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LOERE[{GILLOTHDL, HAMEREZZET D
IZh720 , EERICYFE Th 2 BEFIRNEBAL
FRIZOWTESE L TV D7 &0 5 BERIEOH
FUTTWAAVEHEETH D, BERBENARH LT
D= LAA— Y BT TBOEME ) L 94 A
DHRWVRY | RLEOERTRDORMKRED Z &
TRVWATES S g EBNEFT B KE OB
2BV T thanatophoric &9 SHED EMNEL
WHETHHZ EEMY . “l think they should
change the name to life bringing” H7¢ PyH
AT DR RN D, BERENLDOE
RIEES . £ OFA B IR DB AT 72 5 W]EE
PER & B T O BRABCLIE & 55 D T2+ 43 7R Wt A3
BEEZD,
W4 PRZE B 5 B

PB4 PRI E B A PR E By FA O TR CHillE S
NTWDTID, AMZEEIC &V R MR I TREL
ZETTAREEDR B 2 bil, RERERDAICD
WTITRET D2 ENDH D, FoA %I
MERE 2D AHEEIZT TCilgima LT <
VELHDEEZZD,

3. WHIEDRS L 41 DR

AWFFEITF AL (LT ORBEESCRA R H Y |
BEROHEEITTE 220, OFEMMGTHE ORI E
BRWRWEED 07 LREA LAY 5 B Ak
Ligpote, @EIEERBE, @i — R T

TEF B OPWEICIRE LIRIGEEO W L4558,

AHFZE I B EHER AN 2 B W (B R R 35
) A & UG (f > & B o — ) OKIE
K2 RIRF IR Uiz Tosd, BN EMERHIG %2 5
A EICEROETFICHELLEXD, ZbIC
IEFANCERECE 2 FH S H Y | GBI

BRI RNEEThoTe, BRUEBOERZWIZ
TR Z S 572, WO EfEMEOHLRIZ O

5]
http://blog.goo.ne.jp/wsmayu0501/e/9¢25486199c5aa7cb918700
?da28e 786

= http://www.youtube.com/watch?v=R_Q92M C8plU

TIIMFEDIRR T 5, WFFRHECTII2 W B HE D fife
SMART L L BT, WIEZKD O DBIRTFH
B (Al 2 844 LT B,
FlABOMBEE LT, BRIAEFBREDO NI
W PR RE O FER-CRTRE A, B ARIEE, QOL, K
BEEIZOWTORER, S OIZIEEMIZhZ-T
BEDT T EAT 5 FHRICK T 5 7 X\ Z21T 9
ZEEAME L, BEFRBEPE L TWDL T
DARLERNG IR, FEFEY—EADELZR EIZONT
DB METHLEEZX D, ZTILHITOWTIE,
FoWRHE (A A e —fiE) & LTHEET D Z
EEBEIL TN D,

E. f&m

AEE AR IC L0 BOEME B AUE OB
AT & &b, BIRED TEIEME Bk
JE] L WO RBAFRICOWVWTED L HITE L TV
D InE A - T Uc, BOEMEE SIERUE &V 9
A EITFG TR R Y | ARSI EY) 7 i
BT AIVUERMAEGFRAETH D Z RSN
7eo L2 LIAIRHIC AR R (SRR BN e ST
WRUWNE JEPEIBEC 2 2 rTREE A SN 2 8 b
RENTZ, T ORI E R GENT I L, A
AW TH L0089 b B TA%R OB % i
DTN ANETH D,
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BT =27 7. LW LiniR, 469-472, 2001,
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I, typell. /NREPNFE, Vol.36 H4FI5 300-303,
2004.

5)  {EHIER ARARHIZ D7 D Pe RME DY R R
JE~ORIG BB 7Y s BARBED Y
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Eﬁ@ﬂ%ﬁn%ﬁ%A(%@ﬁ

BILARAT FEH2E)

SRS E

B

W E R
WrmhE  EEE

e F

BN BIERAE D R IR &+ Tdh 5 FGFR3 OB A2 Wi s,
AR AL, B2 A LT 254, Bt
FGFR3 DT IZEEROLE B ST T, 27 V250N T

FRAE DREGE 21T o T2,

fEMT S FIRE & 72 D X 9 I Y L 7=,

A. WFEE®

B E B RIE, W — DJRKEE T &5

z b5 FGFR3 OB F2Wr 23T 2 2 M
D7, BR TR OB B T2k
WEETH D, Fxid, REHLEEFZKZ
FH T 5720, HMER N T FEMATRE 2 ¥ A
V7 b= 2B D FGFR3 04
TV UM ARG L, £7o, BENMmEE
BRIZBW T, Ea T Eii 0 5E# % <
J. B2 EEZ 52 L2
LTz,

B. WF%EJ5iE
NCBI A" — L= b 57,
DNA i il 5] Reference
_12632.1 75  FGFR3 O X7 F K& 2 —
KT sz r7 v 0zxkL T 1~3 Mo
Primer Z#%it L. 2> b2 —/LDNA % H
WT,PCR USEKHDOHEFZTH L &b
V= RV I RRAGICERTE 2
Primer & v b 225 L 7=,
$7-. FGFR3 & &gttt o f A% B i
KT D RIRMTHREERYE 2 —O Mm%

FGFR3 o
Sequence : NG

RIYARIE O BIE T DI

(ZBH9 D oE

FE it PTHE 72 bl B XA 2R,
CBWTHE A VY by — 7 2 RAEICLD

BT L,
272,

(fifw B2 i~ D ficl jE.)
FGFR3 it FIAEZERR L. A7 4 —
ARavtvry MERBFIE, £, BikB X
O EOEALEZHR LT,

BB 72 W F2 it~ O 3 i

C. WFgess &

FGFR3 &2~ 7 Y > % 10 ki 57 1F, PCR
BXO®y—r7 2o 2% EkE, 10 (84T
N, BRI BAERE S E 2 61D T D e
WTET, £, BME LS ST F
e 2 ERL L 7,

Wk 22 4F 10 HAoBiNfmEEEZ B &I T
FGFR3 DA+ i 32 it O 7F 7] 2 1572,

D. #%2
G FMNTIC B T > TR BB O R#,
EROEH, REOE#RL EL OERF
HARD D, FEOEMIZHZ > TiX, HE
NOFEHELERBL TV LERNDH D &
bbb,
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fiENT FNAE DO SER. BN B2 B2 O KGR
B 2 D B E T2 W B A O HEfE 1X
Wol=tEZTWVWD,

F.

e B i 17

e ~& 2 &L,

G.
1.
2.

w N o= o

fifF 22 7% 3%
i SCHE SR L,
TR A

. B PEME O HIRE - B ERIR DL

- FERFERURS TERL,
R RERE TESRL,
. T Ofh RFred~&Z el
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FGFR3 Y— VI ARBFIEE

TR 23FE 2821 8B R
INB IR E fE W& e
FREKRBRER EN EF



[IZLHIZ. avTS54T7R]

HEFREGEEMRRIDEREISEEI.UTOE
LESATREIZH=HTE,

il

JIES . HARSAUEREEL, ESP
TENT/LEANEICETAEHAES] (A4+X0)

TEMERBERICEISIERES] (%xX0)

rer7 /L-EEFRAARICETIMER) (BEEFBHE. XHBHFE. BFEXSE)
TR RICEA Y SmERES ) (BEFHE)

TEGFHBREICETEHASM] (BREBAEFER)

NEEAV )T - HARBWICET 2048512 (BRANEEEREFSR)

TEENREDEGFEWICET SN/ (BEAEEERFSR)

(FEDIFEFIH]

1.9WIZH->TIEAV ITA—LRAVEV MDD R TEXEIZTHRT 5L,
Fr AV ITA— LRV B EIROON-REETEET DL,

2RKRIIEARES (BB ICKYZIT.RETSH &,

SHEIFERLS (FS)ITETITIZE,



(%]
FEGREEZLUTIIRT,

£ ¥R A—h— Cat.No.
QIAamp DNA mini kit QIAGEN 51304
Ampitaqg Gold 360 Master Mix Applied Biosystems 439881
(by life technologies)
Distilled Water, Deionized, Sterile —yiRoo—> 316-90101
(LA DDW &BR)
QIAquick PCR Purification kit QIAGEN 28104
Agencourt AMPure XP BECKMAN COULTER A63881
BigDye Terminator v3.1 Applied Biosystems 4337455
Cycle sequencing kit (by life technologies)
BigDye XTerminator fF&l¥&whk Applied Biosystems 4376486
(by life technologies)
3130 POP-7 RY<— Applied Biosystems 4352759
(by life technologies)
10 X Genatic Analysis Buffer Applied Biosystems 402824
with EDTA (by life technologies)
(#2%]
FEGHBEZLTIZRT,
— % & ¥R WRLM-ETIL A—h—
H—T I AI5— Veriti 96-well Applied Biosystems
H—<ILYA(95—,0.2ml (by life technologies)
(LLF Veriti200 &B)
RILTYIRIFH— Vortex GENIE 2 MSH: 25
FYES)—ERKE |3130 Pz RTAVITFIA4Y Applied Biosystems
(by life technologies)




(o FIR]
LUTICEEDORN (BB ZTRY,
T EREOHEMEIRENSEET D,

— EBEOREN —
( 1. DNASH )
2. PCR (¥ E&1ENT)

[ i ]
( 4. DNAE = )
5 49N —HTo 05
'd ' N\
6. k=5

!

7. DIRTAVITFIAH—I2&B

7
|
v
( 8. F—Afif )
( 0. MEBIER )




1. DNAHH

EDTA HEMEICKYEEMLI-2M% . QlAamp DNA mini kit [C&YDNAMEZEITS, FH# XK

BT T ILIZLI=ALY, Elution [E 100 | @) Buffer AE [ZTEE.

2. PCR

S Z (X Ampitag Gold 360 Master Mix ZFLN, IOV D Primer (£ SIGMA GENOSYS %
EDA—HN—IZTHERLTEHESLS . Primer —E(XRBEIZRT RE.HUOTILOABIILTODES

Y&d %, PCR & Veriti200 [CTTUTDESYH A VILRIEES ZHD

(RIS &R DIRE)
Exon2 Z D1t exon
Ampitag Gold 360 Master Mix 125 ul 125 yl
360 GC enhancer 25 ul —

50pmol/ | Forward primer 0.25 ul 0.25 ul
50pmol/ 1 Reverse primer 0.25 ul 0.25 ul
Template DNA Variable Variable

(final concentration 50ng) (0.5~2 ul) (0.5~2ul)
DDW Variable Variable

(to 25 pl) (to 25 1)
Total volume 25 ul 25 ul
(PCRORGEMH £ exon $£i&E)
Step Pre heat PCR(35cyole) 1st hold 2nd hold
Denature Anneal Extend

Temp(°C) | 95 95 60 72 72 4
Time 10min 15sec 30sec 1min Tmin co




(% exon @ PCR BRUT—4H IR primer)

%I & Exon Primer & i 51| PCR
Product &

Exon2 FGFR3 2Fwd TCTAACGAGCTGCCTTCCT 577bp
FGFR3 2Rvs CGAATAACAACAGCGGGAATC

Exon3, 4 FGFR3 3-4Fwd ACTGCTGTGTCTGTAAACGG 806bp
FGFR3 3-4Rvs GGCATCTAGAGCCATGTCAG

Exon5~7 FGFR3 5-7Fwd TACACAGGACGGGAAACTGA 875bp
FGFR3 5-7Rvs CCCTAGACCCAAATCCTCAC

Exon9 FGFR3 9Fwd GTAACGACTCTGTCCCATGC 872bp
FGFR3 9Rvs CCGTAAGTCACAGGATTCCC

Exon10 FGFR3 10Fwd CTCTAGACTCACTGGCGTTA 572bp
FGFR3 10Rvs GTTCTGACTTCCACCAGCAT

Exon11 FGFR3 11Fwd ATGCTGGTGGAAGTCAGAAC 498bp
FGFR3 11Rvs CGTAAGGACGAAGAGTGTCA

Exon12~14 FGFR3 12-14Fwd CTCTTCGTCCTTACGAGCAG 914bp
FGFR3 12-14Rvs TCTTCATCACGTTGTCCTCG

Exon15 FGFR3 15Fwd CTGGACTACTCCTTCGACAC 509bp
FGFR3 15Rvs GACACGTACACGTCACTCTG

Exon16, 17 FGFR3 16-17Fwd GACAACGTGATGAAGATCGCAG 834bp
FGFR3 16-17Rvs GTGGACGTCACGGTAAGGA

Exon18, 19 FGFR3 18-19Fwd CAGGCTGTTCCCGAATAAGG 587bp
FGFR3 18-19Rvs ATCTGCACTGAGTCTCATGC




3. KEIEHRHE

PCRAEEICETLTW=AZE . 3uUl ZFHAVT. 2% T7HAO—RTILERXKETFIVIT S,
Frvl#% .PCR BRIGERERET D, RIGEMADVELN (8 ELURNKED) G A L. QlAquick PCR
Purification kit (QIAGEN)Z M., RS ML V5 A (X, Agencourt AMPure XP (BECKMAN
COULTER)ZRAWVWTHEZTI. BEZIEIZEXFYFORYKFWVLERBIZHKS . XEBEOIIL—av(E
DDW T1T5,

4. DNAEE
FER TR D PCREYE 260nm ICTIRALERIFE. X50ng TDNA EE,
10~20ng.” Ul [CHBESDHEIZEHL DDW THIRT B, TE DNA template &5 5,

5. YA4IN—9T 0T

AN —IIo 0TI BRI Veriti200 —< LY A4 9F5—%HE AL, S ZE (L BigDye
terminator v3.1cyclesequencing kit(Applied Biosystems)ZFUL\%, &It & 58 & &G S8 (F L
ToEBY,

(RIGHEDEE . x8BigDye i%)

Volume
DDW Variable(to 20 1)
5 X sequencing bufffer 3.5 ul
1.6pmol Fwd or Rvs primer 2 ul
V3.1 BigDye 1 ul

DNA template Variable (0.5~3 ¢ 1)

(final concentration 10~20ng)

Total 20 11

(AN —OIUO VT RIGEH)

Cycle sequencing( 25cycle )
Step Pre heat hold
Denature Anneal Anneal/Extend
Temp(°C) | 94 96 50 60
Time 2min 10sec 5sec 2min30sec




6. ¥R
BigDye XTerminator ¥& X+ yrZHWVTER.
1) Xterminator #ZE;BICREL. + RRILTYIRT B,
2) RIHENYITYYEELI=F YT T, Xterminator 7| % 8 & PCRFa—T(2L5,
3)EIT SAMBFH& 0! ZMA D,
DIFAIND—TARINHE 1.5~2ul EMZS
5)PCR Fa—TJDEZXL-oMNYERL. FL—FRTHTE2—%EYDITf= Vortex GENIE2T
RR/INT—
TI15 DERILTIIRT B,
6)2500rpm. 2min 3= I
NEBEH 1Tl HEYDSIRTFAYIT F 54 —sample  PCR FL—MZ#H T,

7. DIRTAVITFTIA Y —IZ&B0H
CSIRTAVITFS5A4H—3130 (Applied Biosystems)ZFALY, RYT—IL. POP-7IZTH
#Bmd 5.

8. T—ARfEMT
T—AEMATIRYZE(BI DNASIS)Z#HMLY, NCBl h—LR—T kYB St i, Reference
Sequence:

NG_ 126321 zxtlBEL. ZEEREDEEEHETE T 5,

9. HRES1ERK
NYAVRAT—TAWord ZFFHVWTHREEZEZ R, EEDRAFZRE LT . EL2BESICLOT.
ERT AL, T FAX IZKBZETZILET S,



B A @Jﬂ%ﬁﬁn%fﬁﬁﬂﬁ/\ (B PER

BILARAT FEH2E)

SRS E

BOEMEE RIP UE O 8+ AT

W oHE A

=
Ly N UFTRND

WF X 4172 4 4 C FGFR3 185 T- AT 2170

RO W TDII EE L GFET H-D

e[ b 78 &
B 25 SRR [ N R v A P A
AL BFZEHE W
TD 133 B 7 DU B B %2 58 6D 2 BOFEME D
%f‘@ﬁ FMERTHDL, DIFHF LY M
YET Ry B KRB E @ 4 il (telephone
receiver #£) NEW 2 T L | BHEOEE
(clover—leaf skull) X EFEMH /e 118 L \24
S5, TD DEAEE(R FIZFGFR3 TH Y |
EHROGMERIT 909 HESNTWVWD, &
7o, IHY 11 445 % T FGFR3 Ein+ AR D
hot spot W ¥72 5, AL D H HIXER KM
IZTD & % Méht$%@mmmLm¥MW
ZATH 2 EI2L D 1) KIITEIT 5 FGFR3
ffﬁ%’jﬁﬁ@%‘ﬁﬁn%%mﬁ‘é L. b
N 2) B TR LB 2P+ 25 2 L T
» 5D,

B. W5tk

MaEoRRITHF Ly VA UFTRNBIBIR
HNZ TD & 2 W S v FH e & B AR g fr O
=3 %%%ﬂt4%f%é%ﬁﬁ&i%R
B — 27 T REIC AR T T o
5. F 9 FGFR3 j {K?O) TD hot spot # &

J 28 3E

e VE WS B sb e s B i JE (Thanatophoric dysplasia LA R TD) &
| CREM A B 2[Rl € L 7=, clover—leaf skull
Bin NI L AEEZWENIA R

H#THD,

i Exon6, 13,17 Zfigfr L, ZRPEETH
A@ﬁﬁﬁ%%ﬁbko
SONTHEREI YV BFREEFEROEKR

%iﬂ%ﬁiﬂ%@@@ﬁﬁ IO MF Lz,

(ffy B 11 ~ O B JiE)

MEERE, AR T AT ICB L Cid & m i

L 2RBEZBENOHTUTo 72,

C. WFIEHREH

D) ZR OGR4 442 TEiz £
BERE L, AESINZELBTFEARON
ARIX. R248C 28 1 44, S249C 7% 2 44, K650E
D14 ThoT-, 723, R248C I L 1N S249C
1 T AL K650F (% 1T A4 TD D REH 7> hot
spot 2R TH 5,

2) FGFR3 1 x4 2% B4 38 1 R248C 5 &
O S249C 28 BBEME O SEFNIX 3 Bl & b F W] e
DY 5 oD i
BRER 2RO D MAN R TR TD Th o7z,
K650E 28 5 15 M o> JiE 3] 13 3 B 7 DU i e g oD
O EEOERGEBAN DL 21 BTA
TWE L 2o 720, KIBOEE 278D,
clover—leaf skull HER D72 -> 7=,

KED telephone receiver



D. %%

D ERIRAIZ TD & 2 Wr S L7 e fil Cld
B (4/4) THERAERNFEE SN D, HHL R
T Thrmo, TD ITBWTTITE &I
hotspot DEHT O Z TR W AREMEAS @V,

2)clover—leaf skull ZZFE &7\ K650F
ERGEERFTOFENGEH SN, FHL
FGFR3 {5 128 B X 2 ¥kE I pUE O &
JEM Td> 5 SADDAN & 3 B 7e DU [ i g & =
7=30n, Ly b7 ETIX clover—leaf
skull OAF T 118 TD & OERNIThh
%, SADDAN [T Hi L IR DRI EBL S 2 72 S
NAVEIEIR B T2 X BAF 72720 . WH O
BNIARD CEHETH Y | Eis T 23—
DEMNFEBERERVED,

E. i

BEIRAIZ TD & @2 W S AL 72 i il s 3
(4/4) TEBE R AL R B E S LD,
clover—leaf skull ZZF & 72\ TDIT Bl B4
HAFET D72, WA FRITIC X D RED
WA ERTH D,

. £ B i
L

G. WFoER#*
1. GwCFEER
7L
2. FEHEK
7L

H. Fd0 pEME O HIE - Bk
(FPEZET,)
1. RERFERAS
7L
2. FEHFEE&
7L
3. F0fth
7L



JE AT @R A F A B & (B iR MR BT IR JEF3E)
WFoE o HER s H

OB RV AUE OB & T %I BT 5 R
2 B E M 20 I UE OB s 12

aesiEE R
ESLRE BRI o Z — B ERT o F N WATER B

=

JEPEWI B RIER D 1 D Th 5% BRI AE (ASPHYXTATING THORACIC
DYSTROPHY: ATD) IZ D W TR EZIT o7, AEEBTIL, FHRAERLEERE L THRIET D 3
SO K A 7 (ATD1, ATD2, ATD3) DIFLEAK S AL, ATD2 L1455 3 Ye K E R ICfE(E9 5 IFT80
DEFRIZ LY | ATD3 (X5 11 e KRB AF/ET 5 DYNC2HL O RIZ XV BIET D, il
ik, 22BN R IERE O 5 BliC3s T IFT80 28 BAEHT 2 #& T L. DYNC2H1 78 5
fRMT 24T > T D, EOREHE, IFT80 s A RMAT 24 T L7 5 filH 1 flicks\wT, IE
WHEICIIARONARWE AT 7 VDI A ABHE (p.R1136) BLOE4 4 Fa O
fEENTZATFTARAT 787 Z = OER (IVS4-16>C) MHRBD b vz, WPl O IC X
D, FAZT I DI ABABERIIXE NG, AT TA AT 7 v 72— OERITE:
BODEEINTWD Z e Ue, B BE O A RN 31T 2 Wk R ol iz,
AR/, LS & REIEEMAZZ L., BEBICITRMERBAIT R O ho oy, KB
VR DU R AR B & BRI O R R A R L Wi, ZoRRE. BEMERIRE
FRIE DN EARBREHICEDREBETHD 2 L, £, AFT80 OBEZ A RIZ L 5 ATD OMEE
MEL RN Z EARBET 5, 5T, BF - B ORI 226 IFT80 OEEG~T 1
25 BN B SRR B O S IR VU B - FRBE OB B e 2 £ U D 2 & IFT80 d~F 1 B &
DEORRE  JERICEELY) DL 2RI L0 THDL, ZOXKH RIEMOERIT, &
M — REEHT 28 LT, T2 OBMEELTFERIZL IR ARY N T LOWE,
EEBARFRENGIHESCEY PR OMY], BUTIRREOROBE R L. 2 OAMZ
T2 OEFEICERT D LIS,

I [F R & THORACIC DYSTROPHY: ATD) (% )& I HK
i K& (ESLREERITEE 2 —) Jit &> 5 VT Jeune JEMERE) X, JE EE W BE

PEERHIEBO 1 DTHY . WELk/ &
A. BFFEHM W7 EDANREFRICER, REBEK
€ BV M R OB Rk JE (ASPHYXIATING A4eB X O, FEREBRKZ - EalEHE



JEMERE T D, FIEMEIL 10~13 T ANIZ—
ANDFREELEBEEBEBETHY, O
Bd sl h VE Il =8 O AT R & D R A
ETHRLET D, ik ﬁ%%uw_m%

T o k5B rkne R, FBEA L
ﬁé_&%%wo
AFEEBIL B CHOREEZEYRBTHY

ZORIEIITEROBLEEFREET 5,
BED 2 &R GRAVERR & L TR
JET 5 3 oD & A 7 (ATD1, ATD2, ATD3) M
FENMLN TS, £ LT, ATD2 D EHIE:
BAR T 3 et K RIICAA(ET S IFT80
T®

V. ATD3 O FALER I35 11 Ytk R
[ZAFFES 2 DYNC2HL TH D Z & 3HIB L T
Wb, —J. ATDl O E{EEE 7I3EH 15 4.
@ﬁiﬁﬂm vy FERNTWDE DD, RIZ
[AlE STV,

AR Dhvbivid, 2BV E I RRE
D5 BN I T IFT80 DA BT 244 T L
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SHORT COMMUNICATION

Prevalence of ¢.1559delT in ALPL, a common
mutation resulting in the perinatal (lethal) form
of hypophosphatasia in Japanese and effects
of the mutation on heterozygous carriers

Atsushi Watanabel2, Tatsuki Karasugi3, Hideaki Sawai?, Banyar Than Naingz, Shiro Ikegawa3, Hideo Orimo?

and Takashi Shimada'-?

Hypophosphatasia (HPP) is an inherited disorder caused by mutations in ALPL that encodes an isozyme of alkaline phosphatase
(ALP), TNSALP. One of the most frequent ALPL mutations is c.1559delT, which causes the most severe HPP, the perinatal
(lethal) form (pl-HPP). c.1559delT has been found only in Japanese and its prevalence is suspected to be high; however, the
allele frequency of c.1559delT in Japanese remains unknown. We designed a screening system for the mutation based on
high-resolution melting curve analysis, and examined the frequency of ¢.1559delT. We found that the ¢.1559delT carrier
frequency is 1/480 (95% confidence interval, 1/1562-1/284). This indicates that ~1 in 900 000 individuals to have

pl-HPP caused by a homozygous ¢.1559delT mutation. In our analysis, the majority of c.1559delT carriers had normal

values of HPP biochemical markers, such as serum ALP and urine phosphoethanolamine. Our results indicate that the only

way to reliably detect whether individuals are pl-HPP carriers is to perform the ALPL mutation analysis.

Journal of Human Genetics (2011) 56, 166-168; doi:10.1038/jhg.2010.161; published online 23 December 2010

Keywords: ALPL; c.1559delT; perinatal form of hypophosphatasia; serum alkaline phosphatase; skeletal dysplasia;

urine phosphoethanolamine

INTRODUCTION

Hypophosphatasia (HPP) is an inherited disorder characterized by
defective mineralization of the bone and low activity of alkaline
phosphatase (ALP; EC 3.1.3.1).12 HPP is a clinically heterogeneous
disease and classified into five forms according to severity and age of
onset: perinatal (lethal), infantile (OMIM 241500), childhood (OMIM
241510), adult (OMIM 146300) and odontohypophosphatasia.' All
forms of HPP display reduced activity of unfractionated serum ALP
and the presence of either one or two pathologic mutations in ALPL,
the gene encoding an ALP isozyme (TNSALP).

The perinatal (lethal) form of HPP (pl-HPP) is the most severe
HPP with an autosomal recessive mode of inheritance. pl-HPP is
more common in Japan than in other countries.> Parents of pl-HPP
are heterozygous carriers of ALPL mutations. They show no clinical
symptoms, but have reduced serum ALP activity and increased
urinary phosphoethanolamine (PEA).*-8

ALPL is the only gene known to be associated with HPP.! More
than 200 ALPL mutations have been described, accounting for most
phenotype variabilities.” HPP is frequently caused by p.E191K and

p.D378V in Caucasians,! whereas p.F327L!° and c.1559delT!%!! are
more common in Japanese.! To date, c.1559delT has only been found
in Japanese.!! Some patients with pl-HPP are homozygous for
¢.1559delT, with parents who are heterozygous carriers for the
mutation but with no evidence of consanguinity.!>!3

To identify ¢.1559delT genotype and to examine its frequency in
Japanese, we designed a screening system based on a high-resolution
melting curve analysis.!¥ In addition, we examined serum ALP activity
and urine PEA in heterozygous c.1559delT carriers to determine
whether these markers can identify the HPP carriers.

MATERIALS AND METHODS

This study was approved by the Institutional Genetic Research Ethics Com-
mittee at Nippon Medical School and RIKEN, Center for Genomic Medicine.
Blood samples were collected under written informed consents from 3844
healthy Japanese without HPP and its related findings confirmed by orthopedic
surgeons. Genomic DNA was extracted from peripheral blood leukocytes using
standard protocols. The ¢.1559delT genotype screening was performed by the
small amplicon genotyping method based on high-resolution melting curve
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analysis.'"* PCR primers for c.1559delT were designed to flank the mutation
leaving only single base, including the mutation between the primers: 5-TT
TAAATTCTCGCGCTGGCCCTCTACCCC-3" (forward) and 5-TTTAAATTCC
CTCAGAACAGGACGCTC-3’ (reverse). PCR conditions were as follows: initial
denaturation at 95°C for 2 min, followed by 45 cycles at 94°C for 30s and
annealing at 67°C for 30s. After PCR, high-resolution melting was performed
in a 96-well plate LightScanner (Idaho Technology, Salt Lake City, UT, USA),
which collected data from 55°C to 97°C at a ramp rate of 0.10°Csec™!. The
observed number of ¢.1559delT carriers was divided by the total number of
individuals tested to determine the carrier frequency. Serum ALP activity and
urine PEA were measured in c.1559delT-heterozygous parents of pl-HPP
patients.

RESULTS

Three ALPL c.1559delT genotypes (wt/wt, wt/c.1559delT and
€.1559delT/c.1559delT) were distinguished by the modified small
amplicon genotyping method (Figure 1). A heterogeneous c.1559delT
mutation (wt/c.1559delT) was detected in 8 of 3844 healthy Japanese
subjects, indicating a carrier frequency of 1/480 in the Japanese
population (95% confidence interval, 1/1562—1/284).

The numerical value of ALP activity and urinary PEA varied in
heterozygous c.1559delT carriers in parents of perinatal HPP patients.
The majority of heterozygous c.1559delT carriers had normal levels of
both ALP activity (five out of six males and three out of four females)
and urinary PEA (three out of six males and four out of five females)
(Figure 2).

DISCUSSION
Based on our results, we estimated the frequency of c.1559delT-
homozygous individuals (for example, those with pl-HPP) to be
1/900 000. Previous studies showed that all Japanese pl-HPP patients
carried the ¢.1559delT mutation in at least one allele; half (10/20)
were homozygous for ¢.1559delT and half (10/20) were compound
heterozygous for c.1559delT,>~>!5> which gives a pl-HPP prevalence
of 1/450000 for patients that are homozygous or compound hetero-
zygous for ¢.1559delT mutation. The other common mutation on
ALPL in Japan, p.F327L, is a mild allele whose product retained
~70% of its enzymatic activity. Patients compound heterozygous for
€.1559delT and p.F327L are not associated with pl-HPP.!?
Biochemical markers, serum ALP activity and urinary PEA levels
fell within their normal ranges in the majority of the c¢.1559delT
carriers examined in this paper, whereas heterozygous -carriers
of the severe forms in other ALPL mutations were reported to
have reduced serum ALP activity and increased urinary PEA.*8
Some possible reasons why c.1559delT carriers display normal
marker levels are as follows: the first is the protein properties caused
by the different mutation positions. The ¢.1559delT mutation
causes a frameshift downstream of codon L503, resulting in the
elimination of the termination codon at 508 and the addition of 80
amino acids at the C-terminus. The mutant protein forms an
aggregate that is polyubiquitinated and then degraded in the protea-
some. However, the aggregates possess enzyme activity, and
may, therefore, influence physiological processes before their destruc-
tion.!® Second, serum ALP activity is affected by some other factors.
The genetic modifier of ALP is reported to have a potential influence
on serum ALP activity.!” Total ALP value is also elevated by
some environmental factors, in vitamin D deficiency? or in the
third trimester of gestation by the increasing placental ALP, which
is not affected by TNSALP.!'® Recently, it was shown that patients
who are homozygous for the c.1559delT mutation differed in the
severity of HPP, including both their symptoms and serum ALP
activity.!?
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Figure 1 Identification of c.1559delT mutation in ALPL by small amplicon
genotyping (SAG) method. (a) Normalized fluorescence plots. (b)
d(fluorescence)/dT plot. (c) The corresponding fluorescence difference plots.
Wild-type (wt/wt) samples are in gray; samples heterozygous for c.1559delT
(wt/c.1559delT) are in red; and samples homozygous for c.1559delT
(c.1559delT/c.1559delT) are in blue. The three genotypes were clearly
distinguishable in the SAG method.
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Figure 2 Biochemical marker levels in heterozygous carriers of the ALPL
¢.1559delT mutation. The serum ALP activity (a) and urinary PEA (b) levels
in the majority of heterozygous carriers (wt/c.1559delT) fell within normal
ranges (indicated by arrows).
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Thus, the only way to reliably detect the pl-HPP carriers is to
perform the ALPL mutation analysis. The small amplicon genotyping
method in this study using the high-resolution melting curve analysis
is a one-step, single-tube method for detection of specific mutations
and faster, simpler and less expensive than the approaches requiring
separations or labeled probes.!”

The screening for ¢.1559delT in ALPL may be useful for diagnosis of
pl-HPP in Japanese to provide optimum genetic counseling for fetal
skeletal dysplasia. pl-HPP occasionally could not be diagnosed with
sonographic examination in the first trimester because incomplete
ossification is an usual finding at this stage of development.?® To
diagnose pl-HPP, collaborations between obstetricians and clinical
geneticists are important and could provide support for parents of
prenatal patients suspected of having skeletal dysplasia.
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CASE REPORT
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Abstract

Objective. Fetal three-dimensional helical computed tomography (3D-CT) has attracted attention in the diagnosis of fetal skeletal
dysplasias because of limited diagnostic capabilities of standard ultrasonography to delineate the skeleton. Here we report the first
instance of diagnosing Kniest dysplasia with 3D-CT.

Methods. Fetal 3D-CT was performed for a fetus at 28 weeks’ gestation after ultrasonography at 24 weeks had shown moderate
shortening of the limbs, mild narrow thorax, and polyhydramnios. The imaging parameters were set so as to reduce estimated fetal
irradiation dose to 12.39 mGy of the CT dose index volume and 442 of the dose length product.

Results.  Fetal 3D-CT revealed dumbbell-shaped femora and platyspondyly with coronal cleft of the lumbar vertebral body. This
warranted a diagnosis of Kniest dysplasia and corresponded well with postnatal radiographic findings. In retrospect, however,
spinal deformation was somewhat underestimated due to image smoothing associated with image processing in 3D-CT. Genetic
testing for COL2A1 confirmed Kniest dysplasia; i.e., a de novo mutation of A—C transversion at the splice acceptor site of the 3’ end
of intron 16.

Conclusions. The combined use of 3D-CT with ultrasonography is a power tool for the prenatal diagnosis of congenital skeletal
dysplasias.
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Introduction

Kniest dysplasia (OMIM 156550) is an autosomal dominant ing [3]. Recently, fetal three-dimensional helical computed

(AD) skeletal dysplasia characterized by characteristic mid-face tomography (3D-CT) has been introduced as a powerful tool

hypoplasia and distinctive skeletal changes, including dumb- for the prenatal diagnosis of skeletal dysplasias [4-6]. Accurate

bell deformity of the long bones and platyspondyly with coronal diagnosis accomplished with fetal 3D-CT has been shown to

clefts [1]. The exact incidence remains to be determined. The help perinatal management and genetic counseling.

disorder is caused by a heterozygous mutation of the type II We report here on the first case in which fetal 3D-CT

collagen gene (COL2A1), however, most cases are attributed to warranted a prenatal diagnosis of Kniset dysplasia caused b

sporadic mutations. Reports on the prenatal diagnosis of de novo COL2A1 mutation. Fetal ultrasonography at 24 w

Kniest dysplasia have been very limited. gestation did not provide optimal images for the defig
The routine use of ultrasonography in obstetric manage- diagnosis, while fetal 3D-CT at 28 weeks’ gestatlo

ment has apparently increased occasions of encountering fetal diagnosis was postnatally confirmed on radi

skeletal dysplasias. The technical development of ultrasono- molecular grounds.

graphy has continuously improved the diagnostic accuracy for
these disorders iz utero [2]. However, a precise diagnosis is not

. . Case report
necessarily warranted by ultrasonography alone; thus, guide-
lines for the prenatal diagnosis of fetal skeletal dysplasias have A 23-year-old Japanese pmmlgxav
emphasized combined use of multi-modalities, including gestation because of fetal
in-utero radiography, fetal magnetic resonance imaging ultrasonography. Fetal param

graphy were biparietal di

(MRI), three-dimensional ultrasonography, and genetic test-
femoral length (FL)
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(HL) 30.5 mm (—4.5 SD), fetal trunk area (FTA) 35.9 cm?,
and estimated fetal body weight (EFBW) 756 g (—1.2 SD).
The fetal thorax was deemed to be slightly hypoplastic. An
amniotic fluid index (AFI) exceeding 27 cm constituted the
diagnosis of polyhydramnios at 24 weeks’ gestation. Other
findings, including abnormal facial and head profiles with a
short and flat nose, did not help make the diagnosis definite.
The limb shortening was not so severe as to consider a lethal
skeletal dysplasia [7], and the overall ultrasonographic
findings strongly indicated a diagnosis of achondroplasia.
However, polyhydramnios at 24 weeks’ gestation was con-
sidered uncommon in achondroplasia. Thus, fetal 3D-CT
was planned to obtain further information. We also offered
chromosomal analysis by amniocentesis to the couple, but
they did not agree with genetic examination.

At 28 weeks’ gestation, fetal 3D-CT was performed after
informed consent. Fetal 3D-CT images were obtained using a
16 slice scanner (SOMATOM Sensation 16-Slice Cardiac CT
Scanner; Siemens) with 12.39 mGy of the CT dose index
volume (CTDIvol). CT images were obtained using volume
rendering with three-dimensional reconstruction (3D-VR)
and maximum intensity projection (MIP). The 3D-VR images
showed platyspondyly, limb shortening, and a dumbbell
appearance of the tubular bones (Figure la). MIP images
revealed a coronal cleft of the 4th lumber vertebral body and
facilitated  identification of the dumbbell deformity
(Figure 1b, ¢). Given these findings, a diagnosis of Kniest
dysplasia was the most plausible diagnosis. Since Kniest
dysplasia is not associated with bone fragility or macrocephaly,
we concluded that the vaginal delivery would be possible and
safe for the fetus, and the couple also agreed this decision. We
then repeated amniocentesis with withdrawal of amniotic fluid
to reduce polyhydramnios.

A female neonate was vaginally delivered following
spontaneous onset of labor pain at 37 weeks’ gestation. Birth
weight was 2863 g and length 40.8 cm. Apgar score at 5 min
was 6, but the newborn progressed quickly to respiratory
distress requiring intubation, and then artificial ventilation
was carried out for 10 days. Physical findings included a flat
mid-face, depressed nasal bridge, micrognathia with cleft
palate, and micromelia. Hearing impairment was noted later
on brainstem auditory evoked response. The radiological
findings were identical with those on the previous fetal 3D-
CT; i.e., broad thorax, platyspondyly, dumbbell appearance
of the long bones, coronal cleft of the 4th lumber vertebral
body and broad ilia with hypoplasia of the basilar portion
(trefoil-shaped pelvis) (Figure 2a, b). However, flat and
deformed vertebral bodies with anterior wedging were severer
than expected based on the fetal 3D-CT imaging. A diagnosis
of Kniest dysplasia was made, but dyssegmental dysplasia
Rolland-Desbuquois type was not completely excluded.
Genetic testing for COL2A1 revealed a de novo mutation of
A~C transversion in the splicing acceptor site of intron 16
(Figure 3) and confirmed the diagnosis of Kniest dysplasia.

Discussion

Ultrasonography has played a central role in the prenatal
diagnosis of skeletal dysplasias in the second or third
trimesters of pregnancy. However, conventional two-dimen-
sional ultrasonography has provided limited diagnostic
success, with only 50-68% of cases being accurately
diagnosed [7,8]. The accuracy may decline when we have to
address a very rare disorder with no family history [9]. A
systemic approach to the fetal skeleton with conventional
ultrasonography cnables one to identify shortening and/or
curvature (bowing) of the limbs, bone fractures, thoracic

Figure 1. Images of helical CT of the fetus. (a) Frontal image of 3D-VR showing platyspondyly, shortness of the limbs and dumbbell appearance
(an arrow) of tubular bones. (b) Frontal image of MIP showing prominent broad metaphyses (an arrow) resulting from splaying, which strongly
suggested a diagnosis of Kniest dysplasia. (¢) Lateral image of MIP showing coronal cleft in the 4th lumber vertebral body (an arrow) and
prominent broad metaphyses. Magnification of the coronal cleft is shown to the right of the arrow.
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Figure 2. Standard radiographs after birth. (a) Frontal image showing relative broad thorax, platyspondyly, shortness of the limbs, short femora and
dumbbell appearance (an arrow) of tubular bones, and broad ilia with hypoplasia of basilar portion (trefoil-shaped pelvis). (b) Lateral image
showing prominent splaying of metaphyses of femora, coronal cleft in the 4th lumber vertebral body (an arrow). Magnification of the coronal cleft is

shown to the right of the arrow.
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Figure 3. Sequencing analysis of the COL2A41 gene showing AG to
CG mutation in the splicing acceptor site of intron 16. In the absence
of this mutation, exon 17 would start at the next codon G (blue
arrow).

hypoplasia, presence of scapulae and clavicles, and decreased
bone density (hypomineralization) in fetal skeletal dysplasias
[10]. However, certain anatomical parts, such as the vertebral
column and pelvic bones are difficult to evaluate, and several
specific findings, such as stippled epiphyses, may be over-
looked [9]. In the present case, ultrasonography displayed
only moderate shortening of the limbs, mild thoracic
hypoplasia, and abnormal facial profiles and we were not able
to make a definitive diagnosis of Kniest dysplasia.

There have been very few reports on prenatal diagnosis of
Kniest dysplasia. Only three cases have been reported in the
literature [11-13]. Bromley et al. first reported the prenatal
sonographic features of an affected fetus in the second
trimester, but did not reach a diagnosis of Kniest dysplasia
[11]. The diagnostic difficulty was attributed to the incom-
plete development of the skeletal alterations of the disorder in
the second trimester, other than slightly short long bones.
Kerleroux et al. also described the difficultly of making an
antenatal diagnosis of Kniest dysplasia particularly because

the disorder is similar to spondyloepiphyseal dysplasia
congenita [12]. Cuiller et al. employed not only standard
ultrasonography but also 3D ultrasonography, and they were
able to conclude that the fetus had a severe, but non-lethal,
skeletal dysplasia, most probably Kniest dysplasia, based on
their findings with 3D ultrasonography [13]. However, they
also commented on the diagnostic limitation of conventional
ultrasonography.

As in the present case, abnormal facial and head profiles
with a short and flat nose, no frontal bossing, normal BPD,
and mild to moderate shortening of the limbs are common
ultrasound findings of Kniest dysplasia in previous reports. By
contrast, straight or bent long bones, absence or presence of
polyhydramnios, and normal to mild hypoplastic thorax are
variable among reported cases. To ascertain the diagnosis of
Kniest dysplasia, it is necessary to rely on the skeletal
hallmarks of the disorder; i.e., coronal clefts, platyspondyly,
severe metaphyseal flaring (a dumbbell-shaped appearance) of
the long bones, and broad ilia with hypoplasia of the basilar
portion (trefoil-shaped pelvis). In our case, we were able to
identify a coronal cleft on the fetal 3D-CT, which pointed to a
diagnosis of Kniest dysplasia. Coronal clefts are observed not
only in Kniest dysplasia (63%) but also in other bone
dysplasias; e.g., in atelosteogenesis (88%), chondrodysplasia
punctata (79%), dyssegmental dysplasia (73%), and short rib
polydactyly syndrome (73%) [14]. However, 3D-CT clearly
delineated other skeletal hallmarks of Kniest dysplasia and
eventually led to a definitive diagnosis. In general, ultrasono-
graphy often fails to identify platyspondyly even when the
examination was conducted with experienced ultrasound
operators [10]. Identification of coronal clefts of the vertebral
body and exact assessment of pelvic deformity may also be
beyond the diagnostic capability of ultrasonography.

We have already reported on the usefulness of fetal 3D-CT,
where based on short limbs, hypoplastic lung and macro-
cephaly, it was possible to diagnose thanatophoric dysplasia [6].
Fetal 3D-CT can also identify fetal skeletal dysplasias more
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accurately (73-94%) than standard ultrasonography [8,9].
MIP and 3D-VR are the image-processing techniques most
commonly used current 3D-CT imaging. As shown in Figure
1, 3D-VR is helpful in observing the global structure of the
skeleton. On the other hand, MIP is useful in precise
observation of each bone. In our case, MIP imaging was
similar to postnatal radiographs (Figures 1b and 2a). The use of
both techniques is recommended since this result in exquisite
imaging and reliable interpretation. Two-dimensional multi-
planar reformatted imaging (MPR) may also be done to
preclude overlooking subtle changes in a fetus. However, we
have to emphasize that image smoothing associated with image
processing may underestimate certain skeletal changes, such as
deformity of the vertebral bodies, as exemplified in our case.

In the present case, we needed to make a differential
diagnosis between Kniest dysplasia and dyssegmental dysplasia
Rolland—Desbuquois type both prenatally and postnatally.
Dyssegmental dysplasia is an autosomal recessive (AR)
disorder caused by mutations of the perlecan gene. The
radiological hallmarks, including platyspondyly with multiple
coronal clefts and dumbbell-shaped tubular bones, overlap
with those of Kniest dysplasia. Yet, coronal clefts are more
severe in dyssegmental dysplasia than those in Kniest dysplasia
[1]. In addition, the vertebral bodies in dyssegmental dysplasia
are often irregular in shape and size, the finding of which is
termed anisospondyly. In our case irregularly shaped vertebral
bodies were somewhat prominent. Since differential diagnosis
between dyssegmental dysplasia and Kniest dysplasias is
important for genetic counseling because of different modes
of inheritance (AR vs. AD), we performed a molecular analysis
to detect mutations in COL2A1 in the present child. Hetero-
zygous mutations of COL2A1 cause several clinical entities
collectively termed type II collagenopathies, including Kniest
dysplasia, Stickler dysplasia type 1, and spondyloepiphyseal
dysplasia with variable severity [15]. Most cases of Kniest
dysplasia are caused by exon skipping due to splice-site
mutations in the triple helical region of COL241 [15]. The
mutation of A-C transversion in the splicing acceptor site of
intron 16 found in the present patient was novel and presumed
to cause exon 17 skipping (Figure 3).

In conclusion, we have reported a sporadic case of Kniest
dysplasia successfully diagnosed in uzero with fetal 3D-CT.
The diagnosis was confirmed by genetic testing after birth.
Fetal 3D-CT is a powerful tool in the diagnosis of fetal skeletal
dysplasias when ultrasound diagnosis is inconclusive. In
addition to the 3D-VR technique commonly utilized with
3D-CT, the MIP technique is essential to evaluate anatomical
details in congenital skeletal dysplasias.
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Abstract

We present a case of short-rib polydactyly syndrome (SRPs) type 3 in which accurate prenatal diagnosis was
feasible using both ultrasonography and 3D-CT. SRP encompass a heterogeneous group of lethal skeletal
dysplasias. However, the phenotypes overlap with those of nonlethal skeletal dysplasias (i.e. Ellis-van Creveld
syndrome and Jeune syndrome). As accurate prenatal diagnosis of SRP is helpful for parents, we used 3D-CT
in the early third trimester to examine a fetus suggested to have phenotypes of ‘short-rib dysplasia group” on
ultrasonography. 3D-CT showed mild modification of the vertebral bodies, small ilia with horizontal acetabula
and triangular partial ossification defects, and subtle metaphyseal irregularities of the femora. These CT
findings and an extensive literature search regarding the phenotypes of various diseases categorized as
short-rib dysplasia group led to a correct prenatal diagnosis of SRP type 3. This case exemplified the usefulness
of 3D-CT for the precise prenatal diagnosis of skeletal dysplasias.

Key words: 3D-CT, asphyxiating thoracic dystrophy, Jeune syndrome, prenatal diagnosis, short-rib polydac-
tyly syndrome.

Introduction

Short-rib polydactyly syndromes (SRPs) encompass a
heterogeneous group of lethal skeletal dysplasias that
are inherited in an autosomal recessive manner. SRPs
are classified into four types: type 1 (Saldino-Noonan;
OMIM 263530), type 2 (Majewski; OMIM 263520), type
3 (Verma-Naumoff;, OMIM 263510), and type 4
(Beemer-Langer; OMIM 269860). Nosology and Classi-
fication of Genetic Skeletal Disorders: 2006 Revision
lists these disorders as ‘short-rib dysplasia (with or
without polydactyly) group’.! The constellation of a

severely narrow thorax, short limbs, and polydactyly
allows prenatal diagnosis of SRPs with fetal ultra-
sonography. However, the phenotypes of SRPs overlap
with those of nonlethal, but occasionally semilethal,
skeletal dysplasias that belong to the short-rib dyspla-
sia group (i.e. Ellis-van Creveld syndrome [EvC];
OMIM 225500]) and asphyxiating thoracic dystrophy
([ATD] Jeune syndrome; OMIM 208500). Recent
reports have suggested the usefulness of three-
dimensional helical computed tomography (3D-CT) in
the differential diagnosis of skeletal disorders.> Here,
we report a fetus with SRP type 3 diagnosed prenatally
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Table 1 Differential diagnosis and comparison between results of ultrasound, three-dimensional computed tomography
(3D-CT), and postnatal examination of the fetus in the present case

Present case

SRP1 SRP3 SRP2/4 ATD EvCD

Prenatal Postnatal
Ultrasonography 3D-CT Radiograph Phenotype
Head and face
Macrocephaly + +H ++ +H + + + - -
CNS abnormalities - NA NA - + + + — +
Cleft lip - NA NA - - ++ +
Shortened frenula Unclear NA NA ++ ++ ++ ++ - +
High clavicles Unclear ++ ++ ++ + ++ ++ ++ ++
Bones
Short limb ++ ++ + + ++ + + + +
Polydactyly ++ ++ ++ ++ ++ ++ ++ + +
Narrow thorax with  ++ ++ ++ ++ + ++ ++ + +
short rib
Hypoplasia of tibia - - - - - ++ - —
Flaring of the + + ++ + - + - - -
metaphyses
Irregularity of the Unclear + + + + + - + —
metaphyses
Pointed metaphyses  Unclear - - - ++ - - - -
Spondylar dysplasia  Unclear + + + + + - + —
Hypoplasia of iliac ~ Unclear + ++ + + ++ - ++ ++
bones
Other organs
Congenital heart - NA NA - + + — — —+
defect
Renal abnormalities — NA NA + + + + + -
Genital + NA NA ++ ++ ++ + - —
abnormalities

++, prominent; +, present; —, absent. CNS, central nervous system; NA, not applicable. This table is made based on findings of previous

reports.3'4']“"‘

based on fetal ultrasonography and additional 3D-CT.
The present case represents another example indicat-
ing the powerful capability of 3D-CT in the prenatal
diagnosis of fetal skeletal dysplasias.

Case Report

A 23-year-old primigravida was referred for further
investigation of fetal short limbs at 28 weeks of gesta-
tion. She was in a non-consanguineous marriage and
had neither relevant medical history nor significant
family history. Ultrasonography of the fetus revealed a
narrow and small thorax covering only the dorsal part
of the viscera, short femora of 30 mm (-7.26 SD), short
humeri of 29 mm (-6.27 SD), mild ulnar deviation of
the hands, short digits, bilateral postaxial polydactyly
in the hands and feet, and long biparietal diameter
(BPD) of 79.0 mm (+2.7 SD) suggestive of macroceph-
aly. Bilateral renal dysplasia and penile hypoplasia
were also suspected. The volume of amniotic fluid was

normal. These findings suggested a lethal or semilethal
skeletal dysplasia classified as belonging to the short-
rib dysplasia group shown in Table 1. After obtaining
informed consent, computed tomography (CT) was
performed at 33 weeks of gestation with a 64-detector
row CT scanner (Aquilion64; Toshiba Medical Systems,
Tokyo, Japan) with the following parameters: collima-
tion, 0.5 mm; peak tube potential, 100 kVP; gantry rota-
tion time, 0.75s; beam pitch, 53; and tube current
between 260 and 335 mA using an automatic tube
current modulation technique. The volume CT dose
index (CTDIvol.) was 21.5 mGy. The data from the CT
scanner were stored and transferred onto a worksta-
tion (ZIOSTATION; Ziosoft, Tokyo, Japan). Multiplanar
reconstruction (MPR) and 3D reconstruction by
shaded surface display (SSD) images of fetal bones
were created and reviewed interactively on the work-
station. They provided additional information, includ-
ing high-rising clavicles, mild modification of the
vertebral bodies, subtle metaphyseal irregularities of

© 2010 The Authors
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Prenatal diagnosis of SRP type 3 by 3D-CT

Figure 1 (a—c) Fetal computed tomography (CT) showed a narrow thorax (1), high-rising clavicles (2), mild modification of
the vertebral bodies (3), small ilia with horizontal acetabula and triangular ossification defects at the inferior aspect of the
lateral iliac margin (4), subtle metaphyseal irregularities of the femora (5), and brachydactyly with postaxial polydactyly
(6). (d,e) Radiological findings on postnatal radiographs were identical to those of fetal CT.

© 2010 The Authors 3
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A

Figure 2 (a) Macroscopic view of the infant. The infant had macrocephaly, shortened frenula, club hands, polydactyly in the
bilateral hands and feet, a bell-shaped narrow thorax, protruding abdomen, hypoplasia of the bilateral kidneys, bilateral
dilated ureter, hydropic scrotum, and absent penis. (b,c) Histological findings of growth plate cartilage at costochondral
junction. (b) There was loss of columnization with irregularly dispersed hypertrophic cells. The numbers of resting and
hypertrophic chondrocytes were markedly reduced in some areas. Calcified cartilage islands (arrow). (c) Irregularly
dispersed hypertrophic cells hypertrophic chondrocytes with PAS-stained cytoplasmic inclusion bodies in chondrocytes.
HE stain (b). PAS stain (c). Original magnification x50 (b), X200 (c).

the femora, and hypoplasia of iliac bones (Fig. 1a,b,c).
The acetabular roofs were horizontal and arched with
triangular ossification defects at the inferior aspect of
the lateral iliac margin (Fig. 1c). After 3D-CT, a diagno-
sis of SRP type 3 was made prenatally based on Table 1.
The parents chose cesarean section even after receiving
full information regarding SRP type 3, and a male
infant weighing 2328 g was delivered (Fig.2a). The
infant died of respiratory failure 3 h after birth. The
skeletal manifestations on postmortem radiographs
corresponded to those seen on 3D-CT (Fig.1de;
Table 1).

Macroscopic pathological examination at autopsy
showed lung hypoplasia (left lung, 7.6 g; right lung,
10.0 g; lung/body weight ratio, 0.75%), hypoplasia of
the bilateral kidneys, bilateral dilated ureter, hydropic
scrotum, and absent penis (Fig.2a). Chromosomal
analysis using cultured lymphoblasts from cord blood
showed a normal 46,XY karyotype.

Histological examination of growth plate cartilage at
the costochondral junction revealed reduced numbers
of resting and hypertrophic chondrocytes, a disorga-
nized hypertrophic zone with loss of columnization,
residual cartilaginous nests in the metaphyseal trabe-
culae, and PAS-positive intracytoplasmic inclusion

bodies. Dispersed hypertrophic chondrocytes were
separated by the normal cartilaginous matrix, but not
by the fibrous tissue. Notably, calcified cartilage islands
were observed in the metaphyseal trabeculae, and
some were continuous with the physis through a
narrow bridge (Fig. 2b,c). All of these histological find-
ings were consistent with those of SRP type 3.%°

Discussion

Measurement of fetal size, including femoral length, is
currently a routine practice in obstetrics, facilitating
identification of skeletal dysplasias with short limbs.
Once limb shortening is identified, the subsequent
diagnostic task involves assessment of the thorax to
ascertain the presence or absence of thoracic hypopla-
sia, which allow determination of the clinical outcome
of the fetus. Disorders that belong to the short-rib dys-
plasia group constitute a considerable portion of cases
of skeletal dysplasia with thoracic hypoplasia. Prenatal
diagnosis of short-rib dysplasia group using ultra-
sonography is feasible.”” In the present case, the
ultrasonography findings, including visceral anoma-
lies, favored a diagnosis of SRP. However, detection of
subtle skeletal abnormalities is generally difficult with

© 2010 The Authors
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ultrasonography. Additional information on subse-
quent 3D-CT and MPR, including mild spondylar dys-
plasia, subtle metaphyseal changes, and irregular
ossification defects in the outer iliac margin, eventually
led to a diagnosis of SRP type 3 in this case.

Differential diagnosis between SRP, ATD, and EvC is
difficult.'®"" Antenatal diagnosis of SRP subtypes also
appears difficult as there have been reports of common
abnormalities, such as macrocephaly and polydactyly,
as shown in Table 1. However, meticulous formulation
of imaging findings on ultrasonography and 3D-CT
helped in the prenatal diagnosis of SRP type 3 in the
present case (Table 1). 3D-CT is particularly useful to
delineate the axial skeleton. Although 3D image recon-
struction tends to conceal fine bone details, such as
mild metaphyseal dysplasia, this drawback was com-
pensated by MPR (Fig. 1b). We evaluated the general
skeletal structures first by 3D image reconstruction,
and then examined the fine bone details by MPR, in
which we were able to view any 2D images of bones as
MPR and 3D images without rescanning independent
of the fetal presentation.

The histological observations in the present case sup-
ported the suggestion that ATD type 1 and SRP type 3
may belong to the spectrum of the same pathogenetic
entity.”” In fact, mutations of DYNC2H1 have recently
been reported as a common cause of ATD and SRP3."”
However, mutations of IFT80 have also been reported
as a cause of ATD, indicating genetic heterogeneity.”

In summary, the present case further exemplified the
diagnostic capability of precise prenatal diagnosis of
skeletal dysplasia. As shown in Table 1, meticulous
interpretation of ultrasonography and CT imaging
findings enabled us to subclassify SRP. To our knowl-
edge, this is the first report of prenatal diagnosis in this
group using 3D-CT.
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Context: Although recent studies have suggested a positive role of OTX2 in pituitary as well as
ocular development and function, detailed pituitary phenotypes in OTX2 mutations and OTX2
target genes for pituitary function other than HESX7 and POUTF1 remain to be determined.

Objective: We aimed to examine such unresolved issues.

Subjects: We studied 94 Japanese patients with various ocular or pituitary abnormalities.

Results: We identified heterozygous p.K74fsX103 in case 1, p.A72fsX86 in case 2, p.G188X in two
unrelated cases (3 and 4), and a 2,860,561-bp microdeletion involving OTX2 in case 5. Clinical
studies revealed isolated GH deficiency in cases 1 and 5; combined pituitary hormone deficiency in
case 3; abnormal pituitary structures in cases 1, 3, and 5; and apparently normal pituitary function
in cases 2 and 4, together with ocular anomalies in cases 1-5. The wild-type Orthodenticle ho-
meobox 2 (OTX2) protein transactivated the GNRH1 promoter as well as the HESX1, POUTF1, and
IRBP (interstitial retinoid-binding protein) promoters, whereas the p.K74fsX103-OTX2 and
p.A72fsX86-0OTX2 proteins had no transactivation functions and the p.G188X-OTX2 protein had
reduced (~50%) transactivation functions for the four promoters, with no dominant-negative
effect. cDNA screening identified positive OTX2 expression in the hypothalamus.

Conclusions: The results imply that OTX2 mutations are associated with variable pituitary pheno-
type, with no genotype-phenotype correlations, and that OTX2 can transactivate GNRH1 as well
as HESX1 and POUTF1. (J Clin Endocrinol Metab 95: 756-764, 2010)

ituitary development and function depends on the spa-
P tially and temporally controlled expression of mul-
tiple transcription factor genes such as POU1F1, HESX1,
LHX3, LHX4, PROP1, and SOX3 (1, 2). Whereas mu-
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tations of some genes (e.g. POU1F1) result in a relatively
characteristic pattern of pituitary hormone deficiency,
those of other genes (e.g. HESX1) are associated with a
wide range of pituitary phenotype including combined pi-

Abbreviations: CGH, Comparative genomic hybridization; CPHD, combined pituitary hor-
mone deficiency; EPP, ectopic posterior pituitary; FISH, fluorescence in situ hybridization;
HD, homeodomain; IGHD, isolated GH deficiency; IRBP, interstitial retinoid-binding pro-
tein; MLPA, multiplex ligation-dependent probe amplification; NMD, nonsense mediated
mRNA decay; OTX2, orthodenticle homeobox 2; PH, pituitary hypoplasia; SOD, septooptic
dysplasia; TD, transactivation domain.
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tuitary hormone deficiency (CPHD), isolated GH defi-
ciency (IGHD), and apparently normal phenotype. How-
ever, because mutations of these genes account for a
relatively minor portion of patients with congenital hy-
popituitarism (2, 3), multiple genes would remain to be
identified in congenital hypopituitarism.

Orthodenticle homeobox 2 (OTX2) is a transcription
factor gene primarily involved in ocular development (4).
It encodes a paired type homeodomain (HD) and a trans-
activation domain (TD) and produces two functionally
similar splice variants, isoform-a (GenBank accession no.
NM_21728.2) and isoform-b (NM_172337.1) with and
without eight amino acids because of alternative splice
acceptor sites at the boundary of intron 3 and exon 4 (5).
To date, at least 10 pathological heterozygous OTX2 mu-
tations have been identified in patients with ocular mal-
formations such as anophthalmia and/or microphthalmia
(6, 7). Ocular phenotype is highly variable, ranging from
anophthalmia to nearly normal eye development, even in
patients from the same family. Furthermore, most patients
also exhibit brain anomaly, seizure, and/or developmental
delay.

Recent studies have indicated that OTX2 is also in-
volvedin pituitary development and function. Dateki et al.
(8) showed that OTX2 is expressed in the pituitary and has
a transactivation function for the promoters of POU1F1
and HESX1 as well as the promoter of IRBP (interstitial
retinoid-binding protein) involved in ocular function and
that a frameshift OTX2 mutation identified in a patient
with bilateral anophthalmia and partial IGHD barely re-
tained the transactivation activities. Subsequently a mis-
sense OTX2 mutation with a dominant-negative effect
and a frameshift OTX2 mutation with loss-of-function
effect were identified in CPHD patients with and without
ocular malformation (9, 10).

However, detailed pituitary phenotypes in OTX2 mu-
tation-positive patients as well as other possible OTX2
target genes for pituitary development and function re-
main to be determined. Here we report five new patients
with OTX2 mutations and summarize clinical findings in
OTX2 mutation-positive patients. We also show that
OTX2 is expressed in the hypothalamus and has a trans-
activation function for the promoter of GNRH1.

Patients and Methods

Patients

We studied 94 Japanese patients consisting of: 1) 16 patients
with ocular anomalies and pituitary dysfunctions accompanied
by short stature (<—2 $p) (six with anophthalmia and/or mi-
crophthalmia and CPHD, five with anophthalmia and/or mi-
crophthalmia and IGHD, three with septooptic dysplasia (SOD)
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and CPHD, and two with SOD and IGHD) (group 1); 2) 12
patients with ocular anomalies whose pituitary functions were
not investigated (one with bilateral microphthalmia and short
stature, one with bilateral optic nerve hypoplasia and short stat-
ure, and 10 with anophthalmia and/or microphthalmia and nor-
mal stature) (group 2); and 3) 66 patients with pituitary dys-
functions but without ocular anomalies (five with IGHD and 61
patients with CPHD) (group 3). No demonstrable mutation was
identified for HESX1 in patients with SOD, GH1 and HESX1 in
patients with IGHD, and POU1F, HESX1, LHX3, LHX4,
PROPI1, and SOX3 in patients with various types of CPHD (2).
All the patients had normal karyotype.

Primers and probes

The primers and probes used in this study are shown in
Supplemental Table 1, published as supplemental data on The
Endocrine Society’s Journals Online web site at hrep:/
jcem.endojournals.org.

Sequence analysis of OTX2

This study was approved by the Institutional Review Board
Committee at National Center for Child Health and Devel-
opment. After obtaining written informed consent, the coding
exons 3-5 and their flanking splice sites were PCR amplified
using leukocyte genomic DNA samples of all 94 patients and
were subjected to direct sequencing on a CEQ 8000 autose-
quencer (Beckman Coulter, Fullerton, CA). To confirm a het-
erozygous mutation, the corresponding PCR products were
subcloned with TOPO TA cloning kit (Invitrogen, Carlsbad,
CA), and normal and mutant alleles were sequenced

tely.
separately .

Prediction of the occurrence of aberrant splicing
and nonsense mediated mRNA decay (NMD)

To examine whether identified mutations could cause aber-
rant splicing by creating or disrupting exonic splicing enhancers
and/or splice sites (11, 12), we performed iz silico analyses with
the ESE finder release 3.0 (http://rulai.cshl.edu/cgi-bin/tools/
ESE3/esefinder.cgi) for the prediction of exonic splice enhancers
and with the program at the Berkeley Drosophila Genome
Project (http://www.fruitfly.org/seq_tools/splice.html) for the
prediction of splice sites. We also analyzed whether identified
mutations could be subject to NMD on the basis of the previous
report (12, 13).

Deletion analysis

Multiplex ligation-dependent probe amplification (MLPA)
was performed for OTX2 intragenic mutation-negative patients
as a screening of a possible microdeletion affecting OTX2. This
procedure was performed according to the manufacturer’s in-
structions (14), using probes designed specifically for OTX2
exon 4 together with a commercially available MLPA probe mix
(P236) (MRC-Holland, Amsterdam, The Netherlands) used as
internal controls. To confirm a microdeletion, fluorescence in
situ hybridization (FISH) was performed with a long PCR prod-
uct for OTX2 (a 6096 bp segment from intron 2 to exon 5)
together with an RP11-56612 BAC probe (14q11.2; Invitrogen,
Carlsbad, CA) used as an internal control. The probe for OTX2
was labeled with digoxigenin and detected by rhodamine anti-
digoxigenin, and the control probe was labeled with biotin and
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FIG. 1. Sequence analysis in cases 1-4. A, The structure of OTX2 (the isoform-b)

to exons 2/3 and 4/5 (boundaries) of GAPDH used
as an internal control.

and the position of the mutations identified. The black and white boxes on genomic
DNA (gDNA) denote the coding regions on exons 1-5 (E1-E5) and the untranslated
regions, respectively. OTX2 encodes the HD (a blue region), the SIWSPA conserved

motif (an orange region), and the two tandem tail motifs (green triangles). The TD

Results

(a gray triangle) is assigned to the C-terminal side; deletion of each tail motif

reduces the transactivation function, and that of a region distal to the SIWSPA motif
further reduces the transactivation function. In addition, another TD may also reside
in the 5’ side of the HD (17). The three mutations identified in this study are shown.
B, Electrochromatograms showing the mutations in cases 1-4. Shown are the direct
sequences and subcloned normal and mutant sequences. The deleted sequences are
shaded in gray, and the inserted sequence is highlighted in yellow. The mutant and

the corresponding wild-type nucleotides are indicated by red asterisks.

detected by avidin conjugated to fluorescein isothiocyanate. To
indicate an extent of a microdeletion, oligoarray comparative
genomic hybridization (CGH) was carried out with 1x244K
human genome array (catalog no. G4411B; Agilent Technol-
ogies, Palo Alto, CA), according to the manufacturer’s pro-
tocol. Finally, to characterize a microdeletion, long PCR was
performed with primer pairs flanking the deleted region, and
a long PCR product was subjected to direct sequencing using
serial sequence primers. The deletion size and the junction
structure were determined by comparing the obtained se-
quences with the reference sequences at the National Center
for Biotechnology Information Database (NC_000014.7; Be-
thesda, MD), and the presence or absence of repeat sequences
around the breakpoints was examined with Repeatmasker
(http://www.repeatmasker.org).

Functional studies

Western blot analysis, subcellular localization analysis, DNA
binding analysis, and transactivation analysis were performed by
the previously reported methods (8) (for details, see Supplemen-
tal Methods). In this study, we used the previously reported ex-
pression vector and fluorescent vector containing the wild-type
OTX2 cDNA,; the probes with the wild-type and mutated OTX2
binding sites within the IRBP, HESX1, and POU1F1 promoter
sequences; and the luciferase reporter vectors containing the
IRBP, HESX1, and POU1F1 promoter sequences (8). We fur-
ther created expression vectors and fluorescent vectors contain-
ing mutant OTX2 ¢cDNAs by site-directed mutagenesis using
Prime STAR mutagenesis basal kit (Takara, Otsu, Japan), and
constructed a 30-bp probe with wild-type (TAATCT) and mu-
tated (TGGGCT) putative OTX2 binding site within the
GNRH]1 promoter sequence and a luciferase reporter vector con-
taining the GNRH1 promoter sequence (—1349 to —1132 bp)

Identification of mutations and
substitutions

Three novel heterozygous OTX2 mutations
were identified in four cases, i.e. a 16-bp de-
letion at exon 4 that is predicted to cause a
frameshift at the 74th codon for lysine and
resultant termination at the 103rd codon
(c.221_236del16, p.K74{sX103) in case 1; a 4-bp deletion
and a 2-bp insertion at exon 4 that is predicted to cause a
frame shift at the 72nd codon for alanine and resultant ter-
mination at the 86th codon (c.214_217delGCACinsCA,
p-A72{sX86) in case 2; and a nonsense mutation at exon 5
that is predicted to cause a substitution of the 188th glycine
with stop codon (¢.562G>T, p.G188X) in two unrelated
cases (3 and 4; Fig. 1). In addition, heterozygous missense
substitutions were identified in patient 1 (c.532A>T,
p.T178S) and patient 2 (c.734C>T, p.A245V). Cases 1 and
3 were from group 1, cases 2 and 4 and patient 2 were from
group 2, and patient 1 was from group 3. Parental analysis
indicated that frameshift mutations in cases 1 and 2 were
absent from the parents (de novo mutations), whereas the
missense substitution of patient 2 was inherited from phe-
notypically normal father. The parents of cases 3 and 4 and
patient 1 refused molecular studies. All the mutations and the
missense substitutions were absent from 100 control
subjects.

Prediction of the occurrence of aberrant splicing
and NMD

The two frameshift mutations and the nonsense muta-
tion were predicted to influence neither exonic splice en-
hancers nor splice donor and acceptor sites (Supplemental
Tables 2 and 3). Furthermore, the two frameshift muta-
tions were predicted to produce the premature termina-
tion codons on the mRNA transcribed from the last exon
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FIG. 2. Deletion analysis in case 5. A, MLPA analysis. The red asterisk
indicates peaks for the OTX2 exon 4, and the black arrows indicate
control peaks. The red peaks indicate the internal size markers.
Deletion of the MLPA probe binding site is indicated by the reduced
peak height. B, FISH analysis. The probe for OTX2 detects only a single
red signal (an arrow), whereas the RP11-56612 BAC probe identifies
two green signals (arrowheads). C, Oligoarray CGH analysis and direct
sequencing of the deletion junction. The deletion is 2,860,561 bp in
physical size (shaded in gray) and is associated with an addition of a
931-bp segment (highlighted in yellow). The normal sequences
flanking the microdeletion are indicated with dashed underlines.

5, indicating that the frameshift mutations as well as the
nonsense mutation had the property to escape NMD (Sup-
plemental Fig. 1).

Identification of a microdeletion

A heterozygous microdeletion affecting OTX2 was in-
dicated by MLPA and confirmed by FISH in case 5 of
group 1 (Fig. 2, A and B). Oligoarray CGH delineated an
approximately 2.9-Mb deletion, and sequencing of the
fusion point showed that the microdeletion was
2,860,561 bp in physical size (56,006,531-58,867,091 bp
on the NC_000014.7) and was associated with an addi-
tion of a complex 931-bp segment consisting of the fol-
lowing structures (cen — tel): 2 bp (TA) insertion — 895
bp sequence identical with thatina region just centromeric
to the microdeletion (55, 911, 347-55, 912,241 bp) — 1
bp (C) insertion — 33-bp sequence identical with that
within the deleted region (58, 749, 74458, 749, 776 bp)
(Fig. 2C). Repeat sequences were absent around the break
points. This microdeletion was not detected in DNA from
the parents.

Functional studies of the wild-type and mutant
OTX2 proteins

Western blot analysis detected wild-type OTX2 pro-
tein of 31.6 kDa and mutant OTX2 proteins of 11.5
kDa (p.K74fsX103), 9.7 kDa (p.A72fsX86), and 15.4
kDa (p.G188X) (Fig. 3A). The molecular masses were as
predicted from the mutations. The band intensity was
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FIG. 3. Functional studies. A, Western blot analysis. Both WT and
MT1-MT3 OTX2 proteins are detected with different molecular masses
(arrows). WT, Wild type; MT1, p.K74fsX103; MT2, p.A72fsX86; and
MT3, p.G188X. B, Subcellular localization analysis. Whereas green
fluorescent protein (GFP) alone is diffusely distributed throughout the
cell, the GFP-fused WT-OTX2 and MT3-OTX2 proteins localize to the
nucleus. By contrast, the GFP-fused MT1-OTX2 and MT2-OTX2
proteins are incapable of localizing to the nucleus. C, DNA binding
analysis using the wild-type (WT) and mutated (MT) probes derived
from the promoters of IRBP, HESX1, POU1F1, and GNRH1. The
symbols (+) and (-) indicate the presence and absence of the
corresponding probes, respectively. Both WT and MT3 OTX2 proteins
bind to the WT but not the MT probes. For the probe derived from the
IRBP promoter, two shifted bands are found for both WT-OTX2 and
MT3-0TX2 proteins as reported previously (17). S, Shifted bands; F,
free probes. D, Transactivation analysis, using the promoter sequences
of IPBP, HESX1, POUTF1, and GNRHT. The results are expressed using
the mean and so. The black, blue, red, and green bars indicate the
data of the empty expression vectors (0.6 ug), expression vectors with
WT OTX2 cDNA (0.6 ng), expression vectors with MT1-MT3 OTX2
CDNAs (0.6 ng), and the mixture of expression vectors with WT (0.3
©g) and those with MT1-MT3 OTX2 cDNAs (0.3 ng), respectively; thus,
the same amount of expression vectors has been used for each assay.

comparable between the wild-type OTX2 protein and
the p.G188X-OTX2 protein and was faint for the
p-K74fsX103-OTX2 and p.A72fsX86-OTX2 proteins.

Subcellular localization analysis showed that the
p.-G188X-OTX2 protein localized to the nucleus as did the
wild-type OTX2 protein, whereas the p.K74fsX103-
OTX2and p.A72fsX86-OTX2 proteins were incapable of
localizing to the nucleus (Fig. 3B). The results were con-
sistent with those of the Western blot analysis because
nuclear extracts were used for the Western blotting, with
some probable contamination of cytoplasm.

DNA binding analysis revealed that the p.G188X-
OTX2 protein with nuclear localizing capacity bound to
the wild-type OTX2 binding sites within the four promot-
ers examined, including the GNRH1 promoter, but not to
the mutated OTX2 binding sites (Fig. 3C). The band shift
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magnetic resonance imaging examinations.
In addition, case 1 had right retractile testis.
Patient 1 with p.T178S had CPHD but with-
out ocular anomalies, and patient 2 with
p.A245V had bilateral optic nerve hypopla-
sia and short stature.

oTX2
Isoform-a
Isoform-b

= _____ [

FIG. 4. PCR-based human c¢DNA library screening for OTX2 (35 cycles).

A, Schematic representation of the OTX2 isoform-a (NM_21728.2) and isoform-b

Discussion

(NM_172337.1). Because of the two alternative splice acceptor sites at the boundary

between intron 3 and exon 4, isoform-a carries eight amino acids (shown in gray) in
the vicinity of the HD, whereas isoform-b is lacking the eight amino acids. B, PCR
amplification data. OTX2 is clearly expressed in the pituitary and hypothalamus, with
isoform-b being the major product. GAPDH has been used as an internal control.

F, Fetus; A, adult.

was more obvious for the wild-type OTX2 protein than
for the p.G188X-OTX2 protein, consistent with the dif-
ference in the molecular masses.

Transactivation analysis showed that the wild-type
OTX2 protein had transactivation activities for the four
promoters examined including the GNRH1 promoter,
whereas the p.K74fsX103-OTX2 and p.A72fsX86-
OTX2 proteins had virtually no transactivation function,
and the p.G188X-OTX2 protein had reduced (~50%)
transactivation activities (Fig. 3D). The three mutant
OTX2 proteins had no dominant-negative effects. In ad-
dition, the two missense p.A245V-OTX2 and p.T178S-
OTX2 proteins had apparently normal transactivation ac-

tivities with no dominant-negative effect (Supplemental
Fig. 2). -

PCR-based expression analysis of OTX2

OTX2 expression was identified in the pituitary and
the hypothalamus as well as in the brain and the thalamus
but notdetected in the spinal cord, kidney, leukocytes, and
skin fibroblasts (Fig. 4). The isoform-b lacking the eight
amino acids was predominantly expressed.

Clinical findings in OTX2 mutation-positive
patients

Clinical data are summarized in Table 1 (left part). An-
ophthalmia and/or microphthalmia was present in cases
1-5. Developmental delay was obvious in cases 1 and 3-S5,
whereas it was obscure in case 2 because of the young age.
Prenatal growth was normally preserved in cases 1-5,
whereas postnatal growth was compromised in cases 1, 3,
and 5. Cases 1 and S had IGHD, and case 3 had CPHD
(Table 2); furthermore, cases 1, 3, and 5 had pituitary
hypoplasia (PH) and/or ectopic posterior pituitary
(EPP) (Supplemental Fig. 3). Case 3 showed no pubertal
development at 15 yr of age (Tanner pubic hair stage 2
in Japanese boys: 12.5 = 0.9 yr) (16). Cases 2 and 4 had
no discernible pituitary dysfunction and did not receive

We identified two frameshift mutations in
cases 1 and 2 and a nonsense mutation in un-
related cases 3 and 4. Furthermore, it was pre-
dicted that these mutations neither affected
splice patterns nor underwent NMD, although
direct analysis using mRNA was impossible due to lack of
detectable OTX2 expression in already collected leuko-
cytes as well as skin fibroblasts, which might be available
from cases 1-4. Thus, these mutations are predicted to
produce aberrant OTX2 proteins i vivo that were used in
the in vitro functional studies. In this context, the func-
tional studies indicated that the two frameshift mutations
were amorphic and the nonsense mutation was hypomor-
phic. The results are consistent with the previous notion
that the HD not only has DNA binding capacity but also
retains at least a part of nuclear localization signal on its
C-terminal portion and the TD primarily resides in the
C-terminal region (17) (Fig. 1A). Whereas the two mis-
sense substitutions were absent in 100 control subjects,
they would be rare normal variations rather than patho-
logical mutations because of the normal transactivation
activities with no dominant-negative effect.

We also detected a heterozygous microdeletion involv-
ing OTX2 in case 5 that was not mediated by repeat se-
quences. This implies the importance of the examination
of a microdeletion. Indeed, such a cryptic microdeletion
has been identified in multiple genes with the development
of MLPA that can serve as a screening method in the de-
tection of microdeletions (18). Whereas the microdeletion
of case 5 has removed 16 additional genes (Ensembl Ge-
nome Browser, http://www.ensembl.org/), the clinical
phenotype of case 5 is explainable by OTX2 haploinsuf-
ficiency alone. Thus, hemizygosity for the 16 genes would
not have a major clinical effect, if any.

Furthermore, the present study revealed two find-
ings. First, OTX2 was expressed in the hypothalamus
and had a transactivation function for the GNRH1 pro-
moter. This implies that GNRH1 essential for the hy-
pothalamic GnRH secretion is also a target gene of
OTX2, as has been demonstrated in the mouse (15).
Second, the short isoform-b was predominantly identi-
fied in the OTX2 expression-positive tissues. This sug-
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TABLE 2. Blood hormone values in cases 1-5 with heterozygous OTX2 mutations

Patient Case 1 Case 2 Case 3 Case 4 Case 5
Sex (age at examination) Male (2 yr) Female (1 yr) Male (14 yr) Male (10 yr) Male (2 yr)
Stimulus (dose) Basal Peak Basal Peak Basal Peak Basal Peak Basal Peak
GH (ng/ml) Insulin (0.1 U/kg)? 1.9° 4.0° 33 NE 0.8° 1.3 121 NE 0.5¢ 9.0¢
Arginine (0.5 g/kg) 1.1¢ 7.0°
t-dopa (10 mg/kg) 152 3.8° 03> 1.0°
LH (mIU/ml) GnRH (100 Mg/mz) 0.1 1.7 0.1 N.E. 2.39 4.5 0.4 N.E. 0.1 3.1
FSH (mIU/ml) GnRH (100 Mg/mz) 1.0 6.2 3.7 N.E. 1.39 6.3 1.1 N.E. 1.5 9.9
TSH (uU/ml) TRH (10 ug/kg) 472 23.8 1.1 N.E. 0.2 1.9 1.1 N.E. 5.2 19.5
Prolactin (ng/ml)  TRH (10 ug/kg) 17.9 34.5 N.E. N.E. 5.5 8.3 9.1 N.E. 1043 8838
ACTH (pg/ml) Insulin (0.1 Ukkg) 31 195 N.E.  NE 24 N.E.  NE 41 222
Cortisol (ng/dl)?  Insulin (0.1 U/kg) 12.7 9.4 N.E. 19.4 N.E. N.E. 254 39.2
IGF-I (ng/ml) 8 65 N.E. 5 214 N.E. 48
Testosterone (ng/dl) N.E. N.E. NE 45 <5 N.E. N.E.
Free T, (ng/dl) 1.32 1.17 N.E. 0.87 1.15 N.E. 1.17
Free T, (pg/ml) 2.91 3.24  NE 1.94 392 N.E 454

The conversion factor to the Sl unit: GH, 1.0 (ug/liter); LH, 1.0 (IU/liter); FSH, 1.0 (IU/liter); TSH, 1.0 (miU/liter); prolactin, 1.0 (ug /liter); ACTH, 0.22
(pmol/liter); cortisol, 27.59 (nmol/liter); IGF-I, 0.131 (nmol/liter); testosterone, 0.035 (nmol/liter); free T,, 12.87 (pmol/liter); and free T5, 1.54 (pmol/
liter). Hormone values have been evaluated by the age- and sex-matched Japanese reference data (29, 30); low hormone data are boldfaced.
Blood sampling during the provocation tests: 0, 30, 60, 90, and 120 min. N.E., Not examined.

@ Sufficient hypoglycemic stimulations were obtained during all the insulin provocation tests; ® GH was measured using the recombinant GH
standard, and the peak GH values of 6 and 3 ng/ml are used as the cutoff values for partial and severe GH deficiency, respectively; < GH was
measured by the classic RIA, and the peak GH values of 10 and 5 ng/ml were used as the cutoff values for partial and severe GH deficiency;

9 Obtained at 0800-0900 h.

gests that the biological functions of OTX2 are primar-
ily contributed by the short isoform-b.

Clinical features of cases 1-5 are summarized in Table
1, together with those of the previously reported OTX2
mutation-positive patients examined for detailed pituitary
function. Here four patients with cytogenetically recog-
nizable deletions involving OTX2 are not included (19—
22) because the deletions appear to have removed a large
number of genes including BMP4 and/or SIXé6 (Fig. 2B)
that can be relevant to pituitary development and/or func-
tion (1, 23).

Several points are noteworthy for the clinical findings.
First, although cases 1-5 in this study had anophthalmia
and/or microphthalmia, ocular phenotype has not been
described in cases 7 and 8 identified by OTX2 mutation
analysis in 50 patients with hypopituitarism (9). Whereas
no description of a phenotype would not necessarily in-
dicate the lack of the phenotype, OTX2 mutations may
specifically affect pituitary function at least in several pa-
tients. This would not be unexpected because several
OTX2 mutation-positive patients are free from ocular
anomalies (6).

Second, pituitary phenotype is variable and indepen-
dent of the in vitro function data. This would be explained
by the notion that haploinsufficiency of developmental
genes is usually associated with a wide range of penetrance
and expressivity depending on other genetic and environ-
mental factors (24), although the actual underlying factors
remain to be identified. In this regard, because direct
mRNA analysis was not performed, it might be possible

that the mutations have not produced the predicted aber-
rant protein and, consequently, iz vitro function data do
not necessarily reflect the iz vivo functions. Even if this is
the case, the quite different pituitary phenotype between
cases 3 and 4 with the same mutation would argue for the
notion that pituitary phenotype is independent of the re-
sidual OTX2 function.

Third, cases 1, 3, 5, and 6 -9 with pituitary dysfunction
have IGHD or CPHD involving GH, and show the com-
bination of preserved prenatal growth and compromised
postnatal growth characteristic of GH deficiency (25).
This suggests that GH is the most vulnerable pituitary
hormone in OTX2 mutations. Consistent with this, pre-
viously reported patients with ocular anomalies and
OTX2 mutations also frequently exhibit short stature (6,
8). Thus, pituitary function studies are recommended in
patients with ocular anomalies and postnatal short stature
to allow for appropriate hormone therapies including GH
treatment for short stature, cortisol supplementation at a
stress period, T, supplementation to protect the develop-
mental deterioration, and sex steroid supplementation to
induce secondary sexual characteristics. Furthermore,
OTX2 mutation analysis is also recommended in such
patients.

Lastly, PH and/or EPP is present in patients with IGHD
and CPHD, except for case 6 with IGHD. In this regard,
the following findings are noteworthy: 1) heterozygous
loss-of-function mutations of HESX1 are associated with
a wide phenotypic spectrum including CPHD, IGHD, and
apparently normal phenotype and often cause PH and
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EPP, whereas homozygous HESX1 mutations usually
lead to CPHD as well as PH and EPP (2); 2) heterozy-
gous loss-of-function mutations of POUITFI1 usually
permit apparently normal pituitary phenotype, whereas
homozygous loss-of-function mutations and heterozy-
gous dominant-negative mutations usually result in
GH, TSH, and prolactin deficiencies and often cause PH
but not EPP (2); and 3) heterozygous GNRH1 frame-
shift mutation are free from discernible phenotype,
whereas homozygous GNRH1 mutations result in iso-
lated hypogonadotropic hypogonadism with no abnor-
mal pituitary structure (26). Collectively, overall pituitary
phenotype may primarily be ascribed to reduced HESX1
expression, although reduced POU1TF1 and GNRH1 ex-
pressions would also play a certain role, and there may be
other target genes of OTX2.

Insummary, the results imply that OTX2 mutations are
associated with variable pituitary phenotype, with no gen-
otype-phenotype correlations, and that OTX2 can trans-
activate GNRH1 aswellas HESX1 and POU1F1. Further
studies will serve to clarify the role of OTX2 in the pitu-
itary development and function.
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Mutation and Gene Copy Number Analyses of Six
Pituitary Transcription Factor Genes in 71 Patients
with Combined Pituitary Hormone Deficiency:
Identification of a Single Patient with LHX4 Deletion
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Context: Mutations of multiple transcription factor genes involved in pituitary development have
beenidentified in aminor portion of patients with combined pituitary hormone deficiency (CPHD).
However, copy number aberrations involving such genes have been poorly investigated in patients
with CPHD.

Objective: We aimed to report the results of mutation and gene copy number analyses in patients
with CPHD.

Subjects and Methods: Seventy-one Japanese patients with CPHD were examined for mutations
and gene copy number aberrations affecting POUTF1, PROP1, HESX1, LHX3, LHX4, and SOX3 by
PCR-direct sequencing and multiplex ligation-dependent probe amplification. When a deletion
was indicated, it was further studied by fluorescence in situ hybridization, oligoarray comparative
genomic hybridization, and serial sequencing for long PCR products encompassing the deletion
junction.

Results: We identified a de novo heterozygous 522,009-bp deletion involving LHX4 in a patient
with CPHD (GH, TSH, PRL, LH, and FSH deficiencies), anterior pituitary hypoplasia, ectopic posterior
pituitary, and underdeveloped sella turcica. We also identified five novel heterozygous missense
substitutions (p.V201land p.H387Pin LHX4, p.T63M and p.A322Tin LHX3, and p.V53L in SOX3) that
were assessed as rare variants by sequencing analyses for control subjects and available parents and
by functional studies and in silico analyses.

Conclusions: The results imply the rarity of abnormalities affecting the six genes in patients with
CPHD and the significance of the gene copy number analysis in such patients. (J Clin Endocrinol
Metab 95: 4043-4047, 2010)
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ituitary development and function depends on spa-
P tially and temporally controlled expression of mul-
tiple transcription factor genes such as POU1F1, PROP1,
HESX1, LHX3, LHX4, SOX3, and OTX2 (1-3). Muta-
tions of these genes are usually associated with combined
pituitary hormone deficiency (CPHD), although they
sometimes lead to isolated GH deficiency (1-3). However,
mutations of these genes have been found only in a minor
portion of patients with CPHD (2-6). Thus, although
multiple genes would remain to be identified in CPHD, a
certain fraction of mutations may have been overlooked in
these known genes. In this regard, because previous stud-
ies have primarily been performed with PCR-direct se-
quencing for coding exons (4-6), gene copy number ab-
errations (deletions and duplications) affecting such
genes, as well as pathological mutations in noncoding re-
gions, may remain undetected in patients with CPHD.
Indeed, microdeletions of PROP1 and LHX3 and micro-
duplications of SOX3 have been identified in a few pa-
tients with CPHD (7-9). Thus, we performed sequence
and gene copy number analyses for six pituitary transcrip-
tion factor genes in Japanese patients with CPHD.

Patients and Methods

Patients

We studied 71 Japanese patients with various types of CPHD
(39 males and 32 females; age 1-43 yr). In all the patients, OTX2
mutations and gene copy number aberrations have been ex-
cluded previously (3).

Primers and probes

The primers and probes used are summarized in Supplemen-
tal Table 1 (published on The Endocrine Society’s Journals On-
line web site at http://jcem.endojournals.org).

Sequence analysis

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and Devel-
opment. After obtaining written informed consent, leukocyte
genomic DNA samples of the 71 patients were amplified by PCR
for the all coding exons and their flanking splice sites of
POU1F1, PROP1, HESX1, LHX3, LHX4, and SOX3. Subse-
quently, the PCR products were subjected to direct sequencing
on a CEQ 8000 autosequencer (Beckman Coulter, Fullerton,
CA). To confirm a heterozygous substitution, the corresponding
PCR products were subcloned with a TOPO TA cloning kit (In-
vitrogen, Carlsbad, CA), and normal and mutant alleles were
sequenced separately. The GenBank sequence data at NCBI
(http://www.ncbi.nlm.nih.gov/genbank) were used as refer-
ences. For controls, DNA samples of 100 Japanese healthy adults
were used with permission.

Functional studies
Functional studies were performed for an LHX4 missense
variant (for details, see Supplemental Methods). In brief, we con-
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structed expression vectors containing wild-type and variant
LHX4 ¢cDNAs and a luciferase reporter vector containing the
POUT1F1 promoter sequence with an LHX4-binding site (10).
Subsequently, transactivation analysis was performed with dual-
luciferase reporter assay system (Promega, Madison, WI) using
COS1 cells.

In silico analyses

The conservation status of substituted wild-type amino acid res-
idues was investigated using the UniGene data at NCBL The pos-
sibility that identified substitutions could cause aberrant splicing
was examined by ESE finder release 3.0 for the prediction of exonic
splice enhancers (ESEs) (http://rulai.cshl.edu/cgi-bin/tools/ESE3/
esefinder.cgi) (11) and by the program at Berkeley Drosophila Ge-
nome Project for the prediction of splice donor and accepter sites
(http://www.fruitfly.org/seq_tools/splice.html) (12).

Gene copy number analysis

Muitlplex ligation-dependent probe amplification (MLPA)
(13) was performed as a screening of a possible gene copy num-
ber alteration (deletion and duplication) in all 71 patients, using
a commercially available MLPA probe mix (P236) (MRC-Hol-
land, Amsterdam, The Netherlands) for all coding exons of
POUI1F1, PROP1, HESX1, LHX3, and LHX4, together with
originally designed probes for SOX3. The procedure was as de-
scribed in the manufacturer’s instructions. To confirm a deletion,
fluorescence i situ hybridization (FISH) was performed with a
long PCR product. To indicate an extent of a deletion, oligoarray
comparative genomic hybridization (CGH) was carried out with
1x244K Human Genome Array (catalog no. G4411B; Agilent
Technologies, Santa Clara, CA), according to the manufacturer’s
protocol. Finally, to characterize a deletion, long PCR was per-
formed with primer pairs flanking the deleted region, and the
PCR product was subjected to direct sequencing using serial se-
quence primers. The deletion size and the junction structure were
determined by comparing the obtained sequences with the ref-
erence sequences at NCBI Database (NC_000014.7), and addi-
tional deleted genes were examined with Ensembl Database
(http://www.ensembl.org/). The presence or absence of repeat
sequences around the breakpoints was examined with Repeat-
masker (http://www.repeatmasker.org).

Results

Identification of five missense variants

We identified five novel heterozygous missense sub-
stitutions, ze. p.T63M (c.188C—T) and p.A322T
(c.964G—A) in LHX3 (GenBank accession number
NM_178138), p.V201l (c.601G—A) and p.H387P
(c.1160A—C) in LHX4 (NM_033343), and p.V53L
(c.157G—C) in SOX3 (NM_005634). These substitu-
tions were found in different patients. No other mutations
or novel substitutions were identified in the six genes ex-
amined. In the 100 control subjects, LHX4-p.H387P was
detected in four subjects and SOX3-p.V53L in three sub-
jects, whereas LHX3-p.T63M, LHX3-p.A322T, and
LHX4-p.V201I were absent. Furthermore, sequencing of
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FIG. 1. Gene copy number analysis. Panel A, MLPA and FISH analyses. The black and white
boxes on genomic DNA (gDNA) denote the coding regions on exons 1-6 (E1-E6) and the
untranslated regions, respectively. The sites examined by MLPA probes (A-F) are indicated by
arrows, and the region identified by the 5305-bp FISH probe is shown by a thick horizontal
line. In MLPA analysis, the peaks for the sites A-F are reduced in the patient. The red peaks
indicate the internal size markers. In FISH analysis, the red signal is derived from the probe for
LHX4, and the green signals are derived from chromosome 1 centromere control probe
(Cytocell, Cambridge, UK) used as an internal control. The probe for LHX4 is labeled with
digoxigenin and detected by rhodamine antidigoxigenin, and the control probe is labeled
with biotin and detected by avidin conjugated to fluorescein isothiocyanate. Panel B,
Oligoarray CGH analysis and direct sequencing of the deletion junction. The deletion is
522,009 bp in physical size (shaded in gray) and is associated with an addition of an 8-bp
segment of unknown origin (highlighted in yellow). The normal sequences flanking the
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goarray CGH and sequencing of the fu-
sion point showed that the deletion was
522,009 bp in physical size and was as-
sociated with an addition of an 8-bp
segment of unknown origin (Fig. 1B).
There were no repeat sequences around
the deletion breakpoints. The deletion
also affected CEP350, QSOX]1, and
ACBD6. This microdeletion was ab-
sent from the parents.

Patient with the microdeletion
This Japanese female patient was
born at 40 wk gestation after an uncom-
plicated pregnancy and delivery. At
birth, her length was 48.0 cm (—0.2 sp),
her weight 2.59 kg (—1.0 sp), and her
head circumference 33 cm (—0.1 sp).
She had transient respiratory distress
and hypoglycemia in the early neonatal
period. Furthermore, biochemical stud-
ies for prolonged jaundice indicated
central hypothyroidism at 1 month of
age (Table 1). Thus, she was placed on
thyroid hormone replacement therapy.
At 1 yr 6 months of age, she was re-
ferred to us because of severe short stat-
ure. Her height was 64.5 cm (—5.1 sp),
and her weight was 6.2 kg (—2.8 sp).

microdeletion are indicated with dashed underlines.

parental samples revealed LHX3-p. T63M and LHX3-
p-A322T in the phenotypically normal mother and father,
respectively; parental analysis was refused for LHX4-
p-V201l, LHX4-p.H387P, and SOX3-p.V53L. Thus,
four missense variants except for LHX4-p.V2011 were
found in healthy controls or parents. For LHX4-p.V2011,
functional studies showed a normal transactivation func-
tion for the POU1F1 promoter, with no dominant-nega-
tive effect (Supplemental Fig. 1). In silico analyses indi-
cated that the V201 and the H387 residues in LHX4 and
the A322 residue in LHX3 were well conserved, whereas
the T63 in LHX3 and the V53 in SOX3 were poorly con-
served (Supplemental Table 2). Furthermore, it was pre-
dicted that LHX4-V201I and LHX4-H387P were un-
likely to influence ESEs, whereas LHX3-T63M and
LHX3-A322T might affect ESEs (Supplemental Table 3).
None of the missense variants were predicted to influence
splice sites (Supplemental Table 4).

Identification of a microdeletion involving LHX4
A heterozygous deletion involving LHX4 was indi-
cated by MLPA and confirmed by FISH (Fig. 1A). Oli-

Endocrine studies at that time revealed
severe GH and prolactin deficiencies
(Table 1). Her karyotype was 46,XX in all 50 lymphocytes
examined. Recombinant human GH therapy (0.175 mg/
kg-wk) was started at 1 yr 8 months of age, showing a
remarkable effect. Brain magnetic resonance imaging at 5
yr of age delineated anterior pituitary hypoplasia with a
small cystic lesion, ectopic posterior pituitary, and under-
developed sella turcica (Supplemental Fig. 2). At 11 yr of
age, a GnRH test was performed due to lack of pubertal
signs, revealing gonadotropin deficiencies (Table 1). Thus,
sex steroid replacement therapy was started at 13 yr of age.
She had no episode of adrenal insufficiency, with normal
blood ACTH and cortisol values at yearly examinations.
A CRH stimulation test at 17 yr of age also showed an ap-
parently normal hypothalamic-pituitary-adrenal (HPA)
function (Table 1). On the last examination at 17 yr old, she
measured 148.7 cm (—1.8 sp), weighed 45.6 kg (—0.9 sp),
and manifested full pubertal development. She had no de-
velopmental retardation.
The nonconsanguineous parents and the three brothers
were clinically normal. The father was 164 cm (—1.2 sp)
tall, and the mother was 155 cm (—0.6 sp) tall.
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TABLE 1. Blood hormone values of the patient with LHX4 deletion
1.5yr 1Myr 17 yr
Stimulus (dosage) 1 month, basal Basal Peak Basal Peak Basal Peak
GH (ng/ml) GHRH (1 mg/kg) 0.2 1.2
Arginine (0.5 g/kg) 0.1 0.2
t-Dopa (10 mg/kg) 0.1 0.1
LH (miU/ml) GnRH (100 mg/m?) <0.5 0.3 0.8
FSH (mlU/ml) GnRH (100 mg/m?) 0.5 1.3 1.6
TSH (mU/ml) TRH (10 mg/kg) 3.5 2.37 3.9°
Prolactin (ng/ml) TRH (10 mg/kg) <1.0 <1.0
ACTH (pg/ml)® CRH (2 mg/kg) 24.6 264 26.1 118.7
Cortisol (ug/dhP? CRH (2 mg/kg) 17.5 10.6 15.7 37.82
IGF-1 (ng/ml) 9
Free T, (ng/dl) 0.6 1.17
Estradiol (pg/ml) <15

The conversion factors to the SI unit are as follows: GH 1.0 (ug/liter), LH 1.0 (IU/liter), FSH 1.0 (IU/liter), TSH 1.0 (mlU/liter), prolactin 1.0 (nafliter),
ACTH 0.22 (pmol/liter), cortisol 27.59 (nmol/liter), IGF-1 0.131 (nmol/liter), free T, 12.87 (pmol/liter), and estradiol 3.671 (pmol/liter). Hormone
values have been evaluated by the age- and sex-matched Japanese reference data; low hormone data are in bold. Blood sampling during the

provocation tests were done at 0, 30, 60, 30, and 120 min.
? Examined under T, supplementation therapy.
® Obtained at 0800 h.

Discussion

We performed sequence and gene copy number analyses
for all coding exons of six previously known genes in 71
patients with CPHD, although noncoding regions were
not examined. Consequently, we could identify only a sin-
gle patient with a heterozygous microdeletion involving
LHX4. This indicates the rarity of abnormalities affecting
the six genes in patients with CPHD and, at the same time,
the significance of the gene copy number analysis in such
patients. In this regard, because gene copy number aber-
rations have been found for multiple genes including mi-
crodeletions of PROP1 and LHX3 and microduplications
of SOX3 (7-9, 14, 15), this implies that gene copy number
aberrations should be screened in genetic diagnosis.
Several matters are noteworthy for the clinical and mo-
lecular findings of the patient with the microdeletion in-
volving LHX4. First, the HPA function was preserved nor-
mally at 17 yr of age. However, ACTH deficiency has
often been identified in the previously reported patients
with heterozygous intragenic loss-of-function mutations
of LHX4 (Supplemental Table 5), and the HPA function
often deteriorates with age in patients with CPHD (2).
Thus, careful follow-up is necessary for the HPA function
of this patient. Second, the microdeletion has affected
three additional genes. In this context, the pituitary phe-
notype of this patient remains within the clinical spectrum
of patients with LH X4 mutations (Supplemental Table 5),
and there was no discernible extrapituitary phenotype.
Thus, hemizygosity for the three genes would not have a
major clinical effect, if any. Third, the deletion break-
points resided on nonrepeat sequences, and the fusion
point was associated with an addition of an 8-bp segment

of unknown origin. This indicates that the deletion has
been produced by nonhomologous end joining, i.e. an ab-
errant breakage and re-union between nonhomologous
sequences (16).

We also identified five novel heterozygous missense
substitutions. In this regard, the data obtained from se-
quencing analysis in control subjects and available par-
ents, functional studies, and in silico analyses argue
against the five missense substitutions being a disease-
causing pathological mutation, although the possibility
that they might function as a susceptibility factor for the
development of CPHD remains tenable. In particular,
LHX4-p.V201I, which was absent from 100 control sub-
jects and affected the well-conserved V201 residue, may
have been erroneously regarded as a pathological muta-
tion, unless additional studies were performed. Indeed,
LHX4-p.V201I exerted no predictable effect on the splic-
ing pattern and had a normal transactivation activity in
the used system, although transactivation function may be
variable depending on the used promoters and cells (17).
Such rare variants with an apparently normal function
have also been reported previously (3, 18). Thus, whereas
in vitro experimental data and iz silico prediction data
may not precisely reflect i vivo functions, it is recom-
mended to perform such studies for novel substitutions,
especially missense substitutions.

In summary, the results imply the rarity of pathological
abnormalities in the previously known genes in patients with
CPHD and the significance of the gene copy number analysis
in such patients. Thus, the causes of CPHD remain elusive in
most patients, and additional studies are required to clarify
the underlying factors for the development of CPHD.
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Introduction

Human chromosome 14q32.2 carries a cluster of protein-coding
paternally expressed genes (PEGs) such as DLKI and RTL! and
non-coding maternally expressed genes (MEGs) such as MEGS
(alias, GTL2), RTLlas (RTLI antisense), MEGS, snoRNAs, and
microRNAs [1,2]. Consistent with this, paternal uniparental disomy
14 (upd(14)pat) results in a unique phenotype characterized by
facial abnormality, small bell-shaped thorax, abdominal wall
defects, placentomegaly, and polyhydramnios [2,3], and maternal
uniparental disomy 14 (upd(14)mat) leads to less-characteristic but
clinically discernible features including growth failure [2,4].

The 14q32.2 imprinted region also harbors two differentially
methylated regions (DMRs), ie., the germline-derived primary
DLK1-MEG3 intergenic DMR (IG-DMR) and the postfertilization-
derived secondary MEG3-DMR [1,2]. Both DMRs are hypermethy-
lated after paternal transmission and hypomethylated after maternal
transmission in the body, whereas in the placenta the IG-DMR alone
remains as a DMR and the MEG3-DMR is rather hypomethylated
[1,2]. Furthermore, previous studies in cases with upd(I14)pat/mat-
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like phenotypes have revealed that epimutations (hypermethylation)
and microdeletions affecting both DMRs of maternal origin cause
paternalization of the 14q32.2 imprinted region, and that epimuta-
tions (hypomethylation) affecting both DMRs of paternal origin cause
maternalization of the 14q32.2 imprinted region, while microdele-
tions involving the DMRs of paternal origin have no effect on the
imprinting status [2,5-8]. These findings, together with the notion
that parent-of-origin specific expression patterns of imprinted genes
are primarily dependent on the methylation status of the DMRs [9],
argue for a critical regulatory function of the two DMRs for the
14q32.2 imprinted region, with possible different effects between the
body and the placenta.

However, the precise role of individual DMR remains to be
clarified. Here, we report that the IG-DMR and the MEG3-DMR
show a hierarchical interaction for the methylation pattern in the
body, and function as imprinting control centers in the placenta
and the body, respectively. To our knowledge, this is the first study
demonstrating not only different roles between the primary and
secondary DMRSs at a single imprinted region, but also an essential
regulatory function for the secondary DMR.
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Results

Clinical reports

We studied an infant with upd(l4)pat body and placental
phenotypes (patient 1) and a neonate with upd(14)pat body, but no
placental, phenotype (patient 2) (Figure 1). Detailed clinical
features of patients 1 and 2 are shown in Table 1. In brief,
patient 1 was delivered by a caesarean section at 33 weeks of
gestation due to progressive polyhydramnios despite amnioreduc-
tion at 28 and 30 weeks of gestation, whereas patient 2 was born at
28 weeks of gestation by a vaginal delivery due to progressive labor
without discernible polyhydramnios. Placentomegaly was observed
in patient 1 but not in patient 2. Patients 1 and 2 were found to
have characteristic face, small bell-shaped thorax with coat hanger
appearance of the ribs, and omphalocele. Patient 1 received
surgical treatment for omphalocele immediately after birth and
mechanical ventilation for several months. At present, she is 5.5
months of age, and still requires intensive care including oxygen
administration and tube feeding. Patient 2 died at four days of age
due to massive intracranial hemorrhage, while receiving intensive
care including mechanical ventilation. The mother of patient 1
had several non-specific clinical features such as short stature and
obesity. The father of patient 1 and the parents of patient 2 were
clinically normal.

Sample preparation

We isolated genomic DNA (gDNA) and transcripts (mRNAs,
snoRNAs, and microRNAs) from fresh leukocytes of patients 1 and
the parents of patients 1 and 2, from fresh skin fibroblasts of
patient 2, and from formalin-fixed and paraffin-embedded
placental samples of patient 1 and similarly treated pituitary and
adrenal samples of patient 2 (although multiple body tissues were
available in patient 2, useful gDNA and transcript samples were
not obtained from other tissues probably due to drastic post-
mortem degradation). We also made metaphase spreads from
leukocytes and skin fibroblasts. For comparison, we obtained
control samples from fresh normal adult leukocytes, neonatal skin
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Figure 1. Clinical phenotypes of patients 1 and 2 at birth. Both
patients have bell shaped thorax with coat hanger appearance of the
ribs and omphalocele. In patient 1, histological examination of the
placenta shows proliferation of dilated and congested chorionic villi, as
has previously been observed in a case with upd(14)pat [2]. For
comparison, the histological finding of a gestational age matched (33
weeks) control placenta is shown in a dashed square. The horizontal
black bars indicate 100 pm.

doi:10.1371/journal.pgen.1000992.g001

fibroblasts, and placenta at 38 weeks of gestation, and from fresh
leukocytes of upd(l14)pat/mat patients and formalin-fixed and
paraffin-embedded placenta of a upd(14)pat patient [2,3].

Structural analysis of the imprinted region

We first examined the structure of the 14q32.2 imprinted region
(Figure 2). Upd(14) was excluded in patients 1 and 2 as well as in
the mother of patient 1 by microsatellite analysis (Table S1), and
FISH analysis for the two DMRs identified a familial heterozygous
deletion encompassing the IG-DMR alone in patient 1 and her
mother and a de novo heterozygous deletion encompassing the
MEG3-DMR alone in patient 2 (Figure 2). The microdeletions
were further localized by SNP genotyping for 70 loci (Table SI)
and quantitative real-time PCR (q-PCR) analysis for four regions
around the DMRs (Figure S1A), and serial direct sequencing for
the long PCR products harboring the deletion junctions
successfully identified the fusion points of the microdeletions in
patient 1 and her mother and in patient 2 (Figure 2). According to
the NT_026437 sequence data at the NCBI Database (Genome
Build 36.3) (http://preview.ncbi.nlm.nih.gov/guide/), the deletion
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Table 1. Clinical features in patients 1 and 2.

Imprinting Control Centers at Human 14q32.2

Amnioreduction (weeks) 2x (28, 30)
Placentomegaly es i
Growth pattern

Prenatal growth fal
Birth length (cm)

Bithowelght (ka) -0
Postnatal growth failure

Present weight (kg)

Anteverted nares Yes
§ﬁiall,é5rs;7;~ LR e
Protruding philtrum
Puckered lips
Micrognathia

Thoracic abnormality -
Bell-shaped thorax
Mécﬁé‘nicéi;\;/éhtilétion:v S G Nes
Abdominal wall defect

lj)"iasltasis:redi,vu-l ' = Lt B
Omphalocele Yes
Others = R
Short webbed neck Yes
éardiéc diﬁéasg- 8 ' o No:
Inguinal hernia No

Coxa v@lga ke SN o Yes
Joint contractures Yes
Kyphostoliosis » No

Extra features

Present stature {cm) . © - 563/(-305D)°
5.02 (—3.0 SD)°

Frontal bossing No

Hairy forehead = . * . o Nes
Blepharopﬁimosis Yes
Depressed a$éblhbridgé' S iy Yes -

No ..

Patient 1 Patient 2 Upd(14)pat (n=20)°
Present age - P 5.5 months : f[j)'éc‘éas'éd atddays 09 years B
Sex Female Female o Male:Fem'a.l‘e=49:i1 .
Karyotype' = . : S : 46XX : '
Pregnancy and delivery
Gestational age (weeks) 33 i
Delivery Caesarean Vaginal:Caesarein = 6:7.
Polyhydramnios . ; : 2 Ca

Yes 217°

Yes 14/14
CNesPDAY i o sne

No

No

Hydronephrosis

 (bilateral)

GL02020101.do).

d Polyhydramnios has been identified by 28 weeks of gestation.

doi:10.1371/journal.pgen.1000992.t001

@ PLoS Genetics | www.plosgenetics.org

WNR: within the normal range; SD: standard deviation; and PDA: patent ductus arteriosus.
a Assessed by the gestational age- and sex-matched Japanese reference data from the Ministry of Health, Labor, and Welfare (http://www.e-stat.go.jp/SG1/estat/

b Assessed by the age- and sex-matched Japanese reference data..

¢ In the column summarizing the dinical features of 20 patients with upd(14)pat, the denominators indicate the number of cases examined for the presence or absence
of each feature, and the numerators represent the number of cases assessed to be positive for that feature; thus, the differences between the denominators and the
numerators denote the number of cases evaluated to be negative for that feature (adopted from reference [2]).

e Omphalocele is present in two cases with upd(14)pat and in two cases with epimutations [2].
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Figure 2. Physical map of the 14g32.2 imprinted region and the deleted segments in patient 1 and her mother and in patient 2
(shaded in gray). PEGs are shown in blue, MEGs in red, and the IG-DMR (CG4 and CG6) and the MEG3-DMR (CG?7) in green. It remains to be clarified
whether DIO3 is a PEG, although mouse Dio3 is known to be preferentially but not exclusively expressed from a paternally derived chromosome [35].
For MEG3, the isoform 2 with nine exons (red bars) and eight introns (light red segment) is shown (Ensembl; http://www.ensembl.org/index.html).
Electrochromatograms represent the fusion point in patient 1 and her mother, and the fusion point accompanied by insertion of a 66 bp segment
(highlighted in blue) with a sequence identical to that within MEG3 intron 5 (the blue bar) in patient 2. Since PCR amplification with primers flanking
the 66 bp segment at MEG3 intron 5 has produced a 194 bp single band in patient 2 as well as in a control subject (shown in the box), this indicates
that the 66 bp segment at the fusion point is caused by a duplicated insertion rather than by a transfer from intron 5 to the fusion point (if the 66 bp
is transferred from the original position, a 128 bp band as well as a 194 bp band should be present in patient 2) (the marker size: 100, 200, and 300
bp). In the FISH images, the red signals (arrows) have been identified by the FISH-1 probe and the FISH-2 probe, and the light green signals
(arrowheads) by the RP11-56612 probe for 14q12 used as an internal control. The faint signal detected by the FISH-2 probe in patient 2 is consistent
with the preservation of a ~1.2 kb region identified by the centromeric portion of the FISH-2 probe.

doi:10.1371/journal.pgen.1000992.g002

@ PLoS Genetics | www.plosgenetics.org 4 June 2010 | Volume 6 | Issue 6 | 1000992



Imprinting Control Centers at Human 14g32.2

Deleted region

Deleted region
(Patient 1 & mother)

(Patient 2)

DLKT

K]
-

Cen

G7

c

rs10133627

Pat =
Mat—

a
o)
o
Q.
o |a
+ |
©
61
0
Ql
o)
A
a
o 19
TI&
<~
@
©
=
Q
ol
©
-}
a
81
1 |&
0
e]
®©
o=

D= D

80
cO
3
5
8o
=
il
O
>
3
@io
3 St
nyl
O i
-—
= ]
©
- E
— —_——
< <
- A\
e S
B °
Q. Q.
=2 =2
gl
TI0]z
8
iy
a. c .13
N~
o
O &2
b =
> unuﬁnvmwum.ww.m
3| |t EEsssasasseaLe iy
Mol et
% Esigsiatiastaiy
ne
G s
O

Patient 1

patient 1

t 2

Patien

Body

Figure 3. Methylation analysis of the IG-DMR (CG4 and CG6) and the MEG3>DMR (CG?7). Filled and open circles indicate methylated and

unmethylated cytosines at the CpG dinucleotides, respectively. (A) Structure of CG4, CG6, and CG7. Pat: paternally derived chromosome; and Mat:
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maternally derived chromosome. The PCR products for CG4 (311 bp) harbor 6 CpG dinucleotides and a G/A SNP (rs12437020), and are digested with
BstUl into three fragment (33 bp, 18 bp, and 260 bp) when the cytosines at the first and the second CpG dinucleotides and the fourth and the fifth
CpG dinucleotides (indicated with orange rectangles) are methylated. The PCR products for CG6 (428 bp) carry 19 CpG dinucleotides and a C/T SNP
(rs10133627), and are digested with Tagl into two fragment (189 bp and 239 bp) when the cytosine at the 9th CpG dinucleotide (indicated with an
orange rectangle) is methylated. The PCR products for CG7 harbor 7 CpG dinucleotides, and are digested with BstUl into two fragment (56 bp and
112 bp) when the cytosines at the fourth and the fifth CpG dinucleotides (indicated with orange rectangles) are methylated. These enzymes have
been utilized for combined bisulfite restriction analysis (COBRA). (B) Methylation analysis. Upper part shows bisulfite sequencing data. The SNP typing
data are also denoted for CG4 and CG6. The circles highlighted in orange correspond to those shown in Figure 3A. The relatively long CG6 was not
amplified from the formalin-fixed and paraffin-embedded placental samples, probably because of the degradation of genomic DNA. Note that CG4 is
differentially methylated in a control placenta and is massively hypermethylated in a upd(14)pat placenta, whereas CG7 is rather hypomethylated in a
upd(14)pat placenta as well as in a control placenta. Lower part shows COBRA data. U: unmethylated clone specific bands (311 bp for CG4, 428 bp for
CG6, and 168 bp for CG7); and M: methylated clone specific bands (260 bp for CG4, 239 bp and 189 bp for CG6, and 112 bp and 56 bp for CG7). The

results reproduce the bisulfite sequencing data, and delineate normal findings of the father of patient 1 and the parents of patient 2.

doi:10.1371/journal.pgen.1000992.g003

size was 8,558 bp (82,270,449-82,279,006 bp) for the microdele-
tion in patient 1 and her mother, and 4,303 bp (82,290,978-
82,295,280 bp) for the microdeletion in patient 2. The microdele-
tion in patient 2 also involved the 5" part of MEG3 and five of the
seven putative CTCF binding sites A-G [10], and was
accompanied by insertion of a 66 bp sequence duplicated [rom
MEG3 intron 5 (82,299,727-82,299,792 bp on NT_026437).
Direct sequencing of the exonic or transcribed regions detected no
mutation in DLKI, MEG3, and RTLI, although several cDNA
polymorphisms (cSNPs) were identified (Table S1). Oligoarray
comparative genomic hybridization identified no other discernible
structural abnormality (Figure S1B).

Methylation analysis of the two DMRs and the seven
putative CTCF binding sites

We next studied methylation patterns of the previously reported
IG-DMR (CG#4 and CG6) and MEG3-DMR (CG7) (Figure 3A)
[2], using bisulfite treated gDNA samples. Bisulfite sequencing and
combined bisulfite restriction analysis using body samples revealed
a hypermethylated IG-DMR and MEG3-DMR in patient 1, a
hypomethylated IG-DMR and differentially methylated MEG3-
DMR in the mother of patient 1, and a differentially methylated
IG-DMR and hypermethylated MEG3-DMR in patient 2, and
bisulfite sequencing using placental samples showed a hyper-
methylated IG-DMR and rather hypomethylated MEG3-DMR in
patient 1 (Figure 3B).

We also examined methylation patterns of the seven putative
CTCF binding sites by bisulfite sequencing (Figure 4A). The sites
C and D alone exhibited DMRs in the body and were rather
hypomethylated in the placenta (Figure 4B), as observed in CG7.
Furthermore, to identify an informative SNP(s) pattern for allele-
specific bisulfite sequencing, we examined a 349 bp region
encompassing the site C and a 356 bp region encompassing the
site D as well as a 300 bp region spanning the previously reported
three SNPs near the site D, in 120 control subjects, the cases with
upd(14)pat/mat, and patients 1 and 2 and their parents.
Consequently, an informative polymorphism was identified for a
novel G/A SNP near the site D in only a single control subject,
and the parent-of-origin specific methylation pattern was con-
firmed (Figure 4C). No informative SNP was [ound in the
examined region around the site C, and no other informative SNP
was identified in the two examined regions around the site D, with
the previously known three SNPs being present in a homozygous
condition in all the subjects analyzed.

Expression analysis of the imprinted genes

Finally, we performed expression analyses, using standard
reverse (ranscriptase (RT)-PCR and/or g-PCR analysis for
multiple imprinted genes in this region (Figure 5A-5C). For
leukocytes, weak expression was detected for MEG3 and

@ PLoS Genetics | www.plosgenetics.org

SNORD114-29 in a control subject and the mother of patient 1
but not in patient 1. For skin fibroblasts, although all MEGs but no
PEGs were expressed in control subjects, neither MEGs nor PEGs
were expressed in patient 2. For placentas, although all imprinted
genes were expressed in control subjects, PEGs only were
expressed in patient 1. For the pituitary and adrenal of patient
2, DLKT expression alone was identified.

Expression pattern analyses using informative ¢cSNPs revealed
monoallelic MEG3 expression in the leukocytes of the mother of
patient 1 (Figure 5D), and biparental RTLI expression in the
placenta of patient 1 (no informative cSNP was detected for DLKT)
and biparental DLKI expression in the pituitary and adrenal of
patient 2 (RTLI was not expressed in the pituitary and adrenal)
(Figure 5E), as well as maternal MEG3 expression in the control
leukocytes and paternal RTLI expression in the control placentas
(Figure S2). Although we also attempted q-PCR analysis, precise
assessment was impossible for MEG3 in the mother of patient 1
because of faint expression level in leukocytes and for RTLI in
patient 1 and DLKT in patient 2 because of poor quality of mRNAs
obtained from formalin-fixed and paraffin-embedded tissues.

Discussion

The data of the present study are summarized in Figure 6.
Parental origin of the microdeletion positive chromosomes is based
on the methylation patterns of the preserved DMRs in patients 1
and 2 and the mother of patient 1 as well as maternal transmission
in patient 1. Loss of the hypomethylated IG-DMR of maternal
origin in patient 1 was associated with epimutation (hypermethy-
lation) of the MEG3-DMR in the body and caused paternalization
of the imprinted region and typical upd(14)pat body and placental
phenotypes, whereas loss of the hypomethylated MEG3-DMR of
maternal origin in patient 2 permitted normal methylation pattern
of the IG-DMR in the body and resulted in maternal to paternal
epigenotypic alteration and typical upd(14)pat body, but no
placental, phenotype. In this regard, while a 66 bp segment was
inserted in patient 2, this segment contains no known regulatory
sequence [11] or evolutionarily conserved element [12] (also
examined with a VISTA program, http://genome.lbl.gov/vista/
index.shtml). Similarly, while no control samples were available for
pituitary and adrenal, the previous study in human subjects has
shown paternal DLKT expression in adrenal as well as monoallelic
DLKT and MEG3 expressions in various tissues [11]. Furthermore,
the present and the previous studies [2] indicate that this region is
imprinted in the placenta as well as in the body. Thus, these
results, in conjunction with the finding that the IG-DMR remains
as a DMR and the MEG3-DMR exhibits a non-DMR in the
placenta [2], imply the following: (1) the IG-DMR functions
hierarchically as an upstream regulator for the methylation pattern
of the MEG3-DMR on the maternally inherited chromosome
in the body, but not in the placenta; (2) the hypomethylated
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Figure 4. Methylation analysis of the putative CTCF protein binding sites A-G. (A) Location and sequence of the putative CTCF binding
sites. In the left part, the sites C and D are painted in yellow and the remaining sites in purple. In the right part, the consensus CTCF binding motifs are
shown in red letters; the cytosine residues at the CpG dinucleotides within the CTCF binding motifs are highlighted in blue, and those outside the
CTCF binding motifs are highlighted in green [10]. (B) Methylation analysis. Upper part shows bisulfite sequencing data, using leukocyte genomic
DNA samples. Since PCR products for the site B contain a C/A SNP (rs11627993), genotyping data are also indicated. The circles highlighted in blue
correspond to those shown in Figure 4A. The sites C and D exhibit clear DMRs. Lower part indicates the results of the sites C and D using leukocyte
and/or placental genomic DNA samples. The findings are similar to those of CG7. (C) Allele-specific methylation pattern of the CTCF binding site D. A
novel G/A SNP has been identified in a single control subject, as shown on a reverse chromatogram delineating a C/T SNP pattern, while the
previously reported three SNPs were present in a homozygous condition. Methylated and unmethylated clones are associated with the “G” and the

"A" alleles, respectively.
doi:10.1371/journal.pgen.1000992.g004

MEG3-DMR functions as an essential imprinting regulator for
both PEGs and MEGs in the body; and (3) in the placenta, the
hypomethylated IG-DMR directly controls the imprinting pattern
of both PEGs and MEGs. These notions also explain the
epigenotypic alteration in the previous cases with epimutations
or microdeletions affecting both DMRs (Figure S3).

It remains to be clarified how the IG-DMR and the MEGS3-
DMR interact hierarchically in the body. However, the present
data, together with the previous findings in cases with epimuta-
tions [2,5-8], imply that MEG3-DMR can remain hypomethy-
lated only in the presence of a hypomethylated IG-DMR and is
methylated when the IG-DMR is deleted or methylated
irrespective of the parental origin. Furthermore, mouse studies
have suggested that the methylation pattern of the postfertiliza-
tion-derived Gi/2-DMR (the mouse homolog for the MEG3-DMR)
is dependent on that of the germline-derive IG-DMR [13]. Thus,
a preferential binding of some factor(s) to the unmethylated IG-
DMR may cause a conformational alteration of the genomic
structure, thereby protecting the methylation of the AMMEG3-DMR.

It also remains to be elucidated how the IG-DMR and the
MEG3-DMR regulate the expression of both PEGs and MEGs in
the placenta and the body, respectively. For the MEG5-DMR,
however, the CTCF binding sites C and D may play a pivotal role
in the imprinting regulation. The methylation analysis indicates
that the two sites reside within the MEG3-DMR, and it is known
that the CTCF protein with versatile functions preferentially binds
to unmethylated target sequences including the sites C and D
[10,14-16). In this regard, all the MEGs in this imprinted region
can be transcribed together in the same orientation and show a
strikingly similar tissue expressions pattern [1,12], whereas PEGs
are transcribed in different directions and are co-expressed with
MEGs only in limited cell-types [1,17]. It is possible, therefore, that
preferential CTCT binding to the grossly unmethylated sites G and
D activates all the MEGs as a large transcription unit and represses
all the PEGs perhaps by influencing chromatin structure and
histone modification independently of the effects of expressed
MEGs. In support of this, CTCF protein acts as a transcrip-
tional activator for G2 (the mouse homolog for MEGS) in the
mouse [18].

Such an imprinting control model has not been proposed
previously. It is different from the CTCF protein-mediated
insulator model indicated for the H/9-DMR and from the non-
coding RNA-mediated model implicated for several imprinted
regions including the KvDMRI1 [19]. However, the KvDMR1
harbors two putative GTCF binding sites that may mediate non-
coding RNA independent imprinting regulation [20], and the
imprinting control center for Prader-Willi syndrome [21] also
carries three CTCF binding sites (examined with a Search for
CTCF DNA Binding Sites program, http://www.essex.ac.uk/bs/
molonc/spa.html). Thus, while each imprinted region would be
regulated by a diflerent mechanism, a CTCF protein may be
involved in the imprinting control of multiple regions, in various
manners.

@ PLoS Genetics | www.plosgenetics.org

This imprinted region has also been studied in the mouse.
Clinical and molecular findings in wildtype mice [1,22,23], mice
with PatDi(12) (paternal disomy for chromosome 12 harboring this
imprinted region) [13,24,25], and mice with targeted deletions for
the IG-DMR (AIG-DMR) [22,26] and for the Gi2-DMR (AGi2-
DMR) [27] are summarized in Table 2. These data, together with
human data, provide several informative findings. First, in both
the human and the mouse, the IG-DMR is differentially
methylated in both the body and the placenta, whereas the
MEG3/Gt2-DMR is differentially methylated in the body and
exhibits non-DMR in the placenta. Second, the IG-DMR and the
MEG3/Gil2-DMR  show a hierarchical interaction on the
maternally derived chromosome in both the human and the
mouse bodies. Indeed, the MEG3/GiI2-DMR is epimutated in
patient 1 and mice with maternally inherited AIG-DMR, and the
IG-DMR is normally methylated in patient 2 and mice with
maternally inherited AG#/2-DMR. Third, the function of the IG-
DMR is comparable between human and mouse bodies and
different between human and mouse placentas. Indeed, patient 1
has upd(14)pat body and placental phenotypes, whereas mice with
the AIG-DMR of maternal origin have PatDi(12)-compatible body
phenotype and apparently normal placental phenotype. It is likely
that imprinting regulation in the mouse placenta is contributed by
some mechanism(s) other than the methylation pattern of the IG-
DMR, such as chromatin conformation [22,28,29].

Unfortunately, however, the data of AG#2-DMR mice appears
to be drastically complicated by the retained neomycin cassette in
the upstream region of Gi/2. Indeed, it has been shown that the
insertion of a [ac{ gene or a neomycin gene in the similar upstream
region of Gil2 causes severely dysregulated expression patterns and
abnormal phenotypes after both paternal and maternal transmis-
sions [30,31], and that deletion of the inserted neomycin gene
results in apparently normal expression patterns and phenotypes
after both paternal and maternal transmissions [31]. (In this
regard, although a possible influence of the inserted 66 bp segment
can not be excluded formally in patient 2, phenotype and
expression data in patient 2 are compatible with simple
paternalization of the imprinted region.) In addition, since the
apparently normal phenotype in mice homozygous for AGt2-
DMR is reminiscent of that in sheep homozygous for the callipyge
mutation [32], a complicated mechanism(s) such as the polar
overdominance may be operating in the AG#2-DMR mice [33].
Thus, it remains to be clarified whether the MEG3/ Gtl2-DMR has
a similar or different function between the human and the mouse.

Two points should be made in reference to the present study.
First, the proposed functions of the two DMRs are based on the
results of single patients. This must be kept in mind, because there
might be a hidden patient-specific abnormality or event that might
explain the results. For example, the abnormal placental
phenotype in patient 1 might be caused by some co-incidental
aberration, and the apparently normal placenta in patient 2 might
be due to mosaicism with grossly preserved MEG3-DMR in the
placenta and grossly deleted MEG3-DMR in the body. Second,
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Figure 5. Expression analysis. (A) Reverse transcriptase (RT)-PCR analysis. L: leukocytes; SF: skin fibroblasts; and P: placenta. The relatively weak
GAPDH expression for the formalin-fixed and paraffin-embedded placenta of patient 1 indicates considerable mRNA degradation. Since a single exon
was amplified for DLK1 and RTL1, PCR was performed with and without RT for the placenta of patient 1, to exclude the possibility of false positive
results caused by genomic DNA contamination. (B) Quantitative real-time PCR (g-PCR) analysis of MEG3, MEG8, and miRNAs, using fresh skin
fibroblasts (SF) of patient 2 and four control neonates. Of the examined MEGs, miR433 and miR127 are encoded by RTL1as. (C) RT-PCR analysis for the
formalin-fixed and paraffin-embedded pituitary (Pit.) and the adrenal (Ad.) in patient 2. The bands for DLK1 are detected in the presence of RT and
undetected in the absence of RT, thereby excluding contamination of genomic DNA. (D) Monoallelic MEG3 expression in the leukocytes of the mother
of patient 1. The three cSNPs are present in a heterozygous status in gDNA and in a hemizygous status in cDNA. D: direct sequence. (E) Biparental
RTL1 expression in the placenta of patient 1 and biparental DLK1 expression in the pituitary and adrenal of patient 2. D: direct sequence; and S:
subcloned sequence. In patient 1, genotyping of RTL1 cSNP (rs6575805) using gDNA indicates maternal origin of the “C” allele and paternal origin of
the “T" allele, and sequencing analysis using cDNA confirms expression of maternally as well as paternally derived RTL1. Similarly, in patient 2,
genotyping of DLK1 cSNP (rs1802710) using gDNA denotes maternal origin of the “C” allele and paternal origin of the “T” alleles, and sequencing
analysis using cDNA confirms expression of maternally as well as paternally inherited DLK1.

doi:10.1371/journal.pgen.1000992.g005

the clinical features in the mother of patient 1 such as short stature
and obesity are often observed in cases with upd(14)mat (Table
S2). However, the clinical features are non-specific and appear to
be irrelevant to the microdeletion involving the IG-DMR, because
loss of the paternally derived IG-DMR does not affect the
imprinted status [2,26]. Indeed, MEG3 in the mother of patient 1
showed normal monoallelic expression in the presence of the
differentially methylated MEG3-DMR. Nevertheless, since the
upd(14)mat phenotype is primarily ascribed to loss of functional
DLK] (Figure S3B) [2,34], it might be possible that the

@ PLoS Genetics | www.plosgenetics.org

microdeletion involving the IG-DMR has affected a cs-acting
regulatory element for DLKT expression (for details, see Note in the
legend for Table S2). Further studies in cases with similar
microdeletions will permit clarification of these two points.

In summary, the results show a hierarchical interaction and
distinct functional properties of the IG-DMR and the MEG3-
DMR in imprinting control. Thus, this study provides significant
advance in the clarification of mechanisms mvolved in the
imprinting regulation at the 14q32.2 imprinted region and the
development of upd(14) phenotype.
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Figure 6. Schematic representation of the observed and predicted methylation and expression patterns. Deleted regions in patients 1
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Representative imprinted genes are shown; these genes are known to be imprinted in the body and the placenta [2] (see also Figure S2). Placental
samples have not been obtained in patient 2 and the mother of patient 1 (highlighted with light green backgrounds). Thick arrows for RTL1 in
patients 1 and 2 represent increased RTL1 expression that is ascribed to loss of functional microRNA-containing RTL1as as a repressor for RTL1 [26,36—
38]; this phenomenon has been indicated in placentas with upd(14)pat and in those with an epimutation and a microdeletion involving the two
DMRs (Figure S3A and S3C) [2]. MEG3 and RTL1as that are disrupted or predicted to have become silent on the maternally derived chromosome are
written in gray. Filled and open circles represent hypermethylated and hypomethylated DMRs, respectively; since the MEG3-DMR is rather
hypomethylated and regarded as non-DMR in the placenta [2] (see also Figure 3), it is painted in gray.

doi:10.1371/journal.pgen.1000992.g006

Materials and Methods

Ethics statement

This study was approved by the Institutional Review Board
Committees at National Center for Child health and Develop-
ment, University College Dublin, and Dokkyo University School
of Medicine, and performed after obtaining written informed
consent.

Primers

All the primers utilized in this study are summarized in
Table S3.
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Sample preparation

For leukocytes and skin fibroblasts, genomic DNA (gDNA)
samples were extracted with FlexiGene DNA Kit (Qiagen), and
RNA samples were prepared with RNeasy Plus Mini (Qiagen) for
DLKI, MEG3, RTLI, MEG8 and snoRNAs, and with mirVana
miRNA Isolation Kit (Ambion) for microRNAs. For paraffin-
embedded tissues including the placenta, brain, lung, heart, liver,
spleen, kidney, bladder, and small intestine, gDNA and RNA
samples were extracted with RecoverAll Total Nucleic Acids
Isolation Kit (Ambion) using slices of 40 pm thick. For fresh
control placental samples, gDNA and RINA were extracted using
ISOGEN (Nippon Gene). After treating total RNA samples with
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Table 2. Clinical and molecular findings in wild-type and PatDi(12) mice and mice with maternally inherited AIG-DMR and AGt/2-
DMR.

Wildtype PatDi(12) AIG-DMR (~4.15 kb)® AGt/2DMR (~10 kb)®
o Neomycin cassette (+)
<Body>
Phenotype Normal - Abnormal® : PatDi(1i) phenotype® : annal at b|rlh s

Lethal by 4 weeks
Méfﬁilation pattern S Sy : _ ik so el : : e
IG-DMR Differential Methylated Methylated? Differential
GiIQ-DMR : R Differential Methylated - . Sl Epimutated®: - : S ; Mét};yfétgg:lf’, :
Expression pattern

Pegs: RO Mc'moallelié- ! : Increased (¥2x)'v - Blparenta ; 'éidsély normal :

Increased (2x or 4.5x)°

Megs " Monoalleic o Absemt Decreased (<02~0.5¢
<Placenta> v l v .
Phenotype i . o Nbr“fr'ii,al_: SR : e Piacénto%ég;iy.’ Gee vl}\pp:airé'nﬂy‘v-r')t:g‘ijr'ryla!:i s : . Notdetermlned a4
Methylation pattern 7 ' . '
IGDMR ~~  Diferential ©  Methylated’ "~ . Notdetermined ~©° " Notdetermined
GIIZ-DMR Non-DMR Non-DMR Not dete‘rmi.ned‘ Not ;!eiermiﬁéd
Exéiéﬁﬁion,panein / : : : - v ; : : »7 e —
Pegs Monoallelic Not detérmined Increased (1.5~1.8x)° Ijeérease& (b.5~0.85x)9
e R e ' baedie -

Remark Paternal transmission”

a The deletion size is smaller than that of patient 1 and her mother in this study, especially at the centromeric region.

b The microdeletion also involves Gt/2, and the deletion size is larger than that of patient 2 in this study.

¢ Body phenotype includes bell-shaped thorax with rib anomalies, distended abdomen, and short and broad neck.

d Hemizygosity for the methylated DMR of paternal origin.

e Hypermethylation of the maternally derived DMR.

f 2x DIk1 and Dio3 expression levels and 4.5x Rt/ expression level. The markedly elevated Rt/1 expression level is ascribed to a synergic effect between activation of the
usually silent Rt/T of maternal origin and loss of functional microRNA-containing Rt/1as as a repressor for Rt!1 [26,36-38].

g The expression level is variable among examined tissues and examined genes.

h The AIG-DMR of paternal origin has permitted normal Gt/2-DMR methylation pattern, intact imprinting status, and normal phenotype in the body (no data on the
placenta).

i The AGt/2-DMR of paternal origin is accompanied by normal methylation pattern of the IG-DMR and variably reduced Pegs expression and increased Megs expression
in the body, and has yielded severe growth retardation accompanied by perinatal lethality.

J The homozygous mutants have survived and developed into fertile adults, despite rather altered expression patterns of the imprinted genes.
doi:10.1371/journal.pgen.1000992.t002

DNase, cDNA samples for DLKI, MEG3, MEGS, and snoRNAs rhodamine anti-digoxigenin, and the RP11-56612 probe was
were prepared with oligo(dT) primers from 1 pug of RNA using  labeled with biotin and detected by avidin conjugated to
Superscript IIT Reverse Transcriptase (Invitrogen), and those for fluorescein isothiocyanate. For quantitative real-time PCR anal-
microRNAs were synthesized from 300 ng of RNA using TagMan ~ ysis, the relative copy number to RNaseP (catalog No: 4316831,
MicroRNA Reverse Transcription Kit (Applied Biosystems). For ~ Applied Biosystems) was determined by the Tagman real-time
RTLI, cDNA samples were synthesized with R7LI-specific PCR method using the probe-primer mix on an ABI PRISM 7000
primers that do not amplify RTLIas. Control gDNA and cDNA (Applied Biosystems). To determine the breakpoints of microdele-
samples were extracted from adult leukocytes and neonatal skin tions, sequence analysis was performed for long PCR products
fibroblasts purchased from Takara Bio Inc. Japan, and from a harboring the fusion points, using serial forward primers on the
fresh placenta of 38 weeks of gestation. Metaphase spreads were CEQ 8000 autosequencer (Beckman Coulter). Direct sequencing
prepared from leukocytes and skin fibroblasts using colcemide was also performed on the CEQ 8000 autosequencer. Oligoarray

(Invitrogen). comparative genomic hybridization was performed with 1x244K
Human Genome Array (catalog No: G4411B) (Agilent Technol-
Structural analysis ogies), according to the manufacturer’s protocol.

Microsatellite analysis and SNP genotyping were performed as
described previously [2]. For FISH analysis, metaphase spreads Methylation analysis
were hybridized with a 5,104 bp FISH-1 probe and a 5,182 bp Methylation analysis was performed for gDNA treated with
FISH-2 probe produced by long PCR, together with an RP11- bisulfite using the EZ DNA Methylation Kit (Zymo Research).
56612 probe for 14q12 used as an internal control [2]. The FISH-1 After PCR amplification using primer sets that hybridize both
and FISH-2 probes were labeled with digoxigenin and detected by methylated and unmethylated clones because of lack of CpG
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dinucleotides within the primer sequences, the PCR products were
digested with appropriate restriction enzymes for combined
bisulfite restriction analysis. For bisulfite sequencing, the PCR
products were subcloned with TOPO TA Cloning Kit (Invitrogen)
and subjected to direct sequencing on the CEQ 8000 auto-
sequencer.

Expression analysis

Standard RT-PCR was performed for DLKI, RTLI, MEGS3,
MEGS, and snoRNAs using primers hybridizing to exonic or
transcribed sequences, and one pl of PCR reaction solutions was
loaded onto Gel-Dye Mix (Agilent). Tagman real-time PCR was
carried out using the probe-primer mixtures (assay No:
Hs00292028 for MEG3 and Hs00419701 for MEGS; assay ID:
001028 for m:R433, 000452 for m:R127, 000568 for miR379, and
000477 for miR154) on the ABI PRISM 7000. Data were
normalized against GAPDH (catalog No: 4326317E) for MEG3
and MEG8 and against RNU48 (assay ID: 0010006) for the
remaining miRs. The expression studies were performed three
times for each sample.

To examine the imprinting status of MEG3 in the leukocytes of
the mother of patient 1, direct sequence data for informative
cSNPs were compared between gDNA and cDNA. To analyze the
imprinting status of RTL! in the placental sample of patient 1 and
that of DLKT in the pituitary and adrenal samples of patient 2, RT-
PCR products containing exonic cSNPs informative for the
parental origin were subcloned with TOPO TA Cloning Kit,
and multiple clones were subjected to direct sequencing on the
CEQ 8000 autosequencer. TFurthermore, MEG3 expression
pattern was examined using leukocyte gDNA and cDNA samples
from multiple normal subjects and leukocyte gDNA samples from
their mothers, and RTL! expression pattern was analyzed using
gDNA and ¢cDNA samples from multiple fresh normal placentas
and leukocyte gDNA from the mothers.

Supporting Information

Figure S1 Structural analysis. (A) Quantitative real-time PCR
analysis (q-PCR) for four regions (q-PCR-1-4) in patient 2. The g-
PCR-1 and q-PCR-2 regions are present in two copies whereas g-
PCR-3 and g-PCR-4 regions are present in a single copy in patient
2. The four regions are present in two copies in the parents and a
control subject, in a single copy in the two previously reported
patients with microdeletions involving the examined regions
(Deletion-1 and Deletion-2 are case 2 and case 3 in Kagami et
al. [2], respectively), and in three copies in a hitherto unreported
case with 46,XX der(17)t(14;17)(q32.2;p13)pat who have three
copies of the 14q32.2 imprinted region. Since the microsatellite
locus D145985 is present in two copies (Table S1) and the MEG3-
DMR is deleted (Figure 2) in patient 2, this has served to localize
the breakpoints. (B) Oligoarray comparative genomic hybridiza-
tion for a ~1 Mb imprinted region. All the signals remain within
the normal range (-1 SD ~ +1 SD) (shaded in light blue) in
patients 1 and 2.

Found at: doi:10.1371/journal.pgen.1000992.5001 (1.17 MB TIF)

Figure 82 Expression analysis. (A) Maternal MEG3 expression
in the leukocytes of normal subjects. Genotyping has been
performed for three cSNPs using genomic DNA (gDNA) and
cDNA of leukocytes from control subjects and gDNA samples of
their mothers, indicating that both maternally and non-maternally
(paternally) derived alleles are delineated in the gDNA, whereas
maternally inherited alleles alone are identified in cDNA. These
three ¢SNPs have also been studied in the mother of patient 1
(Figure 5D). (B) Paternal RTL! expression in the placenta of a
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normal subject. Genotyping has been carried out for RTLI ¢SNP
using gDNA and ¢cDNA samples of a fresh placenta and gDNA
sample from the mother, showing that both maternally and non-
maternally (paternally) derived alleles are delineated in the gDNA,
whereas a non-maternally (paternally) inherited allele alone is
detected in cDNA. This ¢SNP has also been examined in the
placenta of patient 1 (Figure 5E). Furthermore, the results confirm
that the primers utilized in this study have amplified R7L1, but not
RTLlIas.

Found at: doi:10.1371/journal.pgen.1000992.5002 (0.39 MB TIF)

Figure 83 Schematic representation of the observed and
predicted methylation and expression patterns in previously
reported cases with upd(14)pat/mat-like phenotypes and in
normal and upd(14)pat/mat subjects. For the explanations of the
illustrations, see the legend for Figure 6. Previous studies have
indicated that (1) Epimutation-1, Deletion-1, Deletion-2, and
Deletion-3 lead to maternal to paternal epigenotypic alteration; (2)
Epimutation-2 results in paternal to maternal epigenotypic
alteration; and (3) Deletion-4 and Deletion-5 have no eflect on
the epigenotypic status [2,5-8,26]. (A) Cases with typical or mild
upd(14)pat phenotype. Epimutation-1: Hypermethylation of the
IG-DMR and the MEG3-DMR of maternal origin in the body,
and that of the IG-DMR of maternal origin in the placenta (the
MEG3-DMR is rather hypomethylated in the placenta) (cases 6-8
in Kagami et al. [2]). Deletion-1: Microdeletion involving DLK7,
the two DMRs, and MEG3 on the maternally inherited
chromosome (case 2 in Kagami et al. [2]). Deletion-2: Microdele-
tion involving DLKI, the two DMRs, MEG3, RTL1, and RTLIlas
on the maternally inherited chromosome (cases 3 and 5 in Kagami
et al. [2]). Deletion-3: Microdeletion involving the two DMRs,
MEG3, RTLI, and RTLIas on the maternally inherited chromo-
some (case 4 in Kagami et al. [2]). These findings are explained by
the following notions: (1) Epimutation (hypermethylation) of the
normally hypomethylated IG-DMR of maternal origin directly
results in paternalization of the imprinted region in the placenta
and indirectly leads to paternalization of the imprinted region in
the body via epimutation (hypermethylation) of the usually
hypomethylated MEG3-DMR of maternal origin. Thus, the
epimutation (hypermethylation) is predicted to have impaired
the IG-DMR as the primary target, followed by the epimutation
(hypermethylation) of the MEG3-DMR after fertilization; (2) Loss
of the hypomethylated MEG3-DMR of maternal origin leads to
paternalization of the imprinted region in the body; and (3) Loss of
the hypomethylated IG-DMR of maternal origin results in
paternalization of the imprinted region in the placenta. Further-
more, epigenotype-phenotype correlations imply that the severity
of upd(14)pat phenotype is primarily determined by the RTLI!
expression dosage rather than the DLKT expression dosage [2]. (B)
Cases with upd(l14)mat-like phenotype. Epimutation-2: Hypo-
methylation of the IG-DMR and the MEG3-DMR of paternal
origin (Temple et al. [5], Buiting et al. [6], Hosoki et al. [7], and
Zechner et al. [8]). Deletion-4: Microdeletion involving DLK], the
two DMRs, and MEG3 on the paternally inherited chromosome
(cases 9 and 10 in Kagami et al. [2]). Deletion-5: Microdeletion
involving DLKI, the two DMRs, MEG3, RTL1, and RTLIas on the
paternally inherited chromosome (case 11 in Kagami et al. [2] and
patient 3 in Buiting et al. [6]). These findings are consistent with
the following notions: (1) Epimutation (hypomethylation) of the
normally hypermethylated IG-DMR of paternal origin directly
results in maternalization of the imprinted region in the placenta
and indirectly leads to maternalization of the imprinted region in
the body through epimutation (hypomethylation) of the usually
hypermethylated MEG3-DMR of paternal origin. Thus, epimuta-
tion (hypomethylation) is predicted to have affected the IG-DMR
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as the primary target, followed by the epimutation (hypomethyla-
tion) of the MEG3-DMR after fertilization; and (2) Loss of the
hypermethylated DMRs of paternal origin has no eflect on the
imprinting status [2,26], so that upd(14)mat-like phenotype is
primarily ascribed to the additive effects of loss of functional DLKT
and RTL] from the paternally derived chromosome (the effects of
loss of DIO3 appears to be minor, if any [2,35]). Although the
MEGs expression dosage is predicted to be normal in Deletion-4
and Deletion-5 and doubled in Epimutation-2 as well as in
upd(14)mat, it remains to be determined whether the difference in
the MEGs expression dosage has major clinical eflects or not. (C)
Normal and upd(14)pat/mat subjects.

Found at: doi:10.1371/journal.pgen.1000992.5003 (2.72 MB TIF)

Table S1 The results of microsatellite and SNP analyses.
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Parthenogenetic chimaerism/mosaicism with
a Silver-Russell syndrome-like phenotype

K Yamazawa,'? K Nakabayashi,> M Kagami,' T Sato," S Saitoh,* R Horikawa,”
N Hizuka,® T Ogata’

ABSTRACT

Introduction We report a 34-year-old Japanese female
with a Silver-Russell syndrome (SRS)-like phenotype and
a mosaic Turner syndrome karyotype (45,X/46,XX).
Methods/Results Molecular studies including
methylation analysis of 17 differentially methylated
regions (DMRs) on the autosomes and the XIST-DMR on
the X chromosome and genome-wide microsatellite
analysis for 96 autosomal loci and 30 X chromosomal loci
revealed that the 46,XX cell lineage was accompanied by
matemal uniparental isodisomy for all chromosomes
(upid{AC)mat), whereas the 45,X cell lineage was
associated with biparentally derived autosomes and

a maternally derived X chromosome. The frequency of
the 46,XX upid(AC)mat cells was calculated as 84% in
leukocytes, 56% in salivary cells, and 18% in buccal
epithelial cells.

Discussion The results imply that a parthenogenetic
activation took place around the time of fertilisation of
a sperm missing a sex chromosome, resulting in the
generation of the upid(AC)mat 46,XX cell lineage by
endoreplication of one blastomere containing a female
pronucleus and the 45,X cell lineage by union of male
and female pronuclei. It is likely that the extent of overall
(epi)genetic aberrations exceeded the threshold level for
the development of SRS phenotype, but not for the
occurrence of other imprinting disorders or recessive
Mendelian disorders.

Although a mammal with maternal uniparental
disomy for all chromosomes (upd(AC)mat) is
incompatible with life because of genomic
imprinting," a mammal with a upd(AC)mat cell
lineage could be viable in the presence of a co-
existing normal cell lineage. In the human, Strain
et al* have reported 46, XX peripheral blood cells
with maternal uniparental isodisomy for all chro-
mosomes (upid(AC)mat) in a 1.2-year-old pheno-
typically male patient with aggressive behaviour,
hemifacial hypoplasia and normal birth weight.
Because of the 46,XX disorders of sex development,
detailed molecular studies were performed,
revealing the presence of a normal 46,XY cell
lineage in a vast majority of skin fibroblasts and
a upid(AC)mat 46,XX cell lineage in nearly all blood
cells. In addition, although the data are insufficient
to draw a definitive conclusion, Horike et al® have
also identified 46,XX peripheral blood cells with
possible upd(AC)mat in a phenotypically male
patient through methylation analyses for plural
differentially methylated regions (DMRs) in 11
patients with Silver—Russell syndrome (SRS)-like
phenotype. This patient was found to have

a normal 46,XY cell lineage and a triploid 69,XXY
cell lineage in skin fibroblasts.

However, such patients with a upd(AC)mat cell
lineage remain extremely rare, and there is no
report describing a human with such a cell lineage
in the absence of a normal cell lineage. Here, we
report a female patient with a upid(AC)mat 46, XX
cell lineage and a non-upd 45,X cell lineage who
was identified through genetic screenings of 103
patients with SRS-like phenotype.

MATERIALS AND METHODS

Case report

This Japanese female patient was conceived naturally
and born at 40 weeks of gestation by a normal vaginal
delivery. At birth, her length was 44.0 cm (—3.1 SD),
her weight 2.1 kg (—2.9 SD) and her occipitofrontal
head circumference (OFC) 30.5 cm (—2.3 SD). The
parents and the younger brother were clinically
normal (the father died from a traffic accident).

At 2 years of age, she was referred to us because
of growth failure. Her height was 77.7 cm (2.5
SD), her weight 8.45 kg (—2.6 SD) and her OFC
43.5cm (—2.5 SD). Physical examination revealed
several SRS-like somatic features such as triangular
face, right hemihypoplasia and bilateral fifth finger
clinodactyly. She also had developmental retarda-
tion, with a developmental quotient of 56. Endo-
crine studies for short stature were normal as were
radiological studies. Cytogenetic analysis using
lymphocytes indicated a low-grade mosaic Turner
syndrome (TS) karyotype, 45,X[3]/46,XX[47].
Thus, a screening of TS phenotype” was performed,
detecting horseshoe kidney but no body surface
features or cardiovascular lesion. Chromosome
analysis was repeated at 6 and 32 years of age using
lymphocytes, revealing a 45,X[8]/46,XX[92]
karyotype and a 45X[12]/46,XX[88] karyotype,
respectively. On the last examination at 34 years of
age, her height was 125.0 cm (—6.2 SD), her weight
37.5kg (2.0 SD) and her OFC 51.2 cm (—2.8 SD).
She was engaged in a simple work and was able to
get on her daily life for herself.

Sample preparation

This study was approved by the Institutional
Review Board Committees at National Center for
Child health and Development. After obtaining
written informed consent, genomic DNA was
extracted from leukocytes of the patient, the
mother and the brother and from salivary cells,
which comprise ~40% of buccal epithelial cells and
~60% of leukocytes, of the patient. Lymphocyte
metaphase spreads and leukocyte RNA were also
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obtained from the patient. Leukocytes of healthy adults and
patients with imprinting disorders were utilised for controls.

Primers and probes
The primers utilised in this study are summarised in supple-
mentary methods and supplementary tables 1-3.

DMR analyses

We first performed bio-combined bisulfite restriction analysis
(COBRA)® and bisulfite sequencing of the H19-DMR (A) on
chromosome 11p15.5 by the previously described methods’ and
methylation-sensitive PCR analysis of the MEST-DMR (A) on
chromosome 7g32.2 by the previously described methods® with
minor modifications (the methylated and unmethylated allele-
specific primers were designed to yield PCR products of different
sizes, and the PCR products were visualised on the 2100 Bioa-
nalyzer (Agilent, Santa Clara, California, USA)). This was
because hypomethylation (epimutation) of the normally meth-
ylated H19-DMR of paternal origin and maternal uniparental
disomy 7 are known to account for 35—65% and 5—10% of SRS
patients, respectively.” '° In addition, fluorescence in situ
hybridisation (FISH) analysis was performed with a ~84-kb
RP5-998N23 probe containing the H719-DMR (BACPAC
Resources Center, Oakland, California, USA). We also examined
multiple other DMRs by bio-COBRA. The ratio of methylated
clones (the methylation index) was calculated using peak
heights of digested and undigested fragments on the 2100
Bioanalyzer using 2100 expert software.

Genome-wide microsatellite analysis

Microsatellite analysis was performed for 96 autosomal loci and
30 X chromosomal loci. The segment encompassing each locus
was PCR-amplified, and the PCR product size was determined
on the ABI PRISM 310 autosequencer using GeneScan software
(Applied Biosystems, Foster City, California, USA).

PCR analysis for Y chromosomal loci
Standard PCR was performed for six Y chromosomal loci. The
PCR products were electrophoresed using the 2100 Bioanalyzer.

Expression analysis

Quantitative real-time reverse transcriptase PCR analysis was
performed for three paternally expressed genes (IGF2, SNRPN
and ZAC1) and four maternally expressed genes (H19, MEG3,
PHLDAZ and CDKN1C) that are known to be variably (usually
weakly) expressed in leukocytes (UniGene, http://www.ncbi.
nlm.nih.gov/sites/entrez 2db=unigene), using an ABI Prism 7000
Sequence Detection System (Applied Biosystems). TBP and
GAPDH were utilised as internal controls.

RESULTS

DMR analyses

In leukocytes, the bio-COBRA indicated severely hypomethy-
lated H19-DMR, and bisulfite sequencing combined with
ts2251375 SNP typing for 30 clones revealed maternal origin of
29 hypomethylated clones and non-maternal (paternal) origin of
a single methylated clone in this patient (figure 1A). Thus, the
marked hypomethylation of the H79-DMR was caused by
predominance of maternally derived clones rather than hypo-
methylation of the H19-DMR of paternal origin. FISH analysis
for 100 lymphocyte metaphase spreads excluded an apparent
deletion of the paternally derived H19-DMR or duplication of
the maternally derived H79-DMR (Supplementary figure 1).

20f4

Methylation-sensitive PCR amplification for the MEST-DMR
delineated a major peak for the methylated allele and a minor
peak for the unmethylated allele (figure 1B). This also indicated
the predominance of maternally derived clones and the co-
existence of a minor portion of paternally derived clones.
Furthermore, autosomal DMRs invariably exhibited markedly
abnormal methylation patterns consistent with predominance
of maternally inherited DMRs, whereas the methylation index
of the XIST-DMR on the X chromosome remained within the
female reference range (figure 1C). The abnormal methylation
patterns were less obvious in salivary cells (thus, in buccal
epithelial cells) than in leukocytes, except for the methylation
index for the XIST-DMR that mildly exceeded the female
reference range (figure 1A—C).

Microsatellite analysis

Major peaks consistent with maternal uniparental isodisomy
and minor peaks of non-maternal (paternal) origin were identi-
fied for at least one locus on each autosome, with the minor
peaks of non-maternal origin being more obvious in salivary cells
than in leukocytes (figure 1D and supplementary table 4).
Furthermore, the frequency of the upid(AC)mat cells was
calculated as 84% in leukocytes, 56% in salivary cells and 18% in
epithelial buccal cells, using the area under curves for the
maternally and the non-maternally inherited peaks (supple-
mentary note). Such minor peaks of non-maternal origin were
not detected for all the 30 X chromosomal loci examined.

PCR analysis for Y chromosomal loci

PCR amplification failed to detect any trace of Y chromosome-
specific bands in leukocytes and salivary cells (Supplementary
figure 2).

Expression analysis

Expression analysis using control leukocytes indicated that, of
the seven examined genes, SNRPN expression alone was strong
enough to allow for a precise assessment (Supplementary
figure 3). SNRPN expression was extremely low in this patient
(figure 1E).

DISCUSSION

These results imply that this patient had a upid(AC)mat 46,XX
cell lineage and a non-upd 45,X cell lineage. Indeed, methylation
patterns of the XIST-DMR is explained by assuming that the
two X chromosomes in the upid(AC)mat cells undergo random
X-inactivation and that 45X cells with the methylated XIST-
DMR on a single active X chromosome!! are relatively prevalent
in buccal epithelial cells. Furthermore, lack of non-maternally
derived minor peaks for microsatellite loci on the X chromosome
is explained by assuming that the two X chromosomes in the
upid(AC)mat cells and the single X chromosome in the 45X
cells are derived from a common X chromosome of maternal
origin, with no paternally derived sex chromosome. It is likely,
therefore, that a parthenogenetic activation took place around
the time of fertilisation of a sperm missing a sex chromosome,
resulting in the generation of the 46,XX cell lineage with upid
(AC)mat by endoreplication (the replication of DNA without
the subsequent completion of mitosis) of one blastomere
containing a female pronucleus and the 45,X cell lineage with
biparentally derived autosomes and a maternally derived X
chromosome by union of male and female pronuclei (figure 2),
although it is also possible that a paternally derived sex chro-
mosome was present in the sperm but was lost from the normal
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a control participant, the PCR products Ch. 1 4 6 7 1M 141619 20 X
for methylated and unmethylated alleles are delineated, and the unequal amplification is consistent with a short product being more easily amplified
than a long product. In a previously reported patient with upd(7)mat,® the methylated allele only is amplified. In this patient, major peaks for the
methylated allele and minor peaks for the unmethylated allele (red asterisks) are detected. C. Methylation patterns for the 18 DMRs examined. The
DMRs highlighted in blue and pink are methylated after patemal and matemal transmissions, respectively. The black vertical bars indicate the reference
data (maximum—minimum) in 20 normal control participants, using leukocyte genomic DNA (for the XIST-DMR, 16 female data are shown).

D. Representative microsatellite analysis. Minor peaks (red asterisks) have been identified for 0757824 and D115904 but not for DXS986 of the patient.
Since the peaks for 0757824 and D715904 are absent in the mother and clearly present in the brother, they are assessed to be of paternal origin.
E. Relative expression level (mean * SD) of SNRPN on chromosome 15. The data have been normalised against TBP. SRS, an SRS patient with an
epimutation (hypomethylation) of the H79-DMR; BWS1, a BWS patient with an epimutation (hypermethylation) of the H79-DMR; BWS2, a BWS
patient with upd(11)pat; PWS1, a PWS patient with upd(15)mat; PWS2, a PWS patient with an epimutation (hypermethylation) of the SNRPN-DMR;
AS1, an Angelman syndrome (AS) patient with upd(15)pat; and AS2, an AS patient with an epimutation (hypomethylation) of the SNRPN-DMR.

cell lineage at the very early developmental stage. Hence, in Clinical features of this patient would be determined by several
a strict sense, this patient is neither a chimera resulting from the ~ factors. They include: (1) the ratio of two cell lineages in various
fusion of two different zygotes nor a mosaic caused by a mitotic tissues/organs, (2) the number of imprinted regions or DMRs
error of a single zygote. In this regard, a triploid cell stage is  relevant to the development of specific imprinting disorders (eg,
assumed in the generation of a upid(AC)mat cell lineage, and  plural regions/DMRs on chromosomes 7 and 11 for SRS’ ¥ and
such triploid cells may have been detected in skin fibroblasts of ~ a single region/DMR on chromosome 15 for Prader—Willi
the patient reported by Horike ez al® syndrome (PWS))," (3) the degree of clinical effects of dysregu-

The upid(AC)mat cells accounted for the majority of leukocytes  lated imprinted regions/DMRs (an (epi)dominant effect has been
even in adulthood of this patient, despite global negative selective
pressure.'? ' This phenomenon, though intriguing, would not be
unexpected in human studies because leukocytes are usually
utilised for genetic analyses. Rather, if the upid (AC)mat cells were
barely present in leukocytes, they would not have been detected.
It is likely, therefore, that upid(AC)mat cells have occupied
a relatively large portion of the definitive haematopoietic tissues
primarily as a stochastic event. Furthermore, parthenogenetic
chimera mouse studies have revealed that parthenogenetic cells
are found at a relatively high frequency in some tissues/organs
including blood and are barely identified in other tissues/organs
such as skeletal muscle and liver."® Such a possible tissue-specific
selection in favour of the preservation of parthenogenetic cells in
the definitive haematopoietic tissues may also be relevant to the

‘ ’ ¢ o Figure 2 Schematic representation of the generation of the upid(AC)
predominance of the upid(AC)mat cells in leukocytes. In addition,  mat 46,XX cell lineage and the non-upd 45,X cell lineage. Polar bodies

a reduced growth potential of 45X cells™ may also have are not shown. PA, parthenogenetic activation; and E, endoreplication of
contributed to the skewed ratio of the two cell lineages. one blastomere containing a female pronucleus.
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assumed for the 11p15.5 imprinted regions including the
IGF2—H19 domain on the basis of SRS or Beckwith—Wiedemann
syndrome (BWS) phenotype in patients with multilocus hypo-
methylation!® and BWS-like phenotype in patients with a upid
(AC)pat cell lineage,’” a mirror image of a upid(AC)mat cell
lineage), (4) expression levels of imprinted genes in upid(AC)mat
cells (although SNRPN expression of this patient was consistent
with upid(AC)mat cells being predominant in leukocytes,
complicated expression patterns have been identified for several
imprinted genes in androgenetic and parthenogenetic fetal mice,
probably because of perturbed cis- and trans-acting regulatory
mechanisms)'® and (5) unmasking of possible maternally
inherited recessive mutation(s) in upid(AC)mat cells.” Collec-
tively, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of SRS pheno-
type and horseshoe kidney characteristic of TS* but remained
below the threshold level for the occurrence of other imprinting
disorders or recessive Mendelian disorders.

In summary, we identified a upid(AC)mat 46,XX cell lineage
in a woman with an SRS-like phenotype and a 45,X cell lineage
accompanied by autosomal haploid sets of biparental origin.
This report will facilitate further identification of patients with
a upid(AC)mat cell lineage and better clarification of the clinical
phenotypes in such patients.
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TO THE EDITOR:

Human chromosome 14q32.2 carries a cluster of imprinted genes
including paternally expressed genes such as DLKI and RTLI
and maternally expressed genes such as MEG3 (alias GTL2) and
RTLI1as(RTLIantisense), together with the germline-derived inter-
genic differentially methylated region (IG-DMR) and the
postfertilization-derived MEG3-DMR [da Rocha et al., 2008; Ka-
gami et al., 2008a]. Consistent with this, paternal uniparental
disomy 14 (upd(14)pat) results in a unique phenotype character-
ized by facial abnormality, small bell-shaped thorax with coat-
hanger appearance of the ribs, abdominal wall defects, placento-
megaly, and polyhydramnios [Kagami et al., 2008a,b], and mater-
nal uniparental disomy 14 (upd(14)mat) leads to less-characteristic
but clinically discernible features including growth failure [Kotzot,
2004; Kagami et al., 2008a].

For upd(14)pat, this condition has primarily been identified by
the pathognomonic chest roentgenographic findings that are ob-
tained immediately after birth because of severe respiratory dys-
function [Kagami et al.,, 2008a]. However, upd(14)pat has also
been suspected prenatally by fetal radiological findings suggestive
of small thorax and other characteristic findings [Curtis et al.,
2006; Yamanaka et al., 2010]. Here, we report on prenatal findings
in a hitherto unreported upd(14)pat patient. The results will
serve to the prenatal identification of similarly affected
patients and appropriate neonatal care including respiratory
management.

A 41-year-old gravida 1, para 0 Japanese woman was referred to
Nagoya City University Hospital because of polyhydramnios at
24 weeks of gestation. The polyhydramnios was severe and required
repeated amnioreduction (1,600 ml at 26 weeks, 1,800 ml at 29
weeks, 2,000 ml at 32 weeks, and 2,100 ml at 35 weeks). The fetal
urine volume was normal (5-12 ml per hr). At 28 weeks of gesta-
tion, 3D ultrasound studies were performed, delineating dysmor-
phic face, anteverted nares, micrognathia and small thorax
characteristic of upd(14)pat (Fig. 1), although the differential
diagnosis included Beckwith-Wiedemann syndrome and several
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types of skeletal dysplasia. Thereafter, ultrasound studies were
weekly carried out, indicating almost normal fetal growth and
normal umbilical artery Doppler.

At 37 weeks of gestation, a 2,778 g male infant was delivered by
cesarean because of fetal distress. The placenta was 1,384 g
(gestational age-matched reference, 510 4 98 g) [Kagami et al,,
2008b]. The patient had severe asphyxia, and immediately received
appropriate management including mechanical ventilation for
6 days and nasal directional positive airway pressure at the neonatal
intensive care unit. At birth, physical examination revealed
hairy forehead, blepharophimosis, depressed nasal bridge,
anteverted nares, small ears, protruding philtrum, puckered lips,
micrognathia, short webbed neck, joint contractures, and diastasis
recti, and roentgenograms showed typical bell-shaped thorax
with coat-hanger appearance of the ribs (Fig. 2). Coax valga or
kyphoscoliosis was uncertain. Discharge from hospital was 35 days
after birth. On the last examination at 8 months of age, the patient
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required regular oropharyngeal suction and nasogastric tube feed-
ing due to a poor swallowing reflex, and showed developmental
delay. At the time of the last evaluation there was no seizure
disorder.

To confirm the findings, cytogenetic and molecular studies were
performed for the cord blood of the patient by the previously
described methods [Kagami et al., 2008a]. This study was approved
by the Institutional Review Board Committees at National Center
for Child Health and Development and Nagoya City University,
and performed after obtaining written informed consent. The
karyotype was normal, and metaphase fluorescence in situ hybrid-
ization (FISH) analysis with a 202 kb BAC probe containing DLK1
(RP11-566]3) and a 165 kb BAC probe containing MG3 and RTL1/
RTLlas (RP11-123M6) (http://bacpac.-chori.org/) delineated two
signals with a similar intensity, respectively. Methylation analysis
for bisulfite-treated genomic DNA indicated the presence of pater-
nally derived hypermethylated IG-DMR (CG4 and CG6) and
MEG3-DMR (CG7) and the absence of maternally derived hypo-

methylated DMRs. Furthermore, microsatellite analysis was per-
formed using leukocyte genomic DNA of patient and parents,
revealing uniparental paternal isodisomy for chromosome 14
(Table I, Fig. 3).

In this patient with molecularly confirmed upd(14)pat, ultra-
sound studies unequivocally showed typical upd(14)pat pheno-
types such as thoracic abnormality and facial dysmorphic features.
While this is the first report documenting the facial appearance of
the affected fetus, small thorax has been suspected prenatally in five
patients with upd(14)pat or epimutations of the IG-DMR and the
MEG3-DMR, with coat-hanger appearance of the ribs being delin-
eated in one patient [Curtis et al., 2006; Yamanaka et al., 2010]. In
this regard, it is notable that polyhydramnios has invariably been
identified in upd(14)pat by the second trimester [Kagami et al.,
2008a]. Tt is recommended, therefore, to perform radiological
studies for pregnant women with polyhydramnios, to suspect
upd(14)pat-compatible clinical features of the fetus. This will
permit appropriate counseling and delivery planning at a tertiary
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center with neonatal intensive care as well as pertinent molecular
studies using cord blood.
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Androgenetic/biparental mosaicism in a girl with
Beckwith-Wiedemann syndrome-like and

upd(14)pat-like phenotypes

Kazuki Yamazawa', Kazuhiko Nakabayashiz, Kentaro Matsuoka?®, Keiko Masubara!, Kenichiro Hata?,

Reiko Horikawa?* and Tsutomu Ogata'

This report describes androgenetic/biparental mosaicism in a 4-year-old Japanese girl with Beckwith-Wiedemann syndrome
(BWS)-like and paternal uniparental disomy 14 (upd(14)pat)-like phenotypes. We performed methylation analysis for 18
differentially methylated regions on various chromosomes, genome-wide microsatellite analysis for a total of 90 loci and
expression analysis of SNRPN in leukocytes. Consequently, she was found to have an androgenetic 46,XX cell lineage and a
normal 46 XX cell lineage, with the frequency of the androgenetic cells being roughly calculated as 91% in leukocytes, 70%
in tongue tissues and 79% in tonsil tissues. It is likely that, after a normal fertilization between an ovum and a sperm, the
paternally derived pronucleus alone, but not the maternally derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of one blastomere containing a paternally derived pronucleus
and in the formation of the normal cell lineage by union of paternally and maternally derived pronuclei. It appears that the
extent of overall (epi)genetic aberrations exceeded the threshold level for the development of BWS-like and upd(14)pat-like
phenotypes, but not for the occurrence of other imprinting disorders or recessive Mendelian disorders.

Journal of Human Genetics (2011) 56, 91-93; doi:10.1038/jhg.2010.142; published online 11 November 2010

Keywords: androgenesis; Beckwith-Wiedemann syndrome; mosaicism; upd(14)pat

INTRODUCTION
A pure androgenetic human with paternal uniparental disomy for
all chromosomes is incompatible with life because of genomic
imprinting.»? However, a human with an androgenetic cell lineage
could be viable in the presence of a normal cell lineage. Indeed, an
androgenetic cell lineage has been identified in six liveborn individuals
with variable phenotypes.”” All the androgenetic cell lineages have
a 46,XX karyotype, and this is consistent with the lethality of an
androgenetic 46,YY cell lineage.

Here, we report on a girl with androgenetic/biparental mosaicism,
and discuss the underlying factors for the phenotypic development.

CASE REPORT

This patient was conceived naturally to non-consanguineous and
healthy parents. At 24 weeks gestation, the mother was referred to
us because of threatened premature delivery. Ultrasound studies
showed Beckwith-Wiedemann syndrome (BWS)-like features,® such
as macroglossia, organomegaly and umbilical hernia, together with

polyhydramnios and placentomegaly. The mother repeatedly received
amnioreduction and tocolysis.

She was delivered by an emergency cesarean section because of
preterm rupture of membranes at 34 weeks of gestation. Her birth
weight was 3730g (+4.8s.d. for gestational age), and her length
45.6cm (+0.7s.d.). The placenta weighed 1040¢g (+7.35.d.).% She
was admitted to a neonatal intensive care unit due to asphyxia.
Physical examination confirmed a BWS-like phenotype. Notably,
chest roentgenograms delineated mild bell-shaped thorax character-
istic of paternal uniparental disomy 14 (upd(14)pat),'” although coat
hanger appearance of the ribs indicative of upd(14)pat was absent
(Supplementary Figure 1). She was placed on mechanical ventilation
for 2 months, and received tracheostomy, glossectomy and tonsillect-
omy in her infancy, due to upper airway obstruction. She also had
several clinical features occasionally reported in BWS® (Supplementary
Table 1). Her karyotype was 46,XX in all the 50 lymphocytes analyzed.
On the last examination at 4 years of age, she showed postnatal growth
failure and severe developmental retardation.
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MOLECULAR STUDIES

This study was approved by the Institutional Review Board Commit-
tee at the National Center for Child health and Development, and
performed after obtaining informed consent.

Methylation analysis

We first performed bisulfite sequencing for the H19-DMR (differen-
tially methylated region) and KvDMRI as a screening of BWS!H12 apd
that for the IG-DMR and the MEG3-DMR as a screening of
upd(14)pat,'® using leukocyte genomic DNA. Paternally derived
clones were predominantly identified for the four DMRs examined
(Figure 1a). We next performed combined bisulfite restriction analysis
for multiple DMRs, as reported previously.13 All the autosomal
DMRs exhibited markedly skewed methylation patterns consistent
with predominance of paternally inherited clones, whereas the XIST-
DMR on the X chromosome showed a normal methylation pattern
(Figure 1a).

Genome-wide microsatellite analysis

Microsatellite analysis was performed for 90 loci with high hetero-
zygosities in the Japanese population.'"* Major peaks consistent with
paternal uniparental isodisomy and minor peaks of maternal origin
were identified for at least one locus on each chromosome, with the
minor peaks of maternal origin being more obvious in tongue and

a Enhancer H19

tonsil tissues than in leukocytes (Figure 1b and Supplementary
Table 2). There were no loci with three or four peaks indicative of
chimerism. The frequency of the androgenetic cells was calculated
as 91% in leukocytes, 70% in tongue cells and 79% in tonsil cells,
although the estimation apparently was a rough one (for details, see
Supplementary Methods).

Expression analysis
We examined SNRPN expression, because SNRPN showed strong
expression in leukocytes (for details, see Supplementary Data).
SNRPN expression was almost doubled in the leukocytes of this
patient (Figure lc).

DISCUSSION

These results suggest that this patient had an androgenetic 46,XX cell
lineage and a normal 46,XX cell lineage. In this regard, both the
androgenetic and the biparental cell lineages appear to have derived
from a single sperm and a single ovum, because a single haploid
genome of paternal origin and that of maternal origin were identified
in this patient by genome-wide microsatellite analysis. Thus, it is likely
that after a normal fertilization between an ovum and a sperm,
the paternally derived pronucleus alone, but not the maternally
derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of
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Figure 1 Representative molecular results. (a) Methylation analysis. Upper part: Bisulfite sequencing data for the H19-DMR and the KvDMR1 on 11p15.5,
and those for the IG-DMR and the MEG3-DMR on 14q32.2. Each line indicates a single clone, and each circle denotes a CpG dinucleotide; filled and open
circles represent methylated and unmethylated cytosines, respectively. Paternally expressed genes are shown in blue, maternally expressed gene in red, and
the DMRs in green. The HI19-DMR, the IG-DMR, and the MEG3-DMR are usually methylated after paternal transmission and unmethylated after maternal
transmission, whereas the KvDMR1 is usually unmethylated after paternal transmission and methylated after maternal transmission.1%11 Lower part:
Methylation indices (the ratios of methylated clones) obtained from the COBRA analyses for the 18 DMRs. The DMRs highlighted in blue and pink are
methylated after paternal and maternal transmissions, respectively. The black vertical bars indicate the reference data (maximum — minimum) in leukocyte
genomic DNA of 20 normal control subjects (the X/ST-DMR data are obtained from 16 control females). (b) Representative microsatellite analysis. Major
peaks of paternal origin and minor peaks of maternal origin (red arrows) have been identified in this patient. The minor peaks of maternal origin are more
obvious in tongue and tonsil tissues than in leukocytes (Leu.). (c) Relative expression level (mean+s.d.) of SNRPN. The data are normalized against TBP.
SRS: an SRS patient with an epimutation (hypomethylation) of the H19-DMR; BWS1: a BWS patient with an epimutation (hypermethylation) of the H19-
DMR; BWS2: a BWS patient with upd(11)pat; PWS1: a Prader-Willi syndrome (PWS) patient with upd(15)mat; PWS2: a PWS patient with an epimutation
(hypermethylation) of the SNRPN-DMR; AS1: an Angelman syndrome (AS) patient with upd(15)pat; and AS2: an AS patient with an epimutation
(hypomethylation) of the SNRPN-DMR. The data were obtained using an ABI Prism 7000 Sequence Detection System (Applied Biosystems).
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g .
Mitotic division of
paternal pronucleus

Figure 2 Schematic representation of the generation of the androgenetic/
biparental mosaicism. Polar bodies are not shown.

one blastomere containing a paternally derived pronucleus and in the
formation of the normal cell lineage by union of paternally and
maternally derived pronuclei (Figure 2). This model has been pro-
posed for androgenetic/biparental mosaicism generated after fertiliza-
tion between a single ovum and a single sperm.>!>!® The normal
methylation pattern of the XIST-DMR is explained by assuming that
the two X chromosomes in the androgenetic cell lineage undergo
random X-inactivation, as in the normal cell lineage. Furthermore, the
results of microsatellite analysis imply that the androgenetic cells were
more prevalent in leukocytes than in tongue and tonsil tissues.

A somatic androgenetic cell lineage has been identified in seven
liveborn patients including this patient (Supplementary Table 1)
In this context, leukocytes are preferentially utilized for genetic
analyses in human patients, and detailed examinations such as
analyses of plural DMRs are necessary to detect an androgenetic cell
lineage. Thus, the hitherto identified patients would be limited to
those who had androgenetic cells as a predominant cell lineage in
leukocytes probably because of a stochastic event and received detailed
molecular studies. If so, an androgenetic cell lineage may not be
so rare, and could be revealed by detailed analyses as well as
examinations of additional tissues in patients with relatively complex
phenotypes, as observed in the present patient.

Phenotypic features in androgenetic/biparental mosaicism would be
determined by several factors. They include (1) the ratio of two cell
lineages in various tissues/organs, (2) the number of imprinted
domains relevant to specific features (for example, dysregulation
of the imprinted domains on 11p15.5 and 14q32.2 is involved in
placentomegaly”!7), (3) the degree of clinical effects of dysregulated
imprinted domains (an (epi)dominant effect has been assumed for the
11p15.5 imprinted domains'®), (4) expression levels of imprinted
genes in androgenetic cells (although SNRPN expression of this
patient was consistent with androgenetic cells being predominant in
leukocytes, complicated expression patterns have been identified for
several imprinted genes in both androgenetic and parthenogenetic
fetal mice, probably because of perturbed cis- and trans-acting
regulatory mechanisms'®) and (5) unmasking of possible paternally
inherited recessive mutation(s) in androgenetic cells. Thus, in this
patient, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of BWS-like and
upd(14)pat-like body and placental phenotypes, but remained below

the threshold level for the occurrence of other imprinting disorders or
recessive Mendelian disorders.
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Low prevalence of classical galactosemia in Korean

population

Beom Hee Lee'>*®, Chong Kun Cheon*®, Jae-Min Kim?, Minji Kang?, Joo Hyun Kim?, Song Hyun Yang’,

Gu-Hwan Kim??, Jin-ho Choi' and Han-Wook Yoo'*?

This study described the clinical and molecular genetic features of classical galactosemia in Korean population to contribute to
the insight in the spectrum of galactosemia in the world, as little is known about the spectrum and incidence of galactosemia in
Asia. During the 11-year study period, only three Korean children were identified as having classical galactosemia on the basis
of the enzymatic and molecular genetic analysis. Asians have been reported to have mutations distinct from those of Caucasians
and African Americans, indicating that galactose-1-phosphate uridyltransferase mutations are ethnically diverse. Our three
patients had a total of three mutations (c.252+1G >A, p.Q169H and p.E363K), two of which were novel (p.E363K and
€.252+1G > A) mutations. Interestingly, c.252+1G > A, which leads to skipping of exon 2, was observed in all three patients
(three of six alleles), indicating that this mutation may be common in Koreans with classical galactosemia. Screening for
classical galactosemia in 158 126 Korean newborns identified no patient with classical galactosemia. In conclusion, our findings
provide further evidence for the ethnic diversity of classical galactosemia, which may be as rare in Koreans as in other Asian

populations.

Journal of Human Genetics (2011) 56, 94-96; doi:10.1038/jhg.2010.152; published online 9 December 2010
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Classical galactosemia (OMIM 230400) is caused by a deficiency in
galactose-1-phosphate uridyltransferase (GALT; EC2.7.712). Classical
galactosemia is characterized by more severe clinical manifestations
than the other two types, galactosemia II or III, with newborns usually
manifesting symptoms within a few days of birth after milk feeding.'=

The incidence of classical galactosemia in western Europe has been
estimated to be between 1:23000 and 1:89000."*° In Korean new-
borns, the overall incidence of the three types of galactosemia have
been reported to be approximately 1:40000,° but the exact incidence
of classical galactosemia is not yet known. Since the first report of a
mutation in the GALT gene,” more than 200 different mutations have
been identified with missense mutations being observed most com-
monly (http://www.hgmd.org)."® The most common mutations
in Caucasian and African American populations are p.QI88R and
p.S135L, respectively,” ! but neither of these mutations have been
detected to date in Asian populations. Similarly, Japanese patients
have distinct mutations, such as p.V85 N97delinsRfsX8, p.W249X
and p.R231H, which have not been observed in Caucasians and
African Americans, providing further evidence for genetic heterogene-
ities among ethnic groups.>13

Between March 1999 and May 2010, only three unrelated Korean
patients were diagnosed with classical galactosemia at the Asan
Medical Center, Seoul, Korea, with the diagnosis of each confirmed
by enzyme assays and molecular genetic analysis (Table 1). All patients
were identified by neonatal screening program performed at 3-5 days
of life. Patients 1 and 2 had neonatal jaundice with slightly increased
serum hepatic enzyme concentrations, which was not progressive,
whereas patient 3 had clinically deteriorated and showed progressive
jaundice and a Dbleeding tendency, while awaiting the results of
screening tests that were reported on the eleventh day after birth
(Table 1). Median total plasma galactose concentration was 50 mg per
100 ml (range, 13.5-68.9mg per 100 ml; normal range <13 mg per
100 ml) and median erythrocyte galactose-1-phosphate concentration
was 10.4 mg per 100 ml (range 1.60-62.8 mg per 100 ml; normal range
<0.3mg per 100 ml). The GALT activity was decreased in all patients,
ranging from 0.1 to 0.8 umolhr™' per gram hemoglobin (median,
0.3umol hr™! per gram hemoglobin; normal range, 25.7 + 3.6 umol hr™!
per gram hemoglobin) (Table 1). A galactose-restricted diet
was effective in decreasing galactose and galactose-1-phosphate
concentrations in all patients. The hepatic dysfunction, jaundice and
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CANTT mutation is also responsible for Desbuquois
dysplasia, type 2 and Kim variant

Tatsuya Furuichi,"? Jin Dai,' Tae-Joon Cho,? Satoru Sakazume,* Masahide lkema,”
Yoshito Matsui,® Gareth Baynam,” Toshiro Nagai,* Noriko Miyake,®

Naomichi Matsumoto,® Hirofumi Ohashi,® Sheila Unger,’® Andrea Superti-Furga, '°
Ok-Hwa Kim,"" Gen Nishimura,'? Shiro lkegawa'

ABSTRACT

Background Desbuquois dysplasia (DD) is a recessively
inherited condition characterised by short stature,
generalised skeletal dysplasia and advanced bone
maturation. DD is both clinically and radiographically
heterogeneous, and two subtypes have been
distinguished based on the presence (type 1) or absence
(type 2) of an accessory metacarpal bone. In addition, an
apparently distinct variant without additional metacarpal
bone but with short metacarpals and long phalanges
(Kim variant) has been described recently. Mutations in

“the gene that encodes for CANT1 (calcium-activated

nucleotidase 1) have been identified in a subset of
patients with DD type 1.

Methods A series of 11 subjects with DD from eight
families (one type 1, two type 2, five Kim variant) were
examined for CANTT mutations by direct sequencing of
all coding exons and their flanking introns.

Results Eight distinct mutations were identified in seven
families (one type 1, one type 2 and all 5 Kim variant):
three were nonsense and five were missense. All
missense mutations occurred at highly conserved amino
acids in the nucleotidase conserved regions of CANT1.
Measurement of nucleotidase activity in vitro showed
that the missense mutations were all associated with
loss-of-function.

Conclusion The clinical-radiographic spectrum produced
by CANTT mutations must be extended to include DD
type 2 and Kim variant. While presence or absence of an
additional metacarpal ossification centre has been used
to distinguish subtypes of DD, this sign is not

a distinctive criterion to predict the molecular basis

in DD.

INTRODUCTION

Desbuquois dysplasia (DD; MIM 251450) is
a severe skeletal dysplasia inherited in an autosomal
recessive manner. DD belongs to the ‘multiple
dislocation group’ in the International Nosology of
Genetic Skeletal Disorders." It is characterised
clinically by short limb short stature, severe joint
laxity with facultative congenital dislocations, flat
midface, micrograthia, cleft palate, and progressive
scoliosis. The main radiological features include
a peculiar ‘monkey wrench’ or ‘Swedish key’
appearance of the proximal femur (exaggerated
trochanter), hypoplasia of thorax and ilia, mild
spondylar dysplasia, and hand abnormalities
including an additional ossification centre and
advanced bone age.?
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DD has been considered clinically and radio-
graphically heterogeneous. It has been classified
into two types on the basis of the presence (type 1)
or absence (type 2) of characteristic hand anoma-
lies, which consist of an extra ossification centre
distal to the second metacarpal, delta phalanx, bifid
distal thumb phalanx, and dislocation of the
interphalangeal joints (figure 1A)® DD type 2 is
also referred to as the ‘normal’ hand type because
the accessory metacarpal ossification centre is not
seen. It only presents with minor changes of the
hand, such as malalignment of the interphalangeal
joint and brachydactly. More than half of the DD
patients belong to this subtype.® In addition, we
have recently described a new clinical subtype of
DD, Kim variant.* The hand shape of the variant is
apparently normal, thus the patients most closely
resemble type 2; however, the radiographic abnor-
malities in the hands are significant, including short
metacarpals and elongated phalanges together with
remarkably advanced carpal bone age (figure 1B).
Long term follow-up showed that severe precocious
osteoarthritis of the hand and spine is a major
manifestation of this specific clinical variant.*

The apparent phenotypical heterogeneity of DD
has been taken to suggest genetic heterogeneity.
Thus, the DD gene was localised to a 1.65 Mb
interval on chromosome 17q25 by homozygosity
mapping using four consanguineous families with
DD type 1, while DD with normal hands was
believed not to map to this interval.® ® Recently,
Huber and colleagues searched for mutations in
genes in the interval and identified mutations in the
calcium activated nucleotidase 1 (CANTY) gene‘7
CANTT1 is a extracellular protein that functions as
a nucleotide tri- and diphosphatase. It preferentially
hydrolyses uridine diphosphate (UDP) followed by
guanosine diphosphate (GDP), uridine triphosphate
(UTP) and adenosine diphosphate (ADP).5~°

The function of CANT1 in skeletal formation is
unknown. It is expressed in chondrocytes, and
chondrocytes from DD type 1 patients with
CANT1 mutations have abnormally distended
rough endoplasmic reticulum (ER) implicating
CANT! in chondrocyte ER metabolism.” The
disease-causing mechanism of CANT1 mutation is
also unclear. The first mutation study reported
seven CANT1 mutations; three are nonsense
mutations that are predicted to cause the nonsense
mutation mediated RNA decay and one is a homo-
zygous large deletion encompassing 5-UTR and
exon 1 that results in loss of CANT/ mRNA.” These
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Figure 1 Hand radiographs of
Desbuquois dysplasia (DD) type 1 and
Kim variant at age 3 years. (A) DD type 1
carrying the homozygous CANTT
mutation, p.R300C. This girl has been
reported previously as family 4.” Note
the additional ossification centre at the
second metacarpal. (B) DD Kim variant
(patient 7 in the present study) carrying
the compound heterozygous CANT1
mutations, p.V226M and p.A360D. There
is no additional ossification centre. Both
patients show precocious carpal
ossification.

findings suggest that loss of CANT1 function causes DD.
However, functional impact of the missense mutations has not
been examined. It is of note that the genetic mapping was done
using DD type 1 families, and that all patients in whom CANT1
mutations were identified had DD type 1.” Therefore, it remains
to be determined whether CANTY is responsible for other types
of DD.

To explore further the range of CANT/ mutations in DD, we
searched for CANT/ mutations in three types (type 1, type 2,
Kim variant) of DD patients. We found a total of eight distinct
mutations in seven families (type 1, type 2, and all five Kim
variant); all were novel. By measuring the CANTI enzyme
activity in vitro, we confirmed that DD results from CANT1
loss of function.

PATIENTS AND METHODS
Patients
DD patients were recruited through the International Skeletal
Dysplasia Registry (ISDR) (http://www.csmc.edu/), the Euro-
pean Skeletal Dysplasia Network (ESDN) (http://www.esdn.
org/), and the Japanese Skeletal Dysplasia Consortium (JSDC)
(http://www.riken.jp/lab-www/OA-team/]SDC/). Clinical
criteria for inclusion in the study were prenatal and postnatal
growth failure with short limbs, mid-face hypoplasia or round
face with flat nasal bridge, joint laxity and foot deformities.
Major radiological criteria were Swedish key appearance of the
proximal femur, advanced carpo-tarsal ossification, short tubular
bones, and hyperphalangy (extra-ossicle between the proximal
phalanx and metacarpal of the index finger) in type 1. Minor
radiological criteria included hypoplastic lower ilia and vertebral
modification, such as coronal clefts or irregular endplates at birth
and mild vertebral flattening with round vertebral endplates or
normal vertebral bodies in later life. Clinical and radiographic
phenotypes of the patients were evaluated by the experts of
the organisations and reviewed by the authors (SU, AS-E OK|
and GN).

Eleven patients with DD from eight families were recruited
for this study (table 1). Clinical data of patient 1 have been
reported previously.!! Patients 4, 5, 7, and 8 have also been
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reported previously (as patients 3, 5, 6, and 1, respectively).* The
study was approved by the ethics committee of RIKEN and
participating institutions and informed consent was obtained
from all subjects.

Mutation screening

Genomic DNA was extracted from blood by standard procedures
or from saliva using Oragene DNA Self-Collection kit (DNA
Genotek, Kanata Ontario, Canada). Exon sequences of CANT/
with their flanking intron sequences were amplified by PCR
from genomic DNA. PCR primer sequences and PCR condition
are listed in supplemental table 1. PCR products were purified
using MinElute PCR purification Kit (Qiagen, Valencia, CA,
USA) and sequenced for both strands using an ABI Prism 3730
automated sequencer (PE Biosystems; Foster City, CA, USA).
Genomic DNAs from the parents and sibs were sequenced for
the corresponding regions.

cDNA cloning and in vitro mutagenesis

The full length CANT?1 ¢DNA was amplified by PCR using
cDNAs prepared from OUMS-27 cells as a template and cloned
into pcDNA3.1 (+). The missense mutations were introduced
into CANT1 cDNA by PCR based mutagenesis. The introduced
mutations were confirmed by DNA sequencing.

Nucleotidase assay

COS-7 cells were grown to 70—80% confluence in 100 mm
culture dishes and were transfected with 6 pg of empty, wild-
type or mutant CANT/ expression vectors using Fugene 6
transfection reagent (Roche Diagnostics, Basel, Switzerland). At
8h after transfection, cells were transferred to Opti-MEM
serum-free media and cultured for 48 h. Buffer exchange in the
culture supernatant (10 ml) was performed with ultrafiltration
through Amicon Ultra-10K centrifugal filter (Millipore, Billerica,
MA, USA) using 50 ml of sterile deionised water and the
resulting solution concentrated to 100 ml using VIVASPIN 500,
10000 MWCO (Vivascience, Hanover, Germany). Nucleotidase
activities in the purified media were determined by modification
of a previous method.? Briefly, the purified media were 20 times
or 500 times diluted with 40 mM succinate buffer (pH 6.5)
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Table 1

CANTT mutations in eight families with Desbuquois dysplasia

Mutation
Patient ID Subtype Consanguinity Ethnicity Paternal Maternal
P1 1 No Australian Caucasian c.228_229insC (p.W77LfsX13) c.671T—C (p.L224P)
p2* 2 Yes Turkish ¢.375G—C (p.W125C) ¢.3756G—C (p.W125C)
P3 2 Yes Turkish (-) (—)
P4* Kim variant Yes Japanese ¢.676G— A (p.vV226M) ¢.676G— A (p.V226M)
P5 Kim variant No Japanese c.861C—A (p.C287X) c.676G— A (p.v226M)
P6 . Kim variant No Japanese ¢.676G— A (p.vV226M) ¢.494T—C (p.M165T)
P7 Kim variant No Korean c.676G— A (p.V226M) ¢.1079C— A (p.A360D)
Pg* Kim variant No Korean c.676G— A (p.V226M) IVS2—9G — A (p.G279VfsX8)

*There are two affected siblings in these families.

containing 4 mM CaCl,, and 2 mM ADP or UDP, and incubated
at 37°C for 1 min. The amounts of inorganic phosphate from
ADP or UDP in the reaction were measured by a colorimetric
molybdenum blue method.

Western blotting

Cell lysate was prepared using M-PER mammalian protein
extraction reagents (Pierce, Rockford, IL, USA). Proteins in the
cell lysate and the culture supernatant were separated by elec-
trophoresis on SDS-polyacrylamide gels and transferred onto
nitrocellulose membranes (Amersham Biosciences, Piscataway,
NJ, USA). The primary antibody to CANT1 (Abcam,
Cambridge, UK) was used at 1:1000 dilution, and then horse-
radish peroxidase conjugated anti-rabbit IgG (GE Healthcare,
Chalfont St Giles, UK) was used at 1:2000 dilution. Chemilu-
minescent signals were detected using ECL plus western blotting
detection reagents (Amersham).

RESULTS

Identification of CANTT mutations

We examined 11 subjects with DD from eight families (one type 1,
two type 2, five Kim variant) and identified CANTY mutations in
seven families, including all of those with DD Kim variant
(table 1). Two homozygous mutations, ¢.375G—C (p.W125C)
and c.676G— A (p.V226M), were found in two consanguineous
families; others were compound heterozygous mutations. Co-
segregation of mutations in the families was confirmed by
sequencing genomic DNA of available family members. Alto-
gether, we found eight distinct mutations; two were nonsense
(p.W77LEsX13, p.C287X), five were missense (p.W125C,
p.-M165T, p.L224P, p.V226M, p.A360D), and one was at a splice
acceptor site (IVS2—-9G—A) (table 1, supplemental figure 1A).
All mutations have not been reported so far.

To investigate the effect of IVS2—9G—A on splicing, we
extracted RNA from peripheral leucocytes of patient 8. We cloned
and sequenced its reverse transcriptase PCR (RT-PCR) products.
We identified two distinct subclones: one had a 7 bp insertion
between exons 2 and 3 (c.835_836insTTCCCAG) (supplemental
figure 1B) and the other had c.676G— A (p.V226M). The former
clone indicates that IVS2—9G—A generates a new splice
acceptor site (supplemental figure 1C), which is predicted to
produce a premature stop codon (p.G279V{sX8).

Among the eight mutations, ¢.676G—A was found in all
families with Kim variant, and the other mutations were found
only once. c.676G— A was found in 1/754 Japanese and 1/187
Korean controls in a heterozygous state. The other mutations
were not found in approximately 100 ethnically matched controls,
or in public sequence variation databases. No mutations were
found in one type 2 family. We screened for DTDST mutations in
this family as previously described,™ but found no mutation.
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CANT1 belongs to the apyrase protein family.®~'* CANT1
related apyrases have eight highly conserved regions, designated
as nucleotidase conserved regions (NCRs) (figure 2).1* All amino
acid residues substituted by the missense mutations in DD
patients were located in NCRs and highly conserved among
diverse species and related apyrases (figure 2).

Functional characterisation of CANTT missense mutations

We evaluated the causality of the CANTY missense mutants by
measuring their nucleotidase activity. We constructed expression
vectors for the missense mutations identified in this study and
the common mutation (p.R300C) previously identified,” as well
as two missense single nucleotide polymorphism (SNPs),
p.A323T (rs9903215) and p.G391E (rs34082669) registered in
dbSNP database (http://www.ncbi.nlm.nih.gov/snp) (figure 2).
In our assay system, the wild-type CANT1 was obviously
calcium dependent and preferentially hydrolysed UDP (data not
shown), as reported previously.®  Although CANT1 hydrolyses
ADP poorly, ADP hydrolysation by soluble apyrases has been
reported to be involved in thrombo-regulation.’® Therefore, we
measured nucleotidase activity of the mutants for both UDP and
ADP. The activities of all DD mutant proteins were significantly
reduced in both assays compared to that of the wild-type
protein (figure 3A). The enzymatic activities of the SNP proteins
were similar to that of the wild-type protein.

To investigate the stability and secretion of the missense
mutant proteins, we checked the over-expressed proteins in
cell lysates and culture supernatants by western blot analysis
(figure 3B). The band intensities of four DD mutants (p.W125C,
p.M165T, p.V226M, p.R300C) and two SNPs were equal to that
of the wild-type in both analyses using cell lysates and culture
supernatants, indicating that these proteins are stable and can be
secreted normally into the culture supernatant. In contrast, the
L224P band was drastically reduced in the cell lysate and not
detectable in the culture supernatant, suggesting that 1224P
protein was unstable. An A360D band was at a similar level in
the cell lysate but not detectable in the culture supernatant,
indicating that A360D mutant could not be secreted into the
culture medium. When the plasmid vector backbone was
changed to another one, these results for the L224P and A360D
mutants were unchanged.

DISCUSSION

We found eight novel CANT/ mutations in seven of the eight
DD families examined (type 1, type 2 and Kim variant). These
included both nonsense and missense mutations, and our in
vitro study showed the loss of CANT1 enzyme activity in the
missense mutants. Therefore, DD is caused by CANT1 defi-
ciency. Our study suggests that CANT1 deficiency may be
caused by early degradation and failure of secretion as well as the
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Figure 2 Amino acid sequence
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gambiae apyrase); Ag9 (CAC35453, A
gambiae apyrase); Apt-1 (NP_509283,
Caenrohabditis elegans apyrase). NCR:
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numbers show the amino acid positions
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identified in patients with Desbuquois
dysplasia in this study and in a previous
study and missense single nucleotide
polymorphisms (SNPs) in the public
database are indicated by solid circles,
solid triangles and open circles,
respectively. N-terminal RXR
endoplasmic reticulum (ER) retention/
retrieval motif of vertebrate CANT1 is
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decreased enzyme activity secondary to a specific amino acid
substitution. Further characterisation of the disease-causing
mechanism of the missense mutations is necessary to gain
insight into function and metabolism of the CANT1 protein.

The first study reported three distinct missense mutations.”
Two are recurrent mutations in R300 (R300C/H), and one in the
neighbouring amino acid (P299); all are in NCR7. In our study,
we found no mutation in this hot spot. All five missense
mutations in this study were also in NCRs but were not clus-
tered in a specific region. In contrast, we found a common
mutation, V226M, in all five families with Kim variant.
Although the previous paper stressed that R300 belongs to
a pentad of alternating positively and negatively charged resi-
dues (D114, Q284, R300, Q365, and K394) that comprise
a network of four salt bridges involved in the catalytic site of
CANT1,” the missense mutations identified in our study
affected none of these residues.

The previous study examined only DD type 1 patients and
identified CANTY mutations.” In this study, we identified
CANT1 mutations in all types of DD, indicating that the
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clinical—radiographic spectrum of CANTY mutations must be
extended to include distinct variants of Desbuquois syndrome.
The V226M mutation was identified in all patients with DD Kim
variant, suggesting that this mutation is necessary for the
phenotype. However, because all patients with DD Kim variant in
this study were East Asians, it may just reflect that V226M is
prevalent among East Asians. Consistent with this hypothesis,
the carrier frequency was indeed higher in this population. CANT1
mutation was not identified in one DD type 2 patient. Further-
more, linkage analysis excluded the possibility that CANT7 locus
is responsible in three inbred DD families without typical hand
abnormality (not included in the present study).’ Those results
suggest that there may indeed be genetic heterogeneity in DD
type 2. Further accumulation of the knowledge on phenotypes
and mutations is required to gain a full picture of the phenotype—
genotype association. In particular, diagnostic criteria for DD
must now be revised with the knowledge offered by molecular
definition. While presence or absence of an additional metacarpal
bone has been used to distinguish subtypes of DD, this sign is not
a distinctive criterion to predict the molecular basis in DD.
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Figure 3 Functional characterisation of CANT1 missense mutations in
Desbuquois dysplasia (DD) patients. (A) Nucleotidase activity of CANT1
mutations using uridine diphosphate (UDP) (upper panel) and adenosine
diphosphate (ADP) (lower panel) as substrates. COS7 cells were
transfected with expression vectors for empty, wild-type and missense
mutant CANT1 proteins. The supernatant from the COS7 cells was used
to measure the nucleotidase activity. W125C, M165T, L224P, V226M,
R300C, A360D: missense mutants identified in DD; A323T, G391E:
missense SNPs in the public database. Note that the nucleotidase
activities of all DD missense mutants are significantly reduced compared
to that of the wild-type protein in both assays. Results are presented as
mean=SE (n=4). The same results were obtained from the independent
experiments. (B) Western blot analysis for over-expressed CANT1
mutant proteins. Cell lysate and culture supernatant were prepared from
COS-7 cells transfected with expression vectors for empty, wild type
and missense mutant CANT1 proteins. The membranes with the cell
lysates were stripped and re-probed with anti-B-actin antibody as

a control. There were no bands for L224P and A360D in the supernatant.
The same results were obtained from the independent experiments.

The exact function of CANT1 in humans remains unclear.
CANTT1 is a member of the apyrase family, which is classified
into two groups based on amino acid sequence homology; one is
the E-type ATPase family and the other is the family of apyrases
cloned from haematophagous arthropods.’® ** ¢ CANT1 is
classified in the latter group. Apyrases hydrolyse adenosine
triphosphate (ATP) and ADP to adenosine monophosphate
(AMP). ADP is one of the most important physiological agonists
for platelet recruitment, aggregation and plug formation.!”
Haematophagous insects secret apyrases from their salivary
gland to hydrolyse ADF, allowing them to feed on the host’s
blood for an extended time.® The endothelial cell plasma
membrane apyarase, CD39, an E-type ATPase, has also been
implicated in thrombo-regulation.”” Tt has been shown that
CANT1 has ADPase activity, but relatively low in comparison to
its UDPase activity. An alternative hypothesis is that of CANT1
playing a role in making activated sugars available in the ER
for synthesis of proteoglycans’ (see below). In this study, we
again showed that CANT1 had ADPase activity and the
missense mutants lost this activity (figure 3A). At present, the
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physiological functions of CANT1 remain to be determined as
does the possible role of thrombo-regulation in enchondral
ossification and pathogenesis of DD.

Human CANT1 was cloned as a new member of extracellular
nucleotidases® ; however, mammalian CANT1 proteins have
the N-terminus RXR, ER retention/retrial motif and that the
over-expressed rat CANT1 preferentially localised to the ER.
These findings suggest that CANT1 may exist as membrane

bound forms in the ER as well as soluble forms. CANT1

substrates (UDE, GDP, UTP) are involved in several signalling
functions including calcium (Ca®*) release, through activation
of pyrimidinergic signalling.**~?* The binding of pyrimidinergic
nucleotides (UTP/UDP) to P2Y receptors generates inositol
1,4,5-triphosphate (IP5) through their coupling to phospholipase
C. IP5 binding to its receptor at the ER surface causes rapid Ca**
release from the ER stores.®’ It has been reported that IP3
receptor dependent Ca®* release from the ER stores is increased
during ER stress and plays a critical role in ER stress induced
apoptosis.”® Abnormally distended rough ER containing inclu-
sion bodies was found in the chondrocytes and fibroblasts of DD
patients.” The abnormality may be related to impaired ER
function caused by CANT/ mutations. The deletion of APY-1,
the Caenrohabditis elegans homologue of CANT1, sensitised the
worms to ER stress and induced defects in pharynx and muscle
organisation, leading to a reduced lifespan.?* Involvement of ER
stress response in chondrogenesis and pathology of skeletal
dysplasias has been reported > 26

DD shares some phenotypic features with diastrophic dysplasia
(OMIM 222600) and recessive Larsen syndrome (OMIM 245600).
Both are caused by deficiency of enzymes involved in the metab-
olism of chondroitin sulfate, an essential component of cartilage
matrix. We have previously shown that a functional defect of
the solute carrier-35 D1 (SLC35D1) caused a severe skeletal
dysplasia in mouse and human?” 2 SLC35D1 is a nucleotide
sugar transporter that transports UDP-N-acetylgalactosamine and
UDP-glucronic acid from the cytoplasm into the ER.* 3° The
transported nucleotide sugars are utilised for synthesis of sugar
chains of chondroitin sulfate.”” The resulting UDP is hydrolysed
to uridine monophosphate (UMP) by luminal nucleoside diphos-
phatase, and then UMP is exchanged via the antiporter system for
importing further nucleotide sugars.*® We speculate that CANT1
may work as this luminal nucleoside diphosphatase, thereby being
involved in the nucleotide sugar/nucleoside monophosphate
antiport system that is essential for cartilage development and
functions. CANT1 deficiency might interfere with the availability
of nucleotide sugars needed for chondroitin sulfate synthesis.

» CANTT mutations were identified in seven out of eight
Desbuquois dysplasia (DD) families. A total of eight distinct
mutations were found; all were hitherto undescribed.

» Mutations were detected in DD type 2 and Kim variant. Thus,
CANTI1 is responsible for more than DD type 1.

» By measuring the CANT1 enzyme activity in vitro, we
confirmed that missense mutations resulted in loss of function.
Two missense mutations showed abnormal secretion.

» While the presence or absence of an additional metacarpal
ossification centre has been used to distinguish subtypes of
DD, this sign is not a distinctive criterion to predict the
molecular basis in DD.
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Our discovery has extended the phenotypic spectrum of CANT1
mutations and shown that CANT/ mutations are responsible not
only for DD type 1, but also for type 2 and Kim variant. Further
studies are necessary to characterise fully the role of CANT1 in
chondrogenesis and identify possible therapeutic targets. On the
practical side, mutation analysis of CANTY may be warranted in
all patients with a diagnostic suspicion of Desbuquois dysplasia,
regardless of the specific hand phenotype.
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