
Mol Genet Genomic Med. 2022;10:e1845.	 		 		 |	 1 of 7
https://doi.org/10.1002/mgg3.1845

wileyonlinelibrary.com/journal/mgg3

Received:	21	June	2021	 |	 Revised:	6	November	2021	 |	 Accepted:	18	November	2021

DOI:	10.1002/mgg3.1845		

O R I G I N A L  A R T I C L E

Founder genetic variants of ABCC4 and ABCC11 in 
the Japanese population are not associated with the 
development of subacute myelo- optico- neuropathy (SMON)

Hideki Matsumoto1  |   Hideo Sasai1,2 |   Norio Kawamoto1 |   Masato Katsuyama3 |   
Makoto Minamiyama4 |   Satoshi Kuru4 |   Toshiyuki Fukao1,2 |   Hidenori Ohnishi1,2 |   
SMON research group members

This	is	an	open	access	article	under	the	terms	of	the	Creat	ive	Commo	ns	Attri	butio	n-	NonCo	mmerc	ial-	NoDerivs	License,	which	permits	use	and	distribution	in	any	
medium,	provided	the	original	work	is	properly	cited,	the	use	is	non-	commercial	and	no	modifications	or	adaptations	are	made.
©	2021	The	Authors.	Molecular Genetics & Genomic Medicine	published	by	Wiley	Periodicals	LLC.

1Department	of	Pediatrics,	Gifu	
University	Graduate	School	of	
Medicine,	Gifu	University,	Gifu,	Japan
2Clinical	Genetics	Center,	Gifu	
University	Hospital,	Gifu,	Japan
3Radioisotope	Center,	Kyoto	Prefectural	
University	of	Medicine,	Kyoto,	Japan
4Department	of	Neurology,	National	
Hospital	Organization	Suzuka	National	
Hospital,	Mie,	Japan

Correspondence
Hideki	Matsumoto,	Department	
of	Pediatrics,	Graduate	School	of	
Medicine,	Gifu	University,	Yanagido	
1-	1,	Gifu	501-	1194,	Japan.
Email:	hmatsumoto-gif@umin.ac.jp

Funding information
This	study	was	supported	by	a	Health	
and	Labor	Sciences	Research	Grant	
for	Research	on	Intractable	Diseases	
from	The	Ministry	of	Health,	Labour	
and	Welfare	of	Japan	(H28-	Intractable,	
etc.	(Intractable)-	Designated-	110;	
H29-	Intractable,	etc.	(Intractable)-	
Designated-	001;	H30-	Intractable,	
etc.	(Intractable)-	Designated-	003;	
Grant	No.	2019-	Intractable,	etc.	
(Intractable)-	Designated-	001;	Grant	
No.	2020-	Intractable,	etc.	(Intractable)-	
Designated-	006).

Abstract
Background: Subacute	 myelo-	optico-	neuropathy	 (SMON)	 is	 a	 severe	 neuro-
logical	disorder	associated	with	clioquinol	administration,	which	frequently	oc-
curred	in	Japan	during	the	1950s	and	1960s.	The	unique	genetic	background	of	
the	Japanese	population	is	considered	to	be	strongly	involved	in	the	development	
of	this	neurological	disease.	Recently,	genetic	variants	of	ABCC4	(OMIM:	605250)	
and	ABCC11	(OMIM:	607040),	which	are	particularly	common	in	the	Japanese	
population,	were	suggested	as	possible	genetic	susceptibility	factors	for	the	devel-
opment	of	SMON.
Methods: We	analyzed	125	Japanese	SMON	patients	who	provided	consent	for	
this	study.	Patient	DNA	was	collected	from	peripheral	blood,	and	genetic	analy-
sis	was	performed	for	ABCC4	rs3765534	(c.2268G>A,	p.Glu857Lys)	and	ABCC11	
rs17822931	(c.538G>A,	p.Gly180Arg)	polymorphisms	using	the	Sanger	sequenc-
ing	 method	 and/or	 TaqMan	 PCR	 method.	 The	 frequency	 distribution	 of	 each	
polymorphism	was	compared	with	that	in	healthy	Japanese	people	recorded	in	
two	 genomic	 databases	 (Human	 Genomic	 Variation	 Database	 and	 Integrative	
Japanese	Genome	Variation	Database),	and	each	genotype	was	compared	with	
the	clinical	features	of	patients.
Results: The	frequencies	of	ABCC4	rs3765334	and	ABCC11	rs17822931	polymor-
phisms	in	SMON	patients	and	healthy	Japanese	people	were	not	significantly	dif-
ferent	in	the	multifaceted	analysis.
Conclusion: We	conclude	that	the	ABCC4	rs3765334	and	ABCC11	rs17822931	
polymorphisms	are	not	associated	with	the	development	of	SMON.
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1 	 | 	 INTRODUCTION

Subacute	 myelo-	optico-	neuropathy	 (SMON),	 a	 neuro-
logical	 disorder	 associated	 with	 clioquinol	 administra-
tion,	 is	 a	 serious	 drug-	induced	 disorder.	 Reports	 have	
indicated	that	1%–	4%	of	patients	who	were	administered	
clioquinol	 developed	 SMON.	 SMON	 has	 occurred	 in	
~10,000	 people,	 and	 ~5%	 of	 SMON	 patients	 have	 died	
from	the	disease	(Meade,	1975).	In	recent	years,	because	
of	the	aging	of	patients,	the	number	of	surviving	SMON	
patients	has	decreased	each	year.	In	our	report	in	2019,	
~1100	 SMON	 patients	 with	 various	 neurological	 se-
quelae	were	still	alive	in	Japan.	The	pathomechanism	of	
this	neurological	disease	is	considered	to	be	dependent	
on	the	dose	of	clioquinol	(Sobue	et	al.,	1973).	SMON	and	
similar	 disorders	 have	 also	 been	 reported	 in	 European	
and	Indian	populations	(Gilland,	1984;	Ricoy	et	al.,	1982;	
Wadia,	1984),	but	the	most	severe	form	of	this	neurologi-
cal	disease	occurs	with	a	high	frequency	in	Japan	(Kono,	
1971;	 Meade,	 1975;	 Nakae	 et	 al.,	 1973).	Therefore,	 it	 is	
possible	that	the	unique	genetic	background	of	Japanese	
people	induces	susceptibility	to	this	neurological	disease	
caused	 by	 clioquinol	 administration.	 Clioquinol	 was	
considered	a	useful	medication	with	strong	antibacterial	
activity	during	 the	1950s	and	1960s	 in	Japan.	Recently,	
clioquinol	has	been	suggested	for	the	treatment	of	neu-
rodegenerative	 diseases	 such	 as	 Alzheimer's	 disease	
(Billings	 et	 al.,	 2016;	 Cherny	 et	 al.,	 2001)	 and	 tumors	
(McInerney	 et	 al.,	 2018;	 Perez	 et	 al.,	 2016).	 Thus,	 it	 is	
essential	to	analyze	the	effects	of	genetic	background	on	
clioquinol	metabolism	before	considering	the	introduc-
tion	of	clioquinol	and	its	analogues	in	Japan	to	prevent	
the	recurrence	of	SMON.

In	 2019,	 Perez	 et	 al.	 (2019)	 suggested	 an	 association	
among	 clioquinol	 administration,	 the	 development	 of	
SMON	in	Japanese	people,	and	ABCC4	(OMIM:	605250)	
and	 ABCC11	 (OMIM:	 607040)	 polymorphisms.	 ABCC4	
and	 ABCC11	 are	 genes	 related	 to	 the	 cAMP	 transport	
pump.	ABCC4,	which	is	encoded	by	the	ABCC4	gene,	 is	
associated	with	the	transport	of	lipophilic	organic	anions	
across	the	plasma	membrane	and	may	also	be	involved	in	
prostaglandin-	mediated	 cAMP	 signaling	 in	 ciliogenesis	
(Hardy	et	al.,	2019).	The	ABCC4	rs3765534	polymorphism	
has	 been	 reported	 to	 dramatically	 reduce	 transporter	
function	by	disrupting	localization	of	the	ABCC4	protein	
in	 the	 plasma	 membrane	 (Krishnamurthy	 et	 al.,	 2008).	
ABCC11,	encoded	by	the	ABCC11	gene,	is	associated	with	
transporting	 lipophilic	organic	anions	across	 the	plasma	
membrane,	 similar	 to	 ABCC4	 (Toyoda	 et	 al.,	 2016).	The	
ABCC11	rs17822931	polymorphism	is	involved	in	apocrine	
gland	 secretion	 and	 has	 been	 associated	 with	 a	 certain	
type	of	earwax	and	the	onset	of	axillary	osmidrosis	(Super	
Science	 High	 School	 Consortium,	 2009;	 Toyoda	 et	 al.,	

2009).	The	 ABCC4	 rs3765534	 (c.2269G>A,	p.Glu757Lys)	
and	ABCC11	 rs17822931	(c.538G>A,	p.Gly180Arg)	poly-
morphisms	 are	 both	 more	 common	 in	 Japanese	 people	
than	 in	 Europeans.	 To	 confirm	 the	 above-	mentioned	
hypothesis	 reported	 by	 Perez	 et	 al.	 (polymorphisms	 in	
ABCC4	and	ABCC11	are	associated	with	clioquinol	admin-
istration	and	development	of	SMON	in	Japanese	people),	
we	performed	a	genetic	analysis	using	a	large	database	of	
Japanese	SMON	patients.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Recruitment of SMON patients

The	participants	were	Japanese	SMON	patients	who	par-
ticipated	in	the	"SMON	health	examination	by	the	SMON	
research	 group	 members”	 (health	 screening	 specifically	
for	 SMON	 patients	 provided	 through	 a	 national	 policy)	
from	2016	to	2020	(total	number	of	patients	screened	297).	
Peripheral	blood	samples	of	125	SMON	patients	who	gave	
written	informed	consent	were	collected	from	collaborat-
ing	institutions.

2.2	 |	 DNA extraction

Genomic	 DNA	 was	 extracted	 from	 blood	 samples	 and	
collected	in	tubes	containing	EDTA	using	the	Sepa	Gene	
Kit®	 (EIDIA	 Co.,	 Ltd.)	 according	 to	 the	 manufacturer's	
manual.	 DNA	 extraction	 was	 performed	 using	 a	 single	
extraction	 method.	 After	 extraction,	 DNA	 was	 stored	 at	
4°C	 until	 use.	 ABCC4	 (NM_005845.5)	 rs3765534	 and	
ABCC11	(NM_032583.3)	rs17822931	polymorphisms	were	
analyzed	 by	 the	 Sanger	 sequencing	 method	 and/or	 the	
TaqMan	PCR	method.

2.3	 |	 Single nucleotide polymorphism 
(SNP) genotyping assay using the Sanger 
sequencing method

The	 following	 primers	 were	 used	 for	 SNP	 analysis:	
ABCC4	 rs3765534	 polymorphism	 in	 ABCC4	 exon	 18:	
forward	 5ʹ-	TCGACTGAGACTCCTGATCTGT-	3ʹ	 and	 re-
verse	 5ʹ-	CATGAAGCGTTTCTCCCAAA-	3ʹ	 and	 ABCC11	
rs17822931	 polymorphism	 in	 ABCC11	 exon	 4:	 forward	
5ʹ-	CTAAGTGCCAGGGACATGGT-	3ʹ	 and	 reverse	 5ʹ-	
TTCAGTGCTTCTGGTGATGC-	3ʹ.	The	sequences	were	an-
alyzed	using	a	BigDye®	Terminator	v1.1	Cycle	Sequencing	
Kit	 (Cat.	 No.	 4337450;	 Applied	 Biosystems,)	 and	 an	
Applied	 Biosystems	 3130xl	 Genetic	 Analyzer	 (Applied	
Biosystems).
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2.4	 |	 SNP genotyping assay using the 
TaqMan PCR method

PCR	was	performed	using	a	StepOne	RealTime	PCR	System	
(48-	well	format;	Applied	Biosystems),	TaqMan	GTXpress	
Master	Mix	(Cat.	No.	4401892;	Applied	Biosystems,),	and	
TaqMan	 SNP	 genotyping	 assay	 mix	 (ABCC4	 rs3765534	
polymorphism,	 Assay	 ID	 C__27478235_20,	 Cat.	 No.	
4362691,	 ABCC11	 rs17822931	 polymorphism,	 Assay	
ID	 C__25999969_20,	 Cat.	 No.	 4362691,	 Thermo	 Fisher	
Scientific	Inc.)	using	a	general	protocol	according	to	the	
manufacturer's	instructions.

2.5	 |	 Statistical analysis of 
polymorphisms

The	frequencies	of	the	ABCC4	rs3765334	(Ref:	G/Alt:	A)	
and	ABCC11	 rs17822931	(Ref:	G/Alt:	A)	polymorphisms	
for	 different	 races	 were	 collected	 from	 the	 Genome	
Aggregation	Database	(gnomAD;	Karczewski	et	al.,	2020).	
Then,	 we	 compared	 the	 frequency	 distributions	 of	 the	
ABCC4	 rs3765334	 and	 ABCC11	 rs17822931	 polymor-
phisms	 in	 SMON	 patients	 and	 healthy	 Japanese	 people	
(in	 the	 Human	 Genomic	 Variation	 Database	 (HGVD;	
Higasa	et	al.,	2016;	Narahara	et	al.,	2014)	and	Integrative	
Japanese	 Genome	 Variation	 Database	 (iJGVD;	 Tadaka	
et	al.,	2018).	These	comparisons	were	analyzed	with	domi-
nant	and	recessive	genetic	models.	The	statistical	analysis	
was	performed	using	Prism	9	(GraphPad	Software,	LLC).	
The	 statistical	 significance	 of	 the	 differences	 was	 deter-
mined	by	Pearson's	chi-	square	test,	and	Yate's	continuity	

correction	was	applied	as	needed.	Statistical	significance	
was	set	as	p < .05.

3 	 | 	 RESULTS

A	summary	of	the	clinical	information	of	SMON	patients	
enrolled	in	this	study	is	shown	in	Table	1.	Many	SMON	
patients	 are	 still	 living	 with	 sequelae	 of	 variable	 sever-
ity.	 The	 frequencies	 of	 ABCC4	 rs3765334	 and	 ABCC11	
rs17822931	polymorphisms	among	the	races	registered	in	
the	gnomAD	are	shown	in	Table	2.	Compared	with	other	
races,	 the	 allele	 frequency	 of	 ABCC4	 rs3765334	 Alt	 (A)	
was	much	higher	 in	 the	Japanese	population.	The	allele	
frequencies	 of	 ABCC11	 rs17822931	 Ref	 (G)	 and	 Alt	 (A)	
were	 reversed	 in	 the	 East	 Asian	 population,	 including	
Japanese	 people,	 compared	 with	 other	 populations.	 The	
frequency	distributions	of	ABCC4	rs3765334	and	ABCC11	
rs17822931	 polymorphisms	 in	 SMON	 patients	 and	
healthy	 Japanese	 people	 listed	 in	 the	 databases	 (HGVD	
and	 iJGVD)	 are	 shown	 in	 Table	 3.	 Statistical	 analysis	
showed	no	significant	difference	in	the	frequency	of	these	
two	polymorphisms	between	SMON	patients	and	healthy	
Japanese	people.

4 	 | 	 DISCUSSION

In	 this	 study,	 we	 evaluated	 the	 genetic	 variants	 of	
ABCC4	 and	 ABCC11	 that	 were	 recently	 suggested	
as	 possible	 genetic	 susceptibility	 factors	 for	 SMON.	
However,	the	ABCC4	rs3765534	and	ABCC11	rs17822931	

T A B L E  1 	 Summary	of	the	clinical	information	of	subacute	myelo-	optico-	neuropathy	patients

Entry Data

Male:	female 40:	85

Age	at	onset	of	SMON	(mean	[SD]) 30.4 years	old	(±8.4)

Age	at	the	time	of	blood	sampling	(mean	[SD]) 80.3 years	old	(±8.0)

Degree	of	visual	impairmenta 1:	6	(4.8%),	2:	4	(3.2%),	3:	7	(5.6%),	4:	12	(9.6%),	5:	41	(32.8%),	6:	54	
(43.2%),	n.d.:	1	(0.8%)

Degree	of	gait	disturbanceb 1:	55	(44.0%),	2:	15	(12.0%),	3:	27	(21.6%),	4:	0	(0.0%),	5:	7	(5.6%),	6:	
15	(12.0%),	7:	5	(4.0%),	8:	1	(0.8%)

Degree	of	superficial	sensory	impairment	(tactile	sensation)c 1:	9	(7.2%),	2:	48	(38.4%),	3:	40	(32.0%),	4:	16	(12.8%),	5:	9	(7.2%),	
n.d.:	3	(2.4%)

Degree	of	superficial	sensory	impairment	(pain)c 1:	9	(7.2%),	2:	37	(29.6%),	3:	34	(27.2%),	4:	36	(28.8%),	5:	6	(4.8%),	
n.d.:	3	(2.4%)

Degree	of	abnormal	perceptiond 1:	25	(20.0%),	2:	68	(54.4%),	3:	22	(17.6%),	4:	8	(6.4%),	n.d.:	2	(1.6%)

Abbreviation:	n.d.,	no	data.
a1.	Total	blindness,	2.	light/dark	only,	3.	preocular	manual	valve,	4.	preocular	exponential	valve,	5.	mildly	reduced,	6.	almost	normal.
b1.	Unable	to	walk,	2.	wheelchair,	3.	needs	assistance,	4.	grasping,	5.	crutches,	6.	single	cane,	7.	unsteady	walking,	8.	slight	unsteady	walking.
c1.	Severely	decreased,	2.	moderately	decreased,	3.	mildly	decreased,	4.	hypersensitive,	5.	none.
d1.	Severe,	2.	moderate,	3.	mild,	4.	almost	none.
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polymorphisms	 showed	 no	 significant	 difference	 in	 fre-
quency	 between	 SMON	 patients	 and	 healthy	 Japanese	
people.	 Furthermore,	 we	 found	 many	 SMON	 patients	
who	 lacked	 these	 two	 polymorphisms.	 The	 association	

between	the	development	of	SMON	and	these	two	poly-
morphisms	could	not	be	verified,	at	least	in	terms	of	allele	
frequency.

Tateishi	et	al.	reported	an	association	between	the	de-
velopment	of	SMON	and	clioquinol	administration	in	ex-
periments	with	an	animal	disease	model	 (Tateishi	et	al.,	
1971),	and	this	association	was	verified	because	the	occur-
rence	 of	 new	 SMON	 cases	 completely	 disappeared	 after	
clioquinol	use	was	banned	(Nakae	et	al.,	1973).	However,	
the	specific	mechanism	by	which	clioquinol	causes	nerve	
damage	and	 induces	SMON	has	not	been	elucidated.	At	
present,	 several	 hypotheses	 regarding	 the	 pathomech-
anism	 of	 SMON	 have	 been	 proposed.	 Kawamura	 et	 al.	
(2014)	 reported	 that	 the	neurological	damage	associated	
with	 the	 disease	 is	 caused	 by	 reactive	 oxygen	 species,	
Schaumburg	et	al.	and	Kimura	et	al.	showed	that	copper	
deficiency	was	caused	by	copper	chelation	by	clioquinol	
(Kimura	 et	 al.,	 2011;	 Schaumburg	 &	 Herskovitz,	 2008),	
and	 Katsuyama	 et	 al.	 (2012)	 showed	 that	 double-	strand	
DNA	 breaks	 induced	 by	 clioquinol	 cause	 ATM	 activa-
tion	and	concomitant	activation	of	p53.	Katsuyama	et	al.	
(2021)	 also	 showed	 that	 zinc	 influx	 was	 caused	 by	 the	
ionophore	effect	of	clioquinol,	and	copper	accumulation	
was	 caused	 by	 oxidation	 of	 ATOX1.	 However,	 none	 of	
these	 factors	 have	 been	 shown	 to	 be	 linked	 to	 suscepti-
bility	 to	 SMON.	 Although	 clioquinol-	induced	 neurolog-
ical	 disorders	 have	 been	 reported	 in	 European	 (Gilland,	
1984;	Ricoy	et	al.,	1982)	and	Indian	populations	(Wadia,	

T A B L E  2 	 Frequency	distribution	of	the	ABCC4	rs3765334	
and	ABCC11	rs17822931	polymorphisms	among	the	population	
reported	in	the	Genome	Aggregation	Database	(dataset:	v2.1.1)

Population

Allele frequency (allele count)

ABCC4 
(rs3765534)

ABCC11 
(rs17822931)

Japanese 0.1908	(29) 0.8289	(126)

Korean 0.08793	(335) 0.9872	(3767)

Other	East	Asian 0.05787	(833) 0.8391	(12097)

South	Asian 0.05214	(1592) 0.406	(12397)

Latino/Admixed	
American

0.04282	(1514) 0.2365	(5935)

European	
(non-	Finnish)

0.009986	(1288) 0.1615	(5712)

European	(Finnish) 0.008921	(224) 0.1304	(16822)

Ashkenazi	Jewish 0.005696	(59) 0.1076	(1115)

African/
African-	American

0.003086	(77) 0.0279	(696)

Other 0.01664	(120) 0.1722	(1243)

Total 0.02186	(6173) 0.2169	(61266)

T A B L E  3 	 Frequency	distribution	of	the	ABCC4	rs3765334	and	ABCC11	rs17822931	polymorphisms	in	subacute	myelo-	optico-	
neuropathy	patients	and	healthy	Japanese	people	in	genetic	databases	(Human	Genomic	Variation	Database	and	Integrative	Japanese	
Genome	Variation	Database)

Gene (SNP) Population

Genotype Statistical analysis

Ref/Ref Ref/Alt Alt/Alt Total
Dominant 
model

Recessive 
model

ABCC4	(rs3765534) SMON	patients 93 28 4 125 p = .689 p = .845a

Healthy	Japanese	population	(HGVD) 880 301 29 1210

ABCC11	
(rs17822931)

SMON	patients 3 21 101 125 p = .804a p = .424

Healthy	Japanese	population	(HGVD) 27 176 940 1143

Gene (SNP) Population

Allele frequency Statistical analysis

Ref Alt Total
Comparing SMON 
patients with HGVD

Comparing SMON 
patients with iJGVD

ABCC4	(rs3765534) SMON	patients 214 36 250 p = .854 p = .562

Healthy	Japanese	population	(HGVD) 2061 359 2420

Healthy	Japanese	population	(iJGVD) 8104 1442 9546

ABCC11	
(rs17822931)

SMON	patients 27 223 250 p = .713 p = .328

Healthy	Japanese	population	(HGVD) 230 2056 2286

Healthy	Japanese	population	(iJGVD) 1231 8315 9546
aUsing	Yate's	continuity	correction.
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1984),	the	majority	of	SMON	patients	are	Japanese	people.	
Therefore,	it	has	long	been	suggested	that	a	race-	specific	
genetic	background	might	be	associated	with	the	develop-
ment	of	SMON	(Kono,	1971;	Nakae	et	al.,	1973).	However,	
at	 present,	 no	 gene	 mutations	 or	 polymorphisms	 have	
been	 reported	 to	 be	 clearly	 associated	 with	 the	 develop-
ment	of	SMON.

In	recent	years,	many	reports	have	described	the	ben-
eficial	 effects	 of	 clioquinol	 and	 similar	 substances	 for	
neurodegenerative	and	oncological	diseases.	Therefore,	
it	 is	 important	to	elucidate	the	mechanism	responsible	
for	 susceptibility	 to	SMON.	Several	 reports	have	 found	
that	the	metal	chelating	effect	of	clioquinol	may	be	use-
ful	 in	 preventing	 the	 development	 of	 Alzheimer's	 dis-
ease	 (Billings	et	al.,	 2016;	Cherny	et	al.,	 2001).	Several	
reports	 have	 also	 found	 that	 the	 inhibitory	 effect	 of	
clioquinol	on	ATP	binding	cassette	subfamily	C	(ABCC)	
transporter	 function	 may	 be	 useful	 for	 inhibiting	 the	
growth	of	hematological	tumors	(McInerney	et	al.,	2018;	
Perez	et	al.,	2016).	Because	ABCC4,	5,	and	11	are	trans-
porters	 that	 can	 be	 affected	 by	 clioquinol,	 Perez	 et	 al.	
analyzed	the	regional	distribution	of	polymorphisms	of	
the	associated	genes	in	the	Japanese	population	(Super	
Science	High	School	Consortium,	2009)	in	combination	
with	reports	on	the	residential	areas	of	SMON	patients	
(Kono,	 1971)	 and	 reported	 that	 the	 ABCC4	 rs3765534	
and	 ABCC11	 rs17822931	 polymorphisms	 were	 candi-
date	 gene	 variants	 associated	 with	 the	 development	 of	
SMON	 (Perez	 et	 al.,	 2019).	 However,	 the	 association	
between	these	polymorphisms	and	the	development	of	
SMON	was	not	demonstrated	 in	 in vitro	 functional	ex-
periments,	and	the	frequencies	of	these	polymorphisms	
in	SMON	patients	are	still	unknown.	Our	study	reports	
the	 frequencies	 of	 these	 polymorphisms	 in	 surviving	
SMON	patients,	but	the	association	between	the	devel-
opment	of	SMON	and	these	two	polymorphisms	could	
not	be	verified.

One	 hypothesis	 is	 that	 the	 development	 of	 SMON	 is	
associated	 with	 a	 unique	 Japanese	 genetic	 background.	
To	prevent	a	similar	drug-	induced	disorder	in	the	future,	
it	is	important	to	understand	the	pathogenesis	of	SMON.	
Therefore,	we	will	continue	to	search	for	other	genetic	fac-
tors	associated	with	SMON	development	using	the	largest	
database	of	SMON	patients.	 It	 is	assumed	that	oxidative	
stress	in	neurons	may	play	a	key	role	in	the	development	
of	SMON	(Kawamura	et	al.,	2014).	We	are	currently	focus-
ing	on	the	cytoplasmic	two-	electron	reductase	encoded	by	
the	NQO1	gene	(OMIM:	125860,	NM_000903.3),	which	is	
an	enzyme	associated	with	oxidative	stress,	as	one	possi-
ble	factor.	In	addition,	comprehensive	analysis,	including	
genome-	wide	 association	 studies,	 is	 required	 in	 future	
research.	Two	 limitations	 in	 this	 study	 should	 be	 noted.	
We	 have	 obtained	 the	 largest	 dataset	 of	 SMON	 patients	

worldwide,	 but	 it	 is	 unlikely	 that	 there	 will	 be	 any	 new	
SMON	patients	in	the	future.	Therefore,	 it	would	be	im-
possible	 to	 collect	 more	 patients	 than	 those	 included	 in	
our	study.	The	second	limitation	of	this	study	is	the	lack	
of	data,	including	the	total	dose	and	duration	of	clioqui-
nol	 administration	 in	 SMON	 patients.	 In	 addition,	 we	
were	not	able	to	determine	the	patients’	residential	areas	
at	SMON	onset	to	perform	detailed	research	on	environ-
mental	factors.

5 	 | 	 CONCLUSION

No	 clear	 association	 was	 found	 between	 the	 ABCC4	
rs3765334	 and	 ABCC11	 rs17822931	 polymorphisms	 and	
the	development	of	SMON.	It	will	be	necessary	to	investi-
gate	other	genetic	background	factors	involved	in	the	de-
velopment	of	SMON	in	the	future.

ACKNOWLEDGMENTS
This	 study	 was	 conducted	 with	 the	 cooperation	 of	
the	 following	 members	 of	 the	 SMON	 research	 group:	
Seiichiro	 Sugimoto	 (Department	 of	 Neurology,	
National	 Hospital	 Organization,	 Miyazaki	 Higashi	
Hospital,	Miyazaki,	Japan),	Haruki	Koike	(Department	
of	 Neurology,	 Nagoya	 University	 Graduate	 School	
of	 Medicine,	 Nagoya,	 Japan),	 Hidenori	 Matsuo	
(National	 Hospital	 Organization,	 Nagasaki	 Kawatana	
Medical	 Center,	 Nagasaki,	 Japan),	 Masaaki	 Konagaya	
(National	Hospital	Organization	Suzuka	Hospital,	Mie,	
Japan),	 Mika	 Jikumaru	 (Department	 of	 Neurology,	
Faculty	 of	 Medicine,	 Oita	 University,	 Oita,	 Japan),	
Takao	 Mitsui	 (Department	 of	 Neurology,	 Tokushima	
National	 Hospital,	 Tokushima,	 Japan),	 Mie	 Takahashi	
(Department	 of	 Neurology,	 Kochi	 Memorial	 Hospital,	
Kochi,	Japan),	Kenichi	Sakai	(Department	of	Neurology,	
National	 Hospital	 Organization	 Minami-	Okayama	
Medical	 Center,	 Okayama,	 Japan),	 Yasuhiro	 Hamada	
(Department	of	Gastroenterology	&	Neurology,	Faculty	
of	Medicine,	Kagawa	University,	Kagawa,	Japan),	Keiji	
Chida	 (Department	 of	 Neurology,	 National	 Hospital	
Organization	 Iwate	 Hospital,	 Iwate,	 Japan),	 Norio	
Ohkoshi	 (Course	 of	 Neurology,	 Department	 of	 Health	
Sciences,	 Tsukuba	 University	 of	 Technology,	 Ibaraki,	
Japan),	and	Manabu	Inoue	(Department	of	Neurology,	
Osaka	City	General	Hospital,	Osaka,	Japan).	We	thank	
these	people	for	their	contributions	to	this	research	and	
for	recruiting	SMON	patients	for	this	study.

CONFLICT OF INTEREST
The	authors	declare	no	potential	conflicts	of	interest	with	
respect	to	the	research,	authorship,	and/or	publication	of	
this	article.



6 of 7 |   MATSUMOTO et al.

ETHICAL CONSIDERATIONS
This	study	was	carried	out	under	approval	by	 the	ethics	
review	committee	on	medical	research	of	Gifu	University	
(Protocol	number:	29-	209),	and	the	research	collaborator's	
institution	also	provided	ethical	approval.

DATA AVAILABILITY STATEMENT
Research	data	are	not	shared.

ORCID
Hideki Matsumoto  	https://orcid.org/0000-0002-5538-0739	

REFERENCES
Billings,	J.	L.,	Hare,	D.	J.,	Nurjono,	M.,	Volitakis,	I.,	Cherny,	R.	A.,	

Bush,	 A.	 I.,	 Adlard,	 P.	 A.,	 &	 Finkelstein,	 D.	 I.	 (2016).	 Effects	
of	 neonatal	 iron	 feeding	 and	 chronic	 clioquinol	 administra-
tion	 on	 the	 parkinsonian	 human	 A53T	 transgenic	 mouse.	
ACS Chemical Neuroscience,	 16,	 7(3):360–	366.	 https://doi.
org/10.1021/acsch	emneu	ro.5b00305

Cherny,	R.	A.,	Atwood,	C.	S.,	Xilinas,	M.	E.,	Gray,	D.	N.,	Jones,	W.	D.,	
McLean,	C.	A.,	Barnham,	K.	J.,	Volitakis,	I.,	Fraser,	F.	W.,	Kim,	
Y.	S.,	&	Huang,	X.	(2001)	Treatment	with	a	copper-	zinc	chelator	
markedly	 and	 rapidly	 inhibits	 beta-	amyloid	 accumulation	 in	
Alzheimer's	 disease	 transgenic	 mice.	 Neuron,	 30(3),	 665–	676.	
https://doi.org/10.1016/s0896	-	6273(01)00317	-	8

Gilland,	 O.	 (1984).	 A	 neurological	 evaluation	 of	 purported	
cases	 of	 SMON	 in	 Sweden.	 Acta Neurologica Scandinavica. 
Supplementum,	100,	165–	169.

Hardy,	 D.,	 Bill,	 R.	 M.,	 Jawhari,	 A.,	 &	 Rothnie,	 A.	 J.	 (2019).	
Functional	 expression	 of	 multidrug	 resistance	 protein	 4	
MRP4/ABCC4.	SLAS Discovery,	24(10),	1000–	1008.	https://doi.
org/10.1177/24725	55219	867070

Higasa,	 K.,	 Miyake,	 N.,	 Yoshimura,	 J.,	 Okamura,	 K.,	 Niihori,	 T.,	
Saitsu,	 H.,	 Doi,	 K.,	 Shimizu,	 M.,	 Nakabayashi,	 K.,	 Aoki,	
Y.,	 Tsurusaki,	 Y.,	 Morishita,	 S.,	 Kawaguchi,	 T.,	 Migita,	 O.,	
Nakayama,	 K.,	 Nakashima,	 M.,	 Mitsui,	 J.,	 Narahara,	 M.,	
Hayashi,	 K.,	 …	 Matsuda,	 F.	 (2016).	 Human	 genetic	 variation	
database,	 a	 reference	 database	 of	 genetic	 variations	 in	 the	
Japanese	 population.	 Journal of Human Genetics,	 61(6),	 547–	
553.	https://doi.org/10.1038/jhg.2016.12

Karczewski,	 K.	 J.,	 Francioli,	 L.	 C.,	 Tiao,	 G.,	 Cummings,	 B.	 B.,	
Alföldi,	 J.,	Wang,	 Q.,	 Collins,	 R.	 L.,	 Laricchia,	 K.	 M.,	 Ganna,	
A.,	 Birnbaum,	 D.	 P.,	 Gauthier,	 L.	 D.,	 Brand,	 H.,	 Solomonson,	
M.,	Watts,	N.	A.,	Rhodes,	D.,	Singer-	Berk,	M.,	England,	E.	M.,	
Seaby,	E.	G.,	Kosmicki,	J.	A.,	…	MacArthur,	D.	G.	(2020).	The	
mutational	 constraint	 spectrum	 quantified	 from	 variation	
in	 141,456	 humans.	 Nature,	 581(7809),	 434–	443.	 https://doi.
org/10.1038/s4158	6-	020-	2308-	7

Katsuyama,	M.,	Iwata,	K.,	Ibi,	M.,	Matsuno,	K.,	Matsumoto,	M.,	&	
Yabe-	Nishimura,	 C.	 (2012).	 Clioquinol	 induces	 DNA	 double-	
strand	 breaks,	 activation	 of	 ATM,	 and	 subsequent	 activa-
tion	 of	 p53	 signaling.	 Toxicology,	 299(1),	 55–	59.	 https://doi.
org/10.1016/j.tox.2012.05.013

Katsuyama,	M.,	Kimura,	E.	N.,	 Ibi,	M.,	 Iwata,	K.,	Matsumoto,	M.,	
Asaoka,	N.,	&	Yabe-	Nishimura,	C.	 (2021).	Clioquinol	 inhibits	
dopamine-	β-	hydroxylase	 secretion	 and	 noradrenaline	 synthe-
sis	by	affecting	the	redox	status	of	ATOX1	and	copper	transport	

in	human	neuroblastoma	SH-	SY5Y	cells.	Archives of Toxicology,	
95,	135–	148.	https://doi.org/10.1007/s0020	4-	020-	02894	-	0

Kawamura,	K.,	Kuroda,	Y.,	Sogo,	M.,	Fujimoto,	M.,	Inui,	T.,	&	Mitsui,	T.	
(2014).	Superoxide	dismutase	as	a	target	of	clioquinol-	induced	neu-
rotoxicity.	Biochemical and Biophysical Research Communications,	
452(1),	181–	185.	https://doi.org/10.1016/j.bbrc.2014.04.067

Kimura,	E.,	Hirano,	T.,	Yamashita,	S.,	Hirai,	T.,	Uchida,	Y.,	Maeda,	
Y.,	 &	 Uchino,	 M.	 (2011).	 Cervical	 MRI	 of	 subacute	 myelo-	
optico-	neuropathy.	 Spinal Cord,	 49(2),	 182–	185.	 https://doi.
org/10.1038/sc.2010.68

Kono,	R.	 (1971).	Subacute	myelo-	optico-	neuropathy,	a	new	neuro-
logical	disease	prevailing	in	Japan.	Japanese Journal of Medical 
Science and Biology,	 24(4),	 195–	216.	 https://doi.org/10.7883/
yoken	1952.24.195

Krishnamurthy,	 P.,	 Schwab,	 M.,	 Takenaka,	 K.,	 Nachagari,	 D.,	
Morgan,	J.,	Leslie,	M.,	Du,	W.,	Boyd,	K.,	Cheok,	M.,	Nakauchi,	
H.,	 Marzolini,	 C.,	 Kim,	 R.	 B.,	 Poonkuzhali,	 B.,	 Schuetz,	 E.,	
Evans,	 W.,	 Relling,	 M.,	 &	 Schuetz,	 J.	 D.	 (2008).	 Transporter-	
mediated	 protection	 against	 thiopurine-	induced	 hematopoi-
etic	 toxicity.	 Cancer Research,	 68(13),	 4983–	4989.	 https://doi.
org/10.1158/0008-	5472.CAN-	07-	6790

McInerney,	M.	P.,	Volitakis,	I.,	Bush,	A.	I.,	Banks,	W.	A.,	Short,	J.	L.,	
&	Nicolazzo,	J.	A.	(2018).	Ionophore	and	biometal	modulation	
of	P-	glycoprotein	expression	and	function	in	human	brain	mi-
crovascular	 endothelial	 cells.	 Pharmaceutical Research,	 35(4),	
83.	https://doi.org/10.1007/s1109	5-	018-	2377-	6

Meade,	 T.	 W.	 (1975).	 Subacute	 myelo-	optic	 neuropathy	 and	 clio-
quinol.	 An	 epidemiological	 case-	history	 for	 diagnosis.	 British 
Journal of Preventive & Social Medicine,	29(3),	157–	169.	https://
doi.org/10.1136/jech.29.3.157

Nakae,	K.,	Yamamoto,	S.,	Shigematsu,	I.,	&	Kono,	R.	(1973).	Relation	
between	subacute	myelo-	optic	neuropathy	(S.M.O.N.)	and	clio-
quinol:	 Nationwide	 survey.	 Lancet,	 1(7796),	 171–	173.	 https://
doi.org/10.1016/s0140	-	6736(73)90004	-	4

Narahara,	M.,	Higasa,	K.,	Nakamura,	S.,	Tabara,	Y.,	Kawaguchi,	T.,	
Ishii,	 M.,	 Matsubara,	 K.,	 Matsuda,	 F.,	 &	 Yamada,	 R.	 (2014).	
Large-	scale	East-	Asian	eQTL	mapping	reveals	novel	candidate	
genes	for	LD	mapping	and	the	genomic	landscape	of	transcrip-
tional	 effects	 of	 sequence	 variants.	 PLoS One,	 9(6),	 e100924.	
https://doi.org/10.1371/journ	al.pone.0100924

Perez,	D.	R.,	Simons,	P.	C.,	Smagley,	Y.,	Sklar,	L.	A.,	&	Chigaev,	A.	
(2016).	A	high	throughput	flow	cytometry	assay	for	identifica-
tion	of	inhibitors	of	3’,	5’-	cyclic	adenosine	monophosphate	ef-
flux.	Methods in Molecular Biology,	1439,	227–	244.	https://doi.
org/10.1007/978-	1-	4939-	3673-	1_15

Perez,	D.	R.,	Sklar,	L.	A.,	&	Chigaev,	A.	(2019).	Clioquinol:	To	harm	
or	 heal.	 Pharmacology & Therapeutics,	 199,	 155–	163.	 https://
doi.org/10.1016/j.pharm	thera.2019.03.009

Ricoy,	J.	R.,	Ortega,	A.,	&	Cabello,	A.	(1982).	Subacute	myelo-	optic	
neuropathy	 (SMON).	 First	 neuro-	pathological	 report	 outside	
Japan.	 Journal of the Neurological Sciences,	 53(2),	 241–	251.	
https://doi.org/10.1016/0022-	510x(82)90010	-	7

Schaumburg,	 H.,	 &	 Herskovitz,	 S.	 (2008).	 Copper	 deficiency	 my-
eloneuropathy:	A	clue	 to	clioquinol-	induced	subacute	myelo-	
optic	 neuropathy?	 Neurology,	 71(9),	 622–	623.	 https://doi.
org/10.1212/01.wnl.00003	24620.86645.c1

Sobue,	 I.,	 Ando,	 K.,	 Lida,	 M.,	 Takayanagi,	 T.,	 Mukoyama,	 M.,	 &	
Matsuoka,	 Y.	 (1973).	 Subacute	 myelo-	opticoneuropathy	 in	
Japan.	Neurology India,	20,	420–	425.

https://orcid.org/0000-0002-5538-0739
https://orcid.org/0000-0002-5538-0739
https://doi.org/10.1021/acschemneuro.5b00305
https://doi.org/10.1021/acschemneuro.5b00305
https://doi.org/10.1016/s0896-6273(01)00317-8
https://doi.org/10.1177/2472555219867070
https://doi.org/10.1177/2472555219867070
https://doi.org/10.1038/jhg.2016.12
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1016/j.tox.2012.05.013
https://doi.org/10.1016/j.tox.2012.05.013
https://doi.org/10.1007/s00204-020-02894-0
https://doi.org/10.1016/j.bbrc.2014.04.067
https://doi.org/10.1038/sc.2010.68
https://doi.org/10.1038/sc.2010.68
https://doi.org/10.7883/yoken1952.24.195
https://doi.org/10.7883/yoken1952.24.195
https://doi.org/10.1158/0008-5472.CAN-07-6790
https://doi.org/10.1158/0008-5472.CAN-07-6790
https://doi.org/10.1007/s11095-018-2377-6
https://doi.org/10.1136/jech.29.3.157
https://doi.org/10.1136/jech.29.3.157
https://doi.org/10.1016/s0140-6736(73)90004-4
https://doi.org/10.1016/s0140-6736(73)90004-4
https://doi.org/10.1371/journal.pone.0100924
https://doi.org/10.1007/978-1-4939-3673-1_15
https://doi.org/10.1007/978-1-4939-3673-1_15
https://doi.org/10.1016/j.pharmthera.2019.03.009
https://doi.org/10.1016/j.pharmthera.2019.03.009
https://doi.org/10.1016/0022-510x(82)90010-7
https://doi.org/10.1212/01.wnl.0000324620.86645.c1
https://doi.org/10.1212/01.wnl.0000324620.86645.c1


   | 7 of 7MATSUMOTO et al.

Super	 Science	 High	 School	 Consortium	 (2009).	 Japanese	 map	 of	
the	earwax	gene	 frequency:	A	nationwide	collaborative	 study	
by	Super	Science	High	School	Consortium.	Journal of Human 
Genetics,	54(9),	499–	503.	https://doi.org/10.1038/jhg.2009.62

Tadaka,	S.,	Saigusa,	D.,	Motoike,	 I.	N.,	 Inoue,	 J.,	Aoki,	Y.,	Shirota,	
M.,	Koshiba,	S.,	Yamamoto,	M.,	&	Kinoshita,	K.	(2018).	jMorp:	
Japanese	multi	omics	reference	panel.	Nucleic Acids Research,	
46(D1),	D551–	D557.	https://doi.org/10.1093/nar/gkx978

Tateishi,	 J.,	 Kuroda,	 S.,	 Saito,	 A.,	 &	 Otsuki,	 S.	 (1971).	 Myelo-	optic	
neuropathy	induced	by	clioquinol	in	animals.	Lancet,	2(7736),	
1263–	1264.	https://doi.org/10.1016/s0140	-	6736(71)90584	-	8

Toyoda,	Y.,	Gomi,	T.,	Nakagawa,	H.,	Nagakura,	M.,	&	Ishikawa,	T.	
(2016).	Diagnosis	of	human	axillary	osmidrosis	by	genotyping	
of	the	human	ABCC11	gene:	Clinical	practice	and	basic	scien-
tific	 evidence.	 BioMed Research International,	 2016,	 7670483.	
https://doi.org/10.1155/2016/7670483

Toyoda,	 Y.,	 Sakurai,	 A.,	 Mitani,	 Y.,	 Nakashima,	 M.,	 Yoshiura,	 K.,	
Nakagawa,	H.,	Sakai,	Y.,	Ota,	I.,	Lezhava,	A.,	Hayashizaki,	Y.,	
&	Niikawa,	N.	(2009).	Earwax,	osmidrosis,	and	breast	cancer:	

Why	does	one	SNP	(538G>A)	in	the	human	ABC	transporter	
ABCC11	 gene	 determine	 earwax	 type?	 The FASEB Journal,	
23(6),	2001–	2013.	https://doi.org/10.1096/fj.09-	129098

Wadia,	N.	H.	(1984).	SMON	as	seen	from	Bombay.	Acta Neurologica 
Scandinavica. Supplementum,	100,	159–	164.

How to cite this article:	Matsumoto,	H.,	Sasai,	H.,	
Kawamoto,	N.,	Katsuyama,	M.,	Minamiyama,	M.,	
Kuru,	S.,	Fukao,	T.,	&	Ohnishi,	H.;	SMON	research	
group	members	(2022).	Founder	genetic	variants	of	
ABCC4	and	ABCC11	in	the	Japanese	population	are	
not	associated	with	the	development	of	subacute	
myelo-	optico-	neuropathy	(SMON).	Molecular 
Genetics & Genomic Medicine,	10, e1845.	https://doi.
org/10.1002/mgg3.1845

https://doi.org/10.1038/jhg.2009.62
https://doi.org/10.1093/nar/gkx978
https://doi.org/10.1016/s0140-6736(71)90584-8
https://doi.org/10.1155/2016/7670483
https://doi.org/10.1096/fj.09-129098
https://doi.org/10.1002/mgg3.1845
https://doi.org/10.1002/mgg3.1845

