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Abstract
Aim: Loss-	of-	function	 KCNMA1	 variants	 cause	 Liang–	Wang	 syndrome	 (MIM	
#618729),	a	newly	identified	multiple	malformation	syndrome	with	a	broad	spec-
trum	of	developmental	and	neurological	phenotypes.	However,	the	full	spectrum	
of	clinical	features	and	underlying	pathogenic	mechanisms	need	full	elucidation.
Methods: Exome	sequencing	was	used	 to	 identify	pathogenic	variants.	Patch-	
clamp	recordings	were	performed	to	access	the	effects	of	KCNMA1	variants	on	
BK	channels.	Total	and	membrane	protein	expression	levels	of	BK	channels	were	
characterized	using	Western	blotting.
Results: We	report	identification	and	functional	characterization	of	two	new	de	
novo	loss-	of-	function	KCNMA1	variants	p.(A172T)	and	p.(A314T)	with	charac-
teristics	of	Liang–	Wang	syndrome.	Variant	p.(A172T)	 is	associated	with	devel-
opmental	 delay,	 cognitive	 impairment	 and	 ataxia.	 Mechanistically,	 p.(A172T)	
abolishes	 BK	 potassium	 current,	 inhibits	 Mg2+-	dependent	 gating,	 but	 shifts	
conductance-	voltage	(G-	V)	curves	 to	more	positive	potentials	when	complexed	
with	 WT	 channels.	 Variant	 p.(A314T)	 is	 associated	 with	 developmental	 delay,	
intellectual	 disability,	 cognitive	 impairment,	 mild	 ataxia	 and	 generalized	 epi-
lepsy;	suppresses	BK	current	amplitude;	and	shifts	G-	V	curves	to	more	positive	
potentials	when	expressed	with	WT	channels.	In	addition,	two	new	patients	with	
previously	reported	gain-	of-	function	variants	p.(N536H)	and	p.(N995S)	are	found	
to	show	epilepsy	and	paroxysmal	dyskinesia	as	reported	previously,	but	also	ex-
hibit	 additional	 symptoms	 of	 cognitive	 impairment	 and	 dysmorphic	 features.	
Furthermore,	 variants	 p.(A314T)	 and	 p.(N536H)	 reduced	 total	 and	 membrane	
levels	of	BK	proteins.
Conclusion: Our	 findings	 identified	 two	 new	 loss-	of-	function	 mutations	 of	
KCNMA1	 associated	 with	 Liang–	Wang	 syndrome,	 expanded	 the	 spectrum	 of	
clinical	features	associated	with	gain-	of-	function	KCNMA1	variants	and	empha-
sized	 the	 overlapping	 features	 shared	 by	 gain-	of-	function	 and	 loss-	of-	function	
mutations.
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1 	 | 	 INTRODUCTION

KCNMA1	 encodes	 the	 α-	subunit	 of	 the	 high	 conduc-
tance	and	calcium-	activated	BK	channel	 (also	known	as	
KCa1.1),	 which	 plays	 essential	 roles	 in	 multiple	 physio-
logical	 processes,	 including	 the	 regulation	 of	 neuronal	
excitability,	neurotransmitter	release,	smooth	muscle	con-
traction,	action	potential	repolarization	and	cochlear	hair	
cell	tuning.1-	5	Structurally,	BK	channels	are	assembled	by	
four	 α-	subunits.6	 Each	 α-	subunit	 is	 comprised	 of	 an	 N-	
terminal	 extracellular	 region	 (transmembrane	 segments	
S0-	S1),	a	voltage	sensing	domain	(VDS,	S4)	that	is	coupled	
to	the	K+	channel	pore	domain	and	acts	as	the	voltage	sen-
sor	for	channel	opening,	a	pore-	forming	domain	between	
S5	and	S6	for	K+	selective	passage7	and	a	large	cytoplasmic	
C-	terminal	region	that	is	responsible	for	Ca2+	sensing.8-	10

Genetic	 studies	enabled	 the	 investigation	of	 the	roles	
of	 KCNMA1	 in	 different	 physiological	 and	 pathologi-
cal	 conditions.	 In	2005,	our	 laboratory	 reported	 the	 first	
heterozygous	 KCNMA1	 mutation	 p.(D434G),	 which	 is	 a	
gain-	of-	function	 (GOF)	 mutation	 leading	 to	 an	 increase	
in	 Ca2+	 sensitivity	 and	 voltage-	dependent	 activation	 of	
BK	 channels.11	 Mutation	 p.(D434G)	 was	 identified	 in	 a	
large	 family	 with	 generalized	 epilepsy	 and	 paroxysmal	
dyskinesia	 induced	 by	 enhanced	 neuronal	 excitability	
through	 the	promotion	of	 faster	 repolarization	of	action	
potentials.11	Subsequently,	we	reported	a	de	novo	hetero-
zygous	GOF	KCNMA1	variant	p.(N995S)	in	two	indepen-
dent	patients	with	epilepsy.12	Of	note,	variant	p.(N995S)	
promoted	 voltage-	dependent	 activation	 rather	 than	 en-
hancing	 Ca2+	 activation	 of	 BK	 channels.12	 Interestingly,	
in	2019,	we	reported	eight	heterozygous	genetic	variants	
of	 KCNMA1	 in	 nine	 unrelated	 families	 that	 inhibited	
the	activity	of	BK	channels,	and	were	defined	as	 loss-	of	
function	(LOF)	variants,	including	p.(S351Y),	p.(G356R),	
p.(G375R),	 p.(C413Y),	 p.(N449fs),	 p.(I663V),	 p.(P805L)	
and	 p.(D984N).13	 Six	 of	 the	 eight	 variants	 occurred	 de	
novo	in	eight	families,	and	one	de	novo	variant,	p.(G375R)	
was	 identified	 in	 three	 unrelated	 families.13	 In	 contrast	
to	 the	 previously	 reported	 GOF	 variants,	 the	 LOF	 vari-
ants	 of	 KCNMA1	 were	 associated	 with	 a	 new	 multiple	
malformation	 syndrome	 with	 a	 broad	 spectrum	 of	 de-
velopmental	 and	 neurological	 disorders.	 This	 new	 syn-
drome	 was	 named	 as	 Liang–	Wang	 syndrome	 (LIWAS)	
by	 Online	 Mendelian	 Inheritance	 in	 Man	 (OMIM)	 on	 7	
January	 2020.13	 Liang–	Wang	 syndrome	 (MIM	 #618729)	
was	described	as	‘a	polymalformation	syndrome	apparent	

from	 birth,	 which	 shows	 large	 phenotypic	 variability	
and	 severity’	 (https://www.omim.org/entry/	618729).	
All	nine	affected	patients	in	our	previous	report	suffered	
from	 varying	 degrees	 of	 neurological	 dysfunction,	 such	
as	 developmental	delay	 and	 intellectual	disabilities	with	
speech	 delay,	 strabismus	 and/or	 ataxia.13	 However,	 the	
clinical	 features	 had	 a	 larger	 variability	 with	 regard	 to	
ataxia,	tremor,	epilepsy,	dysmorphism	and	developmental	
and	 other	 features.13	 Moreover,	 our	 study13	 and	 another	
recent	study	by	Mameli	et	al14	suggest	that	type	I	diabetes	
may	be	another	clinical	feature	of	Liang–	Wang	syndrome.	
Interestingly,	 homozygous	 KCNMA1	 variants	 were	 also	
reported,	for	example,	p.(Y676Lfs*7)	detected	in	two	sib-
lings	with	epilepsy,	developmental	delay	and	severe	cer-
ebellar	 atrophy,	 and	 p.(R458Ter)	 identified	 in	 a	 patient	
with	 paroxysmal	 dyskinesia,	 epilepsy,	 intellectual	 delay	
and	 corticospinal-	cerebellar	 tract	 atrophy.15,16	 To	 date,	
19	 pathogenic	 KCNMA1	 variants	 have	 been	 reported	 to	
be	associated	with	different	neurological	disorders	 in	42	
patients.14,17-	20	Three	of	them	acted	by	GOF,	nine	by	LOF	
and	three	without	functional	characterization.	Moreover,	
three	 KCNMA1	 variants	 were	 identified	 in	 patients,	 but	
functional	studies	suggest	that	they	are	benign	polymor-
phism	 that	 have	 no	 direct	 cause–	consequence	 relation-
ship	with	the	disease.	Almost	all	of	the	identified	genetic	
variants	are	clustered	around	the	pore-	forming	S5-	S6	seg-
ments	and	in	the	Ca2+	sensing	C-	terminus.17,18,20

In	 this	 study,	 we	 report	 four	 new	 patients	 with	 four	
different	 KCNMA1	 variants,	 including	 two	 new	 de	 novo	
variants	p.(A172T)	and	p.(A314T),	and	two	previously	re-
ported	variants	of	p.(N536H),	and	p.(N995S).	We	carefully	
characterized	these	variants	by	studying	their	 functional	
effects	on	electrophysiological	and	biochemical	character-
istics	of	BK	channels,	and	the	spectrum	of	their	associated	
clinical	 features	 (ie,	 genotype–	phenotype	 correlation	 of	
the	four	variants).

2 	 | 	 RESULTS

2.1	 |	 Identification of four new patients 
carrying KCNMA1 variants

Four	 patients	 with	 KCNMA1	 variants	 were	 referred	 to	
our	 laboratory	 for	 consultation	 of	 functionality	 by	 ge-
netic	 counselors,	 medical/clinical	 geneticists	 and	 physi-
cians.	 The	 variants	 include	 p.(A172T)	 located	 between	

K E Y W O R D S

BK	channel,	genotype–	phenotype	correlation,	KCNMA1,	Liang–	Wang	syndrome,	mutation,	
neurodevelopmental	disorder,	pathogenic	variant
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transmembrane	 segment	 S0	 and	 S1	 of	 BK	 channels,	
p.(A314T)	in	the	S5	segment,	p.(N536H)	in	the	RCK1	do-
main	and	p.(N995S)	in	the	RCK2	domain	(Figure 1).	Based	
on	 the	 guidelines	 of	 the	 American	 College	 of	 Medical	
Genetics	 and	 Genomics	 (ACMG),21	 all	 four	 KCNMA1	
variants	can	be	classified	as	the	‘strong	pathogenic’	or	PS	
variants	(Table 1).

2.2	 |	 A de novo variant p.(A172T) 
in the S0- S1 loop abolishes the 
function of BK channels and decreases 
Mg2+- dependent activation

We	 identified	 a	 heterozygous	 c.514G>A	 [p.(A172T)]	
variant	 of	 KCNMA1	 (GenBank	 accession	 number	
NM_002247.3)	in	a	9-	year-	old	male	patient	with	a	history	
of	 global	 developmental	 delay,	 borderline	 cognitive	 im-
pairment,	and	ataxia	but	without	paroxysmal	dyskinesia,	
seizures	 or	 dysmorphic	 features	 (Figures  1	 and	 2A	 and	
Table  2).	 Variant	 p.(A172T)	 was	 predicted	 to	 be	 delete-
rious	using	in	silico	prediction	models	(Mutation	Taster;	
PolyPhen-	2;	SIFT).	This	missense	variant	was	not	 found	
in	the	DNA	sequences	of	his	parents,	which	indicated	that	
this	 variant	 occurred	 de	 novo	 (Figure  2A).	 Alanine	 172	
is	located	in	the	loop	between	S0	and	S1	of	BK	channels	
(Figure 1),	and	the	amino	acid	residue	is	highly	conserved	
among	different	species	during	evolution	(Figure 2B).	To	
determine	whether	variant	p.(A172T)	affects	BK	channel	

activity,	a	patch-	clamp	study	was	performed	in	HEK293T	
cells	transfected	with	expression	plasmids	carrying	either	
wild-	type	(WT)	or	variant	KCNMA1.	Results	showed	that	
the	cells	overexpressing	WT	KCNMA1	elicited	significant	
K+	current	under	the	voltage	stimulus	from	−160 mV	to	
160 mV	at	a	Ca2+	concentration	of	10 μM,	whereas	the	cells	
overexpressing	mutant	KCNMA1	with	p.(A172T)	failed	to	
elicit	any	current	(Figure 2C).	Based	on	the	patch-	clamp	
data,	the	p.(A172T)	variant	is	a	LOF	variant.

As	 the	 patient	 harboured	 a	 heterozygous	 variant	 in	
the	 KCNMA1	 gene,	 we	 also	 transfected	 HEK293T	 cells	
with	 the	 same	 amount	 of	 both	WT	 (0.5  µg)	 and	 variant	
plasmids	 (0.5 µg),	WT	plasmid	alone	 (1.0 µg)	or	mutant	
plasmid	alone	(1.0 µg)	to	explore	whether	the	p.(A172T)	
variant	acted	by	a	dominant-	negative	mechanism	or	a	loss	
of	 function	 mechanism.	 We	 found	 that	 compared	 with	
WT	 channels,	 WT	 plus	 variant	 BK	 channels	 shifted	 the	
G-	V	curve	towards	a	more	positive	potential	by	+32 mV	
at	10 μM	Ca2+	 (P <  .001)	 (Figure 2D).	We	also	analysed	
the	normalized	amplitude	of	BK	currents	at	several	mem-
brane	voltages	from	a	patch	of	cell	membranes	to	quantify	
changes	 in	BK	currents	density.	As	shown	in	Figure 2E,	
the	 BK	 current	 density	 for	 the	 heterozygous	 WT/mu-
tant	 channels	 was	 about	 50%	 of	 that	 of	 WT	 channels,	
which	does	not	support	a	dominant	negative	mechanism.	
However,	 a	 caution	 is	 needed	 when	 interpretating	 the	
data	 because	 there	 is	 no	 linear	 correlation	 between	 the	
amount	of	DNA	used	for	transfection	and	current	densi-
ties	(Figure S1).

F I G U R E  1  A	schematic	diagram	of	the	BK	channel	with	the	location	of	four	pathogenic	variants	indicated.	Variants	p.(A172T),	
p.(A314T),	p.(N536H)	and	p.(N995S)	were	located	in	the	intracellular	loop	between	S0	and	S1	segments,	the	S5	transmembrane	segment,	the	
RCK1	domain	and	the	RCK2	domain,	respectively
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We	determined	whether	the	heterozygous	WT/mutant	
channels	showed	calcium-	dependent	sensitivity	to	chan-
nel	 activation.	 Compared	 with	 WT	 channels,	 cells	 with	
co-	expressed	 WT	 and	 mutant	 channels	 produced	 more	
positive	G-	V	cure	shift	by	+22 mV	at	0 μM,	+30 mV	at	1 μM	
and	+32 mV	at	10 μM	Ca2+	 (P <  .001,	Figure 2F-	H	and	
Table 3).	The	ΔV1/2	values	(V1/2(p.A172T/WT)-	V1/2(WT))	
were	similar	at	the	three	different	calcium	concentrations	
(Figure 2H).	Therefore,	the	p.(A172T)	variant	had	a	min-
imal	 effect	 on	 the	 Ca2+-	dependent	 activation	 of	 the	 BK	
channels.

The	S1-	S0	loop	contains	a	Mg2+	binding	site	(Asp164),	
which	contributes	to	Mg2+	modulation	of	BK	channels.22	
We	hypothesized	 that	 the	p.(A172T)	variant	affected	 the	
properties	of	BK	channels	due	to	altered	Mg2+-	dependent	
gating.	To	test	this	hypothesis,	we	detected	the	combined	
effect	 of	 WT	 plus	 mutant	 KCNMA1	 on	 BK	 channel	 ac-
tivation	 at	 0	 and	 10  mM	 of	 intracellular	 Mg2+.	The	 G-	V	
curves	 of	 the	 WT	 plus	 mutant	 channels	 showed	 a	 shift	
to	more	positive	potentials	compared	with	the	WT	chan-
nels	(Figure 2F,I,J	and	Table 3).	The	ΔV1/2	(V1/2(p.A172T/

WT)-	V1/2(WT))	 values	 were	 +22  mV	 at	 0  mM	 [Mg2+]	
and	 +37  mV	 at	 10  mM	 [Mg2+]	 (P  <  .001)	 (Figure  2J	
and	Table 3).	The	data	suggest	that	Mg2+	dependency	of	
channel	 activation	 was	 reduced	 by	 the	 p.(A172T)	 vari-
ant.	Co-	immunoprecipitation	(Co-	IP)	assays	showed	that	
FLAG-	tagged	 WT	 channels	 or	 variant	 BK	 channels	 in-
teracted	 with	 GFP-	tagged	WT	 BK	 channels	 (Figure  2K).	
These	data	suggest	that	WT	and	mutant	BK	channel	sub-
units	can	co-	assemble	to	form	heteromeric	channels.

Many	 disease-	associated	 ion	 channel	 variants	 may	
affect	 the	 expression	 of	 channel	 proteins	 and/or	 their	
subcellular	 distribution	 on	 the	 cell	 membrane.23,24	 To	
explore	 the	 impact	 of	 genetic	 variation	 on	 the	 expres-
sion	 of	 BK	 channel	 proteins	 and	 BK	 channel	 traffick-
ing,	 we	 transiently	 transfected	 expression	 plasmids	 for	
WT	 KCNMA1-	FLAG	 or	 variant	 KCNMA1-	FLAG	 into	
HEK293T	 cells,	 and	 used	 them	 for	 Western	 blot	 anal-
ysis	 with	 an	 anti-	Flag	 antibody.	 Both	 the	 total	 protein	
and	 membrane	 protein	 expression	 levels	 of	 variant	
KCNMA1-	FLAG	 and	 WT	 KCNMA1-	FLAG	 were	 essen-
tially	equal	(Figure 2L-	N,	Figure S2).	The	data	indicate	

Gene Mutation Type Category
ACMG 
standard

KCNMA1 c.G514A,	
p.A172T

Missense PS2,	PS3,	PM2,	PP3 PS

KCNMA1 c.G940A,	
p.A314T

Missense PS2,	PS3,	PM1,	PM2,	PP3 PS

KCNMA1 c.A1606C,	
p.N536H

Missense PS2,	PS3,	PM1,	PM2,	PP3 PS

KCNMA1 c.A2984G,	
p.N995S

Missense PS2,	PS3,	PM1,	PM2,	PP3 PS

Note: PS2,	de	novo;	PS3,	well-	established	in	vitro	or	in	vivo	functional	studies	supportive	of	a	damaging	
effect	on	the	gene	or	gene	product;	PM1,	located	in	a	mutational	hot	spot	and/or	critical	and	well-	
established	functional	domain;	PM2,	absent	from	controls	(or	at	extremely	low	frequency	if	recessive)	in	
databases;	PP3,	multiple	lines	of	computational	evidence	support	a	deleterious	effect	on	the	gene	or	gene	
product;	PS,	pathogenic	strong.

T A B L E  1 	 Classification	of	KCNMA1	
variants	following	ACMG	guidelines

F I G U R E  2  KCNMA1	variant	p.(A172T)	acts	by	a	loss-	of-	function	mechanism.	(A)	Pedigree	structure	and	genotyping	data	for	KCNMA1	
variant	p.(A172T)	showing	the	de	novo	nature	of	the	variant.	(B)	The	p.(A172T)	variant	occurs	at	an	evolutionarily	conserved	amino	acid	
residue.	(C-	J)	Electrophysiological	characterization	of	the	p.(A172T)	variant.	(C	and	D)	Representative	macroscopic	currents	and	G-	V	curves	
of	WT,	WT + p.(A172T),	or	p.(A172T)	BK	channels	from	inside-	out	patch	experiments	in	the	presence	of	10 μM	Ca2+	using	the	protocol	
indicated	at	the	left	(n = 17-	25/group).	(E)	The	p.(A172T)	variant	reduced	the	normalized	amplitude	of	BK	currents	by	more	than	90%	when	
expressed	by	itself	and	by	35%-	60%	when	expressed	with	WT	channels	(‡P < .001).	(F-	H)	Effects	of	the	p.(A172T)	variant	on	Ca2+-	dependent	
activation	of	BK	currents.	(F	and	G)	Representative	macroscopic	currents	and	G-	V	curves	of	WT	and	WT + p.(A172T)	BK	channels	recorded	
using	the	protocol	in	F	panel	at	nominal	0 μM	[Ca2+],	1 μM	[Ca2+]	and	10 μM	[Ca2+].	All	G-	V	curves	were	fitted	by	Boltzmann	function	
(solid	lines)	with	V1/2	and	slope	factors	at	nominal	0 μM	Ca2+,	1 μM	Ca2+	and	10 μM	Ca2+	(n = 17-	25/group).	(H)	Relationship	between	
V1/2	and	[Ca2+]i	from	the	data	in	the	G	panel	(‡P < .001).	(F,	I,	and	J)	Effects	of	the	p.(A172T)	variant	on	Mg2+-	dependent	activation	of	BK	
currents.	(F	and	I)	Representative	macroscopic	currents	and	G-	V	curves	of	WT	and	WT + p.(A172T)	channels	recorded	in	0	and	10 mM	
[Mg2+]	using	the	protocol	in	the	F	panel.	All	G-	V	curves	were	fitted	by	Boltzmann	function	(solid	lines)	(n = 17-	25/group).	(J)	Relationship	
between	V1/2	and	[Mg2+]i	from	the	data	in	the	I	panel	(‡P < .001).	(K)	Co-	IP	showing	interaction	between	WT	and	p.(A172T)	channels.	(L)	
Western	blot	analysis	showing	that	the	p.(A172T)	variant	does	not	change	the	total	protein	and	membrane	protein	levels	of	BK	channels.	(M	
and	N)	Quantitation	of	protein	levels	from	the	data	as	in	the	L	panel	(n = 4)
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that	the	p.(A172T)	variant	does	not	affect	total	BK	pro-
tein	expression	or	its	membrane	localization.

2.3	 |	 A de novo variant p.(A314T) in the 
S5 transmembrane segment significantly 
decreases the protein expression and BK 
potassium current

A	 heterozygous	 de	 novo	 variant	 in	 the	 KCNMA1	 gene	
c.940G>A	 [p.(A314T)]	 was	 identified	 in	 a	 17-	year-	old	
male	 patient	 with	 mild	 to	 moderate	 developmental	
delay,	mild	intellectual	disability,	mild	cognitive	impair-
ment,	 mild	 ataxia	 and	 generalized	 epilepsy	 (Figures  1	
and	3A	and	Table 2).	The	patient	experienced	the	 first	
seizure	 at	 3  years	 of	 age	 (Table  2).	 Alanine	 314	 is	 lo-
cated	 in	 the	 S5	 transmembrane	 segment	 (Figure  1)	
and	 is	conserved	among	BK	channels	 from	Xenopus	 to	
humans	 (Figure  3B).	 In	 silico	 bioinformatic	 analysis	
suggested	that	the	p.(A314T)	variant	might	be	deleteri-
ous	 (Mutation	 Taster;	 PolyPhen-	2;	 SIFT).	 Patch-	clamp	
analysis	showed	that	the	mean	macroscopic	amplitude	
of	 the	 BK	 current	 generated	 from	 cells	 overexpressing	
mutant	 KCNMA1	 with	 the	 p.(A314T)	 missense	 vari-
ant	 was	 markedly	 less	 than	 the	 cells	 overexpressing	
WT	 KCNMA1	 (reduction	 of	 60%	 at	 100  mV,	 P  <  .001)	
(Figure  3C,E).	 Furthermore,	 the	 p.(A314T)	 missense	
variant	 led	 to	 a	 shift	 of	 the	 G-	V	 curve	 towards	 a	 more	
positive	potential	at	10 μM	[Ca2+]	by	+21 mV	(P < .001)	
(Figure 3D	and	Table 3).

To	mimic	the	heterozygous	state	of	the	variant	in	the	
patient,	we	transiently	transfected	an	equal	amount	of	WT	
and	variant	plasmids	(0.5 µg/plasmid),	WT	plasmid	alone	
(1 µg)	or	variant	plasmid	alone	(1 µg)	into	HEK293T	cells	
and	 recorded	 potassium	 currents.	 Compared	 with	 WT	
BK	channels,	WT/mutant	heteromeric	channels	 showed	

about	16%	reduction	of	the	normalized	current	densities	at	
100 mV	(P < .001)	(Figure 3C,E),	and	a	more	positive	volt-
age	at	which	 the	channel	was	half-	activated	by	+12 mV	
(P <  .001)	 (Figure 3D	and	Table 3).	Compared	with	WT	
channels,	the	p.(A314T)	variant	channels	shifted	the	G-	V	
curves	towards	more	positive	potentials	about	+20 mV	at	
nominal	Ca2+	concentrations	of	0,	1	and	10 μM	(P < .001)	
(Figure 3F-	H	and	Table 3).	Meanwhile,	we	examined	BK	
current	activation	from	WT	and	p.(A314T)	variant	chan-
nels	at	0	and	10 mM	[Mg2+].	Compared	with	WT	channels,	
the	G-	V	curves	of	p.(A314T)	variant	channels	exhibited	a	
shift	to	more	positive	potentials	by	+26 mV	in	the	absence	
of	Mg2+	and	by	+14 mV	at	10 mM	[Mg2+]	(Figure 3I).	The	
ΔV1/2	 values	 were	 similar	 at	 a	 range	 of	 Ca2+	 and	 Mg2+	
concentrations	 (Figure  3F-	J,	 Table  3).	 The	 data	 indicate	
that	 the	 p.(A314T)	 variant	 does	 not	 affect	 Ca2+/Mg2+-	
dependent	activation	of	BK	channels.

Co-	IP	 assays	 showed	 that	 there	 was	 an	 interaction	
between	 p.(A314T)	 variant	 channels	 and	 WT	 channels	
(Figure 3K).	Furthermore,	Western	blot	analysis	showed	
that	 both	 the	 total	 protein	 and	 membrane	 protein	 ex-
pression	 levels	 of	 the	 p.(A314T)	 variant	 channels	 were	
decreased	 by	 approximately	 35%	 compared	 with	 WT	
channels	(P < .05)	(Figure 3L-	N,	and	Figure S3).	The	data	
further	indicate	that	p.(A314T)	is	a	LOF	variant.

2.4	 |	 A de novo variant p.(N536H) in the 
RCK1 domain of BK channels is associated 
with intellectual disability, developmental 
delay, epilepsy, paroxysmal dyskinesia, 
mild cognitive impairment and mild 
dysmorphic features

A	de	novo	KCNMA1	variant,	c.1606A>C	[p.(N536H)],	was	
identified	 in	 a	 female	 patient	 with	 intellectual	 disability,	

F I G U R E  3  3	KCNMA1	variant	p.(A314T)	acts	by	a	loss-	of-	function	mechanism.	(A)	Pedigree	structure	and	genotyping	data	for	
KCNMA1	variant	p.(A314T)	showing	the	de	novo	occurrence	of	the	p.(A314T)	variant.	(B)	The	p.(A314T)	variant	occurs	at	an	evolutionarily	
conserved	amino	acid	residue.	(C-	J)	Electrophysiological	characterization	of	the	p.(A314T)	variant.	(C	and	D)	Representative	macroscopic	
currents	and	G-	V	curves	of	WT,	WT + p.(A314T),	or	p.(A314T)	BK	channels	from	inside-	out	patch	experiments	in	the	presence	of	10 μM	
[Ca2+]	using	the	protocol	indicated	at	the	left	(n = 16-	20/group).	(E)	The	p.(A314T)	variant	reduced	the	normalized	amplitude	of	BK	
current	by	60%-	70%	when	expressed	alone	and	by	about	25%	when	co-	expressed	with	WT	channels	(‡P < .001,	†P < .01).	(F-	H)	Effects	of	
the	p.(A314T)	variant	on	Ca2+-	dependent	activation	of	BK	currents.	(F	and	G)	Representative	macroscopic	currents	and	G-	V	curves	of	WT,	
WT + p.(A314T)	and	p.(A314T)	BK	channels	recorded	using	the	protocol	in	F	at	nominal	0 μM	[Ca2+],	1 μM	[Ca2+]	and	10 μM	[Ca2+].	All	
G-	V	curves	were	fitted	by	Boltzmann	function	(solid	lines)	with	V1/2	and	slope	factors	at	nominal	0 μM	[Ca2+],	1 μM	[Ca2+]	and	10 μM	
[Ca2+]	(n = 16-	20/group).	(H)	Relationship	between	V1/2	and	[Ca2+]i	from	the	data	as	in	the	G	panel	(‡P < .001).	(F,	I,	and	J)	Effects	of	the	
p.(A314T)	variant	on	Mg2+-	dependent	activation	of	BK	currents.	(F	and	I)	Representative	macroscopic	currents	and	G-	V	curves	of	WT,	
WT + p.(A314T)	and	p.(A314T)	channels	recorded	at	0	and	10 mM	[Mg2+]	using	the	protocol	in	the	F	panel.	All	G-	V	curves	were	fitted	
by	Boltzmann	function	(solid	lines)	(n = 16-	20/group).	(J)	Relationship	between	V1/2	and	[Mg2+]i	from	the	data	in	the	I	panel	(‡P < .001).	
(K)	Co-	IP	assays	showing	interaction	between	WT	and	p.(A314T)	channels.	(L)	Western	blot	analysis	showing	that	the	p.(A314T)	variant	
reduced	the	total	protein	and	membrane	protein	levels	of	BK	channels.	(M	and	N)	Quantitation	of	protein	levels	from	the	data	as	in	the	L	
panel	(n = 3;	*P < .05)
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developmental	 delay,	 epilepsy,	 paroxysmal	 dyskinesia,	
mild	 cognitive	 impairment	 and	 mild	 dysmorphic	 features	
(Figures 1	and	4A	and	Table 2).	Asparagine	536	is	located	in	

the	Ca2+-	sensing	RCK1	domain	that	contains	a	high-	affinity	
Ca2+-	binding	 site	 (Figure  1)25,26	 and	 is	 highly	 conserved	
through	evolution	(Figure 4B).	Compared	with	WT	channels,	
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10 of 18 |   LIANG et al.

F I G U R E  4  KCNMA1	variant	p.(N536H)	acts	by	a	gain-	of-	function	mechanism.	(A)	Pedigree	structure	and	genotyping	data	for	KCNMA1	
variant	p.(N536H)	showing	the	de	novo	occurrence	of	the	variant.	(B)	The	p.(N536H)	variant	occurs	at	an	evolutionarily	conserved	amino	
acid	residue.	(C-	J)	Electrophysiological	characterization	of	the	p.(N536H)	variant.	(C	and	D)	Representative	macroscopic	currents	and	G-	V	
curves	of	WT,	WT + p.(N536H),	and	p.(N536H)	BK	channels	from	inside-	out	patch	experiments	in	the	presence	of	10 μM	[Ca2+]	using	the	
protocol	indicated	at	the	left	(n = 14-	20/group).	(E)	The	p.(N536H)	variant	increased	the	normalized	amplitude	of	BK	currents	by	more	than	
300%	when	expressed	alone	and	by	200%	when	co-	expressed	with	WT	channels	at	−20 mV	(‡P	<	.001,	†P < .01,	*P < .05).	(F-	H)	Effects	of	
the	p.(N536H)	variant	on	Ca2+-	dependent	activation	of	BK	currents.	(F	and	G)	Representative	macroscopic	currents	and	G-	V	curves	of	WT,	
WT + p.(N536H)	and	p.(N536H)	BK	channels	at	nominal	0 μM	[Ca2+],	1 μM	[Ca2+]	and	10 μM	[Ca2+].	G-	V	curves	were	fitted	by	Boltzmann	
function	(solid	lines)	with	V1/2	and	slope	factors	at	nominal	0 μM	[Ca2+],	1 μM	[Ca2+]	and	10 μM	[Ca2+]	(n = 14-	20/group).	(H)	Relationship	
between	V1/2	and	[Ca2+]i	from	the	data	in	the	G	panel	(‡P < .001).	(F,	I,	and	J)	Effects	of	the	p.(N536H)	variant	on	Mg2+-	dependent	activation	
of	BK	currents.	(F	and	I)	Representative	macroscopic	currents	and	G-	V	curves	recorded	at	0	and	10 mM	[Mg2+]	for	WT,	p.(N536H)	and	
WT + p.(N536H)	channels	using	the	protocol	in	the	F	panel.	All	the	G-	V	curves	were	fitted	by	Boltzmann	function	(solid	lines)	(n = 14-	20/
group).	(J)	Relationship	between	V1/2	and	[Mg2+]i	from	the	data	as	in	the	I	panel	(‡P < .001).	(K)	Co-	IP	assays	showing	interaction	between	
WT	and	p.(N536H)	channels.	(L)	Western	blot	analysis	showing	that	the	p.(N536H)	variant	reduced	the	total	protein	and	membrane	protein	
levels	of	BK	channels.	(M	and	N)	Quantitation	of	protein	levels	from	the	data	as	in	the	L	panel	(n = 3;	†P < .01)
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the	 variant	 p.(N536H)	 channels	 significantly	 increased	 the	
mean	amplitude	of	the	BK	current	and	shifted	the	G-	V	curves	
to	 more	 negative	 potentials	 by	 −58  mV	 at	 10  μM	 [Ca2+]	
(P < .001,	Figure 4C-	E	and	Table 3).	The	mean	current	ampli-
tude	and	the	extent	of	negative	shift	of	the	G-	V	curve	for	the	
hetero-	WT/mutant	channels	were	about	half	of	the	mutant	
channels	compared	with	WT	channels	 (Figure 4C-	E).	This	
data	suggest	that	p.(N536H)	is	a	GOF	variant.

We	also	investigated	the	impact	of	the	p.(N536H)	vari-
ant	 on	 Ca2+-		 and	 Mg2+-	dependent	 activation	 of	 BK	 cur-
rents.	The	G-	V	curves	of	the	p.(N536H)	channels	shifted	
to	more	negative	potentials	compared	with	 those	of	WT	
channels	at	all	Ca2+	concentrations.	The	shift	was	approxi-
mately	−80 mV	in	the	presence	of	1 μM	intracellular	[Ca2+]	
and	approximately	−100 mV	in	the	presence	of	0 μM	in-
tracellular	 [Ca2+],	 suggesting	 a	 small	 degree	 of	 reduced	
sensitivity	of	the	mutant	or	hetero-	WT/mutant	channels	
to	Ca2+-	dependent	activation	(P < .001)	(Figure 4F-	H	and	
Table 3).	In	contrast,	the	variant	did	not	affect	the	sensitiv-
ity	to	Mg2+	(Figure 4F,I,J	and	Table 3).

Co-	IP	 assays	 showed	 that	 the	 FLAG-	tagged	 WT	 or	
mutant	BK	channels	interacted	with	GFP-	tagged	WT	BK	
channels	 (Figure  4K).	 In	 addition,	 we	 transfected	 cells	
with	expression	plasmids	for	the	WT	or	variant	p.(N536H)	
KCNMA1	and	analysed	their	expression	levels	by	Western	
blotting.	The	 total	 protein	 and	 membrane	 protein	 levels	
of	the	p.(N536H)	variant	channels	were	decreased	by	ap-
proximately	 55%	 compared	 with	WT	 channels	 (P  <  .01)	
(Figure 4L-	N,	and	Figure S4).

2.5	 |	 A de novo variant p.(N995S) is 
associated with developmental delay, 
cognitive impairment, moderate 
intellectual disability, epilepsy, 
dyskinesia and dysmorphism

We	 identified	 a	 17-	year-	old	 female	 patient	 who	 had	
developmental	delay,	cognitive	impairment,	moderate	
intellectual	 disability,	 partial	 epilepsy	 and	 dyskinesia	
(Figure 5A	and	Table 2).	She	also	showed	microcephaly	
and	some	dysmorphic	features	including	long	face,	hy-
pertelorism,	bulbous	nose	and	pointed	chin.	Interictal	
electroencephalography	(EEG)	revealed	multifocal	bi-
lateral	epileptiform	discharges	(Table 2).	Brain	magnetic	
resonance	imaging	and	metabolic	analysis	results	were	
normal.	Mutational	analysis	 identified	a	de	novo	mis-
sense	 KCNMA1	 variant	 [c.2984A>G,	 p.(N995S)]	 from	
the	patient	(Figures 1	and	5A	and	Table 2).	Asparagine	
995	is	located	in	the	RCK1	domain	and	conserved	from	
Xenopus	to	humans	(Figure 5).	Interestingly,	we	previ-
ously	reported	the	same	variant	in	two	independent	pa-
tients	who	had	epilepsy	in	early	childhood,	but	without	

paroxysmal	 dyskinesia.12	 Here,	 electrophysiological	
studies	 indicated	 that	 the	 p.(N995S)	 variant	 signifi-
cantly	enhanced	the	BK	potassium	currents	and	shifted	
the	 voltage	 at	 which	 the	 current	 was	 half-	activated	
towards	 more	 negative	 potentials	 compared	 with	
that	 of	 the	 WT	 channels	 by	 −46  mV	 at	 10  μM	 [Ca2+]	
(P < .001)	(Figure 5D	and	Table 3).	Our	previous	study	
showed	 that	 the	 p.(N995S)	 variant	 promoted	 voltage-	
dependent	 activation	 of	 BK	 channels	 and	 shortened	
the	 channel	 activation	 time.12	 In	 this	 study,	 we	 also	
characterized	the	function	of	mutant	BK	channels	in	a	
heterozygous	 state.	Compared	with	WT	channels,	 the	
shift	 of	 the	 G-	V	 curve	 to	 more	 negative	 potentials	 by	
hetero-	WT/mutant	channels	were	about	50%	of	that	for	
mutant	 channels	 (Figure  5D).	 In	 contrast,	 compared	
with	 WT	 channels,	 the	 enhancement	 of	 the	 normal-
ized	 current	 amplitude	 for	 hetero-	WT/mutant	 chan-
nels	were	much	less	 than	that	 for	mutant	channels	at	
negative	potentials	(Figure 5D).	The	data	may	suggest	
that	 the	 effect	 of	 the	 p.(N995S)	 variant	 on	 BK	 chan-
nels	 was	 somehow	 reduced	 in	 the	 heterozygous	 state	
compared	 with	 the	 homozygous	 mutant	 state.	 As	 re-
ported	previously,	the	p.(N995S)	variant	had	a	minimal	
effect	 on	 the	 Ca2+-	dependent	 activation	 of	 BK	 chan-
nels	 (Figure  5F-	H).	 Similarly,	 the	 p.(N995S)	 variant	
had	no	effect	on	the	Mg2+-	dependent	activation	of	BK	
channels	(Figure 5F,I,J).	Co-	IP	assays	showed	that	the	
mutant	 channels	 interacted	 with	 WT	 channels	 to	 co-	
assemble	 heteromeric	 channels	 (Figure  5K).	 Western	
blot	analysis	showed	that	variant	p.(N995S)	neither	af-
fected	 the	expression	 level	of	 total	protein	nor	 that	of	
the	membrane	BK	channel	proteins	(Figure 5L-	N,	and	
Figure S5).

3 	 | 	 DISCUSSION

Liang–	Wang	 syndrome	 (MIM	 #618729)	 is	 a	 newly	 re-
ported	 polymalformation	 disease	 with	 a	 wide	 spectrum	
of	 developmental	 and	 neurological	 abnormalities,	 and	
caused	 by	 LOF	 pathogenic	 variants	 in	 BK	 channel	 gene	
KCNMA1.13	Because	Liang–	Wang	syndrome	is	a	new	syn-
drome	and	presented	a	large	variability	on	clinical	mani-
festation,13	 the	 correlation	 between	 clinical	 phenotypes	
and	 genotypes	 needs	 further	 extensive	 investigation.	 In	
this	study,	we	described	the	detailed	functional	and	bio-
physical	 characteristics	of	 four	variants	 in	 the	BK	chan-
nel.	 We	 found	 two	 new	 KCNMA1	 variants,	 p.(A172T)	
and	p.(A314T),	 that	act	by	a	LOF	mechanism	and	cause	
Liang–	Wang	syndrome.	The	patient	with	p.(A172T)	had	
global	developmental	delay,	borderline	cognitive	impair-
ment	and	ataxia	but	without	paroxysmal	dyskinesia,	sei-
zures	or	dysmorphic	features.	The	patient	with	p.(A314T)	
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12 of 18 |   LIANG et al.

F I G U R E  5  KCNMA1	variant	p.(N995S)	acts	by	a	gain-	of-	function	mechanism.	(A)	Pedigree	structure	and	genotyping	data	for	KCNMA1	
variant	p.(N995S)	showing	the	de	novo	occurrence	of	the	variant.	(B)	The	p.(N995S)	variant	occurs	at	an	evolutionarily	conserved	amino	
acid	residue.	(C-	J)	Electrophysiological	characterization	of	the	p.(N995S)	variant.	(C	and	D)	Representative	macroscopic	currents	and	G-	V	
curves	of	WT,	WT + p.(N995S),	and	p.(N995S)	BK	channels	from	inside-	out	patch	experiments	in	the	presence	of	10 μM	[Ca2+]	using	the	
protocol	indicated	at	the	left	(n = 14-	24/group).	(E)	The	p.(N995S)	variant	increased	BK	current	by	more	than	600%	when	expressed	alone	
and	by	100%	when	co-	expressed	with	WT	channels	(‡P < .001,	*P < .05).	(F-	H)	Effects	of	the	p.(N995S)	variant	on	Ca2+-	dependent	activation	
of	BK	currents.	(F	and	G)	Representative	macroscopic	currents	and	G-	V	curves	of	WT,	WT + p.(N995S),	and	BK	channels	recorded	at	
nominal	0 μM	[Ca2+],	1 μM	[Ca2+]	and	10 μM	[Ca2+].	G-	V	curves	were	fitted	by	Boltzmann	function	(solid	lines)	with	V1/2	and	slope	factors	
at	nominal	0 μM	[Ca2+],	1 μM	[Ca2+]	and	10 μM	[Ca2+]	(n = 14-	24/group).	(H)	Relationship	between	V1/2	and	[Ca2+]i	from	the	data	in	the	
G	panel	(‡P < .001).	(F,	I,	and	J)	Effects	of	the	p.(N995S)	variant	on	Mg2+-	dependent	activation	of	BK	currents.	(F	and	I)	Representative	
macroscopic	currents	and	G-	V	curves	for	BK	currents	recorded	at	0	and	10 mM	[Mg2+]	for	WT,	p.(N995S),	and	WT + p.(N995S)	channels	
using	the	protocol	in	F	panel.	All	the	G-	V	curves	were	fitted	by	Boltzmann	function	(solid	lines)	(n = 14-	24/group).	(J)	Relationship	between	
V1/2	and	[Mg2+]i	from	the	data	in	the	I	panel	(‡P < .001).	(K)	Co-	IP	assays	showing	interaction	between	WT	and	p.(N995S)	channels.	(L)	
Western	blot	analysis	showing	that	the	p.(N995S)	variant	does	not	change	the	total	protein	and	membrane	protein	levels	of	BK	channels.	(M	
and	N)	Quantitation	of	protein	levels	from	the	data	as	in	the	L	panel	(n = 4)
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had	 mild	 to	 moderate	 developmental	 delay,	 mild	 intel-
lectual	disability,	mild	cognitive	impairment,	mild	ataxia	
and	generalized	epilepsy.	These	data	significantly	expand	
the	 spectrum	 of	 KCNMA1	 LOF	 variants	 associated	 with	
Liang–	Wang	syndrome.

We	 also	 identified	 two	 new	 patients	 with	 previ-
ously	 reported	GOF	KCNMA1	 variants,	p.(N536H)	and	
p.(N995S),	 and	 characterized	 them	 both	 clinically	 and	
functionally	in	more	details.	We	reported	that	GOF	vari-
ants	of	KCNMA1,	p.(D434G)	and	p.(N995S),	were	asso-
ciated	with	generalized	epilepsy,	paroxysmal	dyskinesia	
or	both	(GEPD).11,12	Surprisingly,	our	new	patient	with	
the	 p.(N536H)	 GOF	 variant	 showed	 much	 more	 com-
plex	 phenotypes,	 including	 intellectual	 disability,	 de-
velopmental	delay,	mild	cognitive	impairment,	epilepsy,	
mild	 dysmorphic	 features	 and	 paroxysmal	 dyskinesia	
(Table 2).	Zhang	et	al	described	the	same	p.(N536H)	vari-
ant	from	an	unrelated	patient	in	2020.18	Compared	with	
our	patient	with	a	clear	diagnosis	of	epilepsy,	the	patient	
reported	by	Zhang	and	colleagues	had	rare	epileptiform	
activity	 without	 any	 EEG	 correlate.18	 In	 addition,	 our	
patient	 displayed	 developmental	 delay,	 mild	 cognitive	
impairment	 and	 mild	 dysmorphic	 features,	 while	 the	
patient	from	Zhang	et	al	displayed	symptoms	of	autism	
spectrum	disorder,	mild	cerebellar	atrophy	and	an	atten-
tion	deficit	hyperactivity	disorder.18	Similarly,	our	new	
patient	 with	 the	 p.(N995S)	 GOF	 variant	 showed	 much	
more	 complex	 phenotypes,	 including	 developmental	
delay,	 cognitive	 impairment,	moderate	 intellectual	dis-
ability,	partial	epilepsy,	dyskinesia,	microcephaly,	some	
dysmorphic	features	including	long	face,	hypertelorism,	
bulbous	nose,	and	pointed	chin,	multifocal	bilateral	ep-
ileptiform	discharges	on	EEGs,	and	normal	brain	MRI	
and	 metabolic	 analysis	 (Table  2).	 These	 new	 data	 sig-
nificantly	expand	the	spectrum	of	clinical	features	asso-
ciated	with	GOF	variants	of	KCNMA1.

Notably,	 with	 more	 and	 more	 genotype–	phenotype	
correlation	 studies	 reported,	 clinical	 features	 associated	
with	 GOF	 variants	 (GEPD)	 and	 LOF	 variants	 (Liang–	
Wang	syndrome)	of	KCNMA1	appear	to	overlap	in	a	large	
extent,	 although	distinct	differences	were	also	noted.	To	
date,	 there	 are	 three	 GOF	 KCNMA1	 variants	 that	 have	
been	 reported	 and	 functionally	 characterized	 in	 details,	
including	p.(D434G)	identified	in	a	large	family,	p.(N995S)	
identified	 in	 seven	 independent	 patients	 and	 p.(N536S)	
identified	in	a	single	patient	(Figure 6).11,12,17,18	A	total	of	
nine	 LOF	 variants	 were	 reported	 and	 functionally	 char-
acterized,	 including	 p.(S351Y),	 p.(G354R),	 p.(G356R),	
p.(G375R),	 p.(C413Y)/p.(N449fs),	 p.(I663V),	 p.(P805L)	
and	 p.(D984N)13,27	 (Figure  6).	 Two	 reported	 mutations,	
p.(R458X)	 and	 p.(Y676Lfs*7),15-	17	 were	 assumed	 to	 act	
by	a	LOF	mechanism	because	of	 the	stop	codon	change	
and	frame-	shift.	However,	we	found	a	non-	peer	reviewed	

report	 in	 ‘Research	 Square’	 stating	 that	 p.(R458X)	 acted	
by	a	GOF	mechanism	because	the	mutation	increased	po-
tassium	current	in	Michigan	Cancer	Foundation	7	(MCF	
7)	cells.28	As	shown	in	Figure 6A,	GOF	KCNMA1	variants	
and	 LOF	 variants	 share	 some	 clinical	 features,	 includ-
ing	 epilepsy,	 developmental	 delay,	 intellectual	 disability	
and	 movement	 disorders.	 However,	 differences	 are	 also	
clear	 for	 the	two	types	of	mutations.	First,	LOF	variants	
cause	 visceral	 malformations	 and	 facial	 dysmorphism	
(Figure  6A).	 Second,	 the	 type	 of	 movement	 disorders	 is	
different:	GOF	KCNMA1	variants	cause	paroxysmal	non-	
kinesigenic	dyskinesia,	but	LOF	variants	cause	ataxia	and	
tremor	(Figure 6A).	Similarly,	the	clinical	features	for	the	
two	 GOF	 KCNMA1	 variants	 (p.(N536H)	 and	 p.(N995S))	
and	two	LOF	variants	p.(A172T)	and	p.(A314T)	described	
in	this	study	show	similarities	and	differences	(Figure 6B).	
In	addition	to	shared	features	of	epilepsy,	developmental	
delay,	intellectual	disability	and	movement	disorders,	both	
types	of	variants	also	share	cognitive	impairment,	micro-
cephaly	and	some	dysmorphic	features	(long	face,	hyper-
telorism,	bulbous	nose,	pointed	chin)	(Figure 6B).	On	the	
other	hand,	for	movement	disorders,	GOF	KCNMA1	vari-
ants	cause	paroxysmal	dyskinesia,	but	LOF	variants	cause	
ataxia	(Figure 6B).

The	 p.(A172T)	 variant	 identified	 in	 a	 Liang–	Wang	
syndrome	 patient	 occurs	 in	 the	 intracellular	 loop	 be-
tween	 S0	 and	 S1.	 We	 found	 that	 mutant	 BK	 channels	
with	 p.(A172T)	 failed	 to	 elicit	 any	 potassium	 current	
(Figure 2C,D),	although	it	did	not	affect	the	expression	
level	 of	 either	 total	 or	 membrane-	bound	 BK	 channels	
(Figure	2L-	N ).	Our	data	are	consistent	with	the	charac-
teristics	of	the	S0-	S1	loop	reported	from	previous	studies	
showing	 that	 the	S0-	S1	 loop	plays	a	substantial	 role	 in	
regulating	the	BK	channel	function.29	The	physical	inter-
action	between	the	auxiliary	subunit(s)	and	S0	segment	
of	the	BK	channel	α-	subunit	is	crucial	for	fine-	tuning	the	
properties	of	BK	channels	in	different	tissues.30	Jeffries	
et	al	showed	that	palmitoylation	within	the	S0-	S1	linker	
region	could	regulate	the	plasma	membrane	expression	
of	BK	channel.31	Further,	Duncan	et	al	revealed	that	the	
S0-	S1	loop	contained	a	specific	post-	translational	mod-
ification	site	for	S-	acylation,	whereas	the	S-	acylation	of	
the	α-	subunits	of	BK	can	dynamically	regulate	the	func-
tional	coupling	between	the	α-	subunits	of	the	BK	chan-
nel	and	 the	β1-	subunits.32	Further	secondary	structure	
analysis	predicted	special	Helix1	and	Helix2	within	the	
S0-	S1	 loop.33	The	 affected	 Ala172	 is	 located	 in	 a	 fairly	
critical	Helix2	site	(Trp158	to	Leu175).34	Suzuki	et	al	re-
vealed	 that	 the	 deletion	 mutant	 of	 Δ171-	178	 affected	
both	 the	macroscopic	BK	currents	and	 the	cell	 surface	
expression	 of	 the	 BK	 channel.34	 However,	 substitution	
of	 Ser171	 or	 Gln173	 to	 an	 alanine	 residue	 significantly	
decreased	the	potassium	currents	due	to	a	shift	of	G-	V	
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curves	to	more	positive	potentials,	but	had	no	influence	
on	 cell	 surface	 expression	 of	 the	 BK	 channel.34	 Asp164	
was	reported	to	provide	an	Mg2+-	binding	site,	and	Mg2+	
can	mediate	the	interaction	between	the	voltage-	sensor	
domain	and	the	cytoplasmic	domain.	Substitution	of	the	
Mg2+-	binding	 residue,	 Asp164,	 with	 alanine	 abolishes	
Mg2+	 sensitivity.22	 Recently,	 Laumonnier	 et	 al	 found	
that	 a	 KCNMA1	 SNP	 p.(A138V)	 located	 in	 the	 S0-	S1	
loop	was	associated	with	autism	and	led	to	reduced	BK	
current	 in	 the	 lymphoblastoid	 cell	 lines	 of	 patients.35	
Interestingly,	Plante	et	al	showed	that	this	SNP	altered	
the	sensitivity	of	the	BK	channel	to	Mg2+-	dependent	gat-
ing	under	1 μM	Ca2+	condition.36	Our	study	identified	a	
LOF	 variant,	 p.(A172T),	 that	 affects	 a	 new	 key	 amino	
acid	residue	that	regulates	Mg2+-	dependent	gating	of	BK	
channels	and	plays	a	critical	role	in	the	pathogenesis	of	
Liang–	Wang	syndrome.

It	is	interesting	to	note	that	almost	all	KCNMA1	vari-
ants,	either	GOF	or	LOF	variants	identified	to	date,	are	
heterozygous	 de	 novo	 variants,	 which	 are	 expected	 to	
show	an	autosomal	dominant	inheritance	pattern	in	fu-
ture	 generations.	 Two	 exceptional	 cases	 are	 noted.	 In	
one	 large	 family	 with	 multiple	 patients	 affected	 with	
epilepsy,	 paroxysmal	 dyskinesia,	 or	 both,	 we	 identi-
fied	 heterozygous	 KCNMA1	 variant	 p.(D434G)	 that	
shows	 an	 autosomal	 dominant	 inheritance	 pattern	
in	 the	 family.11	 In	 one	 other	 family,	 the	 proband	 with	
clinical	features	of	Liang–	Wang	syndrome	carries	com-
pound	 heterozygous	 KCNMA1	 variants,	 including	 the	
maternally	 inherited	 missense	 variant	 p.(C413Y)	 and	
the	 frameshift	 variant	 p.(N449fs),	 which	 is	 inherited	
from	 the	 father.	 Functional	 studies	 showed	 that	 the	
both	 variants	 are	 LOF	 variants.13	 It	 is	 also	 interesting	
to	note	that	 two	new	KCNMA1	variants	were	reported	
while	this	manuscript	was	under	consideration.	Graber	

et	al	 reported	a	de	novo	heterozygous	one	bp	deletion	
variant	in	KCNMA1	 (c.112delG)	in	a	Liang–	Wang	syn-
drome	 patient	 who	 presented	 with	 drug-	resistant	 epi-
lepsy	with	severe	developmental	delay	initially	related	
to	bilateral	asymmetric	frontal	polymicrogyria	since	the	
age	of	2	months.37	Yao	et	al	 reported	another	de	novo	
LOF	 KCNMA1	 variant,	 p.(E155Q),	 in	 a	 Liang–	Wang	
syndrome	 patient	 with	 febrile	 seizures,	 hyperactivity,	
repeated	 daze,	 poor	 language	 development	 and	 devel-
opmental	delay.38

In	summary,	in	this	study,	we	characterized	four	new	
patients	 with	 KCNMA1	 variants,	 including	 p.(A172T),	
p.(A314T),	p.(N536H)	and	p.(N995S),	in	detail.	We	found	
that	two	of	these	variants,	p.(A172T)	and	p.(A314T),	acted	
by	 a	 LOF	 mechanism,	 and	 were	 associated	 with	 Liang–	
Wang	 syndrome.	 For	 two	 other	 variants,	 p.(N536H)	 and	
p.(N995S),	 that	 acted	 by	 a	 GOF	 mechanism,	 new	 clini-
cal	phenotypes	were	identified,	including	developmental	
delay,	 cognitive	 impairment,	 intellectual	 disability,	 mi-
crocephaly	and	dysmorphic	features.	The	data	expanded	
the	spectrum	of	KCNMA1	variants,	and	the	spectrum	of	
clinical	 features	 associated	 with	 KCNMA1	 variants,	 and	
emphasized	 the	 interesting	 finding	 that	 LOF	 and	 GOF	
variants	 of	 KCNMA1	 shared	 more	 clinical	 features	 than	
previously	 thought.	 However,	 much	 more	 genotype–	
phenotype	 correlation	 studies	 are	 needed	 in	 the	 future	
to	continue	to	enrich	the	spectrum	of	clinical	features	of	
Liang–	Wang	syndrome.

4 	 | 	 MATERIALS AND METHODS

All	 the	materials	 submitted	conform	with	good	publish-
ing	practice	in	physiology	according	to	Acta	Physiologica	
guidelines.39

F I G U R E  6  Genotype–	phenotype	correlation	studies	identify	clinical	features	of	Liang–	Wang	syndrome	caused	by	loss-	of-	function	
variants	of	KCNMA1,	clinical	features	associated	with	by	gain-	of-	function	variants	of	KCNMA1,	and	clinical	features	shared	by	both	loss-	of-	
function	and	gain-	of-	function	variants	of	KCNMA1.	(A)	Genotype-	phenotype	correlation	studies	for	previously	reported	KCNMA1	variants.	
(B)	Genotype-	phenotype	correlation	studies	for	the	four	variants	characterized	in	this	study
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4.1	 |	 Patients and KCNMA1 variants

Patients	 carrying	 KCNMA1	 variants	 were	 referred	 to	
our	 laboratory	 for	 consultation	 of	 the	 functionality	 by	
genetic	counselors,	medical/clinical	geneticists	or	phy-
sicians.	 These	 patients	 had	 whole-	exome	 sequencing	
performed	 by	 certified	 commercial	 companies,	 and	
sought	genetic	consultation	 from	their	genetic	counse-
lors,	medical	geneticists	or	physicians,	who	in	turn	com-
municated	 with	 us.	 Exome	 sequencing	 was	 performed	
using	 genomic	 DNA	 isolated	 with	 standard	 methods	
from	whole	blood	from	proband	and	parents.	Libraries	
were	 prepared	 using	 the	 Ion	 AmpliSeq™	 Exome	 Kit	
(Life	 Technologies)	 and	 quantified	 by	 qPCR.	 The	 en-
riched	libraries	were	prepared	using	Ion	Chef™	and	se-
quenced	on	PI™	Chip	in	the	Ion	Proton™	System	(Life	
Technologies)	 to	 provide	 >90%	 of	 amplicons	 covered	
with	at	least	20X.	Signal	processing,	base	calling,	align-
ment	and	variant	calling	were	performed	on	a	Proton™	
Torrent	 Server	 using	 the	 Torrent	 Suite™	 Software.	
Variants	were	annotated	using	Ion	Reporter™	Software,	
and	pedigree	analysis	was	performed	using	the	Genetic	
Disease	 Screen	 (GDS)	 trio	 workflow.	 Variant	 filtering	
and	 prioritization	 and	 evaluation	 of	 list	 of	 candidate	
variants	 were	 performed	 as	 previously	 described.40	
Information	from	specific	databases	 including	variants	
already	 described	 in	 association	 with	 a	 known	 pheno-
type	 (ClinVar)	 and	 population	 frequency	 databases	
(dbSNP,	 gnomAD,	 1000	 Genome	 Project,	 or	 NHLBI-	
ESP	6500	exomes)	to	annotate	variants	that	usually	exist	
in	the	general	population	was	used.	We	also	estimated	
the	 pathogenicity	 of	 variants	 using	 CADD	 and	 a	 sum-
mation	 of	 selected	 prediction	 systems	 included	 in	 the	
dbNSFP	 database	 (SIFT,	 PolyPhen2,	 MutationTaster,	
MutationAssessor,	LRT,	FATHMM,	and	MetaSVM)	for	
missense	 mutations.	 For	 mutations	 identified	 in	 splic-
ing	regions	 (including	synonymous	mutations),	 the	ef-
fect	on	mRNA	processing	has	been	evaluated	using	the	
SpliceSiteFinder	 and	 MaxEntScan	 prediction	 systems,	
included	 in	 the	 SPiCE	 algorithm.	 Nucleotide	 position	
conservation	has	been	evaluated	according	to	the	UCSC	
score	 ranges	 for	 the	 PhyloP	 tool.	 Finally,	 priorization	
variant	 was	 based	 on	 stringent	 assessments	 at	 both	
the	gene	and	variant	 levels,	and	taking	 into	considera-
tion	patient's	phenotype	and	the	associated	inheritance	
pattern.	 Candidate	 variants	 were	 visualized	 using	 IGV	
(Integrative	Genomics	Viewer).	Candidate	variants	were	
evaluated	 based	 on	 stringent	 assessments	 at	 both	 the	
gene	and	variant	 levels,	 taking	into	consideration	both	
the	 patient's	 phenotype	 and	 the	 inheritance	 pattern.	
Variants	were	classified	following	the	guidelines	of	the	
American	 College	 of	 Medical	 Genetics	 and	 Genomics	
(ACMG).21	 A	 board	 of	 molecular	 clinical	 geneticist	

evaluated	 each	 variant	 classified	 as	 pathogenic,	 likely	
pathogenic,	 or	 a	 variant	 of	 uncertain	 significance,	 and	
decided	which,	if	any,	had	to	be	reported.	In	every	case,	
causal	variants	were	discussed	with	the	referring	physi-
cian	and/or	clinical	geneticist.	Identified	variants	were	
confirmed	by	Sanger	sequencing.	No	pathogenic	or	likely	
pathogenic	variants	were	identified	in	genes	previously	
reported	for	epilepsy,	paroxysmal	dyskinesia	and	other	
movement	 disorders,	 and	 neurodevelopmental	 disor-
ders.	This	study	was	approved	by	the	Ethics	Committee	
of	Huazhong	University	of	Science	and	Technology	and	
other	 local	 IRBs	 on	 human	 subject	 research.	 Written	
informed	consent	was	obtained	from	study	subjects	ac-
cording	to	the	appropriate	IRB	policies.	The	study	abides	
by	the	Declaration	of	Helsinki	principles.

4.2	 |	 Plasmids and mutagenesis

An	 expression	 plasmid	 for	 FLAG-	tagged	 KCNMA1	
(KCNMA1-	FLAG)	(GenBank	accession	number	U23767)	
was	described	previously.12,13	KCNMA1	expression	plas-
mids	 with	 different	 variants	 were	 constructed	 using	
polymerase	 chain	 reaction	 (PCR)-	based	 site-	directed	
mutagenesis.41	The	KCNMA1	cDNA	was	also	subcloned	
into	 the	 pEGFP-	N1	 vector	 to	 generate	 an	 expression	
plasmid	 for	 EGFP-	tagged	 KCNMA1	 (KCNMA1-	GFP).	
Primers	 for	 molecular	 cloning	 are	 given	 in	 Table  S1.	
The	 entire	 KCNMA1	 cDNA	 insert	 in	 various	 plasmids	
was	confirmed	by	Sanger	sequencing	as	described	in	our	
previous	study.42

4.3	 |	 Cell culture, 
transfection and antibodies

HEK293T	cells	were	cultured	at	37°C	in	an	incubator	with	
5%	CO2	in	DMEM	(Dulbecco's	Modified	Eagle's	Medium)	
supplemented	with	10%	fetal	bovine	serum	(FBS)	(Gibco,	
Gaithersburg,	MD,	USA).	For	 the	patch-	clamping	study,	
HEK293T	cells	were	cultured	to	80%	confluence	on	cov-
erslips	in	24-	well	plates,	and	transiently	transfected	with	
1  μg	 of	 WT	 KCNMA1-	FLAG,	 0.5  μg	 of	 WT	 KCNMA1-	
FLAG	plus	0.5 μg	of	mutant	KCNMA1-	FLAG,	or	1 μg	of	
mutant	KCNMA1-	FLAG	together	with	0.1 μg	of	pEGFP-
	N1	 as	 a	 transfection	 indicator	 using	 GenJet	 (SignaGen	
Laboratories,	Rockville,	MD,	USA).	Only	cells	with	green	
signals	were	selected	for	patch-	clamping	recordings	of	po-
tassium	currents.

The	 mouse	 monoclonal	 anti-	FLAG	 antibody	 (MBL	
International,	 Woburn,	 MA,	 USA)	 and	 an	 anti-	GFP	 an-
tibody	 (Affinity	 Biosciences,	 USA)	 were	 used	 at	 a	 dilu-
tion	 factor	 of	 1:1000.	 A	 mouse	 anti-	β-	tubulin	 antibody	
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(Millipore,	Burlington,	MA,	USA)	and	a	rabbit	anti-	Na/K-	
ATPase	antibody	(Proteintech,	Rosemont,	IL,	USA)	were	
each	used	at	a	dilution	factor	of	1:1000.	A	goat	anti-	mouse	
horseradish	 peroxidase	 (HRP)-	conjugated	 secondary	 an-
tibody	and	a	goat	anti-	rabbit	HRP	conjugated	secondary	
antibody	were	purchased	from	Biosharp	(China)	and	each	
used	at	a	dilution	factor	of	1:20,000.

4.4	 |	 Co- immunoprecipitation (Co- IP) 
assays and Western blot analysis

Co-	IP	 assays	 were	 performed	 as	 previously	 described.43,44	
Three	 groups	 of	 plasmids,	 including	 p3	 x	 FLAG	 (8  μg)	
plus	 KCNMA1-	GFP	 (8  μg),	 KCNMA1-	FLAG	 (8  μg)	 plus	
KCNMA1-	GFP	(8 μg),	and	KCNMA1-	mutant-	FLAG	(8 μg)	
plus	 KCNMA1-	GFP	 (8  μg),	 were	 respectively	 transfected	
into	HEK293T	cells	in	10 cm	plates	using	GenJet	(SignaGen	
Laboratories,	Rockville,	MD,	USA)	and	cultured	for	48 h.	The	
cells	then	were	lysed	in	ice-	cold	IP	lysis	buffer	(20 mM	Tris–	
HCl,150 mM	NaCl,	1%	Triton-	X-	100,	pH = 7.5),	incubated	
with	1.5 mg	of	an	anti-	FLAG	antibody	at	4℃	for	12 h,	and	
mixed	with	Protein	A/G	beads	(Santa	Cruz	Biotechnology,	
USA).	Then,	the	beads	were	washed	10	times	for	2 h	using	
the	IP	lysis	buffer,	mixed	with	1×	SDS–	PAGE	loading	buffer,	
and	analysed	by	Western	blot	analysis	as	described.43

4.5	 |	 Membrane protein isolation

Membrane	proteins	were	prepared	by	ultracentrifugation	
and	sonication	of	transfected	cells.	After	48 h,	HEK293T	
cells	were	transiently	transfected	with	5 μg	of	either	the	
WT	plasmid	or	variant	KCNMA1	 expression	plasmid	 in	
6 cm	plates	using	10	μL	Lipofectamine	2000	(Invitrogen,	
Carlsbad,	CA,	USA).	The	cells	were	resuspended	in	Buffer	
1	 (25  mM	 Tris–	HCl,	 5  mM	 ethylenediaminetetraacetic	
acid	and	5 mM	Ethylenebis	tetraacetic	acid	(EGTA),	pH	
7.5).	One-	tenth	of	the	lysates	were	reserved	for	total	pro-
tein	analysis	while	the	remaining	lysates	were	subjected	
to	 sonication	 and	 ultracentrifugation	 for	 preparation	 of	
membrane	 proteins.	 Then,	 the	 pellet	 was	 washed	 three	
times	with	phosphate-	buffered	saline	(PBS),	resuspended	
in	Buffer	2	(20 mM	Tris–	HCl,	137 mM	NaCl,	10%	glycerol	
and	1%	Nonidet	P-	40,	pH	7.4),	and	analysed	by	Western	
blotting	 analysis	 with	 an	 anti-	Flag	 antibody	 (MBL	
International,	USA)	as	described	previously.45

4.6	 |	 Electrophysiological analysis

For	 patch-	clamping	 experiments,	 the	 BK	 potassium	
current	was	recorded	using	an	inside-	out	configuration	

with	an	Axon	MultiClamp	700B	patch	clamp	amplifier	
and	 a	 Digidata	 1440A	 converter	 (Axon	 Instruments,	
San	Jose,	CA,	USA)	with	pCLAMP	10	software.	Pipettes	
were	 fabricated	 from	 borosilicate	 glass	 capillaries	
and	pulled	by	a	P-	97	 instrument	 (Sutter	 Instruments,	
Novato,	 CA,	 USA)	 with	 3.5-	5.5	 MΩ	 resistance.	 The	
experiments	 were	 carried	 out	 at	 room	 temperature	
(22-	25°C).	 Potassium	 currents	 were	 low-	pass	 filtered	
at	5 kHz	and	digitized	at	50	kHz.43,46,47	The	data	were	
analysed	using	a	combination	of	Clampfit	version	10.2	
(Molecular	Devices,	San	Jose,	CA,	USA),	and	Microsoft	
Excel	 and	 Origin	 version	 8.5	 (Microcal	 Software,	
Northampton,	 MA,	 USA).	 The	 steady-	state	 activa-
tion	curves	were	 fitted	with	 the	Boltzmann	equation,	
G/Gmax  =  (1  +  exp((V- V1⁄2)/k))-	1,	 in	 which	 V1⁄2	 repre-
sents	the	membrane	potential	at	half-	maximal	activa-
tion,	and	k	 represents	 the	 slope	 factor	as	described.48	
The	 BK	 current	 was	 normalized	 using	 wild-	type	 BK	
current	as	reported	previously.49,50

The	 solutions	 used	 for	 the	 patch-	clamp	 experiments	
were	as	follows:

Pipette	 solution	 (in	 mM):	 160	 MeSO3K,	 2	
MgCl2,	and	10	4-	(2-	hydroxyethyl)-	1-	piperazin
eethanesulfonic	acid	(HEPES).

Nominal	0 μM	Ca2+	 solution	containing	 the	
following	 reagents	 (in	mM):	160	MeSO3K,	5	
EGTA,	and	10	HEPES.

1 μM	Ca2+	solution	containing	the	following	
reagents	(in	mM):	160	MeSO3K,	5	EGTA,	3.25	
CaCl2,	and	10	HEPES.

10 μM	Ca2+	solution	containing	the	following	
reagents	(in	mM):	160	MeSO3K,	5	hydroxyeth-
ylethylenediaminetriacetic	 acid,	 2.988	 CaCl2	
and	10	HEPES.

For	 Mg2+-	dependent	 experiments,	 the	 BK	
potassium	current	was	recorded	with	a	bath	
solution	containing	0	or	10 mM	Mg2+.

4.7	 |	 Statistical analysis

Statistical	 analysis	 was	 carried	 out	 using	 a	 two-	tailed	
Student's	 t-	test	 for	 analysing	 two	 groups.	 Data	 are	 pre-
sented	 as	 means  ±  standard	 errors	 of	 the	 means.	 A	 P-	
value	<.05	was	considered	to	be	statistically	significant.
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