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HBLT 20D TH S, FENE, PSR 5 TR,
BREN G LV EEA EEFERO T Y azr— 2 g vt
RERBI S 5. Al  OMHI TR NEE, K
Bh&A,

RRAEFRR | W MRI TLEDMMED T2 MREES T BT 5.
TR RAE 5 7208, HEARBE AR RS & LT S b oA
HMTHH, BEAERIIET L THEEAERD S, RS L
UVNIGE B2 B T2 OBE R4 CEES L, 32
YOS BT B AN, $RC ORI LA Ly,
BUR - SREERISIRINA DS, B S {, R THET 5.
DA D o T 4

FEEET | EREEET @ REETHS.

(4) 18q RIAEMFEDE (Chromosome 18q deletion syndrome ;

18qdel, OMIM#601808)

PERBMLAR | 18q ZAEETRE, 18 kBN R I
& B Y R EEREE T, KRS OBEFIGE R
bcw, FfEERE RS, KO EREAEEL myelin
basic protein (MBP) #{ET-ORIHEETHHY,

BREREEIR | CREREE (JGICIRS ), SHRigil, WESRILT,
A mp e, ORE, (REMEREE, hehA, BEUE, JET
IEAPEETER,  CIRAZZIRER, WZYN, Sftort: Eod
B BRI R B 5. EGTFRUERITTH S, 18q KA
I OB EMEL LT, WEERE I, MBS
Weis,

FRERTR | B MR CRE T2 SREMENS I TR BT oS
FRBROL, REHESROEES» S0 SEsET
FOBREEMRA THL, PROBEHFGHEHFS ARV, i
TERRARIZ BV T IgA RIAPBEAR N E 2 MR FA LIZ L
B L NG, KRB, RESRERLEERE oW
D, RS L TRBEN RS 6 hwv,

BETFEMN | (8q21—qter DEBIIREDIESE L, iF
IO 304 & de novo BT (BWGHBNER) CH B, MUzE
TRPEDAR EIGITEEEE,  de nove YEIE, RIEMEORER & L OIS
W%, BHFE G SHER A IRA S L O FISH % 5.
FERIZPI ST 2 PR E AR AT 18q22—+q23 & S5, FBY
B2 A 24 50T, FISH MR T 18q23 124 2
MBP SBIETO | D ¥ —REZFET S, M LREZ MBP
BEFONTOREC L VRIS LN S LS,

(5) Alan-Herndon-Dudley ## % I (Allan-Herndon-Dudley

syndrome ; AHDS, OMIM#300523)
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OREBLE L X RHBEINRIEG O | o TH A, WEOH

PREEISERE, BOEREE, 7 bR, IR, ik
LA IR E L, SLEDIBHI & MRIBERIC & Bk iz
NAFEDHNE, Xq13.2 12T S solute carrier family 16,
member 2 (SLCI6A2;monacarboxylic acid transporter 8
(MCT8)) BRTFORF T & 5 FUIRICR L F > OB % o R
FEHRELELGNTWEY, B4, PLPI & EOMABIET
Fl w iR v PMD B O | AT SLCI6A2 (MCTS) @
HBRAEFT LI LRGSR,

BREREEIR & v B IERME X SEAR T B S 2 R4 25,
PIEVIEIRD A2 b9 LRy, REEMIZIBWTHE,
LSRR, IR, A b=7, iREMEMESRs AR L, &
i FEOSEERN 2 R T, BEFIE BRI S ihic b R
v, FRRRT ) & R AN R FRB P R, deiisk
17, HEeimEl, BEMARRA T BT, WRIE R L E v Bso
Mo HAERAR L BRI 2 (, PUBAT IS SRR L,
Hitw sk,

A - ERFTR | PRI R VR L o b AR e T 2 T
BLAiRY . AURRRR VB €1 T4 B0, T3 e L,
TSH EIERED LRERT Z L0 %, BHEE MRIARZE G
MR AEREAR SN WT LS B AN, RIS
i, @ AHVIE T2 WG T o USRS RS 4 L 0 BRI
TERLOBT RoERd, S S R FOR 35 (A oS,
PR S B A EEREPR TS5 8 SR T,

BRFRE | SLCI6A2 (MCTS) DR S IEHERhE 4
ECMES S, SLCIGAZ I X Hemfk q13.2 1ofriE L, 12 8
Hll F AL #4508 A%T T — FLTWwA. SLOL6A2 (MCTS)
IEFFORER ROV £ > OBREBIHE (b2 TuB LB BT
WA, FrbyAERS I Ak ABRRESLTED,
BRI LD BIEIEAR A B, SLCI6AZ (MCTS) FEIRO I
LALBAOHELHLH, LFO LS Sl eRmTigs
SLCI6AZ (MCTS8) ZBRAES . OB B 7800+
9 X AR R, BN MR] B RIS e %
BB, CHURIARVE P HRAEC T4 48, T3 &8, TSH (LE
WA L ERT,

(6) HSP60 chaperon i (Mitochondrial Hsp60 chaperonopathy

MitCHAPGO, HLD4, OMIM #612233)

BEEE . I P P T Y eNms Y Hepb0 B FTH O R
WIS L BRRUERBES TR EETH S, BREEETE
2q33.1 VLIS A Hsp60 {EF (HSPDI) T, diefn it
HMEERE LD, TRECRHE SNAOW, IS
WaR LA AT 2V ORERORTCHE,

BEERIEAR & BEISAD 10 Ho0EMMEI L5 &, Sk~
3 A XD BEEIET, IRR, RAERIREE s Ao
A R REYE, REREE, BTEAL. TADADEDZ
FPEMICR G NS, BARBIC L 2900 B4 & N ER
Erhb, 20 BT TR TN ELRKAREOMRKRIEIL LD
T BWMAE e, WAER |~ 2 ETHET 5 EEND &

__...9.—_.4
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B 2 SRR LA B, SEITE O U RITERRE & 6
A O L, BN - FENTOEMOBEREED 5.

RAFFE © MRI Tl & UV EVE S T2 SR {R T oY
BT ES A S L, SRS (e, ORI
FME A, B kN #EE b 0 5. RIS T
Tk D IBAE & TR O EEH D,

ARG . HSPDI O DNA HERHcEdc L 4. ki
OEFZTIE DOC EROFBIHERTHREL, ~7 HEEHE
O EIRRERTH D, HSPDI Db, Hd BB
P EIE A L A R RERT 13 1 (SPGL3; OMIM#605280)
DER LR S,

{(7) Salla %% (Salla disease ; SD, OMIM#604369)

B  SD 1, WM bEEEr L, Y-
LoD T VSR R L T4 MRIFTRLL, SRR
EVA TGRS Aol (4T A IR R E A BT 5, INEE
(FF4d, SLCI7AS IET (6ql4-ql5) THhBH. [ Ul ({RF2
#7 k %  infantile sialic acid storage disorder (1SSD,
OMIM#269920) |ZFLILHNI=Bednlig T & 4%, SD XFLIBMI
S A SRR TS D, BERAV LMAR L $15,

BREREEME | % < OREGNE 7 4 > F ¥ F (Salla Hb5) (CHERK
LTuwa, Skl TR, ShEu A, EmeH,
MR, MRIRALT, Stk TAPAREEZRT L.

REFRE ¢ R EEE S 7 AVl (N-acethylneuraminic acid ;
NANA) O#HIAENE R TH A, ihl NANA O30
B R WSEE S TEAET A4, $ih e NANA SETORPIT
B % . MRI G T2 (S T EE O A& (hypo-
myelinating pattern) % %, PMD & 33 %, MRS fHET
{f N-acetylaspartate (NAA) OFEfEEET 525, TAE NANA
L NAA ML 1.5 7 AT MR BETREHTERVZDOTSHY,
FHEIIE NANA OWINE L TEY, BEMICHEBTSHA.
SR GREEE IA  C IR T A8, HUELREIEEAL,
PR G LT I Th S,

BETFRW C SD IE, SLCITAS SEIET O RI9C OflHHA £
W ln k ARERIANIEE A X TH Y, I TOMEFIEHE ST
Wy, JEAE, 74 T s FATRWIEENR TN S R3IC D
RSN L 230 SD OB FEBETZRPFHL P> T
Vb R SLCITAS DY N7 2 U/ T ANT XL 7 v A
AT ¥ — BB 0 X B AR R E R AT IR O TR
M ENS.

(8) /AN & IR & o 5 ORI B ST AR &
i {Diffuse cercbral hypomyelinatidn with cerebellar
atrophy and hypoplasia of the corpus callosum ; HCAHC)

FEABEES 1 2009 SEICAER A S FRE S Ao H L v R
&Y RO SRR A S TN, /NIEEEE L R
TR E S . KRR OB TG 2,

BREEFEMR | SV E TR S 3 Bk iuh )~ 3 AU
CEV ST RS LTV A, 1048 AN 4 1T B4
FUER, AR, SRIREEE, HiRMMEIRE RO, HIES L P

WEsse a3 Bewr

BE ORISR AR L TnA, TF h—HEHEDH A H
fA s, B ETYA T ERETS.,

AR © AR, AL AT, TRl
A TER-CH A, MRIFIEE, U8 T2 8EF L TI TOR
gy BVIZIREGES Y B, BEEM N (2 £10K
) BEART. UOEORGKEERS, BRI &R
oo DRI BEEE NS,

BEFDW  EREETEAETH Y, REHOHRESL 2
CRERRIAHTHL.

(9) Zofl, SHEATELREE

2. B2 B PIREES L URMSHREORR R AR

(1) SR PpE 2 kS SRR R4 (Hypomyelination

and congenital cataract ; HCC, HLDS5, OMIM#610532)

EBRIEE NG IR BN ST S | R
ik LT, 2006 4 180@ THE SR He b e (Rt
Bk BE LWEFAMAE A SR THE Y, WP T,
INETROBRENHLNATHE.

BREREEIR | a1 A HEREIC AR ISR T i, B
FAE O R R VA, | R ECRTRESTHE I L
£ SIS AT LA, 2 BT TISHRRRT R 5T
BAS, BT A, BIIGRTL, 910 FITHA
FTIETRNET S, SO CHKRBES S D, WIS
IR TH A HREHBET LTSI LB TS S, 910
TR Z RO TE Y, T2, KBRS LTHD
T & FRRERE O FEmE RO T A, KIEREER (¥
AboT, TFb—ERE) on TR Y. i

SR EREE D S T, BT R ADSOITWILALL
2ETREH TV A,

HREFRE © 910 Ol CAAIMEZEAEOIRT 2300, KHT
MR O L, B L, SRR
HHLNTWA, F7z, MRIFTRIE, 081 T2 S{E5 L TL
CORESEDHVERIEEETEETH, —HIEREIC T2
OEOEES, T OREFEREES, ok e Tl
FEORSEEIWA L T AT RENL T A,

BETF BN B HEET FAMI26A (DRCTNNBIA)
(7p15.3) @ DNA HidEFIFIRERIC L D RBERET 5.
FAMI26A W g H 7=y /Wit ¥ 7 FIVICBREL, 4 T7 >~
R4 FOSIE~OBEATRBEN TS,

(2) S, WSFRIERE % B BT TR 49E (Ataxia,
delayed dentition, and hypomyelination ; ADDH, HLD7,
OMIM612440)

RS ETEORH, Tl Kk XolFRpRE
Wi+ A RRRAEERAR S TH S W, BIER, DR
B/NBIE R CHER S SR IEIT I TH A, B £ CRUEIE
BT 20 RALS TOMATEETH S, HEEETEARE
wTH DL, FEALDPIREHITH L, MEERARTORENE
b B Y, Wi Ass L U R aAEREEREN VY
HOTHEMES & 0, BEOREErEL SRS, (Ehl,
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AR, FEACTR R b o YRR R A & A
TAIELHE,

BREREEIR © FLAB O TR IEE 5 2 L %, Ll
IAERIRE I A 5 BB R OB ATH Lo L 1ok s, Sl
INERREE T o fUHE F Cla i dls B o k5
4, AERATH O ERMIZR PR R T LIRS D . G
RHORER O AT I AR D) 2 (c R B, T - iz 2o i
I CECWRAIER) Rlh e 8o is. 1E3his,
FRERIRT, MREEL SO H 20 EHH 5, FRAERE
TR0 E MR AR AT L B TR R R 2
bdH AN, T ONGUEIEFEA AR (G ST H 2
i, HEEAOEROBVIRE ARSI 50 LA,
R, ERS S PEEHEE S CRse L. TR
BIL TIRUEBED DR WA TH B,

REFFR | A MRIZT, T2 MHEIE TR oD
BEPERE 1T & B SR LN RO I 5. NI
FEHLd B, MRS TOBKO AT, AWMEAEIZETS myo-
inositol D EF-&, NAA 3 XU choline DL T A J58 L 45,
WHAETERE, /37 9 TR CUWO AR 2.

EEFRW . BREETB L MR TEREERETH S,

(3) BEEELACHHIRESE, sPHE PRSI R A 454, Waardenburg

fie. % %, Hirschsprung % (Peripheral demyelinating
neuropathy, central dysmyelinating leukodystrophy,
Waardenburg syndrome, and Hirschsprung disease ;
PCWH, OMIM#609136)

EEME ATy Fod A N ofeREicng,
Schwann #MIfd, *F /44 b, B2 70 THINE A S
SE IR Rt Bt A KRR & BB TH A Y, PR
Az, AR ORI g, AR T
JRAITE = o — TS — % B L, & 5|2 Waardenburg # (1,
Hirschsprung 5 & &b w72 4 JEREEZ &0 5. BHSET
(& SOXI0 T, EiOfEEREREN T & b5, £ idgesy
AT L AWM T B W,

BRERIEK © % ¢ OHERICHIEE 212 Hirschsprung J 12
HYHEIRE BT 5. ARRIC oW T, BRI,
WL O - PR L b RIS R A BRLS
BRI C MRS & 2, PESEOEGTE, R
VRN &SR, WP A B A b,
MITY = — D8 — 2 Bl B, BRESIC I o SR Sk
PR & BLATR = o — 08 F — 2 524 4. Waardenburg #iE {3 EE
ML TR RBE, RGOSR ERESE & By
% 85,

REFR | W MRI T, T2 MR RI Chi4 Bg©
KRB B EBMEES 205 9. BENCR G EOTR
PR L BRI, AP OE 0 5. T, #
REG TR B B OB GE B M0 . iR E
HEEORT b A DRETHD .

WIETFRE  ZL AL ORI, BEESET soxto o= —
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FREMO AR E B 50T, DNA HERREEIC L iR
Y%, & XBRCHROERE LTRI A, soxi0 %4
Lo/ LD REORES 5 5.

(4} Zoqlb, SRR En

B bH ¥

SERMERIG VBT R S ORI, R S - —
WEL AL Pz, MRI DX B RN & S E R L -
DAZERHIT LIS 5 2 M. REETIL, 1 ERO
EPEEW ST LA, A SOMEIC Y TiIRE b A
W EBDNBIESA L LD S TEET B, 29 o kil
RENOBALAFLEIN L BB 00, $5WIEEMNO
BIZFHEIC L BB TH 00, BAhAS, BAERET
ARG TR AR T R S AT A D LI T
Bus, T HRET S B R AN R R 4 o B
EEHEE S SIS LTY oI, 1 F 1 o
Pl famiaCu  BAMI Ay, ke, RELCE &
DB AR TR o D R T A k2 b,
BEHBL D ORI OEE L H o B RO REIc LY, 26
KHETEN TV I LA THES,

FE ORI, B 21 AR S B B e e
B2 LOME (—EIEIE - ) Wb oTh S, K
ffeid, AR5 B LR A i e A SRR 2 s [Tkl
WARGRIEOI & EHIIIT 209 ] 122 Y, AN
RO LR TH DL TWS,

ARHBIEH I, ADDH ORISR & LT POLRIR HF S
(Bernard et al. Ant J Hum Gener 2011, in press), Arfad, Joa (%
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Congenital Cerebral Hypomyelination—Pelizaeus-Merzbacher
Disease and Associated Disorders

Ken Inoue, MDD, Akiko Iwaki, Kenji Kurosawa, MD, Jun-ichi Takanashi, MD,
Kimiko Deguchi, MD, Toshiyuki Yamamoto, MD and Hitoshi Osaka, MD
Department of Mental Retardation and Birth Defect Research, National Institute of Neuroscience,
National Center of Newrology and Psychiatry, Kodaira, Tokvo (Ki, KD} |
Medical Institute of Bioregulation, Kyushu Universiny, Fukuoka (Al) |
Departments of Genetics (KK) and Neurology (HO}, Kanagawa Children’s Medical Center, Yokohama, Kanagawa |
Division of Pediatrics, Kameda Medical Center, Kamogawa, Chiba ur
Institute for Integrated Medical Sciences, Tokyo Women's Medical University, Tokyo (TY)

Congenital cercbral hypomyelination includes a group of genetic disorders, such as Pelizaeus-Merzbacher disease (PMD], and is
characterized by hypomyelination of the cerebral white matter. Until recently, no classification system was available for congenital hypo-
myelination disorders that are clinically and genetically excluded for PMD. However, the cstablishment of now disease entities with genc
discoveries has generated a clinical need for a new clagsification and diagnostic criteria for this group of disorders. Here, we review the
recent findings on congenital cerebral hypomyelination, which includes 11 diseases, with a novel disease classification and diagnostic cri-

teria with flow charts.
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Mutations in POLR3A and POLR3B Encoding RNA
Polymerase Ill Subunits Cause an Autosomal-Recessive
Hypomyelinating Leukoencephalopathy

Hirotomo Saitsu,!* Hitoshi Osaka,2 Masayuki Sasaki,® Jun-ichi Takanashi,4 Keisuke Hamada,s
Akio Yamashita,® Hidehiro Shibayama,” Masaaki Shiina,5 Yukiko Kondo,! Kiyomi Nishiyama,!
Yoshinori Tsurusaki,! Noriko Miyake,! Hiroshi Doi,! Kazuhiro Ogata,5 Ken Inoue,3

and Naomichi Matsumoto!.*

Congenital hypomyelinating disorders are a heterogeneous group of inherited leukoencephalopathies characterized by abnormal
myelin formation. We have recently reported a hypomyelinating syndrome characterized by diffuse cerebral hypomyelination with
cerebellar atrophy and hypoplasia of the corpus callosum (HCAHC). We performed whole-exome sequencing of three unrelated individ-
uals with HCAHC and identified compound heterozygous mutations in POLR3B in two individuals. The mutations include a nonsense
mutation, a splice-site mutation, and two missense mutations at evolutionally conserved amino acids. Using reverse transcription-PCR
and sequencing, we demonstrated that the splice-site mutation caused deletion of exon 18 from POLR3B mRNA and that the transcript
harboring the nonsense mutation underwent nonsense-mediated mRNA decay. We also identified compound heterozygous missense
mutations in POLR3A in the remaining individual. POLR3A and POLR3B encode the largest and second largest subunits of RNA
Polymerase III (Pol III), RPC1 and RPC2, respectively. RPC1 and RPC2 together form the active center of the polymerase and contribute
to the catalytic activity of the polymerase. Pol IIl is involved in the transcription of small noncoding RNAs, such as 5S ribosomal RNA
and all transfer RNAs (tRNA). We hypothesize that perturbation of Pol III target transcription, especially of tRNAs, could be a common
pathological mechanism underlying POLR3A and POLR3B mutations.

Congenital hypomyelinating disorders form a heteroge-
neous group of central nervous system leukoencephalo-
pathies that is characterized by abnormal myelin forma-
tion. Although these conditions are readily recognized
by brain magnetic resonance imaging (MRI), many cases
are not diagnosed correctly.’ Several syndromes affecting
myelination, such as hypomyelination with hypodontia
and hypogonadotropic hypogonadism (4H) syndrome
(MIM 612440) and hypomyelination with atrophy of
the basal ganglia and cerebellum (H-ABC) (MIM
612438), have been described.”> We have recently
reported a hypomyelinating syndrome characterized by
diffuse cerebral hypomyelination with cerebellar atrophy
and hypoplasia of the corpus callosum (HCAHC).®
Individuals with HCAHC do not show hypodontia or
atrophy of the basal ganglia, which are observed in 4H
syndrome and H-ABC; however, diffuse hypomyelina-
-tion, atrophy, or hypoplasia of the cerebellum and corpus
callosum are overlapping features of these three
syndromes, suggesting that there might be a common
underlying pathological mechanism.

Here, we report on four individuals with HCAHC
from three unrelated families (Figure 1A; Table 1). Clinical

information and peripheral blood or saliva samples were
obtained from the family members after obtaining written
informed consent. Experimental protocols were approved
by the Institutional Review Board of Yokohama City
University. To identify pathogenic mutations, we per-
formed whole-exome sequencing of three probands from
three unrelated families (individuals 1, 3, and 4). DNAs
were captured with the SureSelect Human All Exon 50Mb
Kit (Agilent Technologies, Santa Clara, CA) and sequenced
with one lane per sample on an Illumina GAIIx (Illumina,
San Diego, CA) with 108 bp paired-end reads. Image
analysis and base calling were performed by sequence
control software real-time analysis and CASAVA software
v1.7 (Wumina). A total of 90,014,368 (individual 1),
86,942,264 (individual 3), and 92,168,758 (individual 4)
paired-end reads were obtained and aligned to the human
reference genome sequence (GRCh37/hg19) with MAQ’
and NextGENe software v2.00 with sequence condensa-
tion by consolidation (SoftGenetics, State College, PA).
This approach resulted in more than 88% of target exomes
being covered by ten reads or more (see Table S1, available
online). Single nucleotide variants (SNVs) were called with
MAQ and NextGENe. Small insertions and deletions were
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Figure 1. Mutations in POLR3B and POLR3A

(A) Pedigrees of four kindreds with HCAHC are shown. We identified four mutations in POLR3B encoding RPC2 in three individuals from
two unrelated families and two mutations in POLR3A encoding RPC1 in one family. The segregation of each mutation is shown.

(B) Schematic representation of RPC2 (upper) and RPC1 (lower) proteins with Pfam domains (from Ensembl). Locations of each amino-
acid-altering mutation are depicted with electropherograms. All of the missense mutations occurred at evolutionally conserved amino
acids. Homologous sequences were aligned with the CLUSTALW website.

(C-F) 3D representations of RPC1 and RPC2 mutations. Mutated amino acids in RPC1 and RPC2 are shown along with their equivalent
positions in the homologous RPB1 and RPB2 subunits of RNA Polymerase II (amino acid and its position in parenthesis). The structure
and positions of mutations are illustrated by PyMOL with the crystal structure (PDB accession number 3GTP). RPB3, RPB9, and RPB11
subunits, which are specific to RNA Polymerase II, have been omitted from the figure. RPB1 is shown in green, RPB2 in sky blue, RPBS in
yellow, RPB6 in dark blue, RPB8 in pink, RPB10 in orange, RPB12 in purple, DNA in brown, and RNA in red. Amino acids that interact
with mutated amino acids are also shown.
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Table 1. Clinical Features of the Individuals

Clinical Features

Individual 1

Individual 2

. Individual 3

Individual 4

Genes

POLR3B

POLR3B

POLR3B

POLR3A

Mutations, DNA

c.1857-2A>C, c.2303G>A

€.1857-2A>C, ¢.2303G>A

€.1648C>T, ¢.2778C>G

¢.2690T>A, ¢.3013C>T

Mutations, protein p-Asn620_Lys652del, p-Asn620_Lys652del, p-Arg550X, p.I1e897Asn,
p.Arg768His p-Arg768His p-Asp926Glu p-Argl005Cys
Gender M F F M
Current age (years) 27 30 16 17
Intellectual disability mild mild moderate mild
Cognitive regression - - - -
Seizures - - - _
Initial motor development normal normal normal normal
Age of onset (years) 3 3 2 4
Motor deterioration - - - +
Wheelchair use - - - +
Optic atrophy - . - - -
Myopia + + - +
Nystagmus + + _ _
Abnormal pursuit + + + -
Vertical gaze limitation + + + -
Dysphagia - - + _
Hypersalivation - - - -
Cerebellar signs + + +
Tremor - + +
Babinski refex - - - -
Spasticity - - mild -
Peripheral nerve involvement - - - -
Nerve biopsy NA NA NA NA
Hypodontia - - - _
Hypogonadism + + - -

NA is an abbreviation for not available.

detected with NextGENe. Called SNVs were annotated
with SeattleSeq Annotation.

We adopted a prioritization scheme to identify the
pathogenic mutation in each individual, similar to the
approach taken by recent studies (Table S2).5*° First, we
excluded the variants registered in the dbSNP131 or 1000
Genome Project from all the detected variants. Then,
SNVs commonly detected by MAQ and NextGENe
analyses were selected as highly confident variants; 364
to 374 SNVs of nonsynonymous (NS) or canonical splice-
site (SP) changes, along with 113 to 124 small insertions
or deletions (indels), were identified per individual. We
also excluded variants found in our 55 in-house exomes,
which are derived from 12 healthy individuals and 43
individuals with unrelated diseases, reducing the number

of candidate variants to ~250 per individual. Assuming
that HCAHC is an autosomal-recessive disorder based on
two affected individuals in one pedigree (individuals 1
and 2), we focused on rare heterozygous variants that are
not registered in the dbSNP or in our in-house 55 exomes.

We surveyed all genes in each individual for two or more
NS, SP, or indel variants. We found three to eight candidate
genes per individual (Table S2). Among them, only
POLR3B encoding RPC2, the second largest subunit of
RNA Polymerase III (Pol III), was common in two individ-
uals (individuals 1 and 3). The inheritance of the variants
in POLR3B (transcript variant 1, NM_018082.5) was exam-
ined by Sanger sequencing. In individual 1, we confirmed
that a canonical splice-site mutation (c.1857-2A>C
[p.Asn620_Lys652del]), 2 bp upstream of exon 18, was
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inherited from his father, and that a missense mutation
(c.2303G>A [p.Arg768His]) in exon 21 were inherited
from his mother (Figure 1A). The two mutations were
also present in an affected elder sister (individual 2) but
not present in a healthy elder brother. In individual 3,
we confirmed that a nonsense mutation (c.1648C>T
[p-Arg550X]) in exon 16 was inherited from her father
and that a missense mutation (c.2778C>G [p.Asp926Glu])
in exon 24 was inherited from her mother (Figure 1A). The
two mutations were not present in a healthy younger
brother. To examine the mutational effects of ¢.1857-
2A>C and c.1648C>T, reverse transcription PCR and
sequencing with total RNA extracted from lymphoblastoid
cells derived from the individuals was performed as
previously described.'! We demonstrated that the c.1857-
2A>C mutation caused deletion of exon 18 from the
POLR3B mRNA (Figures 2A-2C), resulting in an in-frame
33 amino acid deletion (p.Asn620_Lys652del) from RPC2
(Figure 1B). In addition, the mutated transcript harboring
the nonsense mutation (c.1648C>T) was found to be
expressed at a much lower level compared with the wild-
type transcript (Figure 2D). The expression level of the
mutated transcript was increased after treatment with
30 uM cycloheximide (CHX),'! which inhibits nonsense-
mediated mRNA decay (NMD), indicating that the mutant
transcript underwent NMD (Figure 2D). The two missense
mutations (p.Arg768His and p.Asp926Glu) found in the
three individuals occurred at evolutionary conserved
amino acids (Figure 1B). Among the other candidate genes
in individuals 1 and 3, MSLN (MIM 601051), encoding
mesothelin isoform 1 preproprotein that is cleaved into
megakaryocyte potentiating factor and mesothelin, is
a potential candidate in the family of individual 1 as its
homozygous variant segregated with the phenotype;
however, it is expressed in epithelial mesotheliomas,
and the mutation affects less conserved amino acid
(Table S3). The other candidate genes’ variants did not
cosegregate with the phenotype. Thus, mutations in
POLR3B are most likely to cause HCAHC in two families.

In individual 4, in whom no POLR3B mutations were
found, there were six candidate genes for an autosomal-
recessive model. Among them, POLR3A (MIM 614258,
GenBank accession number NM_007055.3), harboring
two missense mutations, appeared to be a primary candi-
date because it encodes the largest subunit of Pol HI
(RPC1) (Figure 1A and Table S2). By Sanger sequencing,
we confirmed that a missense mutation (c.2690T>A
[p.1le897Asn]) in exon 20 was inherited from his father
and that another missense mutation (c.3013C>T
[p.Argl005Cys]) in exon 23 was inherited from his mother
(Figure 1A). The two mutations were not present in
a healthy younger sister. The two missense mutations
(p.1e897Asn and p.Argl005Cys) occurred at relatively
conserved amino acids (Figure 1B). In total, we found
four mutations in POLR3B and two mutations in POLR3A.
Evaluation of the missense mutations by PolyPhen-2
program showed that three mutations (p.Arg768His,

A ex16-F 5 1867280 ex19-R
- ¢ 18G . -
3184bp 549bp 6683bp
B Individual 1 Individual 2

Control RT(+) RT{(-) RT(+) RT()

¢ exon 17 exon 18
Upper band 4 i ; AU
(WT allele) i ;*fi Normal GTCATTCGAGACC
GGTACAGGAATTTT Mutant GTCATTTGAGACC

exon 17 exon 19

Lower band CDNA

(Mutant allele)

Figure 2.
POLR3B
(A) Schematic representation of the genomic structure of POLR3B
from exon 16 to 19. Exons, introns, and primers are shown by
boxes, dashed lines, and arrows, respectively. The mutation in
intron 17 is depicted as a red dot.

(B) RT-PCR analysis of individuals 1 and 2 with ¢.1857-2A>C and
a normal control. Two PCR products were detected from the indi-
vidual’s cDNA: the upper band is the wild-type (WT) transcript,
and the lower band is the mutant. Only a single wild-type ampli-
con was detected in the control.

(C) Sequence of WT and mutant amplicons clearly showed exon
18 skipping in the mutant allele.

(D) Analysis of the ¢.1648C>T mutation. Sequence of PCR prod-
ucts amplified with genomic (upper), cDNA from untreated cells
(middle), and cDNA from CHX treated cells (lower) as a template.
Although untreated cells show extremely low levels of ¢.1648C>T
mutant allele expression, cells treated to inhibit NMD show signif-
icantly increased levels of mutant allele expression.

Effects of Splice-Site and Nonsense Mutations in

p.Asp926Glu, and p.Jle897Asn) were probably damaging
and that p.Arg1005Cys is tolerable. The ¢.2303G>A muta-
tion (POLR3B) was found in one allele out of 540 Japanese
control chromosomes. The remaining five mutations were
not detected in 540 Japanese control chromosomes, indi-
cating that the mutations are very rare in the Japanese
population. Among the other candidate genes in individ-
uals 4, IGSF10, a member of immunoglobulin superfamily,
is a potential candidate because its variants segregated with
the phenotype (Table S3); however, considering a close
relationship between POLR3A and POLR3B, and the fact
that POLR3A mutations have been recently reported in
hypomyelinating leukodystrophy (see below),'?> POLR3A
abnormality is the most plausible culprit for HCAHC in
individual 4.

The structure of Pol II**** and Pol II**'® is highly
homologous, especially in the largest subunits. Thus, we
extrapolated the mutations of RPC1 or RPC2 onto the
structure of yeast Pol II (Protein Data Bank [PDB] accession
number 3GTP)'” (Figure 1C). RPB1 and RPB2 subunits of
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yeast Pol I are homologous to RPC1 and RPC2 of Pol 1II,
respectively. Asn620_Lys652 in RPC2 corresponds to
Tyr679_Lys712 in RPB2. The deletion of Asn620_Lys652
(Tyr679_Lys712) would destroy a structural core of RPB2,
leading to loss of RPB2 function. In addition, Arg768
(Arg852 in RPB2) interacts with the main-chain carbonyl
group of Arg70 of the RPB12 subunit, and Asp926
(Asp1009 in RPB2) interacts with the side chain of Arg48
of the RPB10 subunit of Pol II (Figure 1D). Arg768His
(Arg852His) and Asp926Glu (Aspl009Glu) substitutions
are considered to disturb these subunit interactions,
leading to dysfunction of the polymerase. Therefore, struc-
tural prediction suggests that the mutations in POLR3B
(RPC2) could affect Pol III function. On the other hand,
11897 and Argl100S in RPC1 correspond to Val863 and
Argl1036 in RPB1, respectively. 11e897 (Val863) has hydro-
phobic interactions with Leul70 and Pro176 of the RPBS
subunit and with Phe900 (Phe866) of the RPB1 subunit
of Pol II (Figure 1E). 11e897Asn (Val863Asn) substitution
is likely to disturb this interaction. Argl005 (Argl036)
stabilizes interaction between RPB1 and RPB8 subunits
(Figure 1F). The Argl005Cys (Argl036Cys) substitution
appears to make this interaction unstable. Thus mutations
in POLR3A are also predicted to affect Pol III function.
Clinical features of individuals with POLR3A or POLR3B
mutations are presented in Table 1. MRI revealed high-
intensity areas in the white matter in T2-weighted images,
cerebellar atrophy, and a hypoplastic corpus callosum in all
four individuals (Figure 3). Individuals 1 and 2 showed an
extremely similar clinical course. They developed normally
during their early infancy, i.e., walking unaided at 15 and
14 months, and uttering a few words at 12 and 13 months,
respectively. After the age of 3, individual 1 presented with
unstable walking and frequent stumbling and falling
down, and individual 2 became poor at exercise. They
both had severe myopia (corrected visual acuity of 0.7
and 0.5 at most, respectively). They graduated from
elementary, junior high, and high schools with poor
records, and the intelligence quotient (IQ) of individual 2
was 52 (WAIS-III). In individual 1, unstable walking was
prominent at around 18 years, and he could not ride
a bicycle because of ataxia; however, he could drive an
automobile. Amenorrhea was noted in individual 2, and
was successfully treated by hormone therapy. Individual
1 showed several signs of hypogonadism, including
absence of underarm and mustache hair, thin pubic hair
(Tanner IT), and serum levels of testosterone, follicle stimu-
lating hormone, and luteinizing hormone that were below
normal for age 27. Neurological examination of both
individuals revealed mild horizontal nystagmus, slowing
of smooth-pursuit eye movement, and gaze limitation,
especially in vertical gazing, hypotonia, mildly exagger-
ated deep-tendon reflex (patellar and Achilles tendon
reflex) with negative Babinski reflex, and cerebellar signs
and symptoms, including ataxic speech, wide-based ataxic
gait, dysdiadochokinesis, and dysmetria. Clinical informa-
tion for individual 3 has been reported previously.® Addi-

individual 2 (30 yr) individual 1 (26 yr)

individual 3 (15 yr)

individual 4 (15 yr)

Figure 3. Brain MRI of Individuals with POLR3B and POLR3A

Mutations

(A, C, E, and G) T2-weighted axial images through the basal
ganglia. High-intensity areas in the white matter were observed
in all individuals.

(B, D, E and H) T1l-weighted midline sagittal images. All the
individuals showed hypoplastic corpus callosum (arrowheads)
and atrophy of cerebellum (arrows).

tional findings are as follows: slowing of smooth-pursuit
eye movement, gaze limitation in vertical gazing, normal
auditory brain responses (ABR), cerebral symptoms with
mild spasticity, and intellectual disability (an IQ of 43
according to the WISC-III test), and no myopia but hyper-
metropic astigmatism. She showed no deterioration
besides a mild dysphagia and walks herself to a school for
the disabled. Individual 4 developed normally during his

The American Journal of Human Genetics 89, 1-8, November 11, 2011 5



Please cite this article in press as: Saitsu et al., Mutations in POLR3A and POLR3B Encoding RNA Polymerase III Subunits Cause an Auto-
somal-Recessive Hypomyelinating Leukoencephalopathy, The American Journal of Human Genetics (2011), doi:10.1016/j.ajhg.2011.10.003

early infancy, had normal head control at 3 months, was
speaking a few words at 12 months, and was walking un-
aided at 14 months. His parents noted mild tremors
around 4 years. He had normal stature, weight, and head
circumference. Although he had severe myopia, his eye
movement was smooth with no limitation or nystagmus.
He had sensory neuronal deafness on the left side. He
showed normal muscle tone and had no spasticity or
rigidity. His tendon reflexes were slightly elevated with
a negative Babinski reflex. Cerebellar signs were noted;
expressive ataxic explosive speech, intension tremor,
poor finger to nose test, dysdiadochokinesis, dysmetria,
and wide-based ataxic gait. His intelligence quotient was
57 (according to the WISC-III test). His peripheral nerve
conduction velocity was within the normal range and his
ABR showed normal responses on the right side. He
suffered motor deterioration around age 14 and became
wheelchair bound.

In this study, we successfully identified compound
heterozygous mutations in POLR3A and POLR3B in indi-
viduals with HCAHC. Very recently, Bernard et al.'* re-
ported that POLR3A mutations cause three overlapping
leukodystrophies, including 4H syndrome, suggesting
that HCAHC is, at least in part, within a wide clinical spec-
trum caused by POLR3A mutations. The p.Arg1005Cys
mutation was shared between individual 9 in their report
and our individual 4. All 19 individuals with POLR3A
mutations showed progressive upper motor neuron
dysfunction and cognitive regression. In addition, indi-
vidual 9 showed abnormal eye movement, hypodontia,
and hypogonadism. None of these features were recog-
nized in our individual 4; these differences further support
phenotypic variability of POLR3A mutations.'* Given the
phenotypic similarities among 4H syndrome, HCAHC,
and H-ABC, there is a possibility that H-ABC is also allelic
and caused by recessive mutations in either POLR3A or
POLR3B.

Pol TII consists of 17 subunits and is involved in the
transcription of small noncoding RNAs, such as SS ribo-
somal RNA (rRNA), U6 small nuclear RNA (snRNA), 7SL
RNA, RNase P, RNase MRP, short interspersed nuclear
elements (SINEs), and all transfer RNAs (tRNAs). Pol III-
transcribed genes are classified into three types based on
promoter elements and transcription factors. 5SS rRNA is
a solo type I gene. Type II genes include tRNA, 7SL
RNA, and SINEs. Type III genes include U6 snRNA, RNase
P, and RNase MRP.'®-2° The Pol III system is important for
cell growth in yeast, and its transcription is tightly regu-
lated during the cell cycle.?’ In zebrafish, polr3b mutant
larvae that have a deletion of 41 conserved amino acids
(A239-279) from the Rpc2 protein showed a proliferation
deficit in muitiple tissues, including intestine, endocrine
pancreas, liver, retina and terminal branchial arches.”!
In the mutants, the expression levels of tRNA were signif-
icantly reduced, whereas the level of 5S TRNA expression
was not changed, suggesting that this polr3b mutation
can differentially affect Pol III target promoters.”’ RPC2

contributes to the catalytic activity of the polymerase
and forms the active center of the polymerase together
with the largest subunit, RPC1.*? Thus, it is reasonable
to consider that mutations in POLR3A and POLR3B cause
overlapping phenotypes. Indeed, three individuals with
POLR3B mutations showed diffuse cerebral hypomyelina-
tion, atrophy of the cerebellum and corpus callosum, and
abnormal eye movements that overlap with POLR3A
abnormalities.’® Furthermore, two out of three individ-
uals showed hypogonadism, suggesting a common patho-
logical mechanism between POLR3A and POLR3B muta-
tions. In the zebrafish polr3b mutants there were no
defects of the central nervous system other than a reduced
size of the retina, probably reflecting species differences;
however, the reduced level of tRNA in the polr3b mutants
raises the possibility that defects of tRNA transcription by
Pol III could be a common pathological mechanism
underlying POLR3A and POLR3B mutations. Supporting
this idea, mutations in two genes involved in aminoacyla-
tion activity of tRNA synthetase cause defects of myelina-
tion in central nervous system: DARS2 (MIM 610956) and
AIMP (MIM 603605).2>2* In addition, mutations in four
genes encoding aminoacyl-tRNA synthetase cause Char-
cot-Marie-Tooth disease (MIM 613641, 613287, 601472,
and 608323), resulting from demyelination of peripheral
nerve axons: KARS (MIM 601421), GARS (MIM 600287),
YARS (MIM 603623), and AARS (MIM 601065).>528
Thus, it is very likely that regulation of tRNA expression
is essential for development and maintenance of myelina-
tion in both central and peripheral nervous systems.

An interesting clinical feature of POLR3B mutations is
the absence of motor deterioration. All three individuals
with POLR3B mutations could walk without support at
ages 16, 27, and 30, whereas individual 3 with POLR3A
mutations had motor deterioration around age 14. Bernard
et al.'? also reported progressive upper motor neuron
dysfunction and cognitive regression in individuals with
POLR3A mutations. Thus, there is a possibility that pheno-
types caused by POLR3A mutations could be more severe
and progressive than POLR3B mutant phenotypes. Identi-
fication of a greater number of cases with POLR3B muta-
tions is required to confirm this hypothesis.

In conclusion, our data, together with that of a previous
report,'? demonstrate that mutations in Pol III subunits
cause overlapping autosomal-recessive hypomyelinating
disorders. Establishment of an animal model will facilitate
our understanding of the pathophysiology of the multiple
defects caused by Pol III mutations.

Supplemental Data

Supplemental Data include three tables and can be found with this
article online at http://www.cell.com/AJHG/.
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