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(A4 ] SeRVER A B RASIENT FEEE D HEEIC D> T

(&) K4 :HLE #
ATl © ESCREM - MREERTTE e v 7 —  FREDTEAT

[(BM] RERMAEERASEOIRIL, VEEE T3 FEMOMEEZKT
L7z, REEHD OMBEHEFEPITIRES NG o772 L2256, EOHEEIZKIF
IZR=AF 7 X 5% B VRIS - 7223, SFVBMELICERRI N, F
24 4E 10 B b, T 2 HIFTEMSHR L 72, AFKETIZ, IEYIcE
BICERT 2FEHEIC OV T, BRIE, EREFAZ N o0»ToOM
BrF Lo, SBDOAHICOWTERT 5,

[553] AFEPETIZ. MRI 7 — & R — 2 ORESE L GG RIS OHE, i
B EIREEE T OREZ & 0B R T BTHA. BEREECEFRETH VW
GBI O, BEBEHIE DM & BROHE, T R B FEEE o ki £ i
LEERREL 2y VY — 7 O R B IR, BRI T, BiHaE
AV IBEERRORERHE. BEERI A 79V —2HukBEREHOB
R EREWT 5, F7-. REEFHDONRERWERTH % Pelizacus-Merzbacher
%W (PMD) DOffifan FREEDMEIHZIT),

[f55] MRI F—4% RX— 2 OfEFIZBI L Tid, 37 fERIZDw»T MRI HEE &
VERF—Y 288322 LN TE R, BBETRITICOWTIX, PLP1 21U ®
BB EE IS T 2T I EENNEL Z L ERY v Y — 2 LIk
el CEML 7z, £z, PEHIOZEREELICOWT, =7 Y — LENTZBH
L. FERERETZHREL T3, EEMECRE SN IBEEFEROR
RIGHAFRICOWTIE, 707 3 v 2RET 2 4% L OERIBER O F % 5T
FThsb, BEEERERLELAEDY., SBREBRERIOZO TG R 7 — L DIE
BROBBETHZDT, INE2ITH, BEERHE ., REEOEMICHIT, ¥
AT LBMEBRTEBINTHEIDEBEZICSEBEEEL T, B4EHR
NEREERZER L. 27 RIBOSM%ZE 1, FEELERBFETDH 5, EHEHIZE
HTlE, TV A2 A0 ilaBmicByd 2 BB EMoML L 72, P
WA 77— HOHHRIBRERBOMBIL. 7477V —DOFE KD
L. SREEE X VBIRT 2 PETH 5, PMD Ol FiKfE L L <. PLP1 A%
BEHONEAEA P L AZFET BRI, NEEY v o v ofilaNEiEic e E
Ky, BIXUaIaVWYHKOELRLEZRT I LR ERZRBL 2,

(kEam) FEIRIIZE. B X OERIIED 2 >2Ehc AR ERICET 2 UM% 2 &
L7e S5IZEIC, FIHOBEEEEFOREPRBEDREFE R ED A 87 b
DREBEREZBIEL 2D, HE 4RO INE L LAV D 7 © OB %
EDHTHET-\,
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(A ] SeRMERIN B E TR RE D2 W & IRk
(EE] RO BT AdRE—" BEEE

P& « MG AT BOE AR RADR R MR RZZ EbERe v 5 —
1 #HEERE 2 RBRERL 3 FREER

[(#985%]
1, WFFES57% 5 2009 £ 4 A5 2012 48 12 B 4Beic PLP1 T ERIED & - 7=
KEGID ) B BRIKFTR & O PMD 23BN TE 2 BEE LU0 TFHIZ D Z 7z 33
PR E Lz, PMD OZWZ, Z2EEIC LD SHEEZ R IS VEE
1. SRIDFEFID & 13RI L T 5
2, WHERER 5 33 oA, 25 fiIT PLPl HELZROZ, BENEFE LT, &
B39 {ﬁﬂ S, =7V v 2-TDODRENSIOITH 7, RIPERERIT 13

#l T 7 ATG > AGG (initiation codon)(exonl), Phe32Val(exon?2),
Ala39Va1(exon2), Ileul 76Asn ( exon4), Asp203His(exon4),
Arg205Lys(exon4), AlaZ14Asp(exonb), Gly217Asp(exonb)

Ala247Val(exon6), Ala248Glu(exon6) IVSZ2;-1G>A (intronl), IVS4;-2A>
C (intron3) ZZN#F1 14z, Phe240Leu (exon6) |FMERERD 2w 2 fliC
RD 7,

3, ZZ;PMD EHEIcEIT 5 PLP1 B2E D H® 28 &1 #HEHITIZ 30%~70%
EFREICIRDIA VA3, FRIRFT R & SR AT B 2 ek U 7- 2 W2 vE 2 85 L 72 450]
DFENTTIE 24/33 B(72%) & @HRICER 2 AT 2 L SAJRETH - 7z, ig Wik
ZHEETH I EICE D REFDEFITE W T PLP] £F %2 AT 2 & 23068
ThHhrLEEZONS,
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[EEA) PEYIR S EE R K2 ) (X6)HEE I & % Pelizaeus-Merzbacher
I8 22 JRAB D ) BT 1 AR

HEMEE ' e FEE—2 RSB KHEE-C R
1. B b EREY ¥ —EnR

2. BMEBE/NEERY v ¥ — iR

3. MRNENZZ ELEREL ¥ —RER

4. MENRLZ &S EEY v ¥ — N

X EHS BRI L 3 Pelizacus-Merzbacher %5 Tl £ 1L BB O &
3% % (Fonseca et al., 2013; Carrozzo et al., 1997; Yiu et al., 2009; Ida et al.,
2003), % DA, BERE ERNEAAY -V DORVVPEREZ>TVWE, &
\lFk 4~ 1k, 46,X,t(X;6)(q22;p2]) & — R 2 2 L 22036, Z OHREELIHT A& 12
R (6p21.2), BEHE (Xq22.1-g22.2) #3W®H., Xq22 OBHZRIZLD
Pelizaeus-Merzbacher ¥ % FHiE L 72 LR OUIW S @ 2 iAot L 7z,

g &A1) SEGI O EEREEEIZBEICHE ST % (Tanaka et al., 2008),
GIWT ST % BIC 7 L A 887 (CGH SurePrint G3 IM 7 L 1) Z4T\», 6p21
IZ 339kb DRE, Xq22 12 862kb DEEZMHER L7z, 7L A DAV T 7Tu—7
DAZEICIZ, STS Z2F#0 & LT, HHDPCR 774 v—DfiAAbE %
R L. UMR 20, [FREEE] der(6)t(X;6)(q22.1;p21.2) DU EEY]
JIZPCREYMZEB2 ZENTE HLIZT S Z EXTE 7 (chrX:102,496,490,
chr6:39,391,450), LA L. der(X)t(X;6)(q22.2;p21.2) DEIWi i ix. FHEI N
ZUMIRZIE ST LI ICERET L, ARELER L., HREDH 2EEHD 77 4
v —%flAEDOETH PCREVZBEL LN TERDP 2, ZOFEREIE, I
£ THE SN TELEBEW A @ Xqter (distal side) DMLY/ LEEZE R
TE5H5DTHH 5, FRIENEOFREERFZIE L, £EDH,
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(4] % 4 BUERERMEEERASETRARM S 7 —D5E

(] K4 HOBEEF . b @&
i s 1 HONERHER., BERSRY
2 EZFEM - MEEERTE R v —  FEERPTTERT

[#P8%] eRERMAEERASETRARE S F—k, P2 1F7HIZE
1 A& &2 MENET I ESERE Y —ChEL TR AREE cHE 1 [,
GE L CHE X, RETELARESEZWZ B LN TERL, HEIZ, HIEE
D7HD THEOH, BRTH-7=, 5EIZ. BFTE B HARLERRHE OB
IZH BEFEREREMEFRMICBL TR F—21To7%, §FY. EERKICS
BOSINEFICEENT, BEE T, EFRHAEEA R EwiRiFREs (8
) O—BRE LT HEMOEFEL L TCIONL I F—%21To TE R,
A Z B SR BRI TH o 7272 D BRI L B9 R —
FFEAER R THEMEE I 228 0o, LBPLEDYS, R7V T4
TEITWi72wi-h4, BEICOES L Tu i nizHos0E A, 7L
THIE E ZDERDAY v 7DEPIT T, INFTIKHEEL T, BRFELLEL S
F—HRBEEDI LI T TAIENTEL, 2O IF—IF, ERICETAE
IRt DG, EMR CEBEHEEVBHELZ S L L CoRE DA ST, EELHE
PThHB-DI, BRERHHLECHEE2 T4 I EHERORERLEDa S 2
S —=2avEBCAERELES > T3, ¥/, KREBOFRESIZ,
CDReIF—EEBIITE EBoTED, EEEPS X ZDOERRBREDLEE L
THHEBEL TW3 H2 5FEES ML Tk I F—%2FEETITFETH 3,
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(i) SEREAMEEEEASIED 7/ L2
(iE&] K4 OlAkE
FTE © BT ERR & R R AR A

HEEW : BRERMEEERASEICB WX, EREMELEFTH % PLPI
DItz & BEEE FEEBE L > TE D, 22D T ITH 7z - THEEHY
RXIESHEE 2L, TRLlZINETICZHOED FIcBET2 70 —F vy —+
ZVERL L CTE DS, Z4UZHI D FiEl o %2 7o 72,

eI © BRIRIVIC S R ER I A BT R A SIE 7 5 o1 5 FRPRIEIR P UEE MRI
2™ Z R E L BERIDEE F% PLPI>GJC2 DJEIZENT L 72,
BRAKIICIZFIEA A AL AL DICT 272D, 707 LA X BEN%E
127z,

WHFERE R « BB 1T B W Tld PLP] OEEPEEEIRIIED o kd -7/ d,
GIC2 DEFMEREEZ T L2 L 2A FiBlS A VAEENFERETHRD 6
Nz, BB DERD~TuEEETHHREZF LEZ oD, KHIFTT
IR L TE D, AT CE R o7, GIC2DMET % 1 FREAMBHEIBO~T 1
R K4 loss-of-heterozygosity (LOH) D AJgglE % £E V>, SNP ¥ A E v 72 #EE L
7z comparative genomic hybridization (CGH)#@#fT#1T->7-& Z 4. GJC2%H
BoORKIZZWEDD, LOH 23R L TWwiz, 612 1 BREEONTOY AL T
EETHBIERETHE I 6. RREHERKRDF#HMES AV & —(uniparental
disomy; UPD)Ic L D, LOHZE&U7bDEEZ 517z,

wam - ZEIZRGICE T, EFICH L GIC2 FTHEAER LR, FIEERE
ELTUPD b ->Tw3 2 E2HS I L7, HEBHRSHEEREICL > T
HIET 2B TFDO I EEEDRD 554123, CGH+SNP frz{7) Z &
DBEHTH D Z EDBREI N,
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WHFERRDOHATICBE Y 5 —H3«

=5E
EERSG | XS A bva | FEAE | FEA (HREA | BEoh RS | =2
DimEEE %
FE O RRERMEER |EEXR | 8 8O E | BRRRE | ORIk 2012 |p897-90
INR D R EE fEHES Y — X 1.
No.20 T/RK
R 52 T figt
wE () —W
- JRRETSE
, 2 - RE
DEEH—
EAE— B> MRS /NER (BGERE . [BESRHER | v — [REK 2012 |p199-20
. FEE MHEE, X7 PVOEEY a v 7
5 RE S . A
FH Hp AEUER
EAUE—  ZE. SMERGE. | TNEARL DN IRE B o |[HREEE | R 2012 |P696-69
HHES UNRALEL RETIaRR AR 9
RERESR B4
MRS
RRERA WX Y A V4 RFWH | BF | =Y | HRE
Takanashi J, Saito S, Aoki |Increased N-acetyl- J Magn Reson |35 418-425 2012
I, Barkovich J, Itoh Y, aspartate in Model Imaging
Inoue K. Mouse of Pelizaeus-
Merzbacher Disease.
Yu L-H, Morimura T, Effect of curcumin in a Mol Genet 106 |108-114. |2012
Numata Y, Yamamoto R, mouse model of Metab
Inoue N, Antalfy B, Goto Pelizaeus-Merzbacher
Y, Deguchi K, Osaka H, |disease.
Inoue K.
IshiiK, Doi T, Inoue K, |Correlation between Pediatr Surg |29(2) |157-63 2013
Okawada M, Lane GJ, multiple ref mutations |Int
Yamataka A, Akazawa [and severity of
C. hirschsprung’s disease.
Numata Y, Morimura T, [Depletion of molecular |J Biol Chem |288(1 |7451-66 |2013
Nakamura S, Hirano E, |chaperones from the 1)
Kure S, Goto Y1, Inoue K|endoplasmic reticulum
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and fragmentation of
the Golgi apparatus
associated with
pathogenesis in
Pelizaeus-Merzbacher
disease.

Koizume S, Ito S, Miyagi |HIFZ2alpha-Sp1 Nucleic acids |40 5389-540 (2012
E, Hirahara F, interaction mediates a |research 1
Nakamura Y, Sakuma Y, |deacetylation-dependen
Osaka H, Takano Y, Ruf|t FVIl-gene activation
W, Miyagi Y. under hypoxic
conditions in ovarian
cancer cells.
Kouga T, Iai M, A child with three Neuropediatric Published (2012
Yamashita S, Aida N, |episodes of reversible |s online
Takanashi JI, Osaka H. |splenial lesion.
Osaka H, Takagi A, Contiguous deletion of |Mol Genet 106 |43-47 2012
Tsuyusaki Y, Wada T, |SLC6AS8 and BAP31 in a|Metab.
Iai M, Yamashita S, patient with severe
Shimbo H, Saitsu H, dystonia and
Salomons GS, Jakobs C, |sensorineural deafness.
Aida N, Toshihiro S,
Kuhara T, Matsumoto
N.
Saitsu H, Kato M, Osaka |CASK aberrations in Epilepsia 53 1441-144 2012
H, Moriyama N, Horita |male patients with 9
H, Nishiyama K, Ohtahara syndrome and
Yoneda Y, Kondo Y, cerebellar hypoplasia.
Tsurusaki Y, Doi H,
Miyake N, Hayasaka K,
Matsumoto N.
Saitsu H, Osaka H, A girl with early-onset |Brain Dev 34 364-367 12012
Nishiyama K, Tsurusaki |epileptic
Y, Doi H, Miyake N, encephalopathy
Matsumoto N. associated with
microdeletion involving
CDKLA5.
Saitsu H, Osaka H, Early infantile epileptic |Am J Med 158A |199-205 (2012
Sugiyama S, Kurosawa |encephalopathy Genet A

K, Mizuguchi T,
Nishiyama K, Nishimura
A, Tsurusaki Y, Doi H,
Miyake N, Harada N,
Kato M, Matsumoto N.

associated with the
disrupted gene
encoding Slit-Robo Rho
GTPase activating
protein 2 (SRGAP2).
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Tanigawa J, Kaneko K, |Two Japanese patients |Brain Dev 34 861-865 2012
Honda M, Harashima H, jwith Leigh syndrome
Murayama K, Wada T, |caused by novel SURF1
Takano K, Iai M, mutations.
Yamashita S, Shimbo H,
Aida N, Ohtake A,
Osaka H.
Tomiyasu M, Aida N, Acute hemicerebellitis |Acta 53 223-227 |2012
Mitani T, Wada T, in a pediatric patient: a |Radiologica
Obata T, Osaka H. case report of a serial
MR spectroscopy study.
Tomiyasu M, Aida N, |Monitoring the brain Magn Reson |30 15627-153 (2012
Watanabe Y, Mori K, metabolites of children |Imaging 3
Endo K, Kusakiri K, with acute encephalo-
Kershaw J, Obata T, pathy caused by the
Osaka H. HINI virus responsible
for the 2009 influenza
pandemic: a quanti-
tative in vivo 1H MR
spectroscopy study.
Tsuyusaki Y, Shimbo H, |Paradoxical increase in |Brain Dev 34 72-75 2012
Wada T, Iai M, Tsuji M, |seizure frequency with
Yamashita S, Aida N, |valproate in nonketotic
Kure S, Osaka H hyperglycinemia.
Wada T, Shimbo H, A simple screening Amino Acids |43 993-997 |2012
Osaka H. method using ion
chromatography for the
diagnosis of cerebral
creatine deficiency
syndromes.
Yamashita S, Miyake N, |Neuropathology of Brain Dev doi.org/10 2012
Matsumoto N, Osaka H, {leukoencephalopathy .1016/j.br
Iai M, Aida N, Tanaka |with brainstem and aindev.20
Y. spinal cord involvement 12.05.007
and high lactate caused
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mutation of DARSZ.
Yoneda Y, Haginoya K, |De novo and inherited |Am J Hum 90 86-90 2012
Arai H, Yamaoka S, mutations in COL4A2, |Genet.

Tsurusaki Y, Doi H,
Miyake N, Yokochi K,
Osaka H, Kato M,
Matsumoto N, Saitsu H.

encoding the type IV
collagen alphaZ2 chain
cause porencephaly.
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Yoneda Y, Haginoya K, |Phenotypic Spectrum of |AnnNeurol 73(1) |48-57 2013
Kato M, Osaka H, COL4A1 Mutations:
Yokochi K, Arai H, Porencephaly to
Kakita A, Yamamoto T, |Schizencephaly.
Otsuki Y, Shimizu SI,
Wada T, Koyama N,
Mino Y, Kondo N,
Takahashi S,
Hirabayashi S,
Takanashi J, Okumura
A, Kumagai T, Hirai S,
Nabetani M, Saitoh S,
Hattori A, Yamasaki M,
Kumakura A, Sugo Y,
Nishiyama K, Miyatake
S, Tsurusaki Y, Doi H,
Miyake N, Matsumoto
N, Saitsu H.
Yoshihara N, Okuda M, |Idiopathic cranial Pediatr Neurol |47 198-200 (2012
Takano K, Wada T, polyneuropathy with
Osaka H. unilateral IX and X and
contralateral XI nerve
palsy in a 4-year-old
boy.
A, EAKHE, & |CHARGE GEEEE 26 #lo |H 23 116 |1357-64. |2012
wEZ, BB, W18 BRIV
HE, ZEED, RS
H
Tachibana Y, Aida N, |A case of Sjogren- Pediatr Radiol |42 380-382 (2012
Enomoto K, Iai M, Larsson syndrome with
Kurosawa K. minimal MR imaging
findings facilitated by
proton spectroscopy.
Kurosawa K, Enomoto |Spastic quadriplegia in |Cong Anom 52 78-81 2012
K, Tominaga M, Furuya |Down syndrome with
N, Sameshima K, Iai M, |congenital duodenal
Take H, Shinkai M, stenosis/atresia.
Ishikawa H, Yamanaka
M, Matsui M, Masuno
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Kurosawa K, Sirenomelia with a de |{Cong Anom 52 106-110 {2012
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Tada H, Takanashi J. |MR spectroscopy in Brain Dev doi: 2013
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Hirose S, Takanashi J, |encephalopathy with
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Takanashi J, Somazawa [Metabolic changes in  |J Magn Reson |35 174-180 2012
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Takahashi Y, Maruyama
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Sugawara M, Shimada |deletion of 8pl11.2
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Reduced PLP1 expression in induced pluripotent stem
cells derived from a Pelizaeus—Merzbacher disease
patient with a partial PLP1 duplication

Keiko Shimojimal’z, Takahito Inoue’, Yuki Imai%, Yasuhiro Arai®, Yuta Komoike®, Midori Sugawaraz,
Takako Fujita®, Hiroshi Ideguchi’, Sawa Yasumoto®, Hitoshi Kanno’, Shinichi Hirose® and

Toshiyuki Yamamoto?

Pelizaeus—Merzbacher disease (PMD) is an X-linked recessive disorder characterized by dysmyelination of the central nervous
system (CNS). We identified a rare partial duplication of the proteolipid protein 1 gene (PLP1) in a patient with PMD. To assess
the underlying effect of this duplication, we examined PLPI expression in induced pluripotent stem (iPS) cells generated from
the patient’s fibroblasts. Disease-specific iPS cells were generated from skin fibroblasts obtained from the indicated PMD
patient and two other PMD patients having a 637-kb chromosomal duplication including entire PLP1 and a novel missense
mutation (W212C) of PLP1, by transfections of OCT3/4, C-MYC, KLF4 and SOX2 using retro-virus vectors. PLP1 expressions in
the generated iPS cells were examined by northern blot analysis. Although PLP1 expression was confirmed in iPS cells
generated from two patients with the entire PLP1 duplication and the missense mutation of PLP1, iPS cells generated from the
patient with the partial PLP1 duplication manifesting a milder form of PMD showed null expression. This indicated that the
underlying effect of the partial PLP1 duplication identified in this study was different from other PLP1 alterations including

a typical duplication and a missense mutation.
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INTRODUCTION
Pelizaecus—Merzbacher disease (PMD; MIM #312080) is an X-linked
recessive neurodegenerative disorder characterized by dysmyelination
of the central nervous system (CNS). Patients with PMD often present
with nystagmus as the initial symptom, and psychomotor develop-
mental delay associated with spasticity and ataxia is seen later in
development.'=* The proteolipid protein 1 gene (PLPI; MIM #300401),
located on chromosome Xq22.2, is the gene responsible for PMD. It
encodes 2 isoforms, PLP1 and DM20, as a consequence of differential
splicing of exon 3. The genetic basis of PMD is unique because two-
thirds of PLPI abnormalities identified in PMD patients are
duplications of small chromosomal segments that include PLPI. The
remaining one-third of PLPI abnormalities are nucleotide alterations in
the PLPI coding sequence. The nucleotide alterations in PLPI are
varied and are scattered along the entire coding region of PLP1.1>
Because PLP] is mainly expressed in oligodendrocytes in the CNS
and cultured skin fibroblasts express low levels of PLPI, gene

expression in the fibroblasts has been analyzed by comparative
reverse-transcription (RT)-PCR analysis.%> The use of technology to
establish induced pluripotent stem (iPS) cells has now made it
possible to examine gene expression and function in greater detail.®
In 2007, Takahashi et al. established iPS cells from human skin
fibroblasts.” This revolutionary technology has stimulated and
accelerated research in embryogenesis and genetics. In this study,
we established iPS cells from skin fibroblasts of patients with PMD
and examined PLPI expression. This is the first report analyzing PLP]
expression in PMD disease-carrying iPS cells.

MATERIALS AND METHODS

Subjects

For our ongoing study identifying genomic mutations in PLPI, three new
patients with dysmyelination were referred to us for genetic diagnosis based on
the clinical diagnosis of PMD.® Clinical information and radiographic findings
by MRI for the patients were obtained from attending doctors. Based on
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approval by the ethical committees at the institutions, written informed
consent was obtained from each patient and/or their family. Peripheral blood
samples were collected from the patients and genotyping was performed as
described.® After genetic diagnosis of PMD was made, another written
informed consent for the iPS cell study was obtained from each patient and/
or their family. Skin fibroblasts were collected from three patients and a healthy
male control.

Genotyping of the patients

Genomic DNAs were extracted from peripheral blood samples from patients
and others by using standard methods. Initial screening for PLPI duplication
was performed by multiplex ligation-dependent probe amplification analysis
by using the PLP1 Kit (P022; MRC-Holland, Amsterdam, The Netherlands)
according to the manufacturer’s instruction.” In case of PLPI duplication, the
aberration region was confirmed by microarray-based comparative genomic
hybridization (aCGH) using the Agilent Human 105A CGH Kit (Agilent
Technologies, Santa Clara, CA, USA) as described previously.? To detect the
small duplication in Patient 1, a custom array was designed using e-array, a
web-based software (https://earray.chem.agilent.com/earray/), and 29918
probes in chrX:98 000 000-104 500000, around PLPI, were selected. The
average interval of the probes was 217bp in this region.

PLPI duplication was confirmed by two-color fluorescence in-situ hybridi-
zation as described previously.® Two bacterial artificial chromosome clones,
RP11-75D20 (located at Xp22.13) and RP11-832L2 (located at Xq22.2), were
selected from the UCSC Human Genome Browser (http://genome.ucsc.edu/)
and used as probes. The fixed metaphase and interphase spreads of the
specimens were derived from patients’ peripheral blood samples and generated
iPS cells. The direction of the duplicated segment identified in Patient 2 was
analyzed by fiber-fluorescence in-situ hybridization analysis as described
previously.®

PCR and direct sequencing of all seven exons of PLPI was performed by
standard methods using the primers reported by Hobson et al.* The designs of
the primers for all exons and the breakpoint searches of the duplicated
segments in Patient 1 are listed in Supplementary Table 1.

Cell culture

Human fibroblasts, the Plat-E Retroviral Packaging Cell Line (Cell Biolabs,
San Diego, CA, USA), 293FT cells (Life Technologies, Foster City, CA, USA)
and mouse fibroblast STO cell line (SNL) feeder cells (ECACC, Salisbury, UK)
were grown in Dulbecco’s modified Eagle’s medium (DMEM 14247-15;
Nacalai Tesque, Japan) containing 10% fetal bovine serum and 0.5% penicillin
and streptomycin (Life Technologies). Human iPS cells were maintained on
SNL feeder cells treated with mitomycin C in Primate ES Cell Culture Medium
supplemented with 4ngml~! recombinant basic fibroblast growth factor (#
RCHEMDO01; Repro CELL, Yokohama, Japan) and passaged as described

previously.”10

Generation of iPS cells

Disease-specific iPS cells were generated from patients’ skin fibroblasts as
previously described.” Briefly, recombinant lentivirus produced from 293FT
cells, in which pLenti6/UbC/mSlc7al (AddGene, Cambridge, MA, USA) was
transfected by use of Virapower Lentiviral Expression System (Life
Technologies), was infected into cultured fibroblasts for 24h. Then, four
retroviruses produced with Plat-E Packaging Cells (Cell biolabs), in which
pMXs-hOCT3/4, pMXs-hSOX2, pMXs-hKLF4 and pMXs-hc-MYC (AddGene)
were transferred independently, were infected into mSlc7al-expressing human
fibroblasts. Six days after retroviral infection, the fibroblasts were placed onto
mouse fibroblast SNL feeder cells (ECACC, Salisbury, UK) at the appropriate
concentration. The following day, DMEM 14247-15 (Nacalai Tesque, Japan)
was replaced with Primate ES Cell Culture Medium supplemented with
4ngml~! recombinant basic fibroblast growth factor (# RCHEMDO001; Repro
CELL, Yokohama, Japan). Thirty days after transduction, each embryonic stem
(ES) cell-like colony was individually placed onto SNL feeder cells. Each colony
was tested to determine whether they had indeed acquired pluripotency. After
validation,!® three independent iPS cell clones were selected from the
candidates generated from each patient’s skin fibroblasts.
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Validation of the pluripotency of iPS cells

Initially, alkaline phosphatase staining was performed for validation of iPS
cells. Leukocyte Alkaline Phosphatase (AP) kit 86R (Sigma-Aldrich, St Louis,
MO, USA) was used for this purpose.

Reactivation of endogenous pluripotency genes and the silencing of
artificially induced retroviral transgenes indicated successful reprogramming
of putative iPS cell clones. To confirm this, RT-PCR analysis and real-time PCR
were performed as described below.

Total RNAs were extracted from iP$ cells using ISOGEN (Nippon Gene,
Tokyo, Japan) and contaminating genomic DNAs were removed by DNase
(Takara, Ohtsu, Japan) according to the manufacturer’s instructions. Subse-
quently, total RNAs were reverse transcribed into complementary DNAs by
using the Superscript VILO ¢DNA Synthesis Kit (Life Technologies) according
to the manufacturer’s instructions.

Quantitative real-time PCR was performed for OCT3/4, SOX2, KLF4,
C-MYC, NANOG, REXI, GAPDH and actin beta using the Power SYBR
Green PCR Master Mix (Life Technologies) and analyzed with the 7300 Real-
Time PCR System (Life Technologies). Primer sequences are shown in
Supplementary Table 1.

Immunocytochemistry was also performed for all putative iPS cells. For this
purpose, the following primary antibodies were used: anti-SSEA4 (1:200,
MAB1435, R&D systems, Minneapolis, MN, USA), anti-OCT3/4 (1:200,
AF1759, R&D systems), anti-TRA-1-60 (1:200, MAB4360, Millipore, Billerica,
MA, USA), and Anti-TRA-1-81 (1:200, MAB4381, Millipore). Secondary
antibodies included Alexa488-conjugated donkey anti-mouse IgG, Alexa488-
conjugated goat anti-mouse IgM, and Alexa594-conjugated donkey anti-
mouse IgG (1:1000, Life Technologies). Nuclei were stained with Hoechst
33342 (1:1000, Life Technologies).

Validation of the differentiation ability of iPS cells
Determination of the differentiation ability of established iPS$ cells is important
for the selection of putative iPS cell clones. To confirm their pluripotency to
differentiate into three embryonic germ layers, we used floating cultivation to
form embryoid bodies as described previously.!® iPS cells were grown as
floating cultures for 8 days. After embryoid body formation, the cells were
cultured on gelatin-coated dishes for an additional 8 days.
Immunocytochemistry was performed to confirm expression of the three
germ layers as described elsewhere.!® In this case, three primary antibodies
were used; anti-BIII tubulin (1:1000, MRB435P, Covance, Princeton, NJ, USA)
as the ectoderm marker, anti-o. smooth muscle actin (1:200, A2547, Sigma-
Aldrich) for mesoderm, and anti-oAFP (1:100, A8452, Sigma-Aldrich) for
endoderm. Donkey anti-mouse IgG labeled with Alexa Fluor 594 and donkey
anti-rabbit IgG labeled with Alexa Fluor 488 (1:1000, Life Technologies) were
used as secondary antibodies. Nuclei were stained with Hoechst 33342 (1:1000,
Life Technologies) for nuclear staining.

Validation of the karyotypes of iPS cells

To check the artificial chromosomal rearrangements, conventional G-banding
by trypsin treatment stained with Giemsa and aCGH analyses using the same
methods described above were performed for the generated iPS cell clones. iPS
cell lines that acquired chromosomal rearrangements were eliminated from this
study.

Database analysis

Preliminary gene expression analysis was performed using online data sets.
Two microarray data sets, GSM242095 for adult human dermal fibroblasts and
GSM241846 for iPS cells (clone 201B7),” were retrieved from NCBI Gene
Expression Omnibus (GEO) and analyzed using GeneSpring GX10 (Agilent
Technologies).

Northern blotting

The full-length mRNA of PLP1 (920bp) and a partial sequence of actin beta
(ACTNB; MIM #102630) mRNA (91 bp) were amplified by RT-PCR by using
Human Brain Total RNA (#636530, Clonetech, Mountain View, CA, USA) as a
template. Primer sequences are listed in Supplementary Table 1. The PCR
product was subcloned into pGEM-T Vector System (Promega, Madison, W1,
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USA) and grown in LB Broth overnight. Plasmid DNAs were extracted by an
automated DNA isolation system, PI-80X (Kurabo, Osaka, Japan). DNA
inserts were digested with Sacl and Sacll restriction enzymes. Following
agarose gel electrophoresis, product bands were excised and extracted using the
QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany). The DNA
fragments were then labeled using [0-*2P] dCTP (PerkinElmer, Waltham,
MA, USA) and used as probes for northern blotting.

Hybridization was performed as described previously.!! Briefly, 30 ug of total
RNA was extracted using ISOGEN (Nippon Gene, Tokyo, Japan) according to
the manufacturer’s instructions, separated on a 1% agarose/0.6 M formaldehyde
gel, visualized using Radiant Red RNA Stain (Bio-Rad, Hercules, CA, USA),
transferred to a nylon membrane and subsequently hybridized for 24h with
either PLP1 or ACTNB probes. Images were captured using the FLA-5100
scanner (Fujifilm, Tokyo, Japan).

Initial analysis included seven samples: mitomycin-treated and -untreated
SNL feeder cells, Epstein-Barr virus-infected immortalized lymphocytes
derived from a normal human control, human skin fibroblasts derived from
the normal control, iPS cells generated from the normal human control and
two brain samples purchased from a provider (Human Fetal Brain Total RNA
#636526 and Human Brain Total RNA #636530, Clonetech). Subsequent
analysis included the 12 iPS cell lines generated in this study.

RESULTS

Clinical features

Patient 1 was a 16-year-old male, born by spontaneous delivery at 40
weeks gestation, with a weight of 3054 g. Soon after birth he showed
nystagmus. At 4 months, he exhibited poor neck control and was
diagnosed with spastic paraplegia. Psychomotor development was
moderately delayed with walking alone at his age of 2 years and
his intelligence quotient was estimated below 50. At 15 years, he was
prescribed medication for depression. At that time, his fine motor
ability allowed the use of chopsticks but he needed a wheel chair to
move. His speech was dysarthric. One month later, he had an epileptic
attack and was admitted to the hospital. An electroencephalogram
revealed occipital spikes. Although auditory brain response was
normal, brain magnetic resonance imaging (MRI) revealed a pattern
of mild dysmyelination (Figures la and b).

Patient 2 was a 46-year-old male with two healthy female siblings.
As he lacked neck control at 1 year of age, he was diagnosed with
spastic cerebral palsy. Then, at 4 years, he could turn over but could
not sit unaided. He lacked the ability to speak effectively, being
limited to two-word sentences. At 15 years, he could use a wheel chair
by himself. Subsequently, the quality of his daily life declined
gradually. At 39 years, MRI revealed atrophic white matter displaying
dysmyelination (Figure 1c). At present, he can move only his upper
body very slowly and is bedridden. He is able to comprehend what his
siblings say, but he is severely dysarthric and is able to speak only a
few words very slowly.

Patient 3 was a 32-month-old boy with a birth weight of 3869¢g
delivered at 39 weeks gestation. He has a healthy brother. Owing to
respiratory problems since birth, he was intubated and tracheostomy
was performed at 58 days. He also required tube feeding. He is
currently bedridden and has continuous nystagmus. Auditory-brain-
response audiometry showed no waves after the first wave. A brain
MRI revealed high-intensity lesions of the white matter in a T2-
weighted image, indicating severe hypomyelination (Figure 1d).

Molecular analyses

Initial multiplex ligation-dependent probe amplification analysis
using a PLP1 Kit (P022; MRC-Holland) identified duplications of
PLPI in Patient 1 and 2 (data not shown).’ Patient 2 had a
duplication of all 7 exons of PLPI, and subsequent aCGH analysis
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Figure 1 Brain MRI findings of the patients T1- (a) and T2 (b) weighted
images of Patient 1 show mild and diffuse volume loss of the brain and
high-intensity signals of the deep white matter in T2 indicating mild
dysmyelination. T2-weighted image of Patient 2 (c)} shows diffuse volume
loss resulting in the dilatation of the ventricles and dysmyelination in the
white matter. T2-weighted image of Patient 3 (d) shows extremely
hypomyelinated pattern with high intensity in all white matter.

by using the Human Genome CGH Microarray 105K (Agilent
Technologies) revealed that the duplicated region was
chrX:102519000-103 155851 (636851bp) with an average log,
ratio of +0.83, which is a typical duplication region seen in PMD
patients with PLPI duplications (Figure 2a). The duplication was
confirmed by fluorescence in-situ hybridization (Figure 2b), and the
direction of the duplicated segment, including PLP1, was shown to be
in a tandem configuration by fiber-fluorescence in-situ hybridization
analysis (Figure 2c).

The duplication identified in Patient 1 was unique because only the
first 3 exons (exons 1-3) of PLPI were included in the duplicated
region. To confirm this partial duplication, we designed a custom
aCGH chip and used it to detect the precise duplication region. As
shown in Figure 3a, the duplicated region was chrX:102912 361102
928360 (15999bp) with an average log, ratio of +0.72. To
determine the location of the duplicated segment, we sought to
detect the breakpoint by PCR direct sequencing, using primers A and
B (Supplementary Table 1). A 775-bp band was obtained and
re-sequenced (Figures 3b and c). Ultimately, an extremely small
duplication of 16208bp, which has never been previously
reported, was identified. The sample from Patient 1’s mother was
also analyzed and she was found to be a carrier of this duplication
(Figures 3b and c).

In Patient 3, a novel missense mutation, c.636G>C (W212C), was
identified in exon 5 of PLPI (Figure 2d). The PLPI sequence is
completely conserved among species and this novel mutation was not
identified in 100 normal control samples (50 males and 50 females).
This patient’s mother declined to have her genotype analyzed.
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Figure 2 Genotyping and cytogenetic analyses for Patients 2 and 3. (a) A microchromosomal duplication including PLPI is shown in GeneView of Agilent
Genomic Workbench (Agilent Technologies). The location of PLPI is highlighted by a red circle. (b) Interphase fluorescence in-situ hybridization analysis
shows two green signals labeled on RP11-832L2 (located at Xg22.2) in the nucleus. Red signals labeled on RP11-75D20 (located at Xp22.13) are the
marker for X chromosome. (c) Fiber-fluorescence in-situ hybridization analysis indicates tandem configuration of the duplicated segments labeled with green
and red probes. (d) Electropherogram shows a novel missense mutation ¢.636G>C (W212C) in Patient 3.

Generation of iPS cells

We successfully generated iPS cells from three patients with PMD
and a normal male control (Supplementary Figure 1). At least
three independent clones were validated using the following
three categories: (1) silencing of four transfected genes (OCT3/4,
C-MYC, KLF4 and SOX2; Supplementary Figure 2); (2) expression
of endogenous pluripotency genes (OCT3/4, SOX2, KLF4, C-MYC,
NANOG and REXI; Supplementary Figures 3 and 5); and (3)
confirmation of the differentiation potency by immunocytochemistry
(Supplementary Figure 4). Karyotype and aCGH analyses for
the resulting iPS cells showed no artificial chromosomal
rearrangements.

PLP] expression

Preliminary PLPI expression levels were compared between two
online data sets for human skin fibroblasts and iPS cells. The results
showed that PLP] expression levels were x 40.70 (log, = 6.38) higher
in iPS cells than in skin fibroblasts (Supplementary Figure 6).
Subsequently, our initial experiments for PLP] expression in several
samples were performed by northern blot analysis, which revealed
predominant PLP] expression in the brain (fetal brain had weaker
expression than adult brain). Although the other samples showed no
PLP] expression, we could detect the PLP] band in iPS cells
(Figure 4); the differentiation between two isoforms for PLPI and
DM20 could not be detected owing to small size differences as same as

583

Journal of Human Genetics



