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Table 5 DGREXICE>7- FBDSERDE & &

FEFIHL 26%
RIZHFT L7 FBDS 20 (77%)
FBDS » 5% « E¥ £ TORAM (H) g (Vo) 36 (—150~730)
TADAFEE (FBDS LIS D)
et 18 (70%)
S R R TR 13
BRI FAE 12#
B S FAF 1

FBDS #» 5 EEE T A D AT L 126
FBDS » & HIFEZE T A0 A~ORITHIR (H)
iy ol

biz5es

LI

RREE

2 DFEK

BRI

o]

NN

FEEMXRMPEOY A+ =7
BT ORFEA ORERT R

10/12 (83%)

ffE (VoY) 12.5 (—15~455)

Pl VGKC el (pM) thRfE (L)

1 LGI-1 ftikkg it

26 (100%)
23 (88%)
9 (35%)
7 (31%)
5 (19%)
4 (15%)
4 (15%)
2 (8%)
1(4%)

n=26
2,281 (0~8,800)*
23 (88%)*

¥ LGI-1 JiERG 1 & 5l Caspr-2 fifk/Hia >4 7 7 > 2 itkoD 3 (12%)
WL LB

&7 bV v AffE (<135 mmol) 23 (88%)

BHER MRI IEH 12 (46%)

IO 3 PR EECREX R EOIEREREES T, 2HHEzEC CEHEMRICEE

ERDLIPoIz,

L2l onTiE, BE4FEULEERFBLLBOAZ Y —= v IHikiREE, 55 18]
i CBA TOHLLGI-1 FilkidBt, o 1 flidffg s o 7Y Y KREFHERERREROD
BIETAZ Y —=PERBETH - 723, KE (238pM) THoiz,

L 2P REEERTAPATH S I L 2N THEREL 72,

(M&EE) FBDS : fasicobrachial dystonic seizures

Irani SR, Michell AW, Lang B, Pettingill P, Waters P, et al: Faciobrachial dystonic

seizures precede LGI1 antibody limbic encephalitis. Ann Neurol 69: 892-900, 2011 * 7T

b:{}ﬁlﬁ L fCo

Fig.3 FBDS &3t VGKC &Kk
BEME & FREWCHEF T B VX b = T EEOES (faciobrachial dys-
tonic seizure : FBDS) X, i TAPAEDREBEZEIRIGT, B
VGKC EE PR & i BET 5, RERE (R
H) CTERERIFERMOBD & L ClET S,
Irani SR, Michell AW, Lang B, Pettingill P, Waters P, et al:
Faciobrachial dystonic seizures precede LGI1 antibody limbic
encephalitis. Ann Neurol 69: 892-900, 2011 »» &K% L TH#HL

—
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5. @& ¥ VGKC BEHHF

TR D CHES R FEMETEIT ATy 7 AE
BRETIBEBEELRELTBY, ZORTEBELENT
BWIRWRELZHMETH 5, EKE, VIHZE 2,
CRPS ThH 2EF b HELET 2, NENZIER 2R T
3 (BEHBEMHIMKEER), BEE, RERCRLE
HD X 54 B, REO LU EERBHIRL,
ANNRTEE Y LD DET—EITERREL, 1HE%,
BT EWETIHMFAMEDOBAVHE L, BELHE
BRL 728, BB CTHBIRBEL L Tf 27V =y
TOMENER S Wi, FBROBELLEHBORVE F
2ERFERLULERIE, £5OE IV F, 25OHO D
E0 B L, RERARNCERE, T4 Yy 7 AER
FErghanhi, i VGKCEESEILEL, 2,593 pM
LB ThHB L (DB CASPR2HIETH 5 &
ERHER) » o, BEMMERHS  HefTy, S 4F37

R E O IZTE LTz,

B2 )7 FEXRBERAR (UFRALE) ok
BRI BT, BIEE R TREDBERS 4
BlizB T, FLVGKC E&@hiikrs EL 2L 2 5,
2B B TBHETH-7:, CRPS DAL ST, ffE
FARRIE O —FIC b FT VGKC BERTENEE L T 3
AIREMEDS B %,

A4 =2V =y 7 TIHbATW3SH VGKC #EE
HiEOBMEBEY—E XTI, 254 AR, 54,853 &0
4 %WCH25 1,992 wETHETHD, O bEEXTH
TR BRI 24T - 72 5EBIE 316 B ThH - 7229, # D
Bliz 725 159 FIDSEREEB L Tz, ZOREATER
BWDORIET, BBRFBETh- e, FIXRCRETRE
iE (6%) ULHE (13%) tHME-TEZHEhTw
T2o BEADA Y b0 — X T0% DIEERI T % Fp3 L5
T, 30%DIEBI THEBHLETH 572, MADEBEBER
SRR Z T 16 6, UBITRADEENRD
Sz (Table 6),

B R ROR X UL VGKC AT BT 5 1
DOBBETHY, BEZHFUERKOBFHEE SERT
%, HiCaspr2 HitkmiE A L BIE T 548, %<0
BETH VGKC EERIMBOEDENIURIZIE S iz
BoTwX, LA L sBHEKEDERET, It
VGKCEHEHROEHCHRENR2 A7 V-2 735D
BEETH S,

6. a4 Y7zl b-va7HE VGKC BBEH &
AAI—=2 ) =y ORFEMERN 1 A2 A7) —
v 7 Uiz 25, FIHARRZE 0 CID TH -5 7z 154

THL VGKC EEHHIERGHETH - 720 W IR OEH]
b, ETHRABGEESE, sS4 u—X R, #ESEE
K, TIR%=FRD, WHO @ CJD ODEXE R L T
Wiz, BERSY vEAE, BEE Uz 8Bt 4 T
LTBY, MHEHEREESYL 92—+ (neuron-specific
enolase : NSE) &, 2fITHETH -7, MEEFEIX
B3R 9 FITED s nicd, wihd U EAEKRET
»Y, CID R HIEEBIAERE (paroxysmal
periodic discharge : PSD) ERE® o7z, 13 Fid 12
B CHRIBREDERNTH - 7229,

Pl VGKC #E& AL CID BlORE 25| & 2 3
AREMEMER S h, kv e—va VW RRETHo R
23, HeERid e,

AFBITI1Z, KM CID 0K T, BIERERL LU
BIMRETA TS CID CFBE LR WHTREZ L7 60 5%
BT, FREH» S FEBROMIFICB W T, ¥ VGKC
BEEBPUED 603.5pM LS »IC ERL Tz, L
LR SRIES » At GECOLHR) OIiE Tkt
TH-7:2, uEBEEE, CID OET IS v+ 7 A
W L > TELLZRMEELTE RV EEZ SN
%,

HERBITIX, 63RBIEL, 6 4 HORKRTES K

S, CID gL ABEL 72, B 14-3-3 BERM

T, METIIPSDIRDOTUEARKREDA TH-
7o BEEE MRI  LEGATAEGRZ I U BRERFS 2R
¥, CID #X#F T 2R e o7, ¥l VGKC EE&HE
FAE 85 pM EBETH Y, XFL AV F=V o o
AP L ERERE TSR E & D, HEEESE
YHEMNT S ETHEELR,

B, TOEFTE, FILGI-1E B X U
CASPR2 Wikl leETH - 7z. CID BED KRR &
72 £ A HEFIT PSD %389 $IRHAG & Bb i 2ERIT
X, i VGKCEEEIEOEEZRIL, Btk sid
EEEREEL TH IO B LAk,

1. BhEMAISERE{LE & VGKC BERAE

ALS 2 B THRHEERMESE 3B R0 1 5T
by, BEEEETLI LML, = KT, 74
Wy 7 AEBRBEOBRER & b v 2 % cramp-fascicula-
tion fEMRARIZ, RS &EERMIGEL TERE T2
BHEETHY, I VGKC BEEETAEEBERBD A R
7 NI ARADRBEMBEERETH S, ALS ORI
12, cramp-fasciculation fEIEFERRDEEREREE L 7
BE, TOEFTNEE %5,

Nwosu 53 &, Hl VGKC E&HFHE I 2w Tid,
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Table 6 #i VGKC B &AMEKBHEDEREBE DRERE~NDRIC

M & DR L B HER - 23 AHE LGI-1 - FeiEEk iy
CASPR-2
80 B PO, WEWE, FoF 0 TNE, RERYD LGI-1 BOSv F=vVoyr, EKEEHER, FF
Ve Ix i ohre: 3 AFPUFEHF—H ek
55 ot B, FrFr/E BT, SHEBEE No AFaA4 R 2A, FEIRER R
0 it
39 M 25k, FEEE LTHEE No IVig R (TED),
BT R
40 T B XU, 77 e, AEEEE, REAE No IVIg, A7 o4 K8  KENE
FoRT LD T ERE RS VR
52 B M EYE I F8F—, =a—u No BEOSL F=Yov KR Ek, 149
RF—, FEIH F—btZaz—un
' F— I
79 o MEB LUHEE, B Sa—oo8tF— No BOSvR=vVoyr PR, 23
B HifE , VFURE
19 o TR HMEEFER, 52 No AF a4 KISV R KRR
R, —a2—a,8F—
55 B BHEOEETME TADA LGI-1 AFa4 RV A KRB, TAD
A EEFMAT O
: 4 P& THR
57 B EOFIFIREITE S TADA LGI-1 ZAFaAd RNV =A, FIRIHE, TAD
> 7RI B savz/—NVEE AThE
23 M EEOREE BR, MRz LGI-1 and ®\EO7vi=Yov K%, 2k
CASPR-2 wE
45 B aSMONBEEMES RASRL (B, ¥ No BOFr F=Vayr P DR
B
76 i RO MEE UN TS No AFaq4 F/SW=A, BE & hiptEn L
It
77 B ko mEE HEFES, BEMER  No Vig PIEEEI
TEHE
36 T EEB L UIRIEOF 7 =EXHREESE LGI-1 AN MU FHF—|, PEIFRIRRIRR
FIRT LS REA BgOrv R=vuor
55 Z M OREE VA /—, =a—wusX No BOZvR=vVoy, Hobkk@ERL
F /A= TN 7]
71 Bl NBEOREEETME  TADA, NE LGI-1 AFuaAqd RV ZA, B - TADA -

BO7vi=vuoy,
a7/ —IVEE

RSB OELD, R
HIEREDE

(M&38) Vg : Es o7y v KEHEEDE
Klein CJ, Lennon VA, Aston PA, McKeon A, Pittock SJ: Chronic pain as a manifestation of potassium channel-complex
autoimmunity. Neurology 79: 1136-1144, 2012 »» 5% L CEH

ALS BFIME OPLIRE (F¥y 75.4 pM) 13 KA EE#f
REEDZFN (Fig42.8pM) LD EETH 2 L DO
EB2LTVDEY, FOENZEETHVFERNESIZFE
Thb,

HHBETH, ALSIERITH VGKC EAEFAEEH
BR a5, FrRmERBEESNIL 55 KRBT, MRS,
TRMER MR R ERIC 2R U, (R « RS - TAB oD
HIMET, EMHVETL ALS &bz n, EAEE
R EIR IS D TId R o 7o, T VGKC EE&EHE
H907.5pM EEBZ LR L TWwB I E» s, IVIg, £
FNTV RO oV AR, MEERHE, VVyFrye

T C BRI IR A S LD, KRR TS O A
DR T 2 b O OB HE T IRET T, FE 2
FET 2 B RS THRT Lz, SRR, T8
A, IMEEERZ O MM, B X UORBEESFO
Ny VEZBER%E L, 7= /MK, pTDP-43 B
HARERD, TILESHRENDO ALS OFFRTH->
726

ALS L #1 VGKC EAWTUADOREE I D W Tk R
BoTHBD, SEFTCORTBLETH 3,
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EHDOHIC

VGKC &SR VGKC E&EFiA Iz v TS
L7z, BT LGI-1 Hifd & 57 CASPR2 FitADFE R X D,
D7 FEBOER & OBSENEIH S Rz, bEOT
A Wy AEBERBEMCAGNS L DI, EHO
VGKC BENAE 2 ET 2 BRELVEET 22 Em 5, &
RO R » BRBEEOEEL Y, LD wvwoZ ) OE
BEEN B, %7 VGKC BEEFUEZE OLHRE & 2oz
7AWy 7 AFEREC BV TIE, BT VGKC &bk
DOBHEIZ 3 ERET, BEZSICES RWVE L ORES
DEELTBY, FlEE~—7 —DORFENRETH
%, 2512 CID R ALS i@ B T OH VGKC &
BEOFREADEEI DV THRNENEIRETH B,

E

BERZBIEHIZY, JTIEEWLEEE LEREASM
SRBRRRER ARARLE, B X CHEPEEOLEY
WHERTE® EHEALECER I LE T,

w3, BEAFEEELRHERSERIRRESE TRk
BEEEICE T 2 /ENS, B XU Tsaacs EBEEEDZH,
B R ORERERC BT 205, OBIRE b LICBE L,

7B, YRTIE, Hl VGKCESHIEOREIE (RIA %)
2REELTw3 (HE% © vgkckufm @yahoo.co.jp) o

X |
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Neuroimmunological diseases associated with VGKC complex antibodies
' Osamu Watanabe

Department of Neurology and Geriatrics,
Kagoshima University Graduate School of Medical and Dental Sciences

Abstract
Antibodies to voltage—gated potassium channels (VGKC) were first identified by radioim-
munoassay of radioisotope labeled alpha—-dendrotoxin-VGKCs solubilized from rabbit

brain. These antibodies were found only in a proportion of patients with acquired neuromy-

otonia(Isaacs’ syndrome). VGKC antibodies were also detected in Morvan's syndrome
and in a form of autoimmune limbic encephalitis. Recent studies indicated that the “VGKC”

antibodies are mainly directed toward associated proteins (for example LGI-1, Caspr—2)
that complex with the VGKCs themselves. The “VGKC" antibodies are now usually known

as VGKC-complex antibodies. In general, LGI-1 antibodies are most common in limbic

encephalitis with SIADH. Caspr—2 antibodies are present in the majority of patients with

Morvan’s syndrome. These patients develop combinations of CNS symptoms, autonomic

dysfunction, and peripheral nerve hyperexcitability.

Key words: Isaacs syndrome, Morvan's syndrome, LGI-1, Caspr—2

T U & IC

BAAKGEME S ) 7 L F v 1)V (voltage —gated
potassium channel: VGKC) (2§ % H ik
(PLVGKC $ufk) &, Mg % T8 & § 5 Isaacs
FEBEREDOWRRBEIZEERE S35, 2ok,
Morvan FEEFE R NI R 205 5 M & D —
HTHRHMENDE ZEPHLNILD, Zoht
KDL HIRBDOARY b T AHIRED 5 7.
[ —DPED, KEMEROAZ 55, HEEH
BROHRARERT O ECRE L LEBDEK &
e BHEFIZOVTIEIAHTH - 7285 RIEZOH

R BREERZREE R ARSI 7ER iEnet - BEmRy

0047-1852/13/¥60/H/JCOPY

FETVGKCIZTE 2~ D5 F L HERZERL T
BY, HOWEIENE T A5 TFHERETEIC
BebZl EBHLPII ko7 KNHER H
HEMRER, B X OHPREMERIZKE S VGKC
ERPURDBEIE S 5 @O EE MR RICD
VTR 5.

1. M VGKC E& ANtk

PLVGKC $itfkid, Isaacs ERBEDEE~ —F
— ¢ LCRESN-BEHMKRTHS A7) —
=2 rWER. RRBOREY R — b & VGKC
DYHY RTHB® - 7> Fa bF 3 v THE
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916 H AR 71 % 55 (2013-5)

Caspre) )

B]-¢-DTX

1 M VGKC #ifdH 5 i VGKC E & FiAA
Bleg 7 ¥ FO MF 2V (P1-a-DTX) & FiV 72 RIE LR TR S LA iR, H4), VGKCZD b DI L
TOHSWIAREEZEZ ShTwiz(a). AERNTEVGKC IO S+ L AR L TH Y, LGI-1(b) % Caspr-2
(ZHF 2 HCHEE DML TV B Z AW SMI Lo 7 RAOBNHUR O S TS T 5 (d).

#%4 % radioimmunoassay (RIA) £ T b 5.
VGKCZD b DI T 2z ET LT v
LARELTTHA »ENTWI0S, EBIL,
VGKC id leucine rich glioma inactivated pro-
tein 1(LGI-1) % contactin associated protein 2

(Caspr-2) 2 &L HAEHRZEKRLTBY, Zh
LT 5 HOAH AL KRETRTEL, o
Tyt ARZTHRESNAHOCHRELBHEL T
HVGKC AR LR EiEo RIABEIC
EBA7 )= I ThHEEOEE, LGI-1%
Caspr—2 OB{x T % EA L7z cell line & #ERE
1% (IgG) & v 72503 b # 1 Tk cell-based
assay CHMMRET2YTH N 5.

Isaacs FEMEBF 12 BT A PLVGKC HLfKIZ X %
VGKC DEREREED 2 H = X 1%, BEREFHES
JETHROND &) BHENTEEDOF v AV 5~
R DREECII WY TP VGKC Pk,

Ty F AL LTHEHADF Y ALY ¥
N7 OBRER IR D) OTIE R L, MRS -
DVGKC D#EEZ L, #AlE LTVGKC D%
BE % P 52 2 VGKC OB ORAE, =
i VGKC Itk & 2D VGKC & v /827 &
cross—linking 12X WAL %Y. —F, #%d$5
PLLGI-1 FiiR T Caspr-2 HifklZ D\ Tid, 1E
AP EAHTS 5.

PLVGKCHE & fkitkodh ¢, REM 2P
LGI-1 ik & L Caspr-2 HtfiKIZc DWW TERLICE
L7z PLLGI-1 iR EFIE, EREEE R
FERTAPAL EDFREIRICEEL, #BED
neuropil (2GS %R, PLLGI-1 HikR M EE
D IgG DAAS, HIKRTENM O ADH -l
RIS 5. ZOHRESHEOBHERB%ET
&, EHEE AR AR E A E SO W R
(SIADH) % &89 5. i Caspr—2 HuiRR B
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F£1 MLGI-1#HE & Caspr-2 AN T &8

PLVGKC BEkIUE
i LGI-1 #ifk Pt Caspr-2 Hifk
Morvan fi 15 5
s s
S L AN BIER TANATLE AR
RbimE B itk s
&F b YU L E Za—a3If b7
I
JRAE i35 @ neuropil I5 L 56 5 HiER, /MO neuropil (258
IgG subtype IgG1<IgG4 IgG1<IgG4
PR 41 % -25%
FRAE AR LA R A2 ih A N
e 5% i Fh BElZ MRRBEASE, I i/ NaRE 2 &
, , , . SIEHIHANI RIS 2R 2%, B - B
2 / iz Rl AN
T & B SRR N W AT 4 B e T R LB
FEHE SF R 30-80 i (Fh gL fi 60 %) 4677 % (FPULfE 60 %)
e 323 65 % B 85 % A3 1k
MRI 2% -84 % PAIMEIBEEE FLAIR {8 5 35k -40 % NEIHIEAZE FLAIR 8 51808
~10% -20%
ANA AChR
NP
fio> | 2tk &6 TPO MusK
GAD65 GADG65
FERF A FE A 3 o 9
(BT SR ) 30% 3%

(SCRK & 0 %)
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Hereditary sensory and autonomic

neuropathy type IID caused by an SCN9A4

mutation

ABSTRACT

Objective: To identify the clinical features of Japanese patients with suspected hereditary sen-
sory and autonomic neuropathy (HSAN) on the basis of genetic diagnoses.

Methods: On the basis of clinical, in vivo electrophysiologic, and pathologic findings, 8 Japanese
patients with sensory and autonomic nervous dysfunctions were selected. Eleven known HSAN
disease-causing genes and 5 related genes were screened using a next-generation sequencer.

Results: A homozygous mutation, c.3993delGinsTT, was identified in exon 22 of SCNYA from
2 patients/families. The clinical phenotype was characterized by adolescent or congenital onset
with loss of pain and temperature sensation, autonomic nervous dysfunctions, hearing loss, and
hyposmia. Subsequently, this mutation was discovered in one of patient 1's sisters, who also
exhibited sensory and autonomic nervous system dysfunctions, with recurrent fractures being the
most predominant feature. Nerve conduction studies revealed definite asymmetric sensory nerve
involvement in patient 1. In addition, sural nerve pathologic findings showed loss of large myeli-
nated fibers in patient 1, whereas the younger patient showed normal sural nerve pathology.

Conclusions: We identified a novel homozygous mutation in SCN9A from 2 Japanese families
with autosomal recessive HSAN. This loss-of-function SCNSA mutation results in disturbances in
the sensory, olfactory, and autonomic nervous systems. We propose that SCN9A mutation
results in the new entity of HSAN type IID, with additional symptoms including hyposmia, hearing
loss, bone dysplasia, and hypogeusia. Neurology® 2013;80:1641-1649

GLOSSARY

CIP = channelopathy-associated insensitivity to pain; CMAP = compound muscle action potentials; HSAN = hereditary
sensory and autonomic neuropathy; Nayl.7 = voltage-gated sodium channel; dbSNP = single nucleotide polymorphism
database; SCV = sensory nerve conduction velocity; SCN9A = sodium channel, voltage-gated, type 9, «; SNAP = sensory
nerve action potentials.

Hereditary sensory and autonomic neuropathy (HSAN) is a clinically and genetically heteroge-
neous group of disorders. Until now, HSAN has been classified into 6 main groups on the basis
of their mode of inheritance and clinical features, and 11 HSAN disease~causing genes have
been identified (table 1'-17).

SCN9A encodes the voltage-gated sodium channel (Nay1.7), and the gain-of-function muta-
tions result in several painful disorders, including inherited erythromelalgia,'® paroxysmal extreme
pain disorder,'” and small nerve fiber neuropathy.?® Loss-of-function SCN94 mutations have been
linked to channelopathy-associated insensitivity to pain (CIP), which is characterized by congen-
ital insensitivity to pain perception and anosmia; however, the autonomic dysfunction has been
regarded as exclusionary criteria for the diagnosis of CIP.?! It is noteworthy that no definite
abnormalities have been recorded using either nerve conduction studies or sural nerve pathologic
examinations in all of the previous cases with homozygous loss-of-function SCV94 mutations and
part with compound heterozygous mutations.?>** However, a slight reduction in sensory nerve
action potentials (SNAP) was recorded in two cases with compound heterozygous SCN9A

mutations.?>

From the Department of Neurology and Geriatrics (Y., EM., Y.H,, AH., TN, SN, Y.S., AY., HT)), Kagoshima University, Graduate School
of Medical and Dental Sciences, Kagoshima; and Department of Molecular Pathology (S.1.), Center for Chronic Viral Discases, Kagoshima
University School of Medicine, Kagoshima, Japan.
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( Table & Overview of HSAN disease-causing genes, inheritance pattern, and cardinal phenotypic features }

Gene HSAN
symbol type Inh Onset age
SPTLC1 1A AD Adulthood

SPTLC2 Ic AD

ATL1 1o} AD Early adulthcod
DNMT1 IE AD Childhood-adulthood
WNK1 HA AR Congenital—early childhood

FAM1348 IB AR Childhood

KIF1A ic AR Childhood

IKBKAP il AR Congenital

NTRK1 v AR Congenital—early childhood
NGF \ AR Congenital—adulthood

DST Vi AR Congenital

Cardinal clinical features

Loss of pain and temperature sensation; occasional
autonomic involvement; variable sensorineural deafness and
distal motor involvement#

Severe loss of pain, temperature, and vibration sensation;
ulcero-mutilation; spastic paraparesis; rare autonomic
involvement®

Severe sensory loss; ulcero-mutilation; sensorineural hearing loss;
early-onset dementia; no autonomic symptoms*-6

Severe distal loss of touch, pain, and temperature sensation;
mutilations in hands and feet; mild or asymptomatic autonomic
dysfunction’®

Severe loss of pain and temperature sensation;
ulcero-mutilation; autonomic dysfunctions®

Severe loss of pain, temperature, vibration, and position
sensation; ulcero-mutilation; distal muscle weakness;
developmental delay and short stature'®

Familial dysautonomia; gastrointestinal and respiratory
dysfunction; scoliosis; relative indifference to pain and
temperatureli-13

Loss of pain and temperature sensation; anhidrosis; episodic
fever; mild mental retardation; joint deformities4

Reduced sensation of pain and temperature; variable autonomic
dysfunctions; painless fractures; joint deformities;
mild mental retardationt®€

Dysautonomia; hypotonia; facial deformity; decreased pain
response; joint contractures; retardation; respiratory
failure; early death®? '

Abbreviations: AD = autosomal dominant; AR = autosomal recessive; ATL1 = atlastin GTPase 1; DNMT1 = DNA (cytosine-
5)-methyltransferase 1; DST = dystonin; FAM134B = family with sequence similarity 134, member B; IKBKAP = inhibitor
of « light polypeptide gene enhancer in B cells, kinase complex-associated protein; Inh = inheritance; KIF1A = kinesin
family member 1A; NGF = nerve growth factor (B polypeptide); NTRK1 = neurotrophic tyrosine kinase, receptor, type 1;
SPTLC1 = serine palmitoyltransferase, long chain base subunit 1; SPTLC2 = serine palmitoyltransferase, long chain base

subunit 2; WNK1 = WNK lysine deficient protein kinase 1.

In this study, using a next-generation
sequencer, in 9 Japanese patients who were
diagnosed with HSAN based on their clinical,
in vivo electrophysiologic, and pathologic fea-
tures, 11 known HSAN disease—causing genes
and 5 related genes including SCN94 were
screened. We identified a homozygous frame-
shift mutation in SCN9A of 2 patients/families.
Therefore, we demonstrate that loss-of-function
SCN9A mutation can produce a typical HSAN
phenotype, and we propose this new classifica-
tion as HSAN type IID. This study also broad-
ened the spectrum of clinical phenotypes in
patients with SCN9A-related disorders. Fur-
thermore, on the basis of clinical, in vivo elec-
trophysiologic, and pathologic findings, we
attempted to elucidate the pathogenesis of the
mutated Nay1.7.

METHODS All patients who were referred to our department
from 2000 to 2012 and who had sensory and autonomic nerve
dysfunctions were selected. After excluding patients who had

~mos

Neurclogy 80 April 30, 2013

associated multiple motor nerve involvement, 9 patients were
entolled and genotyped in this study. Besides the 11 known
HSAN disease-causing genes described above, we also investi-
gated another 5 genes that might also cause sensory and auto-
nomic symptoms, including SCN94, CCT5, PRNP, FLVCRI,
and RNF170.

The protocol of the following study was reviewed and approved
by the Institutional Review Board of Kagoshima Univessity. All
patients and family members provided written informed consent
to participate in this study.

Pathologic study. Sural nerve biopsies, performed at the age of 42
years in patient 1 and at the age of 25 years in patient 2, were ana-
lyzed according to standard morphologic procedures for light and
electron microscopy.™ A portion of the specimen was prepared for
teased fiber analysis and classified according to Dyck’s criteria.® The
diameter and density of the myelinated fibers were analyzed with a
Luzex AP image analyzer (Nireco Corporation, Tokyo, Japan).

Mutation sequencing. Genomic DNA was extracted from the
peripheral blood leukocyrtes.

Using the Primer 3 program, we designed 375 oligonucleotide
primers that covered all 357 coding exons and exon-intron junc-
tions with amplicon lengths of 400~500 basc pairs. Briefly, all
target fragments of 9 patients were amplified by multiplex PCR
(QJAGEN Multiplex PCR Ki; QIAGEN GmbH, Hilden,
Germany) and ligated with specified indexes, respectively, then
screened on the MiSeq sequencing system simultaneously in




accordance with the manufacturer’s protocol. The results were
mapped to the genome reference sequence in the CLC Genomics
Vorkbench 4 (CLC Bio, Aarhus, Denmark) and then analyzed
with tablet software.*®
The polymorphic and pathogenic natures of the confirmed var-
iants were checked against the single nucleotide polymorphism data-
base (dbSNP) (http://www.ncbi.nlm.nih.gov/snp/) and the 1000
Genomes database (htp://browser.1000genomes.org/index.heml).
To confirm the suspected pathogenic mutations or low coverage
domains (depth less than 10) in the MiSeq sequencing output,
Sanger sequencing was also performed using the same methodology
as the one employed in a previous study.>! We screened 100
Japanese population control patients for the ¢.3993delGinsTT
mutation.

RESULTS Patients. Patient 1. This 50-year-old man
was the sixth child from a consanguineous family. No
abnormalities were noted at birth or in the early devel-
opmental stages except for slight hyposmia since child-
hood. Since primary school, pain perception started to
decrease in his hands and feet. At 30 years of age, he
underwent lumbar spinal fixation, but felt no pain.
After 40 years of age, the numbness progressed from
the distal to the proximal limbs. Furthermore, his toes
could not perceive temperature well when he entered
his bath, and while walking, his right slipper always slip-
ped off. There was no history of episodes of unex-
plained vomiting or dysphagia. A detailed physical
examination revealed multiple skin lesions, including
a burn mark on the right middle finger, which was
caused by a cigarette. No pupillary abnormalities were
observed. His muscle strength was normal, except

grade 4+/5 weakness in the right tibialis anterior mus-
cle. He also had a slight steppage gait. All reflexes were
diminished, and his pathologic reflexes were nega-
tive. Pain and temperature perception were reduced
in the distal limbs and absent in his feet. However,
sense of vibration, joint position, and pressure were
all preserved. Postural hypotension was excluded.
During the sweating test, no sweating was observed
in his face or any of his limbs, except in the palm of
his left hand. Asymptomatic sensorineural hearing
loss with an increase in the 4,000-Hz threshold in
the left ear was diagnosed by an otorhinolaryngolo-
gist. MRI of the brain was normal.

In nerve conduction study, all motor nerve conduc-
tion velocity and compound muscle action potentials
(CMAP) values were normal, except for a slightly
reduced CMAP in the right tibial nerve at 3.5 mV (nor-
mal range, >4.4 mV). Sensory nerve conduction veloc-
ity (SCV) was slighty slow in the right median and
ulnar nerve at 45.2 m/s (normal range, >>47.2 m/s)
and 40 m/s (normal range, >46.9 m/s), respectively,
and moderately slow in the right sural nerve at 27.5 m/s
(normal range, >40.8 m/s). SNAP amplitudes were
markedly reduced in the right median nerve (0.9 pV;
normal range, >7.0 pV), bilateral ulnar nerves (1.3 and
2.2 WV; normal range, >6.9 V), and the right sural
nerves (1.0 WV; normal range, >5.0 V). However, the
SCV and SNAP in the left median nerve were normal.

Patient 2. This 33-year-old man was from a noncon-
sanguineous family having no history of neurologic

{ Figure 1 Clinical pictures of patient 2

(A} Reduced number of fungiform papilla on the tongue. (B} The back of patient 2, showing scattered rash, pigmentation, and
short humerus. (C) Short right hallux. (D} Multiple painless ulcers and deformed joints in the fingers.
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disorders. Decreased pain and temperature perception
was noted at birth. When he was a year old, his feet were
burnt after he walked on asphalt on a hot summer day,
and this eventually progressed to osteomyelitis. Subse-
quently, he underwent operations of the right tibia
and both feet, but he could not feel any pain. Before
enrolling in primary school, hearing loss in the left ear
and hyposmia were detected. He experienced occasional
urinary and fecal incondnence, and frequent urinaton
at night. His height was 157 c¢m, and he had a short
humerus (27.5 cm) and right hallux (figure 1, B and
O). Left acetabular dysplasia was noticed, which contrib-
uted to his left lower limb being 3 cm longer than his
right lower limb. Rash and pigmentation were scattered
over his chest and back (figure 1B), and several painless
ulcers and deformed joints were observed in his fingers
(figure 1D). Tendon hyperreflexia was noted in the lower
limbs, and pathologic reflexes were negative. Pain per-
ception was impaired in a glove—stocking pattern.
Sense of vibration, joint position, and pressure were
all normal. The sweating test revealed reduced sweating
tendency throughout the body and especially in the
trunk, except for his hands and feet. Postural hypoten-
sion was excluded, and brain MRI was normal. A
lacrimal secretion anomaly was also detected. Otorhi-
nolaryngologic examinations revealed the following:

deafness in the left ear and minimal hearing loss in
the right ear, glossopharyngeal and chorda tympani
nerve abnormalities in the gustatory sensation test,
reduced number of fungiform papilla on his tongue
(figure 1A), and a decline in olfactory acuity as tested
by a jet stream olfactometer. Examinations of the uri-
nary tract excluded any organic disease.

The nerve conduction study revealed all motor nerve
conduction velocity and CMAP values within normal
ranges. The SCV was slightly slow in the right median
and ulnar nerves (45.2 m/s and 46.2 m/s, respectively).
However, SNAP was moderately decreased in the bilat-
eral median (7 and 5.7 V) and ulnar (3.3 and 4.4 V)
nerves. Nevertheless, no abnormalities were detected in
sural nerve SCV and SNAP values.

Patient 3. This 55-year-old woman was an elder sis-
ter of patient 1. Her pregnancy was uneventful and
delivery was normal. She had recurrent fractures
and underwent operations for the left thigh (at age
of 3 years and 8 years), right thigh (at age 11 years),
and left elbow (primary school). When she was
30 years old, she perceived no pain after her feet were
burnt on a heater. Anhidrosis was also noted, but after
the age of 45 years, occasional sweat was secreted on
her back. There was no evident hyposmia or hearing
loss. At present, she is able to stand up and walk using

( Figure 2 Clinical courses of the 3 patients
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her hands for support. Cranial nerve examinations
were normal. Deformities of the left elbow, right foot,
and bilateral lower limbs were noted. Muscle strength
testing was normal in the upper limbs, whereas the
strength in the lower limb muscles decreased to grades
2/5-4/5. Pain and temperature perceptions were
reduced in the distal lower limbs and the anterior part
of the right thigh, which may have been involved
because of damage from surgery. The sense of vibration
and joint position were preserved. Reflexes in her lower
limbs were absent, and her pathologic reflexes were
negative. Osteoporosis was excluded by an orthopedist.

The clinical courses of the 3 patients described
above, including the onset and imaged severities of
each symptom, are shown in figure 2.

Pathologic studies. In patient 1, the number of myeli-
nated fibers was markedly decreased in all fasciculi,
but the changes varied in their scale and extent. A his-
togram of the fiber diameter indicated a marked loss
of large myelinated fibers relative to small myelinated
fibers. Some remaining myelinated fibers had thinner
myelin sheaths and some exhibited axonal degenera-
tion. An electron microscopic study revealed clusters
of Schwann cell processes, which may have been
caused by the axonal degeneration of unmyelinated

fibers (figure 3A). Contrary to the findings in patient 1,
the number of myelinated fibers in patient 2 was
slightly decreased, even with marked clinical symp-
toms. The histogram of fiber diameter showed a nor-
mal pattern. Electron microscopy showed that
unmyelinated fibers were fairly preserved (figure 3B).
No demyelinated fibers or inflammatory cells could be
found in either patient.

Genetic studies. Using the MiSeq sequencing system, all
of the 9 patients were genotyped successfully. Besides
patients 1 and 2, no pathogenic mutation was detected.
The CLCbio software showed that 96.24% and 93.6%
of the data matched the reference sequences in patients
1 and 2, respectively. In the 357 targeted exons,
98.04% and 97.76% covered more than 10 reads.
From patients 1 and 2, a total of 41 high-confidence
variants were detected (table e-1 on the Newrology®
Web site at www.neurology.org). In these variants,
39 known SNPs were coincident with the dbSNP or
1000 Genome database. Of the remaining 2 variants,
the ¢.3248A>C in KIFIA was found in normal
controls and was therefore considered as an SNP. A
homozygous mutation in exon 22 of SCN94, c.
3993delGinsTT, remained. This mutation was not
observed in 100 Japanese control patient samples,

( Figure 3

Pathologic findings from the sural nerve biopsies
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In patient 1, the density of large and small myelinated fibers is markedly decreased. The remaining myelinated fibers have thinner myelin sheaths. Some
teased fibers exhibit axonal degeneration. The histogram of the fiber diameter indicates loss of large myelinated fibers (5,343 fibers/mm3). Electron
microscopic examination shows clusters of Schwann cell processes {A). In patient 2, the densities of large and small myelinated fibers are slightly decreased.
Teased fibers exhibit shortened internodal remyelination. The histogram of the fiber diameter shows a normal pattern (8,611 fibers/mm?). Unmyelinated
fibers are fairly preserved, as shown under the electron microscope (B).
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[ Figure 4 Pedigree diagram and genetic studies
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(A) Pedigree of patient 1. Patients 1 and 3 (V3) harbor the homozygous mutation, ¢.3993delGinsTT, whereas their mother
(IV1) and 1 elder sister (V2) are heterozygous carriers. (B) Pedigree of patient 2. The same mutation, ¢.3993delGinsTT, can
be observed in patient 2. His mother (4) exhibits the carrier genotype, and his elder brother (5) is normal. The black arrows ()
indicate the proband. All the family members with available DNA samples are labeled with an Arabic numeral. (C) The
¢.3993delGinsTT mutation (] ) shifts the reading frame and generates a premature stop codon.

nor did we find it on the 1000 Genomes Web site,
which catalogs human genetic variations using 2,500
patient samples, including 500 East Asian (100
Japanese) patient samples. DNA samples were then
collected from 3 other family members of pedigree 1,
and 2 members of pedigree 2. In patient 3, the same
genotype was identified. In addition, asymptomatic
carriers (mother and another elder sister of patient
1 and the mother of patient 2) and an unaffected
member (brother of patient 2) were found (figure
4, A and B). This mutation changes the reading
frame during the translation of the mRNA and
generates a premature stop codon (figure 4C).

DISCUSSION Among the 16 disease-causing or
related genes of HSAN, we identified a homozygous
mutation in SCN94 from 2 Japanese families. We
described 3 patients who presented with new clinical,
in vivo electrophysiologic, and pathologic phenotypes.

SCN9A, which is located on chromosome 2q24.3,
contains 26 coding exons.* It encodes Na, 1.7, which is
the a-subunit of a tetrodotoxin-sensitive, voltage-gated
sodium channel. Na,1.7, composed of 4 domains, each
with 6 transmembrane domains and 2 highly conserved
pore-forming segments,”® is preferentially expressed
within the dorsal root ganglion and sympathetic gan-
glion neurons and their small-diameter peripheral




axons.> It is crucial for the depolarizing phase of neu-
ronal action potentials, and it seems to determine the
excitability and repetitive firing properties of neurons.*
Gain-of-function SCNV94 mutations result in hyperexcit-
able nociceptive neurons and states, such as inherited eryth-
romelalgia,”® paroxysmal extreme pain disorder,’”® and
small nerve fiber neuropathy,* whereas loss-of-function
SCN9A muations produce no sodium current and
generate CIP.*?

In our study, both families lived in the Kagoshima
prefecture, which is located to the south of Kyushu
Island, Japan, and both were unrelated to each other.
Loss of pain and temperature perceptions began at differ-
ent ages, appearing as early as birth in patient 2, in the
second decade in patient 1, and in the third decade in
patient 3. Their ages at the onset of symptoms were dif-
ferent from those reported for patients with CIP who
had a congenital onset. Moreover, in these 3 patients,
the area of their pain insensitivities was limited mainly
within the distal part of the limbs, not the entire body,
as is seen in patients with CIP. The sense of vibration
and joint position were preserved in our patients. How-
ever, the predominant reduction in sweat production in
our 3 patents, together with urination and defecation
disorder, lactimal secreton anomaly, and decreased
number of fungiform papilla on the tongue in patient
2, suggested autonomic nervous system dysfunction. A
recent study indicated that Na,1.7 in sympathetic neu-
rons also contributes to the sensation of neuropathic
pain.* The severe rash and pigmentation may be due
to a post-inflammatory hyperpigmentation, resulting
from the disruption of autonomic innervation. Mean-
while, hyposmia/anosmia, which is a common feature in
patients with CIP and loss-of-functional SCN94 muta-
tion,?*?”37 was also identified in our patients. Further-
more, in patient 2, hypogeusia was detected using a
gustatory sensation test. Bone dysplasia, as an additional
symptom in patient 2 (acetabular dysplasia, short
humerus, and right halhu), had also been reported in a
Dutch kindred.?® The otorhinolaryngologist confirmed
hearing loss, although at different levels, in patients 1 and
2, which has mainly been recorded in patents with
HSAN type IE.*% These findings definitely broaden
the symptomatic heterogeneity of SCN94 mutations.

Although pain insensitivity was symmetrically de-
tected in the distal portion of the limbs of the 2 index
patients, nerve conduction studies only revealed asym-
metric involvement of the extremities. These findings,
except those of the peroneal nerve, were compatible
with sensory-predominant axonal multiple mononeu-
ropathy complicated by minimal demyelinating
changes, rather than a polyneuropathy.

Interestingly, the pathologic features of the sural
nerve in the 2 index cases also varied. Although
decreases in the small and large myelinated fibers were
observed among the fasciculi in patient 1, the extent
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was dramatically different, whereas the density of
small and large myelinated fibers was fairly preserved
in patient 2. These discoveries were consistent with
the nerve conduction study findings, which suggested
a mismatch between the distribution of affected fibers
and the severity of the loss-of-pain sensations. In
addition, especially in patient 1, both decreased large
myelinated fibers and decreased SNAP/SCV indi-
cated that the large myelinated fibers were affected,
whereas cases with gain-of-function SCN94 muta-
tions always present with small myelinated and
unmyelinated fiber abnormalities.?® The selective
involvement of sensory nerves in these patients is
inconsistent with the clinical features and may indi-
cate that the dysfunction of the dorsal root ganglion is
more predominant than that of the peripheral nerve.
However, the mechanisms underlying the pathologic
aberrations in the fasciculi or nerves, caused by the
mutated Na,1.7 in the dorsal root ganglion, require
further research.

The homozygous mutation, ¢.3993delGinsTT,
which is located in exon 22 of SCN94, is expected to
shift the reading frame from amino acid 1331 (p.
leu1331phe) and generate a premature stop codon. This
will induce an essential alteration in the fifth transmem-
brane segment of domain 3 in Na,1.7 and eliminate the
whole fourth domain. The nonsense-mediated messen-
ger RNA decay mechanism will then be activated, which
will induce loss of function of Na,l.7 in nociceptive
neurons. Together with the pedigree study that con-
firmed the cosegregation of the genotype and phenotype,
this mutation was believed to be a pathogenic mutation.

In 3 patients from 2 Japanese families who experi-
enced symptoms that were characterized by congeni-
tal or adolescence-onset loss of pain and temperature
perception and autonomic nervous dysfunction
accompanied by hyposmia, hearing loss, hypogeusia,
bone dysplasia, and fractutes, we identified a novel
loss-of-function frameshift SCN94 mutation. We
demonstrated that this was a new entity on the basis
of clinical, in vivo electrophysiologic, and pathologic
findings. We introduce this new entity as HSAN type
IID, an allelic disorder with CIP, both of which result
from loss-of-function mutations in SCN9A4. Further-
more, on the basis of in vivo electrophysiologic and
pathologic findings, we furthered the understanding
of the mechanisms induced by the loss of function of
Na,1.7. We are able to summarize that a loss-of-func-
tion SCN9A mutation can produce heterogeneous
phenotype, even harboring the same mutation.
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