B - BOEAE

EniF 1. AE 2. B 3. &% 4. tEE=
5. T 6. ELfE 7. ABH 8. Mt ( )
BEORELEESH | BF; 1. HI 2. #H0OH 3. 8% 4. 9N 5. £/45
E BR, 1. B 2. #FDH 3. BE 4. HHONE 5. €4
®E, 1. B 2. #£FEDH 3. BE 4. ZHNE 5. &0B
Pt 1. B 2. EE0OH 3. BHE 4. HHONE 5. &N
BE; 1. Bi 2. #E0OH 3. BE 4. HHNE 5. &N
AB;, 1. B 2. #HDH 3. BE 4. BHNE 5. &0

38




B ==CEEIERE A RS

glut 1TERERESTY,

ZETH20FE6 A, EREMTHOIRRKRE - TRKE - ENEMNKZES/NRFEEZH
E ) THEAEFELE, Biufe - At —Fmk DREHER FXB GEXREICITHA
WEERRBW-LEL,

REHILET20RBERELNSBETREHYETH. BELLZOREOFBHTR—FE.
BENLYIVWEENTEDLIDBHEZHOSLTEHLTLET,
EHZFTRICTEZHETATEETVD., EHOHE - £RGEEZLTVETY,

T, EIEOEMEORITO. K8 - BEARATICHRICESREEOBERIRH®L LTVET,

BELEZTOREOYR—FELTE., FOBEHHBRICELVEMEERA T, FREEH ST
WEOEBEREICEMEZ LA FFEZF VELTHENLEY BECEOREORRD-OF
TEINRREEL2FICTHORKZERELTLET,

CNETICEEEERRES - RREZE 2B - EEMX THREN - LEL,

RRETIE. POHTHA, h&. BROEBELZORESTELE L1,

BETE, WRESEREEL. BREMICERKIZOVNTO TAAZX L) TERD DALl 48
DEBELCWVEEEFEL, BEEHEERA2EODICE, WHTHLOFHMBIN &
FEHLH->EZEVWSALEL. HOOTEBROFEEZRERLEL,

HEAOREMESE LTE. BATEDOHAFEADERE. BATANAREDRHRENKI ~DE
BEREBERRBEEFR BERIA—SL3N-BERTI—AOHEK.E53 @RS =
BE -BEESTREBBMGEN., WEFTIZTEELFH T, HICERTAMARELRE
~NOEBHICOWTIH. Gl ut —1EEBEATANAVEBIEIh, BENEBNRDZEEHHD L0
STEMND, BITRREM>THL ST TELGL . FRDBHRERRE~ADE NS K SFE
W, EBRLELDOTT,

£, BERIINERRBER LV —RE BHEFXLEOREOL L, KEHEFTIN T4
VEOERIALERETICELETN M UBEEBLTVAEE - REOUSICHERHESHET
Wr=r=EFE L, '

ZTOMICEBBREICDEGHEING T T74—3a5— M5B LRERBIND LS.
BEFBHEBICBEINIBENDEEZEZRH LF L.

LENBEEETOELFERHTY,

39



T ha—ASYZR—-—1 RIEEBRORBLDIAREET SR
W2E R

Fpi23fE12818H (H)

| FB205F

BEWE

6H g1 BEEBEIRE

ER21%
AR 3B (R) EHETAICTER
4B (1) B-HMBRBOERRERICTRES

U BEESRES BLEE 5H(B) AHBHRICTRES

FRR214% FRi224

gHsHE(E) SiEguwIBRBEERESHLS 48178 () %2@%%%5&%'&%?@ ;
RS (BRHERYAILHNE) (R#HEEERR—Y 2 5—)

9F  TAMARE TRORISHBAER

8B15E (L) 7z o RESOSEEITEM

108 BESY—TLyMER
10218 (KR)~23- ()
ES2EHAERABMERSES

FFHDEBOQOLALDOF-HIZ]
BELT—RHH - BERTH—FLADOEM
(KIRERRES)

40




ER234E
3 T BOEBAMAOCERFT~TIRIC
3T RTHOHE~(BHEARTER

BERLLTHERALELE!
sH BEREHECEFSLIVELEEFRH

M7k o4—225 1%
BRERINIICRELTLOOORE

T RE235E

SH6E (1) FEglut1 BERESRESKS

(R#pHEETEANR—Y o 4—)

BEQH I
UEST /1

fEo TR EE S

SRS HIAME)

ERE234E
11H248 (%) ~26H (B)

ESSERXRARRMHRREESR
~ERRBEBETOBAEOSLTREBLLS~

FIOETUTERRBER L VDRI A
EREREOBERLBESOXHRIISM
(FFNLZa—d—22KR)

41




1. TNNaA—RISURAR—S—1 RIEEREIER (GLUT1DS) &%

e

7 ) a—REEEA T (Glucose transporter type 1 ; GLUTL) RIBEL. O TR ILE—F
HEHTHS glucose HHRRBERICIMYAFARNIELIZEYELBRBIEMET, 1991 F
[Z De Vivo bIZ&UHHTIHRESNT=,

i
BEETIT2HAT 200 HIREDRE N BYET. SEOENRAETIE 57 FIOAEERH
RENTHYES DTENL T TLRBUIAE S HELAB LR S0 THRVAEEZ DN B,

AR
AETERBARBEOEGERETHY. 90%IZ SLC2A1(GLUTL)EEF (1p35-31.3) 12
BIFOANTOERSHOEEZZO*1. XKEHIZ de novo TH 5,

B IRAEK - B2 B

CETHICEEEEROLD, TALARETILREBICREL, A FVI/O0—XRIZELULE-RE
BIRKEBRECETRFEMENETTEIIENH S,

"SRRI EMRMRERNR. SA /0 — EERRES. TRRM, BFH. BORELSEFSET
HOEM, CADNAREDLTIEFRBIRESNLTLNS,

HEERIETZRO D, IMNNKFA. EMRE. SN THEDESHWAEREEAER (T
BRI 5, BEEFETLHIZRD. KA TH S,

RANEFL FEREEOREENCEERBHERETIESETHD, AL EAHY . BLAD
T BEEFITEXRME/NEENESHT S,

BB, ABMEEEL, BIR-ER. A A ME. 2 5 E. EREE . JEK. B AR e
DBIZENHD, B REMFTEBRES AT RS TIZE IV TSLC2A1 BIZFOATOES
ZENRESNFN, TADAREILEL. BHREEELEE T4 GLUT1 RIBHE D s E 5|
EIFEGE-TULND,

AREEICERODERIT. BE. BECIUEEL BICREBZTRREICR BRICKETD, £
EEBITHEL. BREHERTRELTLS*2,

FRERIRER R

BERRE 3 TIE, EMBEDRTE T ISBERHEIL 40 me/dl LUTF*4, B57k 8,/ M¥sL (L 0.45 LI R
(F0.35) . RILBREIEE~ETEET S, :

‘BEERCT-MRI TIIAINESE B BEELRE EREMFTRERT S,

SRR R EICK TEE SRR ORRIEERD D, TADARITHENIENZ A MHIEA
PERRE . RREEDIZ 254 Hz OEMEMRREROD, BREETBE S VFILO—RE%

42



FTHETHE L),
GEETFREICTHEREZEHINSGS, B FEENGZNGEIEFRMBR 3-O- methyl-D-glucose
Y AR BRSO FRIMBRIEIZH 15 GLUT1 RERIGEEETI.

B

HTADMABICH L TIEBEIRRETH S,

O NA—=RICRDUS P EIRIILF—RELTHIET 7 BEL(3:1~4: 1) N RIS
DHLEICFABREINDERETH D, BEELMNERAL TS Atkins RE AT UREER*6 (L. EDHT+
VBICHRFENRS T, A0 —, EEFIRENGEN-HZEE RN, RHBHELOT VR S
Db, RETIE ROTRRATAIIRBRET 2~ 3+ EEEHBETENEENTH S,

-GLUT1 #1322 H| (phenobarbital. chloral hydrate. theophylline) ®&rE#) (alcohol.
caffeine) Z# T HRETH S,

1. ZER. BATCOMBEENER EHESES . TALARE) OBELTOBETOHRE
2. BERIRERT R CRERME MAELL <0.45%%*

3. SLC2A1(GLUT1);&EF (1p35-31.3) IZBITAATOEA D IR ++**

4. FRIMNBK 3-O- methyl-D-glucose BXY AH FHERD B T+ ¥+

EMERRE., MNNK, RN TRREDEHESE

RIS, SA VO —FAE, B FAEORIFEE

ok BB ZERE RE [ CMABER MR (CRERIR BT BRRBE DA A TN LR THI5ENHEHDT)
*EERGO% TR TE

FEEEFT295M B R TIXBUAAME FEREIAL,

FEER M

D1£2 L3 HAWE 4 EwmI=T
Qb D

a) 1+2DH&

b) 1EBEMRDULOEH-TIHE. BRREAN
o 2&LBEMRERI-TES

BEMR
B PR A
1. ARMRE F7/—ERF, RFUEEBRKEY. SA /0 —LGEOREEEREFRRIET ., BEE
O ER
2. HRELIRFE  $EET. HERET. BEMOEREHEZT DS 6. ARIERED TANARKIE(R
MFEE, A0 —5F, BDFEOCKRILFENS) OHIF, FREMOESEEL. BIR-EE. T2 FRED

43



RRERHE. £ S/RE. BEEE. BE. BUHERDIENHD, REEFERRESRF RS TERE
ET0LFEE, EEFITIIRRENBEREORENHD, RAEE L. FEREOERE,LBELEMESRSE
TEESETHD HRMENHY . HLAOT LY,
BRERR
BEER CT-MRI: I EHMFTR
BEAR PET AT R - KINR B O £ ARMZEY AAE T EEER - RO EAIYAH D FTHE
FAERRHINK: BEATRTERNR. CADARSOEELRE. H1RHLRICEMME2.5-4Hz TGRS
BB IHEENH B,
AR
1. PO HEERETINBEDEA
RUMBFOBERANSBET N URE, THATF B 31 AHEINS, BEROTMARD 3+LL EAS
B
2. ThURBETTADARENIFITERWEAR TANAIAR

- =L GLUT1 #{lI#9 % PB, DZP, chloralhydrate (f LT3, T-AE4£ETIL

theophylline, k& ¥(alcohol, green tea, caffeine)’z& DT E

44



FNa—RArS52 RAR—2—1 RIBEEEER (GLUT1DS) D MARTA(RSM4Y

TNa—A KT U AR—F— 1 RKEFEEERH (GLUT1IDS) ORBEETA 7 A4 AEMIZHTZ > T

GLUT1-DS /&, MO XL F—RPHEETH D /N a— ARPHEMHERRICE VAT LIckD
A U A HHEINGE ©. BHEO KR MADREN R T 2 2 LIT LD TANAFIERLHRE - FrauiR T2
TTLTWL S, 7 U BIBRICE DIREFRERER L B DI TWET, AEFEREIL, 1991 FIKEO
DeVivo L2388 CTih L7 B RMERBHER TH Y | YUNTEEETADPADRRKBEEDO O LD EE X
BNTEE L, Z0%, BINCBOWTHHENRD LN LI 70 BARIZBW TS 2006 FHL Y &
HOWMENFHRNTEY £ L, 4R, BEAEDEE HREREERITEEEOO LS [Fra—2 b
TV AR—H — 1 RIBFEREERE O ERE & ZWREREHCRET 285 MICBWTRERHEZITVWENT
57 BIOMEED DVNTEEWFINZE SN TR E L, 20T LA EORETEX 2T b o BIEERHAI
BNTEYE Lz, AEZ, JRFREFEO T O ARIMESCIRMRIE, &R, BIEEAMEEEE RO L
. FUCADAIER ETIHEROEENRZ LOWOTTHR, 7 M BIBEIZZEDOZ  OIERIZ OV TEIRY
REEHZL LET, WICRE - TREOEIVILITIE M 00 X PR BRI BB 0 72 3 FR R AR R B 5 A3 AT 5
MICHEIT LTV b D EEZONET, T GLUTIDS TIXEHRENEFICEE LY 7, =
DHA RTATEERELEEEDLNULETH, NEICSOXE L TEROREOLWIERE W
TN TT, 8D LWEFOBE-CHRFIC o E £ L CHMRIEIC ZHRW 20 hudsEn ¢,

TNa—A T AR—F— 1 RBEEGR O ER & ZETSREHCE T o5

TSRS NELE HFORRFERRENNER #o%

SYHERESEA

HERER MO FERRF/NER  EED

ERERE R ERRZNER Gl

HRE HAEBRZENREE A=

PR RN SLRFIRER A ERE o F
—/NRAEER,  FSEETSERT R
{ERRARITZER

TEPILBRF RFRCREE - &IRKRTE - IRER

KEpBEE /N TR BhE
RS WEIRSNRREER 2 R

g lutlREERES

45



TWNA—RISU AR—4—1 RIBEFEIRE (GLUT1DS) DM L5485

GLUT1DS # & 5

v

LW RFEERRKESEHIBERRE. F7/—C2 4%
1B BEIFIRFEAE . IA VO —FAEME

EEFITIIHRRET. RERBFEMES

HRH EEFRICEIDTONAREOCERE L R/E. EFE
ATRRICHE

GLUT1DS &>

A4

B R A CRENE/ MBS < 0.45
l
SLC2A1 (GLUT1) E&FHaE
FRIMER 3-O- methyl-D-glucose Bt ¥ A LEER DL T

A2 T

v

ABELTH b o aiRERE A
{EIE Atkins B 72385l
Z DA,
MCT2 : 147 brf&
T3 147 oA

T ROMER & LB THIUL

— TR OB

TADAFEIEDIHINEE « 7 F—> 2 DR RFP7 R 2+
PLE) . £ THLREETHIVERERITE CHTADAREDH

/i (PB = DZP %t} %)
SHETRRE ) e )
Kl : TRHR L2 b

46



Al ifaR2

REME
[HE4] l TN aA—RFS Y AR—45—1 RIEEEEE(GLUTIDS) l
[EEH] l ERCOAEEBINEEE K |
(2] GLUTIDSIE. DI RIILF—RFFEETHAHT L I— AP IR#EHE R

BSAENGNC LIS RYELHRBIEIE T, B0 RE IR E A
%ﬁ@“é:&f:otu'C/\m\AJ%f’EWﬁ%*%2$E’qi§.ﬁ7hﬁﬁﬁvcm<£o>a%
ZbNTWA,

[RRDEEE] WHEEREEOEEHEERETHY. 90%IZSLC2AT7 (GLUTT) EIEF
(1p35-31.3) IZBIFAANTOEEHDLTELZRD . KE#dde novoTH
5,

[EA5EIK] FLREARE LY R EZRBGER), BERERREECIA IO Z—ZFSDIT

WHARETREL. Z0®%. RLAEEOTANARIE. REEF. R

BRIET. EBHERE. /NEKER. PR T7HEOBBRZENEEEZET S,

KiZ, ZHEEE. BRNCRIEL, BRICHET HHHUA H D, BERHERIE (B8
TRFE/IMMFE<0.45) WNEHTH B,

[(EGEHHE] | BRRAGREEQ/NEE. EE K. FHERF. EEETREEES CEHMEIR
HEZSHT Do

[(E@aEE] | DEETRRRAICKY, MRl T rLr—fiahEz/ )La—X

M7 ARICHRASEDIENTED O KGR ENTAFTES,

ThUBBRENE—ERELDHHN., RGN ATaeEAA)—HIR, &Q
HIENMGHROKDHEDDLGMEET MV ABFENEELL,

2

(#7232 8E] | GLUTIDSDERELE M BIEEH ICEE T DRI

BEFIE
MENMRIRENEESITDOVTIE, BEERII OV TIR—LR—SETABRAT AT ETY,
47



L. WSRO TTICBIT 5 —5E&



B 4

WHERCROTATIC

Edo—HELATU b

EH KA WA A R4 BEfEeko | F OB 4 b4 | HAR (AR | ==
n‘ﬁ%‘%ﬁ%
(E 5 Je R AR BN E 4 B O EBIEYER BT 2011 pRiE
Glut1 KHIE, TEHRFEE 5 2 AR,
R TR e | o R o REBI & AR 011 (218
KHAFI=RE | B FEEET yogan
R, TACLUTL KHRE ﬁ%#i% 7L L ROBMNDIN L R 01 o2
ENG IR bEEE it
PR P T AR R ke K RRBREE [0 & AT 2011|7778
HE B 52 4|Diagnosis at a [EAL
(&= & 3 glance
K. WAE
/=T N
. R
== BRI
x)

FE WA A Ak Sk BB | v | HEE
Hashimoto N,SLC2A1 gene analysis oflJ Hum Genet. [56(12) 846-51 2011
Kagitani-Shimono  K,Japanese patients with|
Sakai N, Otomo T,glucose transporter 1
Tominaga K, Nabatame|deficiency syndrome.

S, Mogami Y, Takahashi
Y, Imai K, Yanagihara
K, Okinaga T, Nagai T,
Ito Y, Oguni H, Ito S, et|A modified Atkins diet isDev Med Child53(7) 658-63 2011
al. promising as a treatment/Neurol.
for glucose transporter
type 1 deficiency
syndrome.

49




Fujii T, Morimoto M,

- T295M-associated glutl [Brain Dev 33 316-320 2011
Yoshioka H, Ho YY, Law jeficiency syndrome wit
PPY, Wang D, De Vivo |y normal erythrocyte 3-
DC. OMG uptake.
i Glucose transporter type|,, 1R 73(supple) 755-756. 12010
1 RABSE A
Kitamura Y, Okumura |Oxidative stress Brain Dev On-line 2011

A, Hayashi M, Mori H,
Takahashi S
Yanagihara K, Miyata
R, Tanuma N, Mimaki
T, Abe S, Shimizu T

markers and phosphorus
magnetic resonance
spectroscopy in a patient
with GLUT1 deficiency
treated with modified
Atkins diet.

50




V. WHFEREROPIETY) - Bkl



@

Journal of Human Genetics (2011) 56, 846-851
© 2011 The Japan Society of Human Genetics Al rights reserved 1434-5161/11 $32.00

www.nature.com/jhg

ORIGINAL ARTICLE

SLC2A1 gene analysis of Japanese patients with
glucose transporter 1 deficiency syndrome

Natsuko Hashimoto!, Kuriko Kagitani-Shimono®?, Norio Sakai!, Takanobu Otomo', Koji Tominaga',
Shin Nabatame!, Yukiko Mogami4, Yukitoshi Takahashi#, Katsumi Imai?, Keiko Yanagiharas, Takeshi Okinaga!,
Toshisaburo Nagaiﬁ, Masako Taniike®® and Keiichi Ozono?

Glucose transporter 1 deficiency syndrome (Glutl-DS) is a congenital metabolic disorder characterized by refractory seizures
with early infantile onset, developmental delay, movement disorders and acquired microcephaly. Glut1-DS is caused by
heterozygous abnormalities of the SLC2A1 (Glutl) gene, whose product acts to transport glucose into the brain across the
blood-brain barrier. We analyzed the SLC2A1 gene in 12 Japanese Glut1l-DS patients who were diagnosed by characteristic
clinical symptoms and hypoglycorrhachia as follows: all patients had infantile-onset seizures and mild to severe developmental
delay, and ataxia was detected in 11 patients. For the 12 patients, we identified seven different mutations (three missense,
one nonsense, two frameshift and one splice-site) in exons and exon-intron boundaries of the SLC2A1 gene by direct
sequencing, of which six were novel mutations. Of the remaining five patients who had no peint mutations and underwent
investigation by multiplex ligation-dependent probe amplification, a complex abnormality with deletion and duplication was
identified in one patient: this is the first case of such recombination of the SLC2A1 gene. Changes in regulatory sequences in
the promoter region or genes other than SLC2AI might be responsible for onset of Glutl-DS in the other four patients (33%)

without SLC2A1 mutation.

Journal of Human Genetics (2011) 56, 846-851; doi:10.1038/jhg.2011.115; published online 20 October 2011
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INTRODUCTION
Glucose transporter 1 deficiency syndrome (Glutl-DS: OMIM no.
606777) was first described by De Vivo et al.! in 1991 as a disease
with impaired glucose transport across the blood-brain barrier and
characterized by hypoglycorrhachia, seizures and developmental delay.
Validation of their observation was confirmed by the discovery
that Glutl-DS was caused by genetic abnormalities of the SLC2A1
(Glut-1) gene (OMIM *138140) encoding Glutl, by which glucose
transport across the blood-brain barrier is mediated. The SLC2AI
gene is located on the short arm of chromosome 1 (1p34.2)% and
is about 35kb in length, containing 10 exons.> Almost 60 muta-
tions including missense, nonsense, frameshift and splice-site
mutations of the SLC2A1 gene have been reported to date in Glutl-
DS patients.* In addition, chromosomal abnormalities, such as
microdeletions including the SLC2AI1 gene, have also been recently
reported.>®

Here, we report the clinicogenetic characteristics of 12 Japanese
patients with Glutl-DS. Initial mutation analysis was performed
by direct sequencing, and multiplex ligation-dependent probe

amplification (MLPA) was subsequently performed in the remaining
patients in whom no point mutation was identified. This is the first
report documenting clinicogenetic features in a series of Japanese
patients with Glutl-DS.

MATERIALS AND METHODS

Patients

In all 13 Glutl-DS patients, who were diagnosed at Osaka University
Hospital or whose blood sample had been sent for genetic analysis from
other institutions from 2004 to 2011, were subjected to the study. Diagnosis
was made according to clinical and laboratory features: infantile-onset
seizures, developmental delay, EEG abnormalities aggravated by fasting and
improved by food intake, low CSF/blood glucose ratio (<0.5) after 4-5h
fasting despite low to normal CSF lactate concentration and normal levels of
CSF cells and protein. 3-O-Methyl-p-Glucose (3-OMG) uptake by erythrocytes
was measured according to previously reported methods.” This study was
exempted from full review and approved by the Osaka University Graduate
School of Medicine Institutional Review Board. Written informed consent
was obtained from the parents of all the children who were recruited to
this study.

IDepartment of Pediatrics, Osaka University Graduate School of Medicine, Osaka, Japan; “United Graduate Schoo! of Child Development, Osaka University Graduate School of
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Mutational analysis of SLC2A1

Genomic DNA was isolated from heparinized blood using QuickGene DNA whole
blood Kit S and Nudleic Acid Isolation System QuickGene-810 (FUJIFILM, Tokyo,
Japan). PCR primer sets were designed to cover the exons and exon-intron junctions
of the SLC2A1 gene. The primers used are shown in Table 1.8 PCR was conducted in
20l volume containing 50 ng genomic DNA, 0.5 v each primer, 0.2mm each
dNTP and 1U Tag DNA polymerase (Takara Tag, Takara Bio Inc. Otsu Shiga,
Japan). The PCR reaction used 35 cycles of amplification with denaturation at 95 °C
for 4 min, annealing for 30s at 64 °C for 1 min, extension at 72 °C for 2 min, and
followed by a final extension at 72°C for 10 min. The amplified products were
purified with Takara SUPREC-PCR (Takara Bio Inc.). The SLC2A1 gene was directly
sequenced using 20ng of purified DNA with BigDye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems, Foster, CA, USA). The pathogenetic nature
of novel mutations was confirmed by their absence in 100 control subjects.

MLPA analysis

The principle for MLPA, which is a technique for measuring allele dosage by
the hybridization of the complementary probes, has been described previously.?
The SALSA SLC2A1 region test reagent set (P138 probe mix; MRC-Holland,
Amsterdam, The Netherlands) contains one probe for each exon of the SLC2A1
gene and 12 reference probes (www.mrc-holland.com). All runs included DNA
from unrelated controls for calibration. MLPA was entrusted to FALCO
biosystems (Kyoto, Japan).

RESULTS

Clinical characteristics

The clinical signs and laboratory data for the study patients are listed
in Table 2. There were three boys and nine girls ages 6-15 years.

Table 1 Primer set for the direct sequencing of the SLC2A1 gene

Exon Forward primer Reverse primer

1 5-AACAGCGAGCGTGCCGGTCGCTAGT-3 5-TAAGGCGGGCAGGAGTCTGCGCCTT-3
2 5’-CTCCCAGACACGCCTATAACAGT-3" 5-GGCTGGTGTCCATAAGCCAACG-3”
3-4 5'-GCTTGCTCACCCAGGCTGCAT-3 5’-GTGCCAGGCAGGTAGATCCT-3"

5-8 5-AAAGGGGGTCAGGGCAGAGGCGCTCA-3’  5-GCATCCCTCACTCTCCAGAACCT-3”
9-10  5-AACTTTTCCCCCTCTCCGTCATC-3 5-TGTGCTCCTGAGAGATCCTTA-3"

Table 2 Clinical characteristics of Glut1-DS patients

SLC2A1 gene analysis
N Hashimoto ef al

All patients showed early-onset (2-11 months of age) and refractory
seizures. Seizure type was diverse and included generalized tonic-
clonic, atonic, absence and complex partial seizures. A total of 8
patients had microcephaly below —2 s.d. All of them had develop-
mental delay to various degrees of severity. All except one had truncal
ataxia and eight showed dystonia.

Laboratory examination revealed hypoglycorrhachia (CSF glucose
26-38 mgdlI™! and CSF/blood glucose ratio: 0.28-0.48) in all patients.
3-OMG uptake by erythrocytes was also decreased (to 47-56% of
controls) in eight patients, but one patient (case 5) was within the
normal range of erythrocyte 3-OMG uptake. The clinical features of
two informative cases are detailed later in this section.

SLC2A1 mutations on direct sequencing

A summary of the results of the SLC2AI gene analysis is shown in
Table 3. Direct sequencing of the SLC2A1 gene revealed mutations in
seven patients (cases 2, 5, 6, 7, 9, 10 and 11). Among them, three
missense mutations (cases 5, 6 and 9) were noted. The mutation
found in case 9 was the same as previously reported by Wang et al.® A
nonsense mutation was found in case 11 (c.1272 T>A, p.Y424X).
Cases 7 and 11 showed frameshift mutations (case 7: ¢.707_708delAC,
p-D236GfsX4 and case 11: ¢.431_432delTG, p.V144GfsX2). A splice-
site mutation was found in case 2 (c.679+1G> A). Collectively, direct
sequencing of the gene revealed seven mutated alleles among 12
Glutl-DS patients, of which six were novel mutations. The novel
missense mutation found in case 2, 5, 6, 7 and 11 was not found in
100 normal control subjects. The location for each mutation on the
SCL2A1 gene is indicated in Figure 1. No specific localization of
mutations was found.

Quantitative analysis by MLPA

Further analysis using the MLPA method was performed in five
patients in whom direct sequencing failed to disclose any mutation.
In one patient (case 12), relative copy number was decreased from
exon 1-8 and increased from exon 9-10. Although her father did not
have any abnormalities, her mother had an increased relative copy

Biochemical data

Clinical signs

Patient Age at  CSF/blood glucose ~ CSF/blood  Erythrocyte 3-OMG ~ Seizure  Seizure Micro Mental

no. Gender study (y) (mgdl1) glucose ratio  uptake (% normal) onset (mo) type cephaly® impairment® Ataxia® Dystoniad
1 F 7 27173 0.36 NA 2 GTC, CPS, Ato + +bt 4t +
2 F 12 32/89 0.39 56 2 GTC, CPS + e+ ++ +
3 M 15 35/90 0.39 48 2 CPS, Abs + ++ ++ +
4 F 12 26/83 0.31 52 3 GTC, CPS, Abs, Ato + +++ 4t +
5 M 14 38/78 0.48 102 3 GTC,GT + +t A+ -
6 F 6 28/85 0.32 Decreased 6 GTC, Abs, CPS - ++ ++ +
7 F 6 28/90 0.32 NA 6 CPS - + +
8 F 9 33/82 0.4 Decreased 6 Abs, Ato, CPS + + -
9 F 10 36/87 0.41 56 8 GTC, Abs -

10 M 14 29/82 0.35 47 9 GTC, CPS + ok 4 +

11 F 4 26/90 0.28 NA 9 GT,Abs - ++ 4 _

12 F 15 30/84 0.38 51 11 CPS, Ato + bt ++ +

Abbreviations: Abs, absence seizure; Ato, atonic seizure; CPS, complex partial seizure; CSF, cerebro:
NA, not assessed; 3-OMG, 3-O-methyl-o-glucose; v, year.
°Grade: —, <1 s.d. (standard deviation); + <1.5s.d.; +, <2 s.d.

spinal fluid; GT, generalized tonic seizure; GTC, generalized tonic-clonic seizure; mo, month;

bGrade: -, none (DQ (developmental quotient) 70-100); +, mild (DQ 50-70); ++, moderate (DQ 35-50); +++, severe (DQ 20-35).

Grade: —, none; +, mild; ++, moderate; +++, severe.
9Grade: —, absent; +, present.
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Table 3 Results of SLC2A1 gene analysis in Glutl-DS patients

Patient no. Mutation Location Nucleotide change Type of mutation Family member analysis

1 Not found

2 c.679+1G>A intron 5 c679+1G>A Splice-site

3 Not found

4 Not found

5 p.M344T7 Exon 8 c.1031T>C Missense Father (—) Mother (+) Brother (+)
6 p.E41K Exon 3 c.121G>A Missense

7 p.D236GfsX4 Exon 6 ¢.707_708delAC Frameshift

8 Not found

9 p.G130s? Exon 4 c.388G>A Missense Father (—) Mother (—) Brother ()
10 p.Y424X Exon 9 c.1272T>A Nonsense
11 p.V144GfsX2 Exon 4 c.431_432delTG Frameshift
12 del Ex1-8, dup Ex9-10 Exon 1-10 Deletion Duplication Father (—) Mother (dup Ex9-10)

3Mutation previously reported in other patients.®
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Figure 1 Location of six novel mutations (three missense, two frameshift and one nonsense) from Glutl-DS patients in the Glutl protein transmembrane

configuration. Mutations are scattered without a specific hotspot.

number between exon 9-10. This suggests that her mother originally
had duplication in exon 9-10 as a polymorphism and that further
chromosomal recombination in front of the duplication occurred,
leading to the onset of Glutl-DS in the proband (Figure 2).

Case 5 presentation

This 14-year-old male was the first child born to non-consanguineous
parents. He was born at 37 gestational weeks (birth weight 2410g)
without asphyxia by normal delivery. He developed tonic seizures at
3 months of age and his seizures were frequent and refractory to 10
anti-epileptic drugs including adrenocorticotropic hormone. His cog-
nitive impairment was severe and he has never learned a single word.
He manifested hypotonia, increased tendon reflex and ataxia but no
dystonic posture. At the age of 9 years, he was suspected to be
suffering from Glut1-DS because of low CSF glucose concentration

Journal of Human Genetics

53

(Table 1), although glucose uptake by erythrocytes was not decreased.
Direct sequencing analysis revealed a novel missense mutation
(c.1031T>C, p.M344T).

A younger brother of the proband was also born by normal delivery.
At 4 years of age, he developed monthly tonic-clonic seizures while in
a fasting state before breakfast. He showed neither ataxia nor dystonia
on fasting. His CSF glucose was slightly low (CSF/blood glucose;
41/71 mgdl™). Although he did not show any motor disability, his
cognitive function was mildly impaired. He has the same mutation as
his brother.

When screened, the mother and a brother were also found to
have the relevant mutation of the SLC2A1 gene but not their father
(Figure 3). The mother’s history revealed one episode of seizures at 6
years of age. The two brothers of the mother had been diagnosed with
schizophrenia and autism, respectively, but we were unable to gain
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Figure 2 Family pedigree (a) and MLPA results in case 12. Although a relative copy number of around two was observed for normal controls, the mother of
the proband had a copy number of about five in exon 9-10 (b). In case 12, there is a copy number of around one from exon 1-8 and about five from exon
9-10 {c). This means that case 12 has de novo microdeletion in exon 1-8 and duplication in exon 9-10. The latter is not pathogenetic as it is shared with

her asymptomatic mother.

O+

schizophrenia

pM344T

Case5

pM3447 pM3447

Figure 3 Family pedigree of case 5. The proband, his brother and mother
had same mutation. His father did not have the mutation. The mother’s
older brother was diagnosed with schizophrenia in his fourth decade of life
and her younger brother was diagnosed with autism and was institutionalized
in a shelter for intellectually disabled people.

consent for their SLC2A1 gene analysis. The pathogenetic nature of the
mutation was confirmed by its absence in his father and one hundred
non-consanguineous normal control subjects.

Case 12 presentation

This 15-year-old female was the first-born child of healthy non-
consanguineous parents. She was born after full-term pregnancy
by vaginal delivery with no complication. Her birth weight was
2836 g. She developed truncal ataxia and hypotonia at 6 months of

age. At 11 months of age, she developed hemiconvulsions and atonic
seizures just before breakfast. Phenobarbital was started and her
seizures were well controlled. When phenobarbital was withdrawn at
5 years of age, atonic seizures recurred on fasting. Although she started
to speak words at 15 months of age, her intellectual delay became
severe thereafter. At 8 years of age, she was diagnosed with Glut-1 DS
on the basis of clinical features as well as hypoglycorrhachia and
decreased 3-OMG uptake by erythrocytes (Table 1).

At the age of 12 years old, she was admitted to our hospital to start a
ketogenic diet. She had microcephaly (head circumference 50.8 cm)
but no other facial dysmorphia. Although she could walk without
support, she easily fell to the ground and was unable to walk for a long
distance because of spastic gait and ataxia. She could have a simple
conversation, her intelligence quotient was low at 32 and she had
dysarthria. MPLA analysis revealed duplication in exon 9-10, deletion
in exon 1-8 and duplication in exon 9-10. Her mother possessed the
same duplication in exon 9-10 without any neurological symptoms.

DISCUSSION

Classic Glut1-DS is characterized by early-onset epilepsy, develop-
mental delay and acquired microcephaly, which is an aspect of
encephalopathy. Klepper er al!® proposed diagnostic criteria for
Glutl-DS as follows: seizures, developmental delay, complex move-
ment disorder and fasting EEG changes improving postprandially.
Original laboratory criteria for Glut1-DS consisted of hypoglycorrha-
chia (<40mgdl™!), low CSE/blood glucose ratio (< 0.4) and reduced
erythrocyte glucose uptake (uptake cutoff point at 60% uptake).b After
the discovery of SLC2A1 as a gene responsible for Glutl-DS, many
mutations have been recognized that show autosomal dominant
inheritance. However, as more cases with documented gene abnorm-
alities of the SLC2AI gene have been reported, atypical cases have
come into light such as a case of movement disorder without
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epilepsy'! and another with autosomal recessive inheritance.!?

Furthermore, it was recognized that a wide clinical syndromes existed
resulting from different SLC2A1 gene mutations. For example, Glutl-
DS was reported to occur in >10% of patients with early-onset
absence epilepsy and some of them expressed mild manifestations.'®
Furthermore, some patients with SLC2AI1 mutations have been
reported to have milder hypoglycorrhacia (40-52mgdl™!) and
relatively high CSFE/blood glucose ratio (0.45-0.57) as compared
with original Glutl-DS criteria. However, no Glutl-DS patients
showed normal CSF glucose concentration.!* On the other hand,
Glutl-DS cases have been reported which had normal erythrocyte
glucose uptake.'> Therefore, in order not to overlook milder or
atypical cases of Glutl-DS, usage of a broader criteria including
mild hypoglycorrhacia or normal erythrocyte glucose uptake may be
useful. These varied clinical and laboratory findings indicate the
increasing importance of gene testing in the diagnosis of the patients
suspected of having Glutl-DS. We report SLC2A1 gene analysis in
12 Japanese patients who were diagnosed on the basis of clinical
features including early-onset epilepsy and hypoglycorrhachia. This is
the first report of a large number of Japanese patients with Glutl-DS
being subject to genetic analysis.

We analyzed genomic abnormalities for SLC2A1 including the case
with typical clinical pictures and hypoglycorrhacia regardless of
erythrocyte glucose uptake and found eight abnormalities including
seven mutations, of which six were novel. The locations of each
mutation in the transmembrane configuration of the Glutl protein are
shown in Figure 1. Although several hot spots for recurrent mutations
have been previously reported, as many as 60 mutations have been
reported scattered in transmembrane, intracellular and extracellular
domains.'®

‘We made sure that they didn’t match the reported polymorphism in
the database (Japanese Single-Nucleotide Polymorphisms),!” and also
confirmed that the mutations were not present in one hundred healthy
controls. All mutations caused the change of amino acid in SLC2A1.
The nonsense and frameshift mutations are highly likely to induce the
reduced function of Glut 1. In case of the missense mutation, two
patients out of three (cases 6 and 9) with missense mutations showed
evidence of abnormal Glut 1 function supported by reduced 3-OMG
uptake. The pathogenicity of the missense mutation in the remaining
one patient (case 5) was unfortunately unsupported by reduced 3-
OMG uptake. Recently Glutl-DS patients with T295M mutation have
been reported to have normal 3-OMG uptake in erythrocytes. How-
ever, in functional studies, Glutl conformational change asymmetri-
cally affects the efflux of glucose from cells as compared with its
influx.!> Thus, influx measured by erythrocyte glucose uptake can be
normal.'® Although we did not measure either glucose efflux or
conformational change, we can speculate that this kind of mechanism
could be associated with case 5.

In addition, we revealed the first case with a complex rearrangement
of deletion and duplication using the novel MLPA method (case 12).
In this patient, deletion of exon 1-8 was the pathophysiological
recombination, because her mother with same duplication did not
have any symptoms and Glutl-DS is a congenital metabolic disorder
induced by haploinsufficiency of the SLC2AI gene.'?

With respect to the genotype—phenotype correlation, we could not
find a definite relationship between clinical severity indicated by
seizure onset and/or CSF glucose concentration, CSF/blood glucose
ratio and 3-OMG uptake. For example, case 5 had relatively mild
hypoglycorrhachia, he had the same SLC2A1 mutation as his brother
and mother, which indicates they were familial cases with an auto-
somal dominant trait. The proband case 5 manifested symptoms of
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‘encephalopathy’ with refractory seizures and severe developmental
delay. Despite his brother having the same CSF glucose concentration
as that of the proband, he had considerably milder symptoms. The
description of mutation-positive family members of case 5 agrees with
previous reports documenting highly variable clinical symptoms in a
Glutl-DS family, ranging from no clinical manifestation at all to the
severe classic phenotype.!?

Regarding seizure type, the predominant seizure types were general-
ized tonic-clonic seizure and complex partial seizures followed by
absence and atonic seizures. Glut1-DS would appear to be a syndrome
with variable generalized epilepsy. It is possible that most of our cases
harbored classic and relatively severe phenotypes, which probably
limited the ability to detect any correlation between genotype and
phenotype.

Finally, no SLC2A1 mutation gene was found in five or our 12
patients (33.3%) despite the presence of hypoglycorrhachia and typical
clinical symptoms of Glutl-DS. Leen et al.'® reported that 59% of
132 Glut1-DS patients were negative on genetic analysis for SLC2A1
mutation. They suspected that regulatory sequences of the SLC2A1
gene such as promoter sequences and/or sequences deep within
introns may have been underdiagnosed. In our series, there were no
clinical differences between mutation-positive and -negative cases.
Thus, mutation in regulatory sequences and/or other modulating
genes could well affect Glutl activity. Furthermore, loss of activity
of hexokinase I, which involve glucose transport in the endothelial
cells, may contribute to pathophysiology in these cases.!® In conclu-
sion, as it is now possible to improve the prognosis of Glut1-DS with a
ketogenic diet, it is important to make a definite diagnosis as early as
possible. As there is a wide range of clinical manifestations and false-
negative patients when using the original criteria for Glutl-DS
diagnosis, it is important to identify genetic abnormalities not only
by the direct sequencing but also by MLPA. Further studies are needed
for the detection of potentially secondary or modifier genes.
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