ —2 :‘]]I—lx \’ntrol

I O o= ——
+
1
111
+
C
Mature mRNA -+ +GACCCCGGAG | AGGAAGAUGG: - -
Exon2 Exon3
&et:g‘;"ed GUAAAUGGAA: - - GGCGGGUUGG- - - UCUCCUGCAG
D
Mature mRNA - --GACCCCGGAG |GAAAAUGGAA---CAGCAGGCGG AGGAAGAUGG: - -
Exon2 Insert Exon3
(172base)
Removed
intron GUUGGUACCU:- - -UCUCCUGCAG

Fig. 11 mRNA analysis c.160+2T>A

(A) The c.162+2T>A patients’ pedigree. The shape of mark indicates gender: square is male,
and circle is female. Color indicates calcification: black is calcification, white is not
calcification. Arrow indicates the proband. (B) The agarose electrophoresis of PCR products
from ¢.160+2T>A patients’ cDNA. Lower bands are normal, in the other hand upper bands
are mutant inserted intron. Normal (C) and mutant (D) mRNA sequences after splicing.

Boldfaces indicate 5" splice site, and under bar indicate the mutation ¢.160+2T>A.
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Im-2 I-5 control

1 2 3 4 5
I )
NE +

/
- + NE
C
Mature mRNA - *ACCUGUCCAG| GUGAGAAAGA:- - -GAGCAGCGAG | CCAAAACGCC:---
Exon4 Exon5 Exon6
Reémoved GUGCGUAGGC- - -UGUCCUCCAG GTAACCACCU- - -UCUUGUGCAG
intron
D
Mature mRNA  ---ACCUGUCCAG | CCAAAACGCC---
Exon4 Exon6
Removed GUGCGUAGGC:---UCCAU GUGAG::-GCGAG ---UCUUGUGCAG
intron

Skipped Exon5

Fig. 12 mRNA analysis ¢.457-1G>T

(A) The c.457-1G>T patients’ pedigree. Shapes and colors of marks indicate same
meanings with Fig. 11A. (B) The agarose electrophoresis of PCR products from c.457-
1G>T patients’ cDNA. Upper bands are normal, and lower bands are mutant inserted
intron. Normal (C) and mutant (D) mRNA sequences after splicing. Boldfaces indicate

" splice site, and under bar indicate the mutation ¢.457-1G>T.
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untranslated |:| coading

reagion reagion
¢.33_34delCT €.160+2T>A c.457-1G>T
PDGFB gene ¢ ¢ ¢
[ [T]
L
Exonl 2 3 4 5 6 7
PDGFB protein
Control
c.33_34delCT [ 1]
c.160+2T>A | |
c.457-1G>T | |
Signal ; Mature
Propeptide
peptide |:| pep peptide |:|

Fig. 13 Predicted PDGF-B protein coding region changing for vatiant.
Arrow indicate variants found in this research. Schematic structure of PDGF-B protein with

variant.
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[\l OB B CAHICE T 5 IBGC BEIcHWT PDGFBEIGTFWNICH -1 32D

BEAZ—VvRHHINTZ, 3O0FEDHI L, 123 F Y vHNT2HEENRKIBL TS
By 3EHETOTCEGE SR a—FIhTnwda Frgatkodsh, $hbb 7L —Lv 7

PSRRI EING, — T, o 2 oDERIF 1 EROBELTH LB, DERTH
NEFE7L—v 7 RRILARG, L2LAYEL, INOLOERIFIF Y VICHHET L4 v
b o vk 2 W OESICHEET S, 2DA YV FuyEKEO 2 IR TS A4 REL L W
i$H. DNA 2> HHEEEHR D mRNA RibRA7 5 A mRNA Z/E Y 4 mRNA 2 7 4 &
YZILBWT, REINSA v v v R RTHAIOREIZR L TnwE 0, f v te vy
Kifio GT (RNA T3 GU), 3 KD AG 134 v b u vESohCcR b @EEICRTES
TWAEHITH 2 VBN TRAT TA LY TS 2 X774V Y —Li3mTFHICINS
DATF7 A AN % ZHET 2 RNAZEGATED, AT 74V v Z7OHHAIE LT3 2,
c.162+2T>A Tix 5 KD R 77 4 AELOERIC XV ARDALEP LR T T v
R I NT 173 HEETHO GUBHi 72125 AT 54 R LRI NTARAT 4 &
v O HBE X AR, AREMHSET mRNA 25 172 MR L E2oNn3, $7-
c.457-1G>T T3 3 KIFDR 774 AFALOERIC I W R T T4 v v 7 OKIESR#H I 1
Y 5FBHOT XY VARIBOA VI v EXHERTICl o4 v by LTR
TIAL v ITREINZET, AKLD 145 HEE Y mRNA MER S hiz e E 2 bh
5, FTo DRI o THAE 2 IZRET 2 HHERY O HEIIIc 2 b v ol
i Ch 2 3 DFERTIEARVDT, ThODERITL—LL 7 25 ERTH D, L
=225 C, SRR I/ PDGFBERIZTRT 7L —L42 7 P &f», mRNA of&ika
N UAIEDOZENC X Y PDGF-B *7'F Fa— FEBoOKE aRESTREINZ, *TFF

o — Fill % K& L7z mRNA Tl PDGF-B *7'F F2d &I NE W, HEWETm
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XTFFORBICE W ERBRICHRI NPT AL eE2ONE, T2, 2% mRNA |3
HEH D BIERE S O AN ET T2 7L — L 7 MctEv, &ika F v B3R kofiE &
D EHRCHIET 2%, mRNA X794 2 v 20T —54: U7 mRNA %4 % mRNA
#—~4 52 (nonsense mediated mRNA decay) IC X D 4R S h 3 HATHEI L5 202,
Z ® mRNA D #EHE TIZZE % mRNA OFERCTX v X7 EH 2 BT 2 V) K Y — L EAK
DERICHERT 2L PV IcBET 2H25 28 L 058, MERSSERBETICH

KT 2R VANTHEITAERINDG, L Lo, fildNTIZE A &350 N5 2, fildd

-

~DOMEINGEVEEZLNS, U EDZ Lo, PDGFBERBEHETIIERICH: - T
PDGF-BB O 7 b 325 L, IfliEH PDGF-BB fEOK 235 2 s T
LLEZLNT,

¥ 7. PDGFBZER % FiOFENICHB T, N DRI AIKILD G E, PDGFBZRDH
& & PDGF-BB fEi oGS5 L7z, 2D &6, PDGFBZARIC X % i+
PDGF-BB #H 023 IBGC DFIEICEI S L T\ 2 AIREME2SRE X 417z,

—} <. PDGFB-PDGF Z&K B > 7' F i3 PiT-1 OEREZ G T 2 2 L 28I SN TW»
% 22, PDGF-BB OALEIC & Y PiT-1 # /AL C PilLD AR RS 5 2 & 6, PDGF-
BB ol i3 Mg ~D PiiAROEA %G &5 L, PilEFEORE LG &R T LF
ZbNd, SLC20A27 v 2T 7 + <=7 ZTIBGC BN AL ZRT 2 & 25, M~
D Pi OWABDET2MAOHKEF I ER T LBExOND, LEOHE G,
PDGF-BB DX T & PifEH TR 2N L T mA& i SLC20A2 7255 L [FRFk D #Eig% < IBGC
BRI A IRAL % SR T RTREE DY E 2 b B,

Lk, RETIEANICH TS PDGFBZRZRATL., ZhboZHoO—FIck T, R
TIAV TRERFIERIT L ERALE, 5, BFD PDGF-BB #HIE L,

PDGFBZERBEHFHICHEWTPDGF-BB KT LT3 Z & 2 RHL 72,
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% 28 FKIEMW IBGC I BT 225 SLC20A2 DFEREMGHT

51 s

SLC20A2 13 IBGC DRI s T & LTI T & h, B4ED 2013 4E1cid SLC20A2 7
YIT I APME I N B, TOY ATEMNICHIKLDS A B, SLC20A2 752
— F3 % PiT-2 ORBUK T O R CTRNGKILZEI T2 L3RS i,

PiT-2 3% Na K770 Pifinkifhkch 2, 2 ¥ 2 RICHKH L, MEEics w2 BiF
IR L CHEEL, MlgsoF Y v a4 4y (Na) 91 & Pid 1% 2:1 CHllEP i dhii
EF 5, PIT-2 2 v o8 7B IIHEERNIC W 2RISR 23% A3, 12 o EREEI & R |
T 27 KU & AVEF L RIRGICE NENFAAET S PD1131 N X A v A3 Pi ik i EHEE e 1
R TEEZONT WS 45 (Fig. 14), SLC20A2 7 v 2777 k=7 AT, MfERER 2l
BRI 2 & 13, Lo Ladss, 2017 4EiC SLC20A2 ~F7wva /) v 7T 7 b L
CIZFEI v 2T Y+~ ZDMNEBEH (cerebrospinal fluid: CSF) I 35T Pi 225 E5F-

LTWwW3 B ansgs,
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Extracellular

E67-Go1

L517_A530
FlO?'\/141
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®
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O~ "o By VO 69 60 O B WU 00p
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Fig. 14 Topology of PiT-2 (type I sodium-dpendent phoshate transporter)

The model was drawn with the aid of TOPO2 software. PD1131 homology domain are
labelled N-PD1131 and C-PD1131 for the amino-terminal and carboxy-terminal PD001131

copies, respectively. These domains are important for the Pi transport activity.

IBGC iZB T, R A A~ —A— 3L I Ty, CSFH D PiRED EF
LTwaiWwimgtld, E7 A~ 7 ATlEH 2D DD, IBGCHFAEIC B\ CIEF ICH M =T
RThd, ET A~y ATROLNAZ L 5% CSF 0 Pi DO EF 2 IBGC BE T iR
T2 enTENL, IBGC BT A A~>—h =LV E0[EENEDHL, CNET
IBGC & c k1) 5 CSF o PLREAMIE L 728 13T &2 b K%<l IBGC &
FHICBIT 2N F~—H—I1C V155 CSF D PiIREICOWTHE L 72,

¥72. SLC20A27 v 777 b~ A8 IBGC HRRER R & 25 B, IBGC Kk 1T 2

SLC20A275 %1% loss of function TH 5 Z E N FHHIN S, NMEICHKIET 3 ) v EEEHLEARIT
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RELSGHFHL T3 2D E A IBEFEET S (Table 10), #oHcd SLC20A2 1M @ Pi i

RIS IN, 2 F X RICHEBT 2 Y, TRL DR O Pk FIcEE-CBE 7% &

0

WKERHLTWD Z L3525 2830,
Table 10 Sodium dependent phosphate co-transporter

Gene Molecule  Expression tissure
Type |  SLC17A1 Npt | Kidney, Liver
SLC34A1 NaPi-lla Kidney, Lung
Typell  SLC34A2 NaPi-Ilb Small intestine, Lung, Kidney

SLC34A3 NaPi-llc  Small intestine, Lung, Kidney

SLC20A1 PiT-1 ubiquitous
SLC20A2 PiT-2 ubiquitous

Typelll

INIC BTy SLC20A2 5D Pk h 23 3B 2 L ARES % &, PifEHEM IR fho Pi
WERIC X > THiSES B L&A b Nz, L2 LAaDb, MNTHRIEL Tw 23 Pilfkfkic
DWTHRER L 22 IR 727, 22T, IMNICE T 5 SLC20A2 © PifEEEICH 3 5%
BEAFHET 5720, BMNICE T 5 SLC20A2 DFH % HET L 72,

T i, AFRZICTAIICE T 5 SLC20A27ER% T oM L Tw3 1, £7- SLC20A2
ZEE D loss of function &\ ) KGN 2 ZMGAET 5 720, RIFFRE it L2 AR SLC20A2

25 PiEATETEIC 5 2 2 8O W TR 21T > 7.
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55 2 i TR I YRR

% 1H fi B

AT TR 72 MR R MLEAZERE D b b BRI IE 3~ T RIRRER A, I RK
M NICHERAMEEE2OARD T, &F L IBGC BFELLA Vv I+ —LFavt
VMK AXETOREZRL S 2 TRt I Nz, ¥ 72, MR MR R IALTEZ W

HH#E (Table 1) IcHoWTiThbiv,

% 20 ZESSER
CSF o Pi EEHIE X, EE &2 136, SLC20A275 %27 6 fil. PDGFB 23 3 i, % b

D IBGC HBE D 20 flTH - 7=,

AFRICHWZRAEIUT OB Y TH S,

10x Ex Taq Buffer, 2.5 mM dNTPs, 5 units/ul. TaKaRa Ex Taq HS. PrimeSTAR® MAX
DNA Polymerase, PrimeSTAR® Mutagenesis Basal Kit, pAcGFP1 vector {Z TAKARA BIO
INC., 7/ v—2 (agarose), X% / —/)L (methanol), =X/ —/ (ethanol), F 7 ¥ LHi
%7+ U v 24 (sodium dodecyl sulfate: SDS), it 7+ Vv 2 (NaCl), A F 4 I 2 (skim
milk), F Y R FaFs 2FL7T I/ X% [tris (hydroxymethyl) aminomethane: tris], V
VIEZIKFEF MY 7 L ZIJKAIY) (sodium dihydrogenphosphate dehydrate: NaH,PO, -
2H,0), UV vKFEZF + Vv L - 12 KFI¥ (disodium hydrogenphosphate dodecahydrate:

Na,HPO,: 12H,0) |, V YEE—/K#EH VU v L (potassium dihydrogenphosphate: KH,PO,),
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1% (hydrochloric acid: HCI), LB #£K7H1 (LB Agar, Lennox), LB #{&k5# (LB Broth,
Lennox), VA F> T FL vy L xvE/ 77 L —LF (polyoxyethlene sorbitan
monolaurate;: Tween), F IV A F vz F 1L v (9 A 27 F L7 =1 —FL
(polyoxyethylene (9) octylphenyl ether ,nonidet®P-40, nuclease tested: NP-40), 1kbp DNA
Ladder one, 100 bp DNA Ladder one, 7 ¥ v+ Y v (ampicillin), 2-A A7 X ) —
) (2-mercaptoethanol), 787 =/ —/ 7 )L — (bromophenolblue), 7 vt 7 = =L 2
F v A )L =)L (phenylmethylsulfonyl fluoride: PMSF) Ultra pure DNase/RNase-Free
Distilled Water(DW) 3 NACALAITESQUE,INC, =5 L v 7 I VIUEEEE —~F b U 7 4
ZIKkF1¥) (ethylenediamine-N,N,N’,N’-tetraacetic acid disodium salt, dehydrate: EDTA),

TAFa—nAEF Y 7 L (sodium deoxycholate), 77—+ (acetate), 7 b 7 A F L
v ¥ 7 v (NNN,N- (tetramethylethylenediamine: TEMED) ., /KE{t 7 + U v 4
(sodium hydroxide: NaOH), it 7V 7 2 (potassium chloride: KCI), + Y Z-EDTA #&f#
# (Tris-EDTA buffer: TE), ~4 7'~ A4 + v B (Hygromycine® B), 7' ) tw — )
(glycerol), ~=nAF Y ZffilE 7 v € =7 . (ammonium peroxodisulphate: APS), 7 7 U v
7 2 F (acrylamide), 7'V > v (glycine), Ham’s F12 medium /¥ Wako Pure Chemical
Industries, Big Dye Terminator v 3.1, 5x Sequence Buffer, Lipofectamine 2000, Opti-MEM,
pcDNAS5/FRT vector, pOG44 vector, Hi-Di ™ Formamide (% Life Technologies, ill[RF#
% Nhe I, HindIll, 3 X O EcoR 1. 10x Fast Digest Buffer, BCA protein Assay Kit, 7
MMmiE7 V7 2 v (bovine serum albumin: BSA), 7 v JERIMTE (fetal bovine serum: FBS),

PiT-2 ¢cDNA ¥ Thermo Fisher Scientific, p3xFLAG-CMV-14 vector, 7 7' 0 5 =~
(aprotinin), 7 4 = 7*F v (leupeptin). IZ Sigma-Aldrich, £’ =2 —7 7+ —27 4 v KANTO
(ViewaBlue stain KANTO) % KANTO CHEMICAL., Bib=5 v 4 (ethidium bromide:
EtBr). precision plus protein dual color standards % Bio-Rad Laboratories, E.Coli iZ NIPPON

GENE, 7°7 4 < —I% Operon Biotechnologies, Ligation high Ver. 2 i TOYOBO, ECL
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prime western blotting detection system (% GE Healthcar X Y Z 1Lz 1A L 7=,

418

Pi, 7+ Vv (Na), AV YL (K, WA+ (CD, Ay s (Ca) OHEBEIR

CSFH oD 4 # v iHlE

FEF D 1At T 7z CSF % Ltk R OB HIEE 2 v CHIE L 72,

#5518

RT-PCR

1 EBLREEDTETITo 72, A L7Z77 4 ~—1% Table 11 I2id 4,

Table 11  Primer pairs used for reverse transcriptase polymerase chain reaction (RT-PCR).
Name Forward (5>3) Reverse (5>3)
slcl7al_m TCCTGCTTGTGAGTGGCTTC TGGTGAAGAGTTTCCGGACG
slc17a3_m CTGCAGCCTTCTCTGGTTCA GCCGATGAATGTGCCAATCC
sic34al_m  ATGTCCAGGGTAGAGGCCAT TACCACAGTAGGATGCCCGA
slc34da2_m  ACTGGCTCTCTGTGTTCGTG GCACAGAACCCAACAGCTTG
sic34a3_m  AGCTCAGCATCTCCAGAGGA TAACATGTCTGCAGGGCTGG
slc20al_.m  CTGCTTTGGGTCATTTGCCC TTACACTTCCTTCCCACGGC
slc20a2_m  CGCTTTCCAGAGCAGACTCA ATCCACTGCACTCCTTTCGG
b-actin_m CGTTGACATCCGTAAAGACC GCTAGGAGCCAGAGCAGTAA
SLC17A1_h GGCTGTGCCGTATGTCTTCT CACTCCACCCAAGCAAAAGC
SLC17A3_h CATGGTCAACAGCACAAGCC CAGAGAAGGCAGCAGACACA
SLC34A1_h TAACGCCATCCTGTCCAACC ACAGAGCTGTCTTCCATGGC
SLC34A2_h GCATGGTTGACTGGCTACCT TGGAGTTTCTTCGGCAGGAC
SLC34A3_h ATCTGCTCTCTGGACGTCCT AGTCCAACTGCACGATGAGG
SLC20A1_h CCCAGACAACAGATGCCCAT AAAACGAAGCCACGAGTTGC
SLC20A2_h GCTCCATCCCACACTGTTCA ACTGGCCAATGATTCCCCTG
18rRNA_h  ATTCGTATTGCGCCGCTAGA TCAATCTCGGGTGGCTGAAC
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56 1M gLt

R REA Y TR AT NS L . VR T TR L. 20 H X R ORISR
FE %82 1cfTo 72, £9 10 mM PBS % 120 mL, 5l &t % 4% PFA %&% 100 mM
PB % 35 OmL Wi L 72, #EWifR. Mz @EL 2 it Ly koM o EERR i< 2 HfE.
BEE xR T o7, T D, 15% ¥ alfiz &L 100mMPBS I CliikL, 7744 A % v b
% FIVSC 20 pm O SR CHESEYIH & (ESLL 72, IF 13 0.3 % Triton-X % &1 100 mM PBS
THH L 7212, i E T4 "CTIRIFEL 72,

M AR EIE, 7Y — T —T 4 Y ETIT o 7o, U 2 NIRME~ VA F o &
— X DOANTE LD 729 0.3 %L /kFE % & T PBS-T Hic T 15 fILE L 72, 1 X$itik<T
4 °CT 2 HRMLE L7z, 2 RPUARIZER T 2 RIS S 272, ~ v ZAWUTR 13, 1 R$TikiC
i¥ Rabbit anti-PiT-1 (1:500 ; GeneTex), Rabbit anti-PiT-2 (1:200 ; Santa Cruz), anti-Tuj-
1(1:1,000). anti-NeuN (1:1,000 ; Chemicon). anti-GFAP (1:500 ; Chemicon). t FIKUIH
IZ1%. Rabbitanti-PiT-1 (1:200 ; GeneTex), goatanti-PiT-2 (1:50 ; Santa Cruz), goat anti-
PECAM1 (1:500 ; Santa Cruz), 2 X#i{AIC 1% anti-Rabbit conjugated Alexa Fluor 488, anti-
Mouse Alexa Fluor 546 (1:200: Thermo Fisher Scientific) . f% 4% 1 iC ¥ Topro3

(Invitrogen) & F\ 27z, #BIZI3 L E AL — 9 —PEMEE (LSM700, Carl Zeiss Jena) TfT - 7z,

78 7T &I PR &2 —DERK

Human SLC20A2 ¢cDNA (NM _006749) i% Thermo Fisher Scientific 2> &8 A L 7=,
PrimeSTAR® Mutagenesis Basal Kit Z W {E L 7z, primeSTAR® MAX DNA Polymerase
25 puL, Forward 77 4 ~—10 pmol, Reverse 77 4 <= —10 pmol, #% DNA & L C
pcDNA5/FRT-PiT-2-3xFLAG X7 % — 72 2 I F 1 pL, XX milliQ 7K 22 uL B L

PCR%Z B o7, TNEFNDOLEEICK L THW/ZT 74 ~—IF Table 12 IR L7z, KIG

38



12 98°C, 10 oA %, BB (98°C, 10 ), 7=—1Y v 7 (55°C, 10 #),

BLOMHERIG (72°C. 40 ) % 30 %4 7 A {7, B ERIG (72°C. 74y) TfT

277,
ZD%, TAT—va v, JBHEER, R 2 —-TF R

75 %A pcDNA5/FRT-PiT-2-3xFLAG R 7 & — 7 5 &

/

~

2

~

N oXEE A FECICR L 7238 0 17w,

F&ZhZ G,

Table 12 Primer pairs used for polymerase chain reaction.

Name Sequense (5>3")
PiT-2-flag (Forward) GTTAAGCTTATGGCCATGGATGAGTATTTG
PiT-2-flag (Reverse) GCAGAATTCGCCACATATGGAAGGATCCCATA

pCcDNAS/FRT-PiT-2-flag (Forward) GTTAAGCTTATGGCCATGGATGAGTATTTG
pCcDNAS/FRT-PiT-2-flag (Reverse) GCAGCGGCCGCGGATGCCACCCGGGATCACTA

T115M (Forward) TCAGGAATGCACTGCATTGTGGGTTC
T115M (Reverse) GCAGTGCATTCCTGAGATTGGAAGCC
R467X (Forward) GGATCCCGGGCTGACTACAAAGAC
R467X (Reverse) CGGCTGGTCAGGGTCGGCCAGCTC
W616X (Forward) GGATCCCGGGCTGACTACAAAGAC
W616X (Reverse) GTCCACAGCCTTGCGGGAGCGGAT
S637R (Forward) GCTGTTCCGCGCTGCTGTCATGGCTC
S637R (Reverse) GCAGCGCGGAACAGCCCAGCCACAGG
%5 8JH i ok

Flp-In™  Chinese Hamster Ovary flifd(CHO #ifid, Life Technologies) 1 10 % (v/v)

FBS Z#h L 7= Ham’'s F-12 £t %2\ 37 °C . 5% CO, TH:E L 72, 5-6 HH#IC 0.5 %

trypsin/EDTA (€ CHllie % [FIIX LR %2 17 o 72,

39



%98 FSvRT v a YV

6 cm dish iC Flp-In™ CHO i % 4.0 x105 cells THEREL 72, # H. Opti-MEM 300 pL
IZ Lipofectamine 2000 6 pL £ 721327 % —7 7 2 I} (B4R KR W4 B8R pcDNA5/FRT-
PiT-2-3xFLAG) 1 pg 5 X 0! pOG44 <27 %2 — (FRT Y 2 v €+ —=%) 3 pg ZiRBM L £ T
5 7 [E#EHE L 72, Opti-MEM/ X 7 2 — 75 2 3 FAii % Opti-MEM/Lipofectamine 2000 ¥
I 1 3 O E % B L=< 20 7rMEHE L 7z, Dish H10 Ham’s F-12 $53#1% Opti-
MEM 3.4 mL ici&# L, Opti-MEM/Lipofectamine-~2 % — 73 2 I FiE#i% 1< O
LU 3L, 37°C, 5% CO, THiE L 72, 2 0fk, Kb Ham'sF-12 (FBS+) HiHbic &
L7ze P77 v A7 27 b XY 48 IKffl#%1C 600 ng/mL Hygromycine® B Z ML, 77 & I

N7 2 =23 Flp-In Ic X Y LERAB L 7=/l o 2 %157,

10 VIREv7ay k

6cm dish iIca vy 7Ty b 7o/ Flp-In™ CHO #ifi@d % RIPABuffer [20 mM Tris-
HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 % NP-40, 0.1 % sodium deoxycholate,
0.1% SDS. 10 pg/mL aprotintin, 10 pg/mL Leupeptin, 1 mM PMSF] 150 pL <RI L
15,000 rpm T 30 7pfElEOoHEL 72, S OTHEL 72 RiEZRBEINL ., 2 vo8 7 EHlH e L
7o & VX7 IR IZ Bradford IKICCTER L 72, & v X 7 Bl & 5 x sample buffer [0.25
M Tris-HCI (pH 6.8), 0.1 mg/mL SDS, 0.3 mL/mL 2-ME, 0.2 mL/mL glycerol, 0.1 mg/mL
bromophenol blue] Z X <ML, 4 CTMEHEL7-2dDZ2 P v I e Lz, 1 well b7z
DS FRT—h— It 3l K v Tl 15ug 775 4 L. SDS-PAGE T4l L 72 12,
poly vinylidene difluoride (PVDF) #z5E (Merck KGaA, Norbert Moeren, Deutsche) _E i

L5 72, #5571, 5 % skim milk/Tris-buffered saline Tween [TBS-T (137 mM NaCl, 2.7
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mM., tris base 25 mM. 0.3% Tween20)] CT=EiR., 17 v v ¥ v 7 %2{T7o72, D,
5% skim milk /TBS-T TR L 7= 1 X$ifAic PVDF EsG R A2 127E L, 4°CT—MEE L 72,
TBS-T T 7 5[, 3 [I¥E#H#. 3 % skim milk /TBS-T T L 7= 2 KAk iC PVDF fin5 K
ZiRE L. 30 7ffl. FiRCIRE 5 L7z, 2Dk TBS-T <747/, 3 [k L. ECL prime
W1 ERE L 72, £ D%, LAS-3000 mini (Fujifilm), Multi Gauge Ver. 3.0 (Fujifilm) %
vt L 72,

—XPUAKIC 1Z monoclonal anti-FLAG® M2 antibody (1:2,000 dilution ; Sigma-Aldrich),
monoclonal anti-B-actin antibody (1:1,000 dilution ; Santa Cruz Biotechnology). % F\»7z,
ZRPURIC 1T goat anti-mouse IgG-HRP (1:2,000 ; Santa Cruz Biotechnology), ¥ X U goat

anti-rabbit [gG-HRP antibody (1:2,000; Santa Cruz Biotechnology) % 7z,

113 PinkiEtE o flE

24 well plate Ta v 7T v FiZ7Z -7z Flp-In™ CHO gtk % H\ 7z, Wash buffer
[135 mM NaCl, 100 mM Mannitol, 10 mM HEPES - KOH (pH7.4)] T2 [y L 7z, &
# 7z wash buffer # 7% L Pifree ® Piuptake buffer [135 mM NaCl, 5.4 mMKCI, 5.4 mM
CaCl,. 1.2mM MgCl,. 10 mM HEPES -+ KOH (pH 7.4)] % 200 uL/well fll 2 72 P (A4
7 AV b —=T7W4E) % & T 2x Piuptake buffer (0.1-2 mM K:HPO, 32P orthophosphoric acid,
2 pCi/mL) # @M L 3 RIS X 72, % Dk, ice-cold stop buffer [135 mM NaCl, 100
mM Mannitol, 10 mM HEPES - KOH (pH 7.4), 40 mM K,HPO,] #/ilz Tt % E1E X
47z, Stop buffer T 3 [P L 72, 0.2 M NaOH THIIE % A L [BE., ik v F L —
Yav Ay ZR—ICTHEEIT 7o NaJEFE T TD Pi b 7 v AR — FEHEIDE I3

NaCl % KCl ici##fa L. HE 21T 7
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12 He L

£ CSF IC B 2 fiftTid Pearson MHBIRE % W CTiT o7z, IBM SPSS Z T, BH
B L R BE O LR 1T Student’s t-test, Tukey’s honestly significant difference (HSD) test %
72, EERAGRR 1L T + BEHERRAE TR L 72, #EEHARY R L, StatView Z VT, —
BER I D T id Student’s t-test, ftHFERTIC D W TlX 43X HT1%. Bonferroni/Dunn test I X

DAITo 7z, fEFRERD 5 %R 2HEEAD Y & LTz,
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55 3 i ES S S

118 IBGC & OB IC 31 5 PiigEHIE

SLC20A2 7 v 777 h =7 2T CSF D PilENRERT 22 LR MEINT LS 2,
% ¢, IBGC H#FicH W Td CSF o PLREZ T L 7z, IBGC BEFICH1J 5 CSF o
Pi R % KT 5 7= 01, flHH 13 N, SLC20A2% 5 i5% 6 N, PDGFBZEREE 3 A,
SLC20A2. PDGFB. PDGFRB, XPRI1Z% %% ¥;7= 72> IBGC #3320 A2>5 CSF #HRH L
7o b, HEEIZSEN RMREE N CT I3 0 2 AKX ZR® v, IBGC H#E 0
YHEENT 429 £ 18.6 (mean * standard deviation), {F# 13 42.9 £ 19.6 (mean =*
standard deviation) T - 7=,

CSFH @ P 13 fH & & i L T IBGCHRELEFICH W THEIC EF L Tz (Table
13) (Fig.15), ¥ 7. SLC20A2%R%H T % E# D CSF o PiiRE X, PDGFBZAR%
FoOBECHEETAR R A VEF LKL COAFRERESWEER R Lz, £z, FHBRIC

CSF @ Na, K, Cl, CalicoW TRl LA EEREFR SN -7 (Table 13),

Table 13 Levels of Na, K, Cl, Ca and Pi in CSF of three groups of IBGC patients and controls.

IBGC

Totl — Control o) SLC20A2 PDGFB _ Others

No. 42 13 29 6 3 20
Male : Fem: 23: 19 7:6 4:2 1:2 1:2 11:9
e 429 429 429 448 37.0 432
g (187)  (196)  (186)  (206)  (205)  (18.6)
Namgdl 42 101 L6l 1442 1483 1463
’ (8.3) (12.3) (5.0) (7.1 (12) (4.6)
2.9 28 3.0 2.9 32 3.0
Kimgldl 5 5) (0.2) 0.2) 0.1) (0.4) 0.1)
ClLmggL 1223 184 1240 145 1260 1237
' (7.2) (L5) (3.8) (2.9) (2.0) 0.7)

. 16 13 17 22 16 16
Plmgidl 5 4y (02) (0.4) (0.4) (02) (03)
Mean (SD)
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w0 | p = 0.040
™
p = 0.388
__p<0001 p < 0.001 - Mean
o
: = 0.018
@ P = 1.000
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Fig. 15 Levels of Pi in CSF of three groups of IBGC patients and controls.
The levels of Piin CSF of all patients with IBGC were higher than those of controls (p=0.001
in Student's t-test is shown above the dotted line). The values showing significant differences

according to Tukey's HSD test are shown above the solid line.
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H2IH <7 AKX e FMANICE T B Piliikiko mRNA #3H

SLC20A2 DMNICE T 5 Pi lEEUE~DOHFLGEZRET 2720, o IRL IO Y v
AR L T2 2Bt Lz, vV AR P ORMEE & /MK e b D
BRERICOWTIRET L7228, EB 56 d SLC207 7 1 ) — DRI HER X vz (Fig. 16), —
Fic, ftho T8 (Sic17. SLCI77 7 I ) —), N8 (Slc34, SLC34 7 7 I ) —) D Pi ik
RORBIIMER I N A o7z, BLEX Y, BNICH T 5 PilEEEMER 2. T Pi ks

HERKEEZRZLTH Y, o PilmAACi3fECcE R nwEEZIOND,

A N é‘@@
S @ &

sic17al |  S'c34a3
sic17a3 ([  S'c20a!
Slc34al _ Slc20a2
B

SLC17A1 _ SLC34A3
SLC17A3 _ SLC20A1
stcasnt [ < c20-2
SLC34A2 _ 118 RNA

Fig. 16 mRNAs expression of Na dependent Pi transporter in the mice and human brains.

(A, B) Expression of NaPiT mRNAs in the cortex, striatum and cerebellum of mouse and
human brain. For each amplification reaction, positive control reactions (PC) were performed
using cDNA templates from the kidney (except for SLC34A2) or lung (for SLC34A2).
Negative control reactions lacking RT reactions (RT-) were also performed to exclude the
possibility of genomic DNA contaminations, respectively, (A) mice and (B) human.
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H3IH ~wAMHNICEIT S PIT-2 OETE

HIHIC B W T, =7 ZRD/MKIC BT, PLEEEATIL SLC20 7 7 2 U —D R DFEH IR
N7z, % T, SLC20A2 & v 7' HTH 5 PiT-2 OFIMIN % #E SufE e (oI THRET L
7z U AT 31T 2 tFEMIAE (NeuN BtEMiAE) (Fig. 17A). 7 A F w3 A4 + (GFAP 5
PAiE) (Fig. 17B). M P MINE (PECAM-1 BiE#if) (Fig. 17) 1B\ T % h ZFhofliig
Ho~v—n—2vo78L PiIT-2 8 HREELTEY ., 2hZnoffiidc PiT-2 8% L <

W3 T ERREINT,

I PiT-2 " NeuN || Merge | PiT-2 GFAP Merge

L

PiT-1 PECAM-1 Merge

[ PiT-2 [ PECAM-1 | Merge

Fig. 17 Double-immunofluorescence analyses on the neuron in the mouse brain.
Mouse brain slices of the cerebellum were coincubated with Abs against PiT-1 or PiT-2
(green) and NeuN (A) or GFAP (B) or PECAM-1 (C) (red). For nuclear staining, Topro3

was used (blue in merge). Scale bars, 20 pm.
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FATE e FEBEKIC BT 3 PIT-2 OJRTE

<~ v X EEBEIC, v FO/NKICE T 2 PiT-2 OFBIHIL % S s et ic TSt L 72,
b MRS B T 2 R (Tuj1 BrEMERE) (Fig. 18A), 72 b a s 4 + (GFAP [
f@) (Fig. 18B). I N LAlE (PECAM-1 [GPEMIAE) (Fig. 18C) & PiT-2 23 L/IEL Tk

D, ZTNFNOMITPIT-2 B8R L TnwEZ LR E Nz,

PECAM-1

PECAM 1

Fig. 18 Double-immunofluorescence analyses on the neuron in the human brain.
Human brain slices of the cerebellum were coincubated with Abs against PiT-1 or PiT-2
(green) and Tujl (A) or GFAP (B) or PECAM-1 (C) (red). For nuclear staining, Topro3 was

used (blue in merge). Scale bars, 20 pm.
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%518 28 SLC20A2 2% Pi kG 5 2 5 522

AEZICTAIRICE T B 7T 82— D SLC20A2ERZHEL TV ER L 2hb D%
B3 PiT-2 © PilgnEMREIC 5 2 250203, REAHTH 2, 22T, HKREIORH I
72 SLC20A27Z5 R85, PilfikiGlEic & OREREL 5 2 2 BT L 7=,

RIFFEETHHL T3 450 SLC20A27% % (Fig. 19A) & B4ER] SLC20A2 % Chinese
Hamster Ovary (CHO) i Flp-In + 27 A & W CEIEFEA L, RERBKE 57,
Flp-In v 27 Lt EWEET 2L Yy Z7rar—F BT sl Bz b8 cE 3y
AT LTH D, BFONTLERBERICE T S PiT-2 OFHIZ, PiT-2 1IN L 72 FLAG i<
W afitikrHwCcy 22y 7 ay MK THER L (Fig. 19B), VT R& v 70
vy MECX o TI A vy AZRIZFAR L RO N FEZRL, F vk v AZR T
BRI R 2N PR — VRN LTz,

f$ 572 CHO Mo U CREHERINLIR 2P % &Lt c—ERHiEE T 5 2 & T Pi
ke e &2 HE L 72 (Fig. 19C), B4R PiT-2 28 AL -Mfgicks i) 2 Pi ;LY AL R
Mock & LT GFP % A L 7= CHO #ifld & tbi L THEICEEZ R L7z, —J T A% PIiT-
2 %3 A L 7= CHO #ifidix Mock & [FAFEEED Pi fnkiGtEcd - 72, U LORELL, Th

bOEFRITT T PIfREEREoT B e EZ LN,
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Fig. 19 Pi transport assay in Flp-In CHO cells of variant PiT-2.

(A) Schematic structure of PiT-2 with the mutations. (B) Immunoblot analysis of 3x FLAG-
tagged PiT-2 (WT, T115M, R467X, W616X, S637R) and B-actin. The arrowhead indicates
the size corresponding to PiT-2 3x FLAG tag. (C) Sodium-dependent Pi uptake levels in PiT-
2 including WT, T115M, R467X, T616X, and S637R (mean += SEM; n = 8). The significance
of any difference was determined using ANOVA followed by the Bonferroni/Dunn post-hoc
test (***p < 0.001).
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6 1H A PIT-2 DERBATICEES 2 kGt

PiT-2 iZffEfic 3 TR EX A~ =% L. Mgt 5 Pi 20D AT 2592, 2 2 C,

N

25 Pi EEEE O T3, BT ROE T RN & % 2 72, PiT-213, 4¥lizr bry
ANZAZEERE LTHRINT VRS B, TAAZBBGT 5720113, 7 A4 AV ZZEEHH
R i v 3 48238 3 2 & ZFIH L, PiT-2 O EITE R 7 4 A R EGR D HIE %
5 & THETL 2 %, 85 HTHW /2 CHO file &R BIkICc GFP 2 F X ¢ 5L b
T ANZEE X ¢ (Fig. 20A), 2@ T2 KfEgic7a =+ A P AP —icCL bR AL
2 DIEGshR &2 ME L7~ (Fig. 20B), PiT-2 % A L T\ 72\ Naive Ol & Hifik L TH
AR PIT-2 AL 727 AV ZAOEGEFITE L EF LA, 2R PIT-2 28 AL 7
CHO il D B GERHRITAERIC L o> THEREDLEH - 72,

*7-. PiT-2 OERATERZHE ST 2 7291 HiBIT ¥ 27 L% w7z, HiBIiT I3
TH5 LgBIT AT 22 LIk o THBE LG LFENT 2, $£7-. LgBiT 3HluEIESE
WA RO -0 MilARED X v SV EOBRIET 2 2 L3 TE B, £ 2T, AIFETIE,
AR OZ2 R PiT-2 1 HiBIiT £ 77 %A L. vz CHO fifiic 3w TPk ic &R
X7z, Zoth, LgBiT LB & oz Ce it L, Mlakimic 33 2 PiT-
2DHREAL 72, 2 Dk, &2 VA7 HEBTHIET 2 2 & T PiT-2 DIEBITREZRET L 72
(Fig. 20C), HiBiT ¥ 27 L1 X 2 BEREITH T T115M 28848 PiT-2 £ 0 3 &<, S637R
ZEFAT & HE L TR A o 72, — 05T RA6TX & W616X (ZEPAR & R ITRICHE 22 1L
Ronizdor, FELofEEs» 5 IBGC FIERIK & 75 SLC20A275 12 51T % Pi ks

MR TR TR L2 vweEZLON D,
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Virus infection rate HiBIiT assay
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© c
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Naive ~ WT T115M R467X W616X S637R WT  T115M R467X W616X S637R

Fig. 20 Membraen translocational rate assay in CHO cells with variant PiT-2.

(A) GFP fluorescence imaging show that CHO cells stably expressing WT/ MT PiT-2 were
infected by GFP expressing viral vector after 72 hr. Scale bars, 100um. (B) The result of flow
cytometry on CHO cells stably expressing WT/MT PiT-2 infected by viral vector (mean =+
SEM; n = 3). (C) Quantification of PiT-2 membrane translocation rate using the HiBiT
system in CHO to test WT, T115M, R467X, W616X, and S637R. (mean = SEM; n = 3). The
significance of any difference was determined using ANOVA followed by the
Bonferroni/Dunn post-hoc test (*p < 0.05, ***p < 0.001).
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ARECIF IBGC DFHBEETD 1 2 TH 3 SLC20A2 2R L TRE 21T - 72,
SLC20A2 7 v 277 b=v ZICEWTRENZ CSF Ho PiiEE D EH % IBGC BH TH
BT 5B TE, THIC, PDGFBEREFHICEW T LTI PLIREN EFLT
Wiz, SlEfET L7z PDGFB ZRBEHEDI VR0, & b7 B ERKE B -t 345
THLHDD, TNFE THRILANREFERAL 20 SNEHE-RZ 57 IBGC BT,
CSF H oD Pi 3 IBGC DA A ~w—Hh—, 7 )| BRICH T 22 cEERFHGEE & & 2
AIREMEDSR & iz,

SLC207 7 1Y —iFx v % 2 ZICHB L CHifgo PiER A MR L T2, PiT-2 IC#
GTAERICX 2 Pi kit OMBEEE T 255 > Th ., Mldicfio Pi @pkAs#H L T
F, ZRPIT-21C X2 PIEX KT A2HiECE 2 L2FE 26N 5, L L, Pilikiko Bk
FTORER, MMNICEB VTR, SLC207 7 3 ) —HMNIC B 3 187 Pikikch s C &
DSR2, L8> T, WMNTIE SLC20 7 7 2V —HFEHE 7 Pi fikfh<cdh 572
B, R ORRREE @23 CSF o PLIBE EABFIZREI I EEZLND,

X 5ic, Flp-In % ¥ 275 LFIH LT SLC20A27% B % RERCFI$ 5 CHO #ilfid % {F4L
L. ShEMWT PilikiEthic 52 2 B8 WET L7z, TR, 2ToLRL2 Vv 7Y
1T T PlRETEEED S L Tz, 72,0 T @ Pi SRS IXIA IR 0 RS 1T 1 JERAEY
TH B A[REEDR S NTze Sl AT 2T 2 720 I 2 O ke v, 1 DHD
FEEZPIT-2 2 VXTI BEBRTANAZERTH L L BRI L2 HECH 5, £72. 2 2H
X HiBiT M-I 2 11 7V BoOXTF V2 7% FHT 2 HiETh b, ZhdDffRIc

HEPRZ 572D IF, VAV ZABHEERT 5 LE 2 b5 AL DEREN 4% (T115M)

N

PREICE 2GRN X > TY AN ZDHEET 2SS L Tuan 2 L2

JRRE LTEZONS, $72, &9 L& i PifmkiEthicn L Co B2 52 1]
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e D B, WFHICE L, SLC20A27581C X > C PIld e I3 ZE LK P LT Y., &
ENOMIIC B WTiE, MIlENO PisAR L Tw5, b L IEHifEsto Pi 238 L Tw
ZIREECH B B EZ LN, £7-. CSF ZHELT 2D I3MEICHFET 2IRKEETH 3
AN TEY, & ICHF T PIlXZiH> T2 DI PiT-2 TH 5 T & AHE X
NTW3 3, L7255 T, PiT-2 ® loss of function (¥ CSF i &1 2 Pi fHE M B W
T, REGPELG25LE 2005, MGTO PiRE EFRIZBINREEL 2 & O & H KL
DIFAE 725 2 & BPWE TN TV 272 38, CSF tho PiE &b MPIA KL ICBEES 3
LEZ bbb, CSF O P LA AR DIEFRIER & 72 2 A[REVE DR S L fe,
AETIE, IBGC BHFICHIF 5 CSF o PLEE FRZ AL, CofRITS T o4l
R RE A IBGC iKW T A A=A —¢ LT, BWCHRBEICHTS 2 alHetk
Hb, £, SLC20A2ZEEEH 1CH T3 CSF o Pi L5728 IBGC OiRBEIEMNICR Y 25

TlZML, ThoZMMT 5 L CRIEMEOREZIMETZ 2L ERL D,
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% 3% IBGC JEEE R iPS Ml O L JRREE 7 L DR

IBGC i B CTid, M oIMERBICHKER RO 2 C L aREHEOF A TtH 2, L
2 L7RA S, BRERDIER ICEEETH 2 2 LT 2. AL OFLEE & BRARIER O FERE 23
BIL e\, &9 LEMARRETH 5720, 2N Z ORI L HRER DB X 71 = X L
% ENTS % 720 RPN o A JE BN FA7E 3 2 S PN B A e <o I 8P At e et A
70 T M & E AT ISR 2 B D B,

Bl 7 & o PR L, — R ICHAEDREECH O | BB R BE A 5155 2 L MR
DTHEHL v, ZD7®, HIlRy v I A LS chtiiit o B8 B S offildz 152 2 & AREET
Hoteo LL7ADS6, iPSHINEHM ORI X » T, BEOBEEHE R 24 L - EiiE
22N TEDL L LR o7, INTTHMRIEBICE LT, TAYANL2—JF ¥ %
2T IZRBE(LAE  (Amyotrophic lateral sclerosis: ALS)* 7g &% $ D AHFRZE PR B IC 50
CTHERFERY 1PS M M2 S . Z OPRERF R KRB % in vitro B R I1C B W CHBE
TELILEPHE SN TEL Y, ZZTIBGC KB W THH 1 TR L7z PDGF-BB @4y
WEE R, PLEREEG CBIL <. RERERD iPS Ml cRI T & i, R DRI IR
A ) ==V IPARRICR D L FE X T,

BONCHE Sz iPS MO TEIE. L e v AN AR X2 —RBETEANS £
— ¢ LT 4205 T (Oct3/4, c-Myc, Kif4, Sox2) 28 AT L HETHo7/7212, 2D
TiEE M0 7 ) LT v X LRBIEFOMAPK 5 2 Lo, BiorAREEZN L UH
BB EDRRAE 25 LB E o Tz, TNEBRT 27201, TNETT T/
TANARI B—=0C VEATANK, P TVRARY V| 27 ERHERRNA 2wz

BIRTEATTESRFEINTE 2, LA LA 6, 2006 ORFEAI IO
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MRS EDBMETH o7z, £ T, TEY =R X —% w7z iPS g
DBNZITERBE IS STz B, AL TR iPS MINETZERT (Center
of iPS Cell Research and Application: CiRA) TH{fE I Nz T vy — <= A N7 & —

(https://www.cira.kyoto-u.ac.jp/j/research/material_1.html) #3232 &ick b, 7/ 4
~DIKBEE T DAL LICESIERTD SLC20A2 R PDGFB RO % B
B iPS MR DR % B A 7z

%72, IBGC it T ECAKIBR LN 2 0 ZMEFEABTH 5, 2hE ToHIATRIC
£ % &, BMIMERP., NERD FEEEHICORAEARD b b, F iz, Tl
feic b A IKALERI S 2 b 4L 5 2 L A3d 5 4, B FBAMERIC X 2 BI%Cl, MUhE oI N
B AR P i B -3 B o W RRL S S BB & B 445,

PDGF &I/ I8 N B ARAE 2> © 43306 & . FRIC A N B AIAE 2> & 53 & 217z PDGF-
BB (MW ML ofMfast< F Y v 2 2IcERE L, PDGF ZA k% R 3 2 Mg i
fa e M E Y 70— b 32 46, FRCINIC B C L JE BRI 3 A N B ARAE 1 i F831
T hHERC XA Py a vBE XN EORE R UE X, MEEIKESM
(Blood Brain Barrier: BBB) DSREMERFICBID 3 2 L IS N B, WMEKMIED PDGEB %
PDGFRB 7 v 277 b= Zd BBB A% 5 ZHE L 4748, it /o FE 2
TEDRERHIONDG, ALS -X—F VY VIH, TV A ==Kk & T BBB OHERER
WHARBICEET s e WG I N T3 %2, 7, PDGF-BB 0%Z%{kTh 25 PDGF
ZRABDH IBGC DFEE & LTHE I N T WS 7, EDZ & p b, EshEECR -

MEER % % 723 IBGC IcB W T, BBB OiEEEEICE#HT 2 2 L AR INT W3

53

o

7. ZhEciPSHligid. ESHlecoMAOERD H V. LEDHMIlE~DIHMLFHFEST
EBTEZLINT V2, ZoHTd IMENEMLIE S Cle LIS ESEEHRE T hTe

z) 54—59O
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LLE, OfF KL 25 ME E < 5 & &, @PDGF-BB @ B 23 I PR e < &
% Z &, @PDGF 7 BBB HHEZHlfHI L T3 v . BBB e kit B B#E A 5 2
& BR300 EHA S, B L 2 R 1PS MG 2 I N B~ & o LEEE L, GR
1 8T/ L7z PDGF-BB OFEAKT &, 5B 2 E T L7 PLEEEORE 2 Z W E N invitro

EER TR L, WEEET VL L CORREMEZIHE L 72,
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55 2 i TR I YRR

% 1H fi B

ARWFFE TR 72 M R KRR IR E O v b foR B iR IE 3 X I B IERLR S IR
oMK ARBEEROKREO T, 2F L IBGC B#F oA v 7y —LFave
YMCXAXETOREBEZFL ) A TRt Nz, £7-. W IXR R MR R A ALTEZ |

e (Table 1) 2T ifThbh 7,

55204 ES e

AWFEICH W85 L SR T oMY Tk 5,

StemSpan-ACF (¥ STEMCELL Technologies, iMatrix-511 /% Nippi, StemFit/AKO03 %
Ajinomoto, Lipidure I¥ Nichiyu, 10x Ex Taq Buffer, 2.5 mM dNTPs, 5units/pL TaKaRa
Ex Taq HS. PrimeSTAR® MAX DNA Polymerase, PrimeSTAR® Mutagenesis Basal Kit,
pAcGFP1 vector 1% TAKARABIO, 7 # v — 2 (agarose), X%/ —/L (methanol), T X
J — (ethanol), N7 ¥ AfiiiEF + U 7 4 (sodium dodecyl sulfate: SDS), #iftF UV v
L (NaCl), 2F¥F L 327 (skim milk), PV R Fae X XA FA17 I 7 XXV |[tris
(hydroxymethyl) aminomethane: tris], U Y[ —/KFEF bV 7 4 - ZKAY (sodium
dihydrogenphosphate dehydrate: NaH ,PO, + 2H,O), U YE/KFEF bV 7 4 - 12 KFY)
(disodium hydrogenphosphate dodecahydrate: Na,HPO, + 12H,0) |, V YEE—IKFHEH ) v L
(potassium dihydrogenphosphate: KH,PO,), il (hydrochloric acid: HCI), LB %Kkt Hh
(LB Agar, Lennox), LB i@{&k5# (LB Broth, Lennox), KU AFL T FL v L xvE
7 77 L —} (polyoxyethlene sorbitan monolaurate: Tween), RV A F> xFL v (9) #*

7 F N7 =T —7 (polyoxyethylene (9) octylphenyl ether ,nonidet®P-40, nuclease
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tested: NP-40), 1 kbp DNA Ladder one, 100 bp DNA Ladder one, 7 ¥ £+ J ¥ (amicillin),
2-A VA7 =& — ) (2-mercaptoethanol), 7 v £ 7 =/ —)L 7 )L — (bromophenol
blue), 7 v{t 7 = = X F L Z )% =) (phenylmethylsulfonyl fluoride: PMSF) Ultra pure
DNase/RNase-Free Distilled Water (DW) X NACALAI TESQUE, =F L v 7 I v Ul
—7 bV v 2L - ZJKMY (ethylenediamine-N,N,N’,N’-tetraacetic acid disodium salt,
dehydrate: EDTA), /KEE{t F b U 7 4 (sodium hydroxide: NaOH), #fE{t 7V v &
(potassium chloride: KCI), } U Z-EDTA #&fiii% (Tris-EDTA buffer: TE), 7)1 —L
(glycerol), IL-6, SCF, TPO, Flt-3L, IL-3., G-CSF, Y-27632 (% Wako Pure Chemical
Industries, Big Dye Terminator v 3.1, 5x Sequence Buffer (% Life Technologies, BCA protein
Assay Kit, 7 U Ifili§ 7 L7 I v (bovine serum albumin: BSA), 7 > JREIMIE (fetal bovine
serum: FBS), TrypLE Select, TrypLE Express, knockout serum replacement (KSR), I%
Thermo Fisher Scientific Inc., ¥ 2 —7 71— X7 4 v KANTO (ViewaBlue stain KANTO)
¥ KANTO CHEMICAL, 2{t =5 ¥ v 4 (ethidium bromide: EtBr), precision plus protein
dual color standards i Bio-Rad Laboratories, Inc.. E.Coli i NIPPON GENE, 79 4 =—
(primer) (¥ Operon Biotechnologies, Ligation high Ver. 2 13 TOYOBO X Y Z W Z A
L7z, vy —< 27 % —(https://www.cira.kyoto-u.ac.jp/j/research/material_1.html) |

H LWt oG In7 b DML 72,

5 37 HRZERAI T D R 2

R HEZEKICIE StemSpan-ACF % T 37 °C. 5 %CO; BEiD T CTh5#E L 7z, iPS
it ix StemFit Z T L 72, &ML, iMatrix-511 Z &AL 10pM & 725 X 5 i
PBSICHEL 72 D TR Z 60 U La—F 4 v 7 L7z b D aH L 72 #illdix 37 °C.

5% COBRECEE L, 6-7 HZ & TrypLE Select DALEIC X Y iR %2 1T > 72,
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5478 FL—trDa—F4 v

6 well plate iC PBS (-)% 1.5mL/well I 2, Laminin-511 E808 (=2 — b & : 0.5 pg/cm?)
% 4.8 pg/well M3 <ic X CIRE, 37 °C. 5 WCO 5T T 60 U LERIGTE 5,
% Dt%. StemSpan-ACF ¥5#h% 0.75 mL/well 3Oz RL AU T EEXREL 72, &

ICHRZBRES S Z A v F a2 X—Z —IC ANTEW,

#5518 R TEA

7 HiERGE L 28k e, &y —<aAx27 %x— (CiRA, H EIEZErLoft5 3 n7-
3 D), pCE-hOCT3/4 (1.05ug). pCE-mp53DD (1.05ug). pCE-hSK (1.05pg). pCE-hUL
(1.05 pg). pCXB-EBNAL1 (0.8 ug) & supplementl % &> P3 Primary cell solution Z & L
Nucleofector 4D (Lonza) I CEGTFEAL -, B TEA% 3. 5. 7 HHICHE well i 1
mL @ StemFit Z I 2 7z, BIZTFEA% 9 HHICH well 729 2mL ® StemFit TR
T, DB, 2 HB S IcEIE %270, iPSHildo a v =—2 Imm 2@z 2 E £ ©

FEROIT-,
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Fo6lH avR=—vEv T v

Ilmm 2x7zav=—Fy 277 v 7L 96 well plate IC AfL7z, ZD%, 10uL @
TrypLE Select Mz, 4 v ¥ a2~—%— (37 °C, CO,5%) NT10 MK E7z, 4
VEa2R—Z—hbHO L, ZNEFND well IZ 180 pL ® StemFit /AR (A 10 uM
Y-27632 7)) L, 7 3=va—F4 v LTz 12wellplate ICIEFEL 72, 2Dk, 4 v

FaR—ZX—ICANTHEEL,

5718 iPS Mg D ¥s &

feH AR 1PS MR I BE0E - AR BT 5 2 D it 2 32 15 72, 1PS Mt StemFit/AKO03
% AT, iMatrix THLE L 72 24 well plate 1T 37°C, 5 %CO, &F FCHE L 72, 1-2 H

IR 2 17>, 5-7 H#EIC TrypLE Select THIFE L . MAEEELTT - 72,

B8IEH FIRIFAVIFIIL—a vl

10x TaKaRa Ex Taq 10 uL iZ 10 mg/mL Proteinase K 1.5 uL. & JiE7K 88.5 uL 572 %
Lysis {8 CHllAd 2 % L, 55 "CT 4 KA v F 2 _X— b+ L7z, 2Dk, 10 pL OIRF K%
Mz, 95 °C. 3 7MIMLE L. ProteinaseK ki X7, Z2DH9bD 1pL 27 v 7L — |
& LT, 10xExTaq #FWTHfto 7a b a—uiil b i PCR %17 - 72, GEMH1Z 94 °C,
2 5y CHIBVAE TE 24T, BVEE (94 °C, 208). 7T=—Y v 7 208). B L UHERIE
(72°C. 40 #) % 30 ¥ 4 7 M AT\, BERIC 72 "CT3 T o720 RIGHK TH, 1 %7 H R

— AT NV TERSGKE 2T, N P2 L 7.
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77 4 < —I% pEP4-Forward ‘5-TTCCACGAGGGTAGTGAACC-3' k1" pEP4-Reverse

5-TCGGGGGTGTTAGAGACAAC-3 % H\ 7=,

HEOIH Invitro =EESL

iPS fifig % TrypLE express THIIL L. 20 % knockout serum replacement (KSR). 10 uM
Y-27632 % &% DMEM/F12/Glutamax 12T 37°C, 5% CO2 BRREECH:&E L 7z, 7 HIHE =
L7z, $7-. B5EaMI3. £l % Lipidure IC TRIKIEE 0.5 % & 723 X 51 Ethanol T&

fel. 12037 A ba—7 4 v 7 Lzb D% MFHL 72,

KoL iPS Mg, =MEE{L L 72Mila% 1x PBS CTH¥E L 72t%. 4 %PFA 2w, =i
T 15 pHIEE L7z £ O, 1x PBS THIRNL 72 0.2 % TritonX-100 2 v T, Zif T 10
RS A 1T 5 72, £ D&, 1x PBS TR L 72 2 % normal goat serum TEIE T 1
Bl 7 e vy v 7 %1707z, 70 v ¥ v 71, 2% normal goat serum T 1 XIFUIAEZFR L |
4°CT—Mb T €7, BH, 1xPBS Titif#k, 1xPBS T2 XYk 2 HmMKL ., LT 1 F
RIS X &7, FEE 1x PBS T L. B2 =T 15 2FIT - 1%, 1XPBS Tl
L. dOEBERET (BZ-9000, KEYENCE) CTEIZE, g L 72, 1 XPUARIC 1L Rabbit anti-NANOG
(1:500; Cosmo Bio). Mouse anti-SSEA-4 (SSEA4: stage specific embryonic antigen 4)
(1:1,000; Millipore) . Mouse anti-plII-tubulin (1:500; Millipore) . Mouse anti- @ SMA
(a SMA : alpha smooth muscle actin) (1:100; DAKO), Goat anti-SOX17 (1:300; R&D), 2
RPUAIZ X Donkey anti-Goat IgG Alexa Fluor 488, Goat anti-Rabbit IgG Alexa Fluor 488,

Goat anti-Mouse IgG Alexa Fluor 546 (1:1000: Thermo Fisher Scientific) % F\» 7z,
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¥1 14 Ju—H% A4 P XY —

MA@ %Z Accumax TEUX L., 2%FBS & #Hitk% & PBS(-) T 4°C. 30 73fil. 4 v Fa~—
b L7z, Z D%, FACS Aria Il (BD Biosciences, Franklin Lakes, NJ) IZ T 647nm O # Y &
ZHIE L 72, PUikix SSEA-4 APC conjugated monoclonal antibody (BD Biosciences) % F \»

770

BBEENT I3RS LSI A F 4 T v RICZEET 2 2 & TfTo 72,

51 318 DNAY—7 v &

DNA ¥ v 7'V ifild % Dna Quick 1T (Genomic DNA Separation Kit) Z v, #ffo 7
gk a—icfto T L 72, 572 DNA 12 TE (pH=8.0){Af# L. 10ng/mL 272 % X
SITHELL 72, ZNF N D% BAEE I L T KOD-plus-Neo (TOYOBO) % FHv» THINE L |
Bohiz7 v 7L — % 3700 Genetic Analyzer (Thermo Fisher Scientific) T¥% ¥ ' —k(C
TEA VI Py =T Vv RAREfTok, by —F v AT — X% ApE

(http://www.biology.utah.edu/jorgensen/wayned/ape/) THHTL 7=,

FH1AH  MENEHRE A~ DL

& N AL~ D L FFE 13 HRRE DS 20-30 £ T iPS Mg % FH w7z, Kot iPS gD
0 2 EE DK 70-80 %I 7 o 72REE TR L 72z, 1 % L-glutamine, 150 pg/mL

Transferrin, 50 pg/mL Ascorbic acid, 3 pL/ml monothioglycerol (MTG) % & > StemPro 34
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ZHARE L LT, day0 T 10 pM Rock inhibitor, 2 ng/mL BMP4, 0.5 % Matrigel % & &r
FEAKEH© 24 BREHE#E L <. IREEMR (Emryonic body: EB) /% L 7z, day 1 C 30ng/mL
BMP4, 10ng/mL bFGF, 10ng/mL, Activin A % & 5AR % day 0 L SEFMT 2
& CHRREME~ & b & ¥ 72, Day4 1T EB Z[EIX L., IMDM 55#C 2 [8], 64 L 7=,

% D112 50pg/mL VEGF % & & H AR H1IC T low attachment 6 well plate i EB Zf&ff L .
}23% L 72, day8 1 EB % [ L. 50ng/mL VEGF, 5ng/mL bFGF #% & e H AR ¢ Matrigel
2—} L7z 6 well plate ICHEfEL 72, % D%, 2 A ICHHIZSHA T\, dayl5 ¥ CHG#EL
7o Z Dk, CD31 [ DA % M8 N EAIAE & EF L. $it CD31 fitfdic I is MR HiiAe %
ML 72, PURICRA LR E — X038 7 W IClE T 2 2 & 281 L PRI o

A% L 72 (Fig. 21),

EB formation
day0 day1 day4 day8 day15

. I | I | I E> <\\§ o

BMP4 BMP4

ActivinA | MACS by CD31

bFGF bFGF

VEGF

Fig. 21 Scheme of in vitro differentiation of human iPSCs to endothelial cells.

iPSCs differentiation toward endothelial cell was performed according to the scheme depicted
above. On day 15, CD31+ populations were isolated by anti-CD31 antibody-coupled magnetic
beads.
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¥15MH  PiEpEEHEOMIE

Pi Ek G 1 o W TR 2 B & [EIRR IS T - 72,

1 615 ELISA

24wellplate ICa v 7V v T2 X5 IR L 2Mifld%z 5 HFEGE L, 2 05E RiE%
BN L 7= D&Y~ F e L7z, Human PDGF-BB DuoSet ELISA (R&D) % T, #fit
D7 a bt a—nricfitvs, PDGF-BB ##llE L 7z, #I7%E X 2104 EnVision (PerkinElmer)iZ T

450nm DWFEEE A HIE L 7=,

¥1 7 HCRT LI

FERE |3 SR HERR S O L 72, #EEHARI 2R biiE, StatView % VT, Z#ERIC
DT Z Student’s t-test, IR I 2 W TlI B . Bonferroni/Dunn test IZ X 9 1T

o7z, fERRED 5 NARMEATED Y & L7z,
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55 3 i ES S S

% 1H IR~ DB R TEA, R~ — 7 — Dl

B BECAHICE T 2HH O PDGFBERY 3 DR L7z, /2. chFTic, K%
FICTARIIC BT 5 SLC20A2Z2H% T OWMEL T2 1, TWODEREHT 3 EHD—
o ORMIMAZFILL . COFICEEN2 PEIRE G2, BEDO—E% Table 14 IT/R T,
Ihbofifdic ez, vIAMAKET (SOX2, KLF4, OCT4, L-MYC. LIN28
andreprogramming, p53 carboxy-terminal dominant-negative fragment)% Tl 7 F @KL
—Ya VR VEBIETFEALL, Z20%, ZNZfhv v lau_—hrban=—% Ly
2Ty T LTCH 20—V {37, BEMAEREEL BEALLRZ X2 =2 REFEL T
DHER%EAT o 72 (Fig. 22A), O N 7zMild% EUL L. Lysis Buffer CHlllid % & f# L 721215
bz ¥ v I % PCRD template & L7z A LZTEY =<7 X —I{F{ET % OriP
Fslicxtd 2 PCR 21T o720 7H B =7 VERIKENICT, v F2ARMACHEZES Wz b
DIFEALZIEY —wARTZ=PEFLTHEHDE LTHRINLZ, NV PR
N5 b o Ml 2 EIGEGF OB L T2 Ll s LT, 2hUBoERICH W2, 2h
FhnaottEgtic TRt~ —75—TH 3 NANOG, SSEA-4 D FHfkER %17 - 7= (Fig.
22B).

¥ 7. SLC20A27E 2% H9 2 iPSHlGICBAL Tld 7w —H A4 + A+ U —Kic X b SSEA-

4 ORBBDOERZITo728 T 5, 87.6 %DHiNEs: SSEA-4 [GEMIE<H - 7= (Fig. 22C),
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Table 14 Sumarry of iPS cell lines generated.

SLC20A2 PDGFB PDGFB PDGFB
gene variant €.1848G>A C.160+2T>A c.457-1G>T €.33_34delCT
hetero hetero hetero hetero
Sex M M F M
sampling age 28 57 16 71
depression dizziness
symptom PKC anxiety headache cognitive impairment

cognitive impairment
PKC :Paroxysmal Kinesigenic Choreoathetosis

c.160+2T>A [N
POGFB | 0457-10>T |t
c.33_34deicT [

B

SLC20A2 PDGFB
€.1848G>A €.160+2T>A c.457-1G>T  ¢.33_34delCT

SSEA-4

DAPI

@]

unstained control

P R o R e

b

Fig. 22 Established IBGC-iPSCs showed positive staining of pluripotency markers.

(A) RT-PCR analysis of integration in isolated iPSCs clones. (B) Established iPS cells
ecpressed pluripotent markers NANOG (green), SSEA-4 (red). Scale bars, 200pm. (C)
Flowcytometry analysis in iPSCs with SLC20AZ.
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218 In vitro I B F 5 =SV RE Dfife 2

51 HCTRMUEL R S - MEIc B W THREW 2R 372910, in vitro TD = REES)
LB T L 720 KoL Zafiiia % B L, U JE 96 well plate IC3%&HE L | RZE(AR (Embryonic
Body: EB) %#J¥m & ¢7-, 557z EB % Matrigel = — F L 72 24 well plate FIcHEfEL .
HOLSIE R R I TRET L 72, 2 Tofiitic BT ZRED < — 7 — (SOX17: WIFE, «
SMA: HJR%E, B II-Tublin: #HAZE) ORBZD bz (Fig. 23), L OfR2» 55 1
THCHER L 72 RO & ffe T, RIEHTZ W EhoMildic s 1) 2 LHEMEDSTHRA TE 727290,

BIRTFEAIC X o TR NMAZIE iPSHIlETH 2 2 & 2R L 7.

SLC20A2 PDGFB
c.1848G>A c.160+2T>A ¢.457-1G>T ¢.33_34delCT

Fig. 23 Three germlayer differentiation capacity.

SOX17

BII-Tublin

aSMA

Three germlayer differentiation capacity was showed in the /n vitro differentiation from iPSCs
followed by immunocytochemistry staining of mesodermal marker (alpha smooth muscle
actin: @ SMA), the endodermal marker (SOX17), and the ectodermal marker (BIII-tubulin).
Scale bars, 200pm.



%5 31H YV 7u 7 v 7gofiidics iy s REBR T ORI, AT IC

X 2 RO R O H DR

oz iPS fifdic T, WL FDEAZICH BEICH TR I NAEREZ R
FFL Q2R L7 25, FAROEREI MR I N (Fig.24A), £72. YV 7u 7 v
7Tk o T, iPS M IC RO BRE SR Z o T W R TERT 3 720 I ERIE % G

NV FERCTCTo R, V777 v c X pRaREEITR bk d o 72 (Fig. 24B),
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PDGFB PDGFB PDGFB
SLC20A2 Casel Case2 Case3

c.1848G>A  C.160+2T>A ¢c.457-1G>T ¢.33_34delCT

JWM;'“A WWM

WT: TGGCG CAGGT GGTAA TCTCG
variants: TGACG CATGT GGAAA TCGCC
B

SLC20A2 €.1848G>A PDGFB Casel c¢.160+2T>A

eI NI Nac ki

AN ESRILEEN R NN

4 3

Mo e MM oMo oo Bk
wow o boaflww oww
PDGFB Case2 ¢.457-1G>T PDGFB Case3 c¢.33_34delCT

» -] d
2,0 ) 59 % -4
I REEEREER IS ERE S S
@b 8 g s s ose || 6C BE W d¢ 88 se
58 8 82 33 L1 3: e 88 é’ &

Fig. 24 Established IBGC-iPSCs also maintained gene variant or normal karyotype after
reprogramming process.

(A) Sanger sequence of the SLC20A2 or PDGFB gene in iPSCs showed a heterozygous
variant. (B) Karyotype analysis of patient iPSCs showed a normal karyotype of of 46 XY
(SLC20A2 c.1848G>A, PDGFB Casel ¢.160+2T>A, PDGFB Case3 c.33_34delCT) and
46XX (PDGFB Case?2 c.457-1G>T)
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HA4TH SLC20A275 5 1PS #fE o 14 PN R~ D 43 {b 358

IBGC iZ B 2 A ALIZIG D /NEIIR 2> © FEE ISl RUNIE b o s, 2 2 TH
2 ORI L 72 SLC20A2725 R %7 % iPS Milid & A< v 27 20 o 5 & N7 % iPS
M % BTk % WA T 2 7’1 b a— 1 CIE N EMIE~2LEFE L 72, CD31 [
P DM % M8 N B & E 5 L day15 icht CD31 Jifkfi G e — X 2 il ic L& L,
fhIXE, 20k, WKh 7 L%kEEE 2 2T CD31 BEoMilgz oL 72, 556
N ImEANEMEO~—7—2& LCHlIbN S CD31, eNOS, KDR, CD34, VE-
cadherin ® mRNA B 23Kt 7 iPSMld & iR L CE LK ER LTz, T, FEH
(control) & & iPS Al (IBGC) 2> b /MLFAE L Tt o7z CD31 it offiigis v o o
MENEME~ — 7 —ICRRO IR SN d - 7= (Fig. 25A-E) , #E0Edttic T CD31
DFHDMERR L 72 (Fig. 25F), F 7=, IMEMNEMALIZMAESN ~ + U v 7 2 ECEREXR RS
22 ERMLNT WS, 22 TELIEZ CD31 Mg 22 nfifgst~ 1+ ) v 7 =i
HEEL-L A, 12-16 REBRICERIZM 2R L7z (Fig. 25G), b DfER2 &AL

7= M A N B & A oMl T H 2 & & 2t L 72,
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Fig. 25 Characterization of iPS-derived endothelial cells grown in culture.

(A-E) The mRNA expressions of endothelial cell markers were similar for CD31+ cells
derived from control and IBGC patient with SLC20A2 variant, CD31 (A), eNOS (B), KDR
(C), CD34 (D), VE-cadherin (E). The expression level of undifferentiated cells of control cell
was set at 1. (mean = SEM; n = 3). (F) ECs generated from iPSCs the expressed endothelial
marker, CD31. Scale bar: 200 pm (G) Tube formation assay of CD31+ cells on Matrigel. Scale
bar: 200 pm
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%5 518 SLC20A2 % 54 iPS Ml iR N BT IC 351 2 U v Bk A e 35

F2EDFESHICE VT SLC20A2ERII PilEim 2 E LK F S5 2 L 2R LT,
Z 2TV ATETHMUBE L B SN SLC20A2Z5 5 %453 % iPS Al 1k o 1A% P 52
fid % F ¢ CHO MiifE & [FIfRIC PilkiGEx ik L 72 & & 5, fliEH L L TH 50% %
T PUlETEEME T L T 72 (Fig. 26A) . & & CL A8 L 72 ME N ML IC B1F 2 SLC20A2
&, PilgkiRoH 724 7CH B SLC20A1 ® mRNA REICO W TG 2{T-o728 2 5,

i #E & IBGC I 5T mRNA FEHE ARICES A b i d o7 (Fig. 26B, C),

A B C
T 04 Piuptake - 18- SLC20A2 s 18 7  SLC20A1
=

% 0.35 . 2 1.6 4 D 45
' cC | =
g—} 02 % 14 n.s. % 1.4 - n.s.
E 2 121 D 12
g 0.25 - s T s T
= 45 6 1 ] @ 11
o Uz
£ < 08 S 084
L0415 o 4
® g 06 A £ 06 1
% 1.1 1 @ @
Sooe & =

U.UD o A it A
5 2 02 o 02

| m 0 - CC D -
control IBGC control IBGC control IBGC
iPSC-ECs iPSC-ECs iPSC-ECs

Fig. 26 Pi homeostasis change in iPSC-ECs derived from an IBGC patient carrying a
SLC20A2 variant.

(A) The decrease in Pi uptake is shown in IBGC with SLC2042 variant endothelial cells. (mean
+ SEM; n =3). Relative mRNA expression levels for sodium dependent Pi transporters, SLC20A42
(B) and SLC20A41 (C) were not changed. (mean = SEM; calculated from triplicate reactions).
Significance of any difference was determined using ANOVA followed by the Bonferroni/Dunn
post-hoc test (*p < 0.05, n.s.: not significant).
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%68 PDGFB % %% 43 % iPS Mo I M EHINE ~ D 73 LFEE & A M L

#if@ic 13 %2 PDGF-BB 4

H 1T TR LA, PDGFBEREF OIFEH O PDGF-BB XK FLTWw3, %I T,
PDGFBZ %% 4% 5 iPS #ild % PDGF-BB FEAMINE T H 2 ME P MIE~ & L FHE
L. PRI > & 53 & N 7= 852 Fih o PDGF-BB #HlIiE§ % 2 & ¢, BEHRKOMIE
IC¥F % PDGF-BB /) & fEs8 L 7z, fH 7 ik oM I BEEpHifg -~ v 27 2 S L 72,
D 3 AH 5% NEF NI X7 iPSHIIE (curll, 2. 3) &7z,

SLC20A2Z R % F % iPS Ml o/ {LFFE & [Fikic L <, dayl5 ics1F % CD31 Bk
DO EL 72 Z S OIS IXIME NEMIf~ —» —Td 5 CD31 & vWF o8l %
HRER O TR L 720 T/, MENEMIOERIEE 2R L 7= (Fig. 27A), Zhb
DGR O MW UEFE L 72 2 & TR T & 72,

3o N 7-Mifa% 24 well plate ICHERE L. 5 HIFEGE L 2ol EmhicdEns
PDGF-BB f&% ELISA I CER L 7z, Z OfER, @ 2y br— & kL ¢ PDGFBZ
B F0 IBGC Btk o & PRI I 3 CHlig i it © PDGF-BB 8 o 437
wans (Fig.27B), coZ b, R L7320 PDGFBAER % fFOMildic s %

PDGF-BB OEHAK T # iR T 5 N TE 7=,
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Fig. 27 Measurement of PDGF-BB released in the supernatant of iPS-derived endothelial
cells using ELISA

(A) Endothelial cell differentiation from iPSCs. Immunocytochemical study of endothelial
marker CD31 and von Willebrand factor (vWF). Capillary tube formation on Matrigel for
iPS-ECs. Scale bar: 100um. (B) iPSC-derived ECs were plated on 96-well plates and
cultured for 5days. PDGF-BB in supernatant from iPSC-derived endothelial cells were
measured using ELISA. Data were presented as means = SD. Statistical significance was
determined using Student’s t-test compared with control cells and PDGFB variants cells (**

p < 0.01).
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INE T IBGCOFEHRETLL LTHEINTVIDRETCYVRICETE /v I TY
FEFATHS 88, LaLass, IBGC EF A~ RSB 2 EKAEMN L e b EB5]

B3 B epb, koY ETATIE IBGC HFEEZ HDICKMTETWE L I3E L
IC v, S, SLC20A275 %2 PDGFBZ: 5 0 FHflll 72 i HE o f B o il ia S F R 0 72 0
D EZFHM A 1T 5 BRI, W% EFEICHR T 20T AVBBEARRTH S, Loz
L b, RECIEERFERW PS Ml DR % 4T 5 72,

S Ty =< A7 2 — T CFE L 2 iPSHIg IR Rkt o~ —7 —TH % NANOG,
SSEA-4 ZFBIL . & HICHMREE (B-ITublin), HIRZE («SMA), WIRZE (SOX17)D =it
BTt T 2% MbRe R R L, KoLk DRtz m L2 2o, iPSHIlEE L
TRELBENEZET S, /2, TV —ARIZ X—%HFT 2 LT, 7/ L~DIRME
DRI % [FIEE L 72/ 2 1572, 61, Bhigics T BE TR ONZBIR AR
ERFFL TV,

INEToiPS iz 72T Cld, RELK 32DHlERFE 2o b, 1 DHIE
iPS fMiflg % W= FEERE~OIGH. 2 2 HIXEERRP iPS Mgz H v imEs 7 A
B3 OHIIEERFRN PSMAIC X 2REETAEHCAERA 7 ) —=v 7 Th D, B
TE. FAEERE HIE L 22BURITE L. BRI E SR 2o~ — % v 7 ViR D42, BELR
BYAN, BBEEE CHEETH, 3 L RBEBMTETH 5, 72, FEERFFERM PS #ilax
W72 BB, BAIKE b TE Y, REEEEEZFIICE T L, Ty f~
—J5 3960 ALS*_ Frontotemporal lobar degeneration (FTLD)¢!, Hereditary motor and sensory
neuropathy with proximal dominant involvement (HMSN-P)®2, 7 L %4 ¥ X' —Jj5 6 /g &' A3
HY, INECHHEIACTCROND KRN E invitro CTHIL TE 7z, I HIC, FEEFFREP

iPSHfEE T A 2RV IALEIRA 7 V) —= v 7T X 0 . ARG REGEAH 2 FE v, BER
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Wrge a3 T3, ALS 123\ Tl ropinirole®, Fibrodysplasia ossificans progressive
(FOP)IC #1J % rapamycin® 72 & CHIKRZEDMEA TV B A, ChHRF T v 7RI v 35
VI X o THFRZISH L TE Y . AUl A ERITZE, IGHAIEEIC 2 5,

IBGC 3 TIIHRER L IME L AL A HER SN TV 2B & & p b, MR, 18 P R A
fel, ImAE PN 22 OBk 4 il 5T IBGC DERBIM AR T 2 08B H 5, 2D
WENhOMIE L (ESld 2 2 2 8T 3 iPSHIIBIAEHATH 3,

AKWtgeCid, MR CHIO T SLC20A2 K5 ) ¥ PDGFB %% H 3 % IBGC OJRER R
() iPS MHRIDBIL IR L 720 Z O, MEWNEMAE~ & MEFE T 2 2 & CllEFR IR
iPS #iE & @ Pi LY A AKERES PDGF-BB FEARER Z N F L L 7=,

SLC20A2 2 FIBEOMINLIC BT 2 Pi B AR ITH) 50%EICE TR T LTWwiz, 24
FEREOMEFICHE VT PIOMYALZMETLTED MilENO PiAFRELTWS, B L
ISt D Pi 23 L T 2 REERET 5, Mlasto PiEE O ERIEIME K E
FlERCTZERHMONT WS 97, 25 L7z Pi ofEE M OBEL IBGC T 5 2% f-
MR P E LR ES 2R T2 e B FREIN D, /7T MRMIED Pi HLARIKRE I,
LAV P TOREREZIIFRI L, BRILA P LA ZFET 2 LAREINTRD
%, PiT-2 |3 PifiE ASMIC i DREBEZ 5D & & D3 RE DITFE CTHI S 2 IC 7 o T & 72, PiT-
2 13 Pi #nkihE & R IEERER IR IC 35 C PIT-2 38R R ICBb v o7, 72, PiT-
1 L HcHifEs o Pit vy —& LTI 2 EARBEINT WS 8, Zhd o PiT-2 ofhE
DS IC B 2 5.2 2 AHEME A3 B 0 . PR ELIYE D PiT-2 HERE D 31l 1 by s
Ry iPSHIlLITAEHCTH L LEZ LN D,

—77C. PDGFBZERBE ¥ D iPSHlfE & o LFHE L 7- & NI iC 31 2 PDGF-
BB Jrih & % @ E R OMiie & el L 72, RERED PDGF-BB & IZF L TH V| 5
1 %O L 21+ o PDGF-BB & & MHBAME# /R L 7=, #izko X 5 ic, PDGF-BB (3 BBB

DHEMEHIC 5\ CHE AR 5 T 5 2 & 26, IBGC DR ORI & 7% 5 THE
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MV RK NS, %72, PDGFB-PDGF Z&4BY 7 F vt PiT-1 OFEREZ HlHI T2 2 & 23
MohTwvb 2, PDGF-BB 1Z PiT-1 2/ L CPillV AR B % LR X435 Z & 55, PDGF-
BB 0 i3 MilgN~o Piii AR O %5 & L, PifEEEORTE 25 &R T L
DIREINTW 5, - T, PDGF-BB DK T b ik 1% PiEHHEEFE 2 /- L <, IBGC YA

REZ KT rREErEZLObN D,

77



AT AR O

PSRRI o A RAL %2 K U EIT O MRk 2 1 5 IBGC i3, B#Fice o T AL
LA LV REIIC D AHEAKE WIRETH 5, 1930 Ficild S, 2015
I E O EER GBI X 223, REICEBOIEITEA TV, JFKEE T2 FE
I, BWHRERFE I NS5 TH, AREREET R, 1 HS FWREO G & iG73E
DYERNLENS, IBGC TIZINETIC 5 DDFEEEFBSIME I N TV B A, BEIcE
FoNA A= — DB, ENENDERLR VANV EOT OMEITIZ L A LT\, M
—. SLC20A27 v 77V +r~7RACHWT CSFH PIEEDO EEARE Iz DD, K
BRoBEFICHE T 2B fTbh T b oz, £z, INF TRMBICTTONE IBGC D
BIRTRR L, SLC20A2720TH %, %I T, ABEHTHBWTiE, AXFicks) 5 PDGFB
DERDOER#IT WV, BEICE T 34 A~ —Hh— OFR, BIEFERIC X 3 HAE~ D2
RS L 72, 720 MEI N TV REYE T AICO W TR O 137 < . IBGC ®
TREERRIT 24T 5 72 01C1d, HiTe e ETADBMETH S, £ 2T, TR F ThOEE TOEE
DB B IR RY) iPS ML &2 1657 L 7=, Z @ iPS #i % H T IBGC DfEf#ilE & # 2 5
B IME N RIS~ b X €, Pi #kiEtE PDGF-BB OPEAAXT % in vitro EERFATD

IR E A A7,

F1ETIE, ZhETARHE - 2R Ick 1T 5 IBGC ¥ D PDGFB Z R ORAIRIL %
R 3720, PDGFBBIGTEBMER{T o7, Z OFER, #i721C PDGFBZR% 3 DR
TENTESE, £72, SRR L7 PDGFBZREH 1< H T 5 1iET D PDGF-BB & DfK
T%RLE, LIS ERE L PDGFBZER D mRNA DA T 74 v v 7VBE 25 &K

el
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H2FETIE. TNETSLC2042) v 7T b=y AChERIN Tz CSF o PLiEE |
FicownwT, IBGC 5D CSF CHER L 72 72, SLC20A2705< 7 AKX e FMANICE
JA3FEL PIBEATHEI L ER LTz, 61T, TNETARMMTHE L= SLC20A27%

573 loss of function TH Y, T IIFEEIT & ZIEKEFNICTH D &2 R L 7=,

55 3 T TIE, PREBRFRRAY iPS ML ORI & Sl A 7o o BISZ DRI IRASRIEE T DR AF 2 kT 2
THIEY =Ry 2%, RERERR PS Mgz, oI, SR
iPS Mifa z & PRI o ERFE L, 56 1 L5 2 BEO/R L7z IBGC Dfpi 7RI
ZEBL 7, U EofERD b REICTEIZ L 7 iPS MifdidffgE s v & LCHERHTH 2 &

R RN

PL_E.CSF @ PiigfE F R -eliii+ @ PDGF-BB EAEK T i N4 A~—7— & L TIBGC
LW OMB L 725 T L ATREVED B 2, IBGC 12 B 2 18I R 72 ICTEIE L 72 0 A8, BEAE
KT L7z PIl VAR ZEE ¢ 2{LAM. b L 134AMD PDGF-BB offifs, » L< 1%
WK D PDGF-BB D403 i0 % it 3L 49053 IBGC DGk D & 72 D 9 5, F 72,
IBGC BT iPS MifE z R eyl T L7z, Z OB ERFEA iPS fifdZ T,
PifEHMEE & PDGF-BB FEAK T % invitro R THIE L 72, 21 IBGC @ invitro
EERADKREET L L LTHHTE 3, 2hbid, 5% D IBGC DRI & HRE K A

HFRICERRMRTH B,

79



e
AL EZFITTEICH0 AR L CW R 0B E b NI IRKEOERE. B

K UTIREDLATT, ERIEHE OBERICHERF L LT £,

Az KZ51CH20, KEOKEZHY . 7 HIGHERE 72 2 Hf5E., HEHE2 5 Y
L2 RIERIA BERSEAI ARG YRR RS #a (RMED el IC B 7 2 3
BaRL T3, FRICEL TRIGHERY) 2 2HB1E 20 £ L =2 3-YinREm e £ 8%
D AVHE(R ST AR, FRm SREEH A AR ST A0 NS SRR R AT e SR RIS R L £ 97, £ 2R
FRRATEAE T XV AIGEO IR E 25 0 £ L Z IR R RFERY B R R R AT e

o rllalE e R R A T L ORI L £ 9

KL DOHFEREICH= Y, At 2HHBIE 2h Y £ U 2B R SRR AR BERERE T - G
JE Sy MR EBAR Ot FHOC Jeh. REERAIARGE I Y B RA se = AR L

W dEE Jod, WG f A AT hE Ml e i ERE G L

KR OZRITICH 72 Y TIEE, THHEZ B Y £ L 25T R iPS MRS JE Arsdhia oLk
RERTFEERFIBUR JE L A Jeds, FRERLRBhA bk ¥z Sl i ERTSEERRRIC

JE SR L BT E S,

PR 29 SEFE HARA DRI QEAM I RIC XV EB L CnZeZ g E L2, L&Y

EHEH L BT E T,

BRARIC, IRICHQTE 2 X9, BAN - MmO 2E L b o7 - B, B - E3%
IO FIEICR L EH T2 L ET

80



10.

11.

51 >CHR

Fahr, T. Idiopathische Verkalkung der Hirngefasse. Cent. fur Allg. Pathogische Anat. 50,
129-133 (1930).

Manyam, B. V. What is and what is not ‘Fahr’s disease’. Park. Relat. Disord. 11, 73-80
(2005).

Ramos, E. M. et al. Primary brain calcification: an international study reporting novel
variants and associated phenotypes. Eur. J. Hum. Genet. 1 (2018). doi:10.1038/s41431-
018-0185-4

Saleem, S. et al Fahr’s syndrome: literature review of current evidence. Orphanet J. Rare
Dis. 8, 156 (2013).

Wider, C., Dickson, D. W., Schweitzer, K. J., Broderick, D. F. & Wszolek, Z. K. Familial
idiopathic basal ganglia calcification: A challenging clinical-pathological correlation. /.
Neurol. 256, 839-842 (2009).

Wang, C. et al. Mutations in SLC20A2 link familial idiopathic basal ganglia calcification
with phosphate homeostasis. Nat. Genet. 44, 254—6 (2012).

Nicolas, G. er al. Mutation of the PDGFRB gene as a cause of idiopathic basal ganglia
calcification. Neurology 80, 181-7 (2013).

Keller, A. er al. Mutations in the gene encoding PDGF-B cause brain calcifications in
humans and mice. Nat. Genet. 45, 1077-82 (2013).

Anheim, M. et al. XPR1 mutations are a rare cause of primary familial brain calcification.
J. Neurol. 263, 1559-1564 (2016).

Yao, X.-P. et al Biallelic Mutations in MYORG Cause Autosomal Recessive Primary
Familial Brain Calcification. Neuron 98, 1116-1123.e5 (2018).

Yamada, M. et al. Evaluation of SLC20A2 mutations that cause idiopathic basal ganglia

31



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

calcification in Japan. Neurology 82, 705-712 (2014).

Takahashi, K. & Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors. Cel/126, 663-76 (2006).

Takahashi, K. et al Induction of pluripotent stem cells from adult human fibroblasts by
defined factors. Ce//131, 861-72 (2007).

Nicolas, G. et al. A de novo nonsense PDGFB mutation causing idiopathic basal ganglia
calcification with laryngeal dystonia. Eur. /. Hum. Genet. 22, 1236-8 (2014).

Nicolas, G. et al. PDGFB partial deletion: a new, rare mechanism causing brain
calcification with leukoencephalopathy. /. Mol. Neurosci. 53, 171-5 (2014).

Hayashi, T., Legati, A., Nishikawa, T. & Coppola, G. First Japanese family with primary
familial brain calcification due to a mutation in the PDGFB gene: an exome analysis
study. Psychiatry Clin. Neurosci. 69, 77-83 (2015).

Hammacher, A. et al. A major part of platelet-derived growth factor purified from human
platelets is a heterodimer of one A and one B chain. /. Biol. Chem. 263, 16493-8 (1988).
Shim, A. H.-R. et al. Structures of a platelet-derived growth factor/propeptide complex
and a platelet-derived growth factor/receptor complex. Proc. Natl. Acad. Sci. U. S. A.
107, 11307-12 (2010).

Andrae, J., Gallini, R. & Betsholtz, C. Role of platelet-derived growth factors in
physiology and medicine. Genes Dev. 22, 1276-1312 (2008).

Watson, J. D. etal. 7 + VY VBIET OO TAYY 55 K. CREEERKAT MU, 2006).
Magquat, L. E. Nonsense-mediated mRNA decay: splicing, translation and mRNP
dynamics. Nat. Rev. Mol. Cell Biol. 5, 89-99 (2004).

Villa-Bellosta, R., Levi, M. & Sorribas, V. Vascular smooth muscle cell calcification and

SLC20 inorganic phosphate transporters: effects of PDGF, TNF- a, and Pi. Pfligers

82



23.

24.

25.

26.

217.

28.

29.

30.

31.

Arch. - Eur. ]. Physiol. 458, 1151-1161 (2009).

Jensen, N. er al. Loss of function of Slc20a2 associated with familial idiopathic basal
ganglia calcification in humans causes brain calcifications in mice. /. Mol. Neurosci. 51,
994-999 (2013).

Collins, J. F., Bai, L. & Ghishan, F. K. The SLC20 family of proteins: Dual functions as
sodium-phosphate cotransporters and viral receptors. Pflugers Arch. Eur. J. Physiol. 4417,
647-652 (2004).

Bottger, P. & Pedersen, L. Mapping of the minimal inorganic phosphate transporting
unit of human PiT2 suggests a structure universal to PiT-related proteins from all
kingdoms of life. BMC Biochem. 12, 21 (2011).

Wallingford, M. C. er al. SLC20A2 deficiency in mice leads to elevated phosphate levels
in cerbrospinal fluid and glymphatic pathway-associated arteriolar calcification, and
recapitulates human idiopathic basal ganglia calcification. Brain Pathol. 27, 64-76
(2017).

Takeda, E. er al. Inorganic phosphate homeostasis and the role of dietary phosphorus. /.
Cell. Mol. Med. 8, 191-200 (2004).

Murer, H., Forster, I. & Biber, J. The sodium phosphate cotransporter family SLC34.
Pflugers Arch. Eur. J. Physiol. 447, 763-767 (2004).

Wagner, C. A., Hernando, N, Forster, I. C. & Biber, J. The SLC34 family of sodium-
dependent phosphate transporters. Pfiigers Arch. Eur. J. Physiol. 466, 139-53 (2014).
Murer, H., Hernando, N., Forster, I. & Biber, ]J. Proximal Tubular Phosphate
Reabsorption: Molecular Mechanisms. Physiol. Rev. 80, 1373-1409 (2000).

Michigami, T. Extracellular phosphate as a signaling molecule. Contrib. Nephrol. 180,

14-24 (2013).

83



32.

33.

34.

35.

36.

37.

38.

39.

40.

Forster, I. C., Hernando, N., Biber, J. & Murer, H. Phosphate transporters of the SLC20
and SLC34 families. Mol. Aspects Med. 34, 386-95 (2013).

Miller, D. G., Edwards, R. H. & Miller, A. D. Cloning of the cellular receptor for
amphotropic murine retroviruses reveals homology to that for gibbon ape leukemia virus.
Proc. Natl. Acad. Sci. U. S. A.91, 78-82 (1994).

Lundorf, M. D., Pedersen, F. S., O’Hara, B. & Pedersen, L. Amphotropic murine
leukemia virus entry is determined by specific combinations of residues from receptor
loops 2 and 4. /. Virol 73, 3169-75 (1999).

Leverett, B. D., Farrell, K. B., Eiden, M. V & Wilson, C. A. Entry of amphotropic murine
leukemia virus is influenced by residues in the putative second extracellular domain of its
receptor, Pit2. /. Virol 72, 4956-61 (1998).

Feldman, S. A., Farrell, K. B., Murthy, R. K., Russ, J. L. & Eiden, M. V. Identification of
an extracellular domain within the human PiT2 receptor that is required for amphotropic
murine leukemia virus binding. /. Virol. 78, 595-602 (2004).

Guerreiro, P. M., Bataille, A. M., Parker, S. L. & Renfro, J. L. Active removal of inorganic
phosphate from cerebrospinal fluid by the choroid plexus. Am. J. Physiol. Renal Physiol.
306, F1275-84 (2014).

Reiss, A. B. er al. CKD, arterial calcification, atherosclerosis and bone health: Inter-
relationships and controversies. Atherosclerosis 278, 49-59 (2018).

Kondo, T. et al. Modeling Alzheimer’s disease with iPSCs reveals stress phenotypes
associated with intracellular A S and differential drug responsiveness. Cell Stem Cell 12,
487-96 (2013).

Imamura, K. et al. The Src / c-Abl pathway is a potential therapeutic target in

amyotrophic lateral sclerosis. Sci. Transl. Med. 9, eaaf3962 (2017).

34



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Inoue, H., Nagata, N., Kurokawa, H. & Yamanaka, S. iPS cells: a game changer for future
medicine. EMBO J. 33, 409-17 (2014).

Mochiduki, Y. & Okita, K. Methods for iPS cell generation for basic research and clinical
applications. Biotechnol. ]. 7, 789-797 (2012).

Okita, K. et al. A more efficient method to generate integration-free human iPS cells.
Nat. Methods 8, 409-412 (2011).

Kobayashi, S., Yamadori, 1., Miki, H. & Ohmori, M. Idiopathic nonarteriosclerotic
cerebral calcification (Fahr’s disease): an electron microscopic study. Acta Neuropathol.
73, 62—66 (1987).

Tsuchiya, Y. et al. A case of idiopathic basal ganglia calcification associated with
membranoproliferative glomerulonephritis. /ntern. Med. 50, 2351-6 (2011).

Andrae, J., Gallini, R. & Betsholtz, C. Role of platelet-derived growth factors in
physiology and medicine. Genes Dev. 22, 1276-1312 (2008).

Pericyte Loss and Microaneurysm Formation in PDGF-B-Deficient Mice. Science

(80-. ). 2717, (1997).

Soriano, P. Abnormal kidney development and hematological disorders in PDGF beta-
receptor mutant mice. Genes Dev. 8, 1888-96 (1994).

Sweeney, M. D., Sagare, A. P. & Zlokovic, B. V. Blood-brain barrier breakdown in
Alzheimer disease and other neurodegenerative disorders. Nature Reviews Neurology
(2018). doi:10.1038/nrneurol.2017.188

Kisler, K., Nelson, A. R., Montagne, A. & Zlokovic, B. V. Cerebral blood flow regulation
and neurovascular dysfunction in Alzheimer disease. Nature Reviews Neuroscience
(2017). doi:10.1038/nrn.2017.48

Sweeney, M. D., Ayyadurai, S. & Zlokovic, B. V. Pericytes of the neurovascular unit: key

85



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

functions and signaling pathways. Nat. Neurosci. 19, 771-783 (2016).
Garbuzova-Davis, S. et al. Amyotrophic lateral sclerosis: A neurovascular disease. Brain
Res. 1398, 113-125 (2011).

Taglia, 1., Bonifati, V., Mignarri, A., Dotti, M. T. & Federico, A. Primary familial brain
calcification: update on molecular genetics. Neurol. Sci. (2015). doi:10.1007/s10072-
015-2110-8

White, M. P. er al. Limited gene expression variation in human embryonic stem cell and
induced pluripotent stem cell-derived endothelial cells. Stem Cells 31, 92-103 (2013).
Li, Y. et al A novel method to isolate retinal and brain microvessels from individual rats:
Microscopic and molecular biological characterization and application in hyperglycemic
animals. Vascul. Pharmacol. (2018). doi:10.1016/].VPH.2018.07.001

Adams, W. ]. er al. Functional vascular endothelium derived from human induced
pluripotent stem cells. Stem cell reports 1, 105-13 (2013).

Rufaihah, A. J. et a. Human induced pluripotent stem cell-derived endothelial cells
exhibit functional heterogeneity. Am. J. Transl. Res. 5, 21-35 (2013).

Levenberg, S., Ferreira, L. S., Chen-Konak, L., Kraehenbuehl, T. P. & Langer, R.
Isolation, differentiation and characterization of vascular cells derived from human
embryonic stem cells. Nat. Protoc. 5, 1115-26 (2010).

Yang, L. er al. Human cardiovascular progenitor cells develop from a KDR+ embryonic-
stem-cell-derived population. Nature 453, 524-8 (2008).

Kondo, T. et al. iPSC-Based Compound Screening and In Vitro Trials Identify a
Synergistic Anti-amyloid § Combination for Alzheimer’s Disease. Cell Rep. 21, 2304—
2312 (2017).

Imamura, K. er a/. Calcium dysregulation contributes to neurodegeneration in FTLD

86



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

patient iPSC-derived neurons. Sci. Rep. 6, 34904 (2016).

Murakami, N. et al. Proteasome impairment in neural cells derived from HMSN-P
patient iPSCs. Mol Brain 10,7 (2017).

Kondo, T. et al. Modeling Alexander disease with patient iPSCs reveals cellular and
molecular pathology of astrocytes. Acta Neuropathol. Commun. 4, 69 (2016).

Fujimori, K. et al. Modeling sporadic ALS in iPSC-derived motor neurons identifies a
potential therapeutic agent. Nat. Med. 24, 1579-1589 (2018).

Hino, K. er al. Activin-A enhances mTOR signaling to promote aberrant chondrogenesis
in fibrodysplasia ossificans progressiva. /. Clin. Invest. 127, 3339-3352 (2017).

Takase, N. et al. Neuroprotective effect of 5-aminolevulinic acid against low inorganic
phosphate in neuroblastoma SH-SY5Y cells. Sci. Rep. 7, 5768 (2017).

Ma, X.-X. et al. PiT2 regulates neuronal outgrowth through interaction with microtubule-
associated protein 1B. Sci. Rep. 7, 17850 (2017).

Bon, N. et al. Phosphate (Pi)-regulated heterodimerization of the high-affinity sodium-
dependent Pitransporters PiT1/Slc20al and PiT2/Slc20a2 underlies extracellular
Pisensing independently of Piuptake. /. Biol. Chem. 293, 2102-2114 (2018).

Giachelli, C. M. The emerging role of phosphate in vascular calcification. Kidney Int. 75,
890-7 (2009).

Lau, W. L., Festing, M. H. & Giachelli, C. M. Phosphate and vascular calcification:
Emerging role of the sodium-dependent phosphate co-transporter PiT-1. Thromb.
Haemost. 104, 464-70 (2010).

Lanzer, P. er al. Medial vascular calcification revisited: review and perspectives. Eur.

Heart J. 35, 1515-25 (2014).

87



ALS Amyotrophic lateral sclerosis

bFGF basic fibroblast growth factor

BMP4 Bone morphogenetic protein 4

CSF Cerebrospinal fluid

CT Computed Tomography

DMEM Eagle's minimal essential medium
ELISA Enzyme-Linked immuno sorbent assay
eNOS Endothelial nitric oxide synthase

FOP Fibrodysplasia ossificans progressiva
FTLD Frontotemporal lobar degeneration
GFP Green fluorescent protein

HMSN-P Hereditary motor and sensory neuropathy with proximal dominant involvement
iPS#EZ  induced pluripotent stem fffa

KDR Kinase Insert Domain Receptor

KSR Knockout serum replacement

MTG Monothioglycerol

MYORG Mpyogenesis regulating glycosidase

PDGFB  Platelet derived growth factor subunit B
PDGFRB Platelet derived growth factor receptor beta

Pi inorganic phosphate

ROS Reactive oxygen species

SLC20A1 Solute carrier family 20 member 1

SLC20A2 Solute carrier family 20 member 2

SSEA-4  Stage-specific embryonic antigen 4
VE-cadherVascular endothelial cadherin

vWF von Willebrand factor

XPR1 Xenotropic and polytropic retrovirus receptor 1
a SMA alpha Smooth muscle actin
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