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Abstract
Background  Autism spectrum disorder (ASD) covers a group of neurodevelopmental disorders with complex genetic back-
ground. Several genetic mutations, epigenetic alterations, copy number variations and single nucleotide polymorphisms have 
been reported that cause ASD or modify its phenotype. Among signaling pathways that influence pathogenesis of ASD, 
calcium signaling has a prominent effect.
Methods  We searched PubMed and Google Scholar databases with key words “Calcium signaling” and “Autism spectrum 
disorder”.
Conclusion  This type of signaling has essential roles in the cell physiology. Endoplasmic reticulum and mitochondria are 
the key organelles involved in this signaling. It is vastly accepted that organellar disorders intensely influence the central 
nervous system (CNS). Several lines of evidence indicate alterations in the function of calcium channels in polygenic 
disorders affecting CNS. In the current review, we describe the role of calcium signaling in normal function of CNS and 
pathophysiology of ASD.
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Introduction

Autism spectrum disorder (ASD) constitutes a set of neu-
rodevelopmental disorders described by essential deficits 
in social interactive skills, verbal and non-verbal commu-
nications, and repetitive interests and activities [1]. Sta-
tistics show a prevalence of 1 in 54 children for ASD [2]. 
Yet, figures vary by gender, race and ethnicity [3]. ASD is 
extremely heterogeneous in the terms of genetic background. 
Both inheritable and de novo genetic alterations have been 
found in association with ASD [4]. Although several genes 
have been shown to participate in the cognitive and behav-
ioral deficits in ASD, these genes only explain 10–20% 
of genetic background of ASD [4]. In addition to known 
genetic mutations, copy number variations (CNVs), single 
nucleotide polymorphisms (SNPs), and epigenetic altera-
tions have been reported to modulate the phenotypic spec-
trum in this disorder [4].

A previous karyotype study of ASD cases has reported 
the presence of major or minor chromosomal aberrations in 
a significant number of patients, with the fra(X)(q27) marker 
being detected in 25% of male subjects [5]. In addition, 
authors have detected long Y chromosomes, fra(XXp22), 
fra(16Xq23) and fra(6Xq26) in several cases [5]. Further 
studies have reported ASD susceptibility loci on chromo-
somes 7q, 1p, 3q, 16p, and 15q (reviewed in [4]). Beginning 
in early 2000s, investigation have suggested participation of 
a number of genes, namely RELN, Arx, MeCP2, NLGN3, 
NLGN4, TSC2, and UBE3A in the pathogenesis of ASD 
through a candidate gene approach [6–11]. Soon after, high 
throughput sequencing technology permitted assessment of 
ASD risk loci in a genome-wide level revealing association 
between a number of genetic loci and ASD. Notably, syn-
apse-related genes and ion transport genes have been among 
the mostly related group of genes with the pathoetiology of 
ASD [12–14]. Calcium signaling has importance in the regu-
lation of synaptic function, including both synaptogenesis 
and synaptic transmission [15], thus it might be involved 
in the pathogenesis of ASD. Based on the importance of 
calcium signaling in the neurodevelopment, this signaling 
pathway represents an appropriate candidate for ASD.
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Calcium signaling in the neurodevelopment 
and normal function of neurons

Calcium signaling has essential roles in the cell physiol-
ogy. Two major cellular organelles, namely endoplasmic 
reticulum and mitochondria are implicated in this kind of 
signaling [16]. Although organelles exist in basically all 
cells, organellar disorders intensely influence the central 
nervous system (CNS).

Calcium channels have essential roles for the instigation 
and dissemination of action potential in neurons. When an 
action potential reaches the presynaptic terminus of an axon, 
voltage-gated calcium channels in this place are opened to 
allow entry of calcium ions. Moreover, this process is more 
intensified by the release of calcium from the intracellular 
supplies. Collectively, these actions prompt the merging of 
neurotransmitter-containing intracellular synaptic vesicles 
with the plasma membranes of the presynaptic cells to per-
mit neurotransmitter release into the synaptic junction [17].

Voltage-sensitive calcium channels facilitate influx of cal-
cium ions into the excitable cells. These channels also par-
ticipate in diverse calcium-related functions, such as mus-
cle contraction, release of neurotransmitters, regulation of 
genes expression, as well as cell mobility, division and death 
[18]. Moreover, Wnt/calcium signaling pathways have been 
reported to exert functional roles in the regulation of cal-
losal axon growth and guidance, thus being involved in the 
development of the corpus callosum [19]. Precise regulation 
of intracellular calcium concentration has important effect 
in the physiological functions of neurons and governs neu-
rons survival and physiological efficacy from early phases 
of neurogenesis through their functions as mature cells. In 
fact, in neurons, calcium not only acts as a charge carrier, 
but also serves as a ubiquitous second messenger [20, 21]. 
Thus, it has roles in the initiation of a wide range signals 
being recognized by spatial and temporal dimensions, ampli-
tudes, frequencies of oscillations or localization to distinct 
neuronal sections [22, 23].

Moreover, inositol 1,4,5-trisphosphate 6 receptor 
(IP3R)-facilitated calcium release is implicated in synap-
tic plasticity in neurons, thus can affect memory function 
[24], excitability of neurons [25], release of neurotransmit-
ters [26], growth and extension of axons [27] and continu-
ing alterations in genes expression (26).

Calcium signaling in ASD

Bulks of evidence indicate alterations in the function of 
calcium channels in polygenic disorders affecting CNS 
[28]. Identification of mutations in ion channel genes in 

patients with ASD has led to the suggestion that ASD is a 
‘channelopathy’ [29]. For instance, the dominantly inher-
ited monogenic syndrome, Timothy syndrome, which is 
described by long QT arrhythmia and ASD features is 
associated with de novo mutations in CACNA1C gene, 
a gene that codes the main alpha subunit of a voltage-
activated calcium channel [30]. Following membrane 
polarization, calcium channels facilitate inflow of calcium 
ions into the cell. These channels are made by a complex 
of α-1, α-2/∆, β, and γ subunits. Notably, each of these 
proteins has several isoforms being encoded by diverse 
genes or being produced through alternative splicing of 
transcripts [31, 32]. The pore-forming α-1 subunit has the 
essential role in the activity of channels. Other subunits act 
as ancillary subunits regulating channel activity [33]. Aux-
iliary subunits regulate the channels and thus participate in 
the great functional diversity of calcium channels. In fact, 
association or dissociation of auxiliary subunits from pre-
existing channel complexes permits dynamic regulation of 
channel characteristics [33].

Another study has detected reduction of inositol tris-
phosphate (IP3)-mediated calcium signaling as the com-
mon characteristics of three discrete monogenic syn-
dromes with high comorbidity with ASD, i.e. fragile X 
syndrome and tuberous sclerosis syndrome types 1 and 
2 (TSC1 and TSC2) [34]. Moreover, a high throughput 
assay in a group of patients with sporadic ASD without 
any identified mutations has indicated significant depres-
sion of IP3-mediated calcium discharge from the endoplas-
mic reticulum following induction of purinergic receptors 
both sporadic and rare syndromic types of ASD. These 
observations have led to suggestion of this signaling as a 
convergent feature ASD [35].

Mutations in other loci coding α subunits of the volt-
age-activated calcium channel, as well as genes coding 
their accessory subunits have also been detected in ASD 
patients [36]. Similarly, variants of other channel loci have 
been shown to participate in the genetic basis of ASD [37]. 
Moreover, insufficient levels of vitamin D3 during mid-
gestation and infancy have been shown to enhance risk of 
ASD [38]. Based on the importance of vitamin D signaling 
in the regulation of calcium homeostasis [39], it is possible 
contribution of vitamin D signaling in the pathogenesis of 
ASD is associated with its effects on calcium hemostasis 
and signaling.

Both gain and loss of function variants have been recog-
nized in genes coding for voltage-activated calcium chan-
nel in association with ASD [40]. The former types of vari-
ants have been mostly detected in CACNA1C, CACNA1D, 
CACNA1F and CACNB2 resulting in prevention of voltage-
dependent inactivation of associated channels and dispropor-
tionate influx of calcium ions. Conversely, loss of function 
variants in CACNA1A and CACNA1H have been shown to 
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reduce conductance and shift voltage dependence of activa-
tion, leading to reduction of channel activity [40].

Moreover, mutations in Ryanodine receptors might also 
contribute to the pathogenesis of ASD. These receptors con-
stitute a family of huge, homotetrameric calcium channels 
situated in the sarcoplasmic/endoplasmic reticulum mem-
branes that discharge calcium from intracellular supplies. 
A maternally inherited duplication of the genomic region 
covering the RyR2 gene has been detected as the likely 
pathogenic alteration in some Lebanese ASD cases [41]. 
Another study has identified RyR2 missense de novo vari-
ants in sporadic form of childhood onset schizophrenia [42]. 
RyR3 is another member of this family which is located on 
the ASD-associated region 15q11–13. Although deletion of 
the RyR3 affects synaptic plasticity of hippocampal neurons 
and alters the adaptation of learned memory in response to 
external alterations or stimuli [43], genotyping of 14 tag 
SNPs within this gene has revealed no association between 
this locus and ASD among Japanese [44].

SNPs within ATPase Plasma Membrane Ca2+ Transport-
ing 2 (ATP2B2) has been found to be associated with ASD in 
male subjects [45]. Moreover, this gene has been confirmed 
to be one of the most reproducible associations with ASD 
in resequencing assays [46].

SLC25A12 gene which encodes a brain-specific form of 
the mitochondrial calcium-regulated aspartate/glutamate 
carrier, has also been linked with ASD in a research enlisted 
197 families [47].

Altered calcium signaling has also been detected in asso-
ciation with genetic alteration in NRXN1 gene, a locus being 
associated with several neurologic disorders such as ASD 
[48], schizophrenia [49], intellectual defects [50, 51], epi-
lepsy [52], and developmental delay [50]. NRXN1α+/− neu-
rons has exhibited alterations in calcium dynamics, with 
high frequencies, durations, and amplitudes of calcium 
transients [53]. High throughput sequencing has shown 
changes in ion transport and activity of ion transporters in 
NRXN1α+/− neurons, with up-regulation of voltage-gated 
calcium channels being one of the most significant pathways 
in these cells [53].

Moreover, a whole exome resequencing study has 
reported de novo rare alleles in α subunit loci CACNA1D 
and CACNA1E as the most important de novo risk mutations 
for ASD [54]. An additional analysis of CNV hotspots in 
ASD has revealed CNV duplications of SLC1A1 in two ASD 
cases [55]. Moreover, a common polymorphism SLC6A4 has 
been reported to be associated with this disorder [56]. Dupli-
cations of the neuronal calcium-binding protein CADPS2 
has also been detected in ASD patients [55]. Table 1 shows 
calcium signaling-related genes that might be involved in the 
pathophysiology of ASD.

Figure 1 shows the altered genes in calcium signaling in 
ASD.

Discussion

Several lines of evidence indicate the involvement of orga-
nellar and intracellular calcium signaling in the pathoetiol-
ogy of ASD [17]. This speculation is supported by molec-
ular and biochemical assays as well as linkage, association 
and mutation studies in human subjects. CACNA1E and 
CACNB2 have been among the firstly identified risk loci 
for ASD [4]. A systematic review conducted by Liao et al. 
has also verified the importance of other voltage-gated 
calcium channel-coding genes and their accessory subunits 
in the pathogenesis of ASD [40]. Moreover, assessment of 
variants within these genes has resulted in identification of 
inositol triphosphate/Ca2+ and MAPK as two important 
signaling pathways in the etiopathology of ASD [40].

In addition to experiments at genetic and genomic lev-
els, assessment of transcriptome might help to identifica-
tion of the role of calcium signaling in the pathoetiology 
of ASD, particularly those with polygenic inheritance. A 
recent in silico assessment of Genotype-Tissue Expression 
database and the human protein atlas dataset has led to 
identification of calcium signaling and the glutamatergic 
synapse pathways as two extremely interrelated pathways 
in the combined geneset [126]. Moreover, ASD pathways 
of abnormal synaptic functions, chromatin remodeling 
and ion channel activity have been found to be greatly 
linked by MAPK signaling and calcium channels [126], 
demonstrating the highly complicated nature of ASD and 
importance of calcium signaling in many aspects of patho-
physiology of this disorder.

Taken together, calcium signaling is involved not only 
in the etiology of monogenic cases of ASD, but also in the 
polygenically inherited ones. Evidence in support of its 
involvement in the former type is obtained from mutation 
assays in affected individuals. For the latter type, expres-
sion assays have helped in identification of involved path-
ways and molecules. For instance, the observed reduc-
tion of IP3 -mediated Ca2+ release from the endoplasmic 
reticulum following activation of purinergic receptors in 
sporadic cases of ASD supports this speculation [35].

In other words, although numerous common alleles, 
i.e. SNPs in the genes encoding calcium signaling-related 
proteins might have relatively small impacts in the risk of 
ASD, their combination with rare alleles in these genes 
(including both CNVs and pathogenic mutations) may 
establish large increased risk. Moreover, calcium signal-
ing has been shown to reverse epigenetic silencing of cer-
tain genes [127]. Thus, abnormal activity of this pathway 
might explain the impact of environmental elements in 
development of ASD.

Animal studies have also assisted in identification of 
relation between calcium signaling and ASD. For instance, 



10814	 Molecular Biology Reports (2022) 49:10811–10823

1 3

Ta
bl

e 
1  

C
al

ci
um

 si
gn

al
in

g-
re

la
te

d 
ge

ne
s w

ith
 p

ro
ba

bl
e 

ro
le

s i
n 

th
e 

pa
th

op
hy

si
ol

og
y 

of
 A

SD

G
en

e 
fa

m
ily

G
en

e
lo

cu
s

Pr
ot

ei
n

Fu
nc

tio
n

D
is

ea
se

 A
ss

oc
ia

tio
n

O
rg

an
is

m
Re

fe
re

nc
es

C
al

ci
um

 v
ol

ta
ge

-g
at

ed
 

ch
an

ne
ls

CA
C

N
A

1C
12

p1
3.

33
Su

bu
ni

t a
lp

ha
1 

C
M

ed
ia

te
s c

al
ci

um
 io

ns
 

in
flu

x 
in

to
 th

e 
ce

ll 
up

on
 

po
la

riz
at

io
n 

of
 m

em
-

br
an

es

Ti
m

ot
hy

 S
yn

dr
om

e,
 A

SD
, 

Ps
yc

hi
at

ric
 d

is
ea

se
s

H
om

o 
sa

pi
en

s
[3

1,
 3

2]

CA
C

N
A

1D
3p

21
.1

Su
bu

ni
t a

lp
ha

1 
D

M
ed

ia
te

s t
he

 e
nt

ry
 o

f c
al

-
ci

um
 io

ns
 in

to
 e

xc
ita

bl
e 

ce
lls

Si
no

at
ria

l n
od

e 
dy

sf
un

c-
tio

n 
an

d 
de

af
ne

ss
, A

SD
, 

Ps
yc

hi
at

ric
 d

is
ea

se
s

H
om

o 
sa

pi
en

s
[5

7,
 5

8]

CA
C

N
A

1H
16

p1
3.

3
Su

bu
ni

t a
lp

ha
1 

H
M

ed
ia

te
s c

al
ci

um
 io

ns
 

in
flu

x 
in

to
 th

e 
ce

ll 
up

on
 

po
la

riz
at

io
n 

of
 m

em
-

br
an

es

Fa
m

ili
al

 a
ut

is
m

, c
hi

ld
ho

od
 

ab
se

nc
e

H
om

o 
sa

pi
en

s
[5

9,
 6

0]

CA
C

N
A

1F
X

p1
1.

23
Su

bu
ni

t a
lp

ha
1 

F
M

ed
ia

te
s t

he
 in

flu
x 

of
 c

al
-

ci
um

 io
ns

 in
to

 th
e 

ce
ll

A
SD

, X
 li

nk
ed

 c
on

ge
ni

ta
l 

st
at

io
na

ry
 n

ig
ht

 b
lin

dn
es

s
H

om
o 

sa
pi

en
s

[6
1,

 6
2]

CA
C

N
A

1G
17

q2
1.

33
Su

bu
ni

t a
lp

ha
1 

G
M

ed
ia

te
s c

al
ci

um
 io

ns
 

in
flu

x 
in

to
 th

e 
ce

ll 
up

on
 

po
la

riz
at

io
n 

of
 m

em
-

br
an

es
, a

nd
 is

 im
pl

ic
at

ed
 

in
 so

m
e 

ca
lc

iu
m

-d
ep

en
d-

en
t p

ro
ce

ss
es

A
SD

, i
nt

el
le

ct
ua

l d
is

ab
il-

ity
, j

uv
en

ile
 m

yo
cl

on
ic

 
ep

ile
ps

y

H
om

o 
sa

pi
en

s
[1

8]

CA
C

N
A

1I
22

q1
3.

1
Su

bu
ni

t a
lp

ha
1 

I
M

ig
ht

 p
ar

tic
ip

at
e 

in
 c

al
ci

um
 

si
gn

al
in

g 
in

 n
eu

ro
ns

Po
ss

ib
ly

 im
pl

ic
at

ed
 in

 A
SD

H
om

o 
sa

pi
en

s
[6

3,
 6

4]

CA
C

N
A

1E
1q

25
.3

Su
bu

ni
t a

lp
ha

1 
E

M
ed

ia
te

s c
al

ci
um

 io
ns

 
in

flu
x 

in
to

 th
e 

ce
ll 

up
on

 
po

la
riz

at
io

n 
of

 m
em

-
br

an
es

, a
nd

 is
 im

pl
ic

at
ed

 
in

 so
m

e 
ca

lc
iu

m
-d

ep
en

d-
en

t p
ro

ce
ss

es

A
SD

, P
sy

ch
ia

tri
c 

di
se

as
es

H
om

o 
sa

pi
en

s
[6

5]

CA
C

N
A

1S
1q

32
.1

Su
bu

ni
t a

lp
ha

1 
S

Sl
ow

ly
 in

ac
tiv

at
in

g 
L-

ty
pe

 
vo

lta
ge

-d
ep

en
de

nt
 c

al
-

ci
um

 c
ha

nn
el

A
SD

H
om

o 
sa

pi
en

s
[6

6,
 6

7]

CA
C

N
B

2
10

p1
2.

33
-p

12
.3

1
A

ux
ili

ar
y 

su
bu

ni
t b

et
a 

2
A

 su
bu

ni
t o

f a
 v

ol
ta

ge
-

de
pe

nd
en

t c
al

ci
um

 c
ha

n-
ne

l p
ro

te
in

A
SD

, P
sy

ch
ia

tri
c 

di
se

as
es

H
om

o 
sa

pi
en

s
[6

8,
 6

9]

CA
C

N
A

2D
3

3p
21

.1
-p

14
.3

A
ux

ili
ar

y 
su

bu
ni

t a
lp

ha
2d

-
el

ta
 3

M
ed

ia
te

s c
al

ci
um

 io
ns

 
in

flu
x 

in
to

 th
e 

ce
ll 

up
on

 
po

la
riz

at
io

n 
of

 m
em

-
br

an
es

A
SD

H
om

o 
sa

pi
en

s
[7

0,
 7

1]

CA
C

N
A

2D
2

3p
21

.3
1

A
ux

ili
ar

y 
su

bu
ni

t a
lp

ha
2d

-
el

ta
 2

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[7

2]

CA
C

N
A

2D
4

12
p1

3.
33

A
ux

ili
ar

y 
su

bu
ni

t a
lp

ha
2d

-
el

ta
 4

A
 p

ro
te

in
 in

 th
e 

vo
lta

ge
-

de
pe

nd
en

t c
al

ci
um

 c
ha

n-
ne

l c
om

pl
ex

A
SD

H
om

o 
sa

pi
en

s
[7

3,
 7

4]

CA
C

N
G

2
22

q1
2.

3
A

ux
ili

ar
y 

su
bu

ni
t g

am
m

a 
2

Re
gu

la
te

s t
ra

ns
fe

rr
in

g 
an

d 
ch

an
ne

l g
at

in
g 

of
 th

e 
A

M
PA

 re
ce

pt
or

s

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[7

5,
 7

6]



10815Molecular Biology Reports (2022) 49:10811–10823	

1 3

Ta
bl

e 
1  

(c
on

tin
ue

d)

G
en

e 
fa

m
ily

G
en

e
lo

cu
s

Pr
ot

ei
n

Fu
nc

tio
n

D
is

ea
se

 A
ss

oc
ia

tio
n

O
rg

an
is

m
Re

fe
re

nc
es

Ry
an

od
in

e 
re

ce
pt

or
s

Ry
R

1
19

q1
3.

2
Ty

pe
 1

A
ct

s a
s a

 c
al

ci
um

 re
le

as
e 

ch
an

ne
l i

n 
th

e 
sa

rc
op

la
s-

m
ic

 re
tic

ul
um

, l
in

ks
 th

e 
sa

rc
op

la
sm

ic
 re

tic
ul

um
 

an
d 

tra
ns

ve
rs

e 
tu

bu
le

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[7

7,
 7

8]

Ry
R

2
1q

43
Ty

pe
 2

su
pp

lie
s c

al
ci

um
 to

 C
ar

di
ac

 
m

us
cl

e
C

hi
ld

ho
od

 o
ns

et
 sc

hi
zo

-
ph

re
ni

a
H

om
o 

sa
pi

en
s

[7
9,

 8
0]

Ry
R

3
15

q1
3.

3-
q1

4
Ry

an
od

in
e 

re
ce

pt
or

 3
Re

le
as

es
 c

al
ci

um
 fr

om
 

in
tra

ce
llu

la
r s

to
ra

ge
N

ot
 d

efi
ne

d 
(b

ut
 A

SD
 in

 
m

ic
e)

H
om

o 
sa

pi
en

s
[8

1,
 8

2]

–
A

TP
2B

2
3p

25
.3

A
TP

as
e 

pl
as

m
a 

m
em

br
an

e 
C

a2
+

 tr
an

sp
or

tin
g 

2
Re

m
ov

es
 c

al
ci

um
 io

ns
 fr

om
 

eu
ka

ry
ot

ic
 c

el
ls

 a
ga

in
st 

ve
ry

 la
rg

e 
co

nc
en

tra
tio

n 
gr

ad
ie

nt
s a

nd
 p

ar
tic

ip
at

es
 

in
 h

om
eo

st
as

is
 o

f i
nt

ra
ce

l-
lu

la
r c

al
ci

um

A
SD

H
om

o 
sa

pi
en

s
[8

3,
 8

4]

So
lu

te
 c

ar
rie

r f
am

ily
SL

C
1A

1
9p

24
.2

Fa
m

ily
 1

 m
em

be
r 1

In
 tr

an
sp

or
tin

g 
gl

ut
am

at
e 

ac
ro

ss
 p

la
sm

a 
m

em
br

an
es

A
SD

H
om

o 
sa

pi
en

s
[8

5,
 8

6]

SL
C

25
A

12
2q

31
.1

Fa
m

ily
 2

5 
m

em
be

r 1
2

Th
e 

ex
ch

an
ge

 o
f a

sp
ar

ta
te

 
fo

r g
lu

ta
m

at
e 

ac
ro

ss
 

th
e 

in
ne

r m
ito

ch
on

dr
ia

l 
m

em
br

an
e

A
SD

H
om

o 
sa

pi
en

s
[8

7,
 8

8]

SL
C

6A
4

17
q1

1.
2

Fa
m

ily
 6

 m
em

be
r 4

A
n 

in
te

gr
al

 m
em

br
an

e 
pr

o-
te

in
 th

at
 c

ar
rie

s s
er

ot
on

in
 

fro
m

 sy
na

pt
ic

 sp
ac

es
 in

to
 

pr
es

yn
ap

tic
 n

eu
ro

ns

A
SD

H
om

o 
sa

pi
en

s
[8

9,
 9

0]

SL
C

8A
1

2p
22

.1
Fa

m
ily

 8
 m

em
be

r A
1

Pr
ev

en
ts

 o
ve

rlo
ad

 o
f i

nt
ra

-
ce

llu
la

r s
to

re
s

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[9

1]

–
M

FN
2

1p
36

.2
2

M
ito

fu
si

n 
2

A
 m

ito
ch

on
dr

ia
l m

em
br

an
e 

pr
ot

ei
n 

th
at

 is
 in

vo
lv

ed
 in

 
m

ito
ch

on
dr

ia
l f

us
io

n 
an

d 
pa

rti
ci

pa
te

s i
n 

th
e 

pr
es

er
-

va
tio

n 
an

d 
fu

nc
tio

n 
of

 th
e 

m
ito

ch
on

dr
ia

l n
et

w
or

k

C
ha

rc
ot

-M
ar

ie
-T

oo
th

 
ax

on
al

 n
eu

ro
pa

th
y

H
om

o 
sa

pi
en

s
[6

8,
 9

2,
 9

3]

–
H

SP
A

9
5q

31
.2

H
ea

t s
ho

ck
 p

ro
te

in
 fa

m
ily

 A
 

(H
sp

70
) m

em
be

r 9
C

on
tri

bu
te

s i
n 

ce
ll 

pr
ol

if-
er

at
io

n,
 st

re
ss

 re
sp

on
se

s 
an

d 
pr

es
er

va
tio

n 
of

 th
e 

m
ito

ch
on

dr
ia

Si
de

ro
bl

as
tic

 a
ne

m
ia

, 
an

om
al

y 
sy

nd
ro

m
e,

 
Pa

rk
in

so
n

H
om

o 
sa

pi
en

s
[9

4,
 9

5]

–
M

C
U

10
q2

2.
1

M
ito

ch
on

dr
ia

l c
al

ci
um

 
un

ip
or

te
r

A
 c

al
ci

um
 tr

an
sp

or
te

r i
n 

th
e 

m
ito

ch
on

dr
ia

l i
nn

er
 

m
em

br
an

e

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[9

6,
 9

7]



10816	 Molecular Biology Reports (2022) 49:10811–10823

1 3

Ta
bl

e 
1  

(c
on

tin
ue

d)

G
en

e 
fa

m
ily

G
en

e
lo

cu
s

Pr
ot

ei
n

Fu
nc

tio
n

D
is

ea
se

 A
ss

oc
ia

tio
n

O
rg

an
is

m
Re

fe
re

nc
es

–
M

IC
U

1
10

q2
2.

1
M

ito
ch

on
dr

ia
l c

al
ci

um
 

up
ta

ke
 1

In
te

ra
ct

s w
ith

 th
e 

m
ito

ch
on

-
dr

ia
l c

al
ci

um
 u

ni
po

rte
r, 

an
d 

pa
rti

ci
pa

te
s i

n 
pr

ev
en

-
tio

n 
of

 m
ito

ch
on

dr
ia

l 
ca

lc
iu

m
 o

ve
rlo

ad

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[9

8,
 9

9]

–
M

IC
U

2
13

q1
2.

11
M

ito
ch

on
dr

ia
l c

al
ci

um
 

up
ta

ke
 2

In
vo

lv
ed

 in
 c

al
ci

um
 im

po
rt 

in
to

 th
e 

m
ito

ch
on

dr
io

n 
an

d 
ne

ga
tiv

e 
re

gu
la

tio
n 

of
 

m
ito

ch
on

dr
ia

l c
al

ci
um

 io
n 

co
nc

en
tra

tio
n

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

00
, 1

01
]

–
CA

D
PS

2
7q

31
.3

2
C

al
ci

um
 d

ep
en

de
nt

 se
cr

e-
tio

n 
ac

tiv
at

or
 2

C
al

ci
um

 b
in

di
ng

 p
ro

te
in

s 
th

at
 re

gu
la

te
s t

he
 e

xo
cy

to
-

si
s o

f s
yn

ap
tic

 a
nd

 d
en

se
-

co
re

 v
es

ic
le

s i
n 

ne
ur

on
s 

an
d 

ne
ur

oe
nd

oc
rin

e 
ce

lls

A
SD

H
om

o 
sa

pi
en

s
[1

02
, 1

03
]

–
M

H
S2

17
q1

1.
2-

q2
4

M
al

ig
na

nt
 h

yp
er

th
er

m
ia

 
su

sc
ep

tib
ili

ty
 2

M
is

m
at

ch
 D

N
A

 re
pa

ir 
pr

ot
ei

ns
A

SD
H

om
o 

sa
pi

en
s

[1
04

, 1
05

]

Tr
an

si
en

t r
ec

ep
to

r p
ot

en
tia

l 
ca

tio
n 

ch
an

ne
l s

ub
fa

m
ily

TR
PM

1
15

q1
3.

3
Su

bf
am

ily
 M

 m
em

be
r 1

C
al

ci
um

 p
er

m
ea

bl
e 

ca
tio

n 
ch

an
ne

l t
ha

t i
s e

xp
re

ss
ed

 
in

 m
el

an
oc

yt
es

 a
nd

 m
ig

ht
 

pa
rti

ci
pa

te
 in

 m
el

an
in

 
sy

nt
he

si
s

A
SD

C
on

ge
ni

ta
l s

ta
tio

na
ry

 n
ig

ht
 

bl
in

dn
es

s

H
om

o 
sa

pi
en

s
[1

06
, 1

07
]

TR
PC

1
3q

23
Su

bf
am

ily
 C

 m
em

be
r 1

Fo
rm

 a
 n

on
-s

el
ec

tiv
e 

ch
an

-
ne

l p
er

m
ea

bl
e 

to
 c

al
ci

um
 

an
d 

ot
he

r c
at

io
ns

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

08
]

TR
PC

3
4q

27
Su

bf
am

ily
 C

 m
em

be
r 3

Fo
rm

s a
 n

on
-s

el
ec

tiv
e 

ch
an

-
ne

l p
er

m
ea

bl
e 

to
 c

al
ci

um
 

an
d 

ot
he

r c
at

io
ns

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

09
]

TR
PC

5
X

q2
3

Su
bf

am
ily

 C
 m

em
be

r 5
C

al
ci

um
 p

er
m

ea
nt

 c
at

io
n 

ch
an

ne
l

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

10
, 1

11
]

TR
PC

4A
P

20
q1

1.
22

Su
bf

am
ily

 C
 m

em
be

r 4
 

as
so

ci
at

ed
 p

ro
te

in
In

vo
lv

ed
 in

 p
ro

te
in

 u
bi

q-
ui

tin
at

io
n 

an
d 

ub
iq

ui
tin

-
de

pe
nd

en
t p

ro
te

in
 

ca
ta

bo
lic

 p
ro

ce
ss

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

12
]

–
CA

M
K

2N
1

1p
36

.1
2

C
al

ci
um

/c
al

m
od

ul
in

 
de

pe
nd

en
t p

ro
te

in
 k

in
as

e 
II

 in
hi

bi
to

r 1

C
al

ci
um

-d
ep

en
de

nt
 p

ro
te

in
 

ki
na

se
 in

hi
bi

to
r a

ct
iv

ity
 

an
d 

pr
ot

ei
n 

ki
na

se
 b

in
di

ng
 

ac
tiv

ity

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

13
, 1

14
]



10817Molecular Biology Reports (2022) 49:10811–10823	

1 3

Ta
bl

e 
1  

(c
on

tin
ue

d)

G
en

e 
fa

m
ily

G
en

e
lo

cu
s

Pr
ot

ei
n

Fu
nc

tio
n

D
is

ea
se

 A
ss

oc
ia

tio
n

O
rg

an
is

m
Re

fe
re

nc
es

C
al

ci
um

/c
al

m
od

ul
in

-
de

pe
nd

en
t p

ro
te

in
 k

in
as

es
C

aM
K

II
10

2E
2-

10
2F

2;
Ty

pe
 II

In
vo

lv
ed

 in
 se

ve
ra

l 
pr

oc
es

se
s, 

in
cl

ud
in

g 
lo

ng
-

te
rm

 m
em

or
y;

 p
ep

tid
yl

-
th

re
on

in
e 

au
to

ph
os

ph
o-

ry
la

tio
n;

 a
nd

 re
gu

la
tio

n 
of

 fi
lo

po
di

um
 a

ss
em

bl
y.

 
A

ct
s u

ps
tre

am
 o

f w
ith

 a
 

po
si

tiv
e 

eff
ec

t o
n 

po
si

tiv
e 

re
gu

la
tio

n 
of

 d
op

am
in

er
-

gi
c 

sy
na

pt
ic

 tr
an

sm
is

si
on

A
xo

n 
gr

ow
th

D
ro

so
ph

ila
 m

el
an

og
as

te
r

[1
15

]

CA
M

K
2G

10
q2

2.
2

Ty
pe

 II
 g

am
m

a
A

 se
rin

e/
th

re
on

in
e 

pr
ot

ei
n 

ki
na

se
 a

nd
 a

 C
a(

2+
)/

ca
lm

od
ul

in
-d

ep
en

de
nt

 
pr

ot
ei

n 
ki

na
se

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

16
]

–
RY

K
3q

22
.2

Re
ce

pt
or

 li
ke

 ty
ro

si
ne

 
ki

na
se

Re
cr

ui
ts

 a
 si

gn
al

in
g-

co
m

pe
-

te
nt

 a
ux

ili
ar

y 
pr

ot
ei

n
no

t d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

17
]

–
A

LO
X

5
10

q1
1.

21
A

ra
ch

id
on

at
e 

5-
lip

ox
yg

e-
na

se
C

at
al

yz
es

 th
e 

co
nv

er
-

si
on

 o
f a

ra
ch

id
on

ic
 a

ci
d 

to
 5

(S
)-

hy
dr

op
er

ox
y-

6-
tra

ns
-8

,1
1,

14
-c

is
-

ei
co

sa
te

tra
en

oi
c 

ac
id

, a
nd

 
fu

rth
er

 to
 th

e 
al

ly
lic

 e
po

x-
id

e 
5(

S)
-tr

an
s-

7,
9-

tra
ns

-
11

,1
4-

ci
s-

ei
co

sa
te

tre
no

ic
 

ac
id

no
t d

efi
ne

d
H

om
o 

sa
pi

en
s

[1
18

]

–
O

R
A

I1
12

q2
4.

31
O

R
A

I c
al

ci
um

 re
le

as
e-

ac
ti-

va
te

d 
ca

lc
iu

m
 m

od
ul

at
or

 1
A

 m
em

br
an

e 
ca

lc
iu

m
 

ch
an

ne
l s

ub
un

it 
th

at
 is

 
ac

tiv
at

ed
 b

y 
th

e 
ca

lc
iu

m
 

se
ns

or
 S

TI
M

1 
in

 sh
or

ta
ge

 
of

 c
al

ci
um

 st
or

e

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

19
]

–
ST

IM
1

11
p1

5.
4

St
ro

m
al

 in
te

ra
ct

io
n 

m
ol

-
ec

ul
e 

1
M

ed
ia

te
s C

a2
+

 in
flu

x 
af

te
r 

sh
or

ta
ge

 o
f i

nt
ra

ce
llu

la
r 

C
a2

+
 st

or
es

 b
y 

ga
tin

g 
of

 st
or

e-
op

er
at

ed
 C

a2
+

 
in

flu
x 

ch
an

ne
ls

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

20
]

–
PM

CA
10

2B
5-

10
2B

5
Pl

as
m

a 
m

em
br

an
e 

ca
lc

iu
m

 
A

TP
as

e
In

vo
lv

ed
 in

 c
el

lu
la

r c
al

ci
um

 
io

n 
ho

m
eo

st
as

is
N

ot
 d

efi
ne

d
D

ro
so

ph
ila

 m
el

an
og

as
te

r
[1

21
]

–
CA

SR
3q

13
.3

3-
q2

1.
1

C
al

ci
um

 se
ns

in
g 

re
ce

pt
or

In
tra

ce
llu

la
r s

ig
na

lin
g 

pa
th

w
ay

s t
ha

t m
od

ify
 

pa
ra

th
yr

oi
d 

ho
rm

on
e

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

22
, 1

23
]



10818	 Molecular Biology Reports (2022) 49:10811–10823

1 3

Ta
bl

e 
1  

(c
on

tin
ue

d)

G
en

e 
fa

m
ily

G
en

e
lo

cu
s

Pr
ot

ei
n

Fu
nc

tio
n

D
is

ea
se

 A
ss

oc
ia

tio
n

O
rg

an
is

m
Re

fe
re

nc
es

–
V

D
A

C
1

5q
31

.1
Vo

lta
ge

 d
ep

en
de

nt
 a

ni
on

 
ch

an
ne

l 1
en

ab
le

s t
he

 e
xc

ha
ng

e 
of

 
m

et
ab

ol
ite

s a
nd

 io
ns

 
ac

ro
ss

 th
e 

ou
te

r m
ito

ch
on

-
dr

ia
l m

em
br

an
e 

an
d 

m
ig

ht
 

co
nt

ro
l m

ito
ch

on
dr

ia
l 

fu
nc

tio
n

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

24
]

G
lu

ta
m

at
e 

io
no

tro
pi

c 
re

ce
p-

to
r N

M
D

A
 ty

pe
s

G
R

IN
1

9q
34

.3
Su

bu
ni

t 1
Th

e 
pl

as
tic

ity
 o

f s
yn

ap
se

s, 
w

hi
ch

 is
 su

pp
os

ed
 to

 
in

sp
ire

 m
em

or
y 

an
d 

le
ar

ni
ng

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

25
]

G
R

IN
2B

12
p1

3.
1

Su
bu

ni
t 2

B
N

ot
 d

efi
ne

d
H

om
o 

sa
pi

en
s

[1
25

]
G

R
IN

2A
16

p1
3.

2
Su

bu
ni

t 2
A

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

25
]

G
R

IN
3A

9q
31

.1
Su

bu
ni

t 3
A

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

25
]

–
SA

R
A

F
8p

12
St

or
e-

op
er

at
ed

 c
al

ci
um

 
en

try
 a

ss
oc

ia
te

d 
re

gu
la

-
to

ry
 fa

ct
or

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

25
]

G
am

m
a-

am
in

ob
ut

yr
ic

 a
ci

d 
ty

pe
 A

 re
ce

pt
or

s
G

A
B

R
B

3
15

q1
2

Su
bu

ni
t b

et
a3

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

25
]

G
A

B
R

A
1

5q
34

Su
bu

ni
t a

lp
ha

1
N

ot
 d

efi
ne

d
H

om
o 

sa
pi

en
s

[1
25

]
G

A
B

RG
2

5q
34

Su
bu

ni
t g

am
m

a2
N

ot
 d

efi
ne

d
H

om
o 

sa
pi

en
s

[1
25

]
G

A
B

R
A

3
X

q2
8

Su
bu

ni
t a

lp
ha

3
N

ot
 d

efi
ne

d
H

om
o 

sa
pi

en
s

[1
25

]
G

A
B

B
R

2
9q

22
.3

3
Su

bu
ni

t 2
N

ot
 d

efi
ne

d
H

om
o 

sa
pi

en
s

[1
25

]
G

A
B

R
A

5
15

q1
2

Su
bu

ni
t a

lp
ha

5
N

ot
 d

efi
ne

d
H

om
o 

sa
pi

en
s

[1
25

]
G

A
B

R
B

2
5q

34
Su

bu
ni

t b
et

a2
N

ot
 d

efi
ne

d
H

om
o 

sa
pi

en
s

[1
25

]
G

A
B

R
A

2
4p

12
Su

bu
ni

t a
lp

ha
2

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

25
]

–
G

A
B

B
R

1
6p

22
.1

G
am

m
a-

am
in

ob
ut

yr
ic

 a
ci

d 
ty

pe
 B

 re
ce

pt
or

 su
bu

ni
t 1

N
ot

 d
efi

ne
d

H
om

o 
sa

pi
en

s
[1

25
]



10819Molecular Biology Reports (2022) 49:10811–10823	

1 3

knockout of IP3R2 gene which mediates calcium release 
from intracellular stores has resulted in induction of ASD-
like behaviors in animals [128].

In brief, calcium signaling-related genes are implicated 
in the pathogenesis of ASD. Additional functional studies 
in this field would facilitate identification of novel thera-
peutic approaches for this neurodevelopmental disorder.
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