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ARTICLE INFO ABSTRACT

Cay3.2 calcium channels play important roles in both neural excitability and aldosterone secretion. Recent
clinical studies found four germline mutations (S196 L, M15491, V1951E and P2083 L) in Cay3.2 channels. All
four mutations caused primary aldosteronism (PA), while only the M15491 mutation resulted in obvious neural
malfunctions besides PA. In human, there are two major Cay3.2 channel gene (CACNA1H) splice variants, either
with or without exon 26. In this study, we tested the expression of the two CACNAIH splice variants in zona
glomerulosa (ZG) cells of human adrenal cortex and the possibility that Cay3.2 (-26) and Cay3.2 (+ 26) channels
have different functional responses to the four PA mutations. We found that human ZG cells only express long
form Cay3.2(+26) channels. The M15491 mutation slowed the inactivation of Cay3.2(+ 26) more than 5 fold,
and Cay3.2(-26) more than 2 fold. The S196 L, V1951E and P2083 L mutations accelerated channel recovery
from inactivation for Cay3.2(+ 26), but not Cay3.2(-26) channels. All four mutations resulted in gain of function
of Cay3.2(+26) channels, leading to overproduction of aldosterone. In conclusion, the four PA mutations caused
more profound changes on Cay3.2 (+26) currents than on Cay3.2 (-26) currents, and except the M15491 mu-
tation, the S196 L, V1951E and P2083 L have little effect on the electrophysiological properties of Cay3.2(-26)
currents, which may partially explain the limitation of the phenotype associated with the V1951E, S196 L and
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P2083 L germline mutations to PA.

1. Introduction

T-type calcium channel, consisting of Cay3.1, Cay3.2 and Cay3.3
subtypes, plays important roles in various physiological and patholo-
gical processes including neuronal burst firing, cardiac pacemaking,
aldosterone secretion, cardiac hypertrophy, tumor proliferation and
epilepsy [1-4]. Primary aldosteronism (PA), caused by autonomous
overproduction of aldosterone, is the most common single cause of
secondary arterial hypertension [4]. A recent clinical study reported
four germline mutations (M15491, V1951E, S196 L and P2083L) of
Cay3.2 channel gene (CACNA1H) in patients with PA, while only the
M15491 mutation caused obvious neural malfunctions in addition to
PA, and the patient with a germline CACNA1H V1951E mutation was
cured of PA by unilateral adrenalectomy [5]. The mechanism by which
these four germline CACNAIH mutations lead to different clinical
phenotype remains unclear.

The temporal and spatial expression patterns of voltage-gated cal-
cium channel splice variants, and the response of individual splice

Abbreviations: PA, primary aldosteronism; ZG, zona glomerulosa

variants to specific genetic mutations have been suggested to be closely
related to the phenotype of channelopathies [6-8]. Jeng et al reported
that the episodic ataxia type 2 mutations had obvious dominant-nega-
tive effect on the human long isoform of Cay2.1 channels(with exon
47), while physiological negligible dominant-negative effect on the
short isoform of Cay2.1 channels(without exon 47) [9]. Normal adult
rat heart expresses approximately equal amount of Cay3.2 with or
without exon 25 splice variants, and the preferential upregulation of
Cay3.2(+25) splice variant resulted in cardiac hypertrophy in hy-
pertensive rats [10]. A previous study reported that R1584 P mutation
had obvious functional effects only on rat Cay3.2 with exon 25, but not
on Cay3.2 without exon 25 in rat model of absence epilepsy [11].
Two major Cay3.2 channel splice variants, either with or without
exon 26 (equivalent to exon 25 in rat) (Fig. 1A) have been found in
various human tissues including brain, testis, colon, prostate, kidney,
uterus and ovary [9,12,13]. Aldosterone is produced by zona glomer-
ulosa (ZG) cells of the adrenal cortex. In this study, we investigated the
expression of Cay3.2 ( = 26) channels in human ZG cells and studied
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Fig. 1. The mRNA expression of Cay3.2( = 26) channels in human adrenal zona glomerulosa cells. (A, B) Schematic structural models of human Cay3.2 channels with
/ without exon 26, and the locations of S196 L, M15491, V1951E and P2083 L mutations. (C) RT-PCR showing the mRNA expression of Cay3.2 (+26) in human
adrenocortical cell line H295R cells; Cay3.2( = 26) plasmids as positive controls; NTC, no template control. (D) RT-PCR showing the expression of Cay3.2 channels in
zona glomerulosa cells isolated by laser capture microdissection from three different human adrenals.

the possibility that Cay3.2 (-26) and Cay3.2 (+26) channels have dif-
ferent functional responses to the S196 L, M1549I, V1951E and P2083 L
mutations.

2. Materials and methods
2.1. Ethics statement

Adrenal gland samples were obtained from patients undergoing
radical nephrectomy to remove kidney cancer and adjacent ipsilateral
adrenal as previously reported [14]. The protocol for obtaining and
using human adrenal tissues in this work was approved by the Ethics
Committee of School of Life Sciences (2017-601), Fudan University.

Written informed consent from all patients was obtained. All protocols
were in accordance with institutional guidelines.

2.2. Cell culture

Human embryonic kidney cell line, HEK293, was purchased from
The Cell Bank of Chinese Academy of Science. Cells were cultured in
DMEM supplemented with 10% fetal bovine serum and 1% antibiotic
antimycotic solution. Antibiotic antimycotic solution, DMEM and FBS
were purchased from Gibco (GIBICO, Grand Island, NY, USA). Human
adrenocortical cell line, H295R (ATCC#: CRL-2128), was purchased
from American Type Culture Collection. Cells were cultured in
Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 medium
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(GIBCO, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (GIBCO), 1% antibiotic solution, and 0.1% insulin, transferrin
and selenium premix (BD Biosciences, Heidelberg, Germany).

2.3. Plasmids

Plasmids for human Cay3.2 (+26) (NM_021098.2) channels in
pcDNA3 plasmids were as previously reported [15]. Cay3.2 (-26)
(NM_001005407.1) channels and site-directed S196 L, M15491, V1951E
and P2083 L mutageneses were achieved in the Cay3.2 channel by using
the QuikChange XL Site-directed Mutagenesis kit (Stratagene, La Jolla,
CA, USA). All mutations were confirmed by sequencing.

2.4. Cell transfection and electrophysiology

Plasmids for human wild-type and mutant Cay3.2 channels were
transiently transfected in HEK293 cells using jetPRIME (Polyplus,
Illkirch, France.) according to the manufacturer’s instruction. For
electrophysiological experiments, cells were used 24 h after transfec-
tion. Whole-cell currents in the HEK293 cells were recorded using an
Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA). The
bath solution contained (in mmol/L): 143 TEACI, 10 CaCl2, 2 MgCl2,
10 HEPES, and 10 Glucose, pH 7.4 (adjusted with TEAOH). The internal
solution contained (in mmol/L): 125 CsCl, 10 HEPES, 10 EGTA, 1
MgCl2, 1 CaCl2, 4 Mg-ATP, and 0.3 Tris-GTP (pH adjusted to 7.2 using
CsOH). Recording pipettes had resistances of 4-6 MQ under these so-
lution conditions. All of the recordings were performed at room tem-
perature. Currents were sampled at 10 kHz and filtered at 2 kHz, and
corrected online for leak and residual capacitance transients using a P/4
protocol. For steady-state activation, the normalized conductances were
fitted using the Boltzmann equation where G/Gpa.x=A2+(A1-A2)/
(1 +exp((Vm-V1/2)/slope factor)). For steady-state inactivation, the
normalized currents were fitted with the following Boltzmann equation:
I/Imax=A2+ (A1-A2)/(1 + exp((Vm-V1/2)/slope factor)).

2.5. ZG cell isolation, RNA extraction and RT-PCR

The ZG layer was isolated from human adrenal glands using laser
capture microdissection (Arcturus XT system, Life Technologies,
Carlsbad, CA, USA). RNA was extracted using an RNeasy Micro Kit
(QIAGEN Qiagen, Diisseldorf, Germany), and reversed transcribed
using a SMART-Seq v4 Ultra Low Input RNA Kit (Clontech Laboratories,
CA, USA). PCR was performed in 20 L reactions containing: 2 uL of
template (from 10 ng RNA), 0.4 umol/L of each paired primer, 10 pL of
2xTaq plus PCR Master Mix(DBI Bioscience, Ludwigshafen, Germany).
The thermocycling conditions were 95°C, 3 min; 35 cycles of 95°C, 15s;
60°C, 30s; 72°C, 30s; and 72°C, 10 min. Primers used in PCR:Cay3.2:
forward 5 TCCTGCTCATCGTCAGCTTC 3, reverse 5° GGTCGAGATAG
TGGCTGGTG 3’. The PCR products were run on 4% agarose gels. The
PCR products for Cay3.2(-26) and Cay3.2(+26) are 231bp and 249bp
respectively. Real-time polymerase chain reaction was performed in
20 pL reactions containing: 2 uL of template, 0.4 umol /L of each paired
primer, and SYBR Green Polymerase Chain Reaction master mix(Bio-
Rad, Hercules, CA, USA). The thermocycling conditions were 94 °C,
2min; 35 cycles of 95°C, 30s; 58°C, 30s; 72°C, 1 min; and 72°C,
5 min. Results were normalized by 3-actin mRNA. Data were calculated
by 2744t method and reported as fold change over control. The pri-
mers used for real-time polymerase chain reaction: 3-actin: forward 5’
GTGGACATCCGCAAAGAC 3, reverse 5 AAAGGGTGTAACGCAACTAA
3’; CYP11B2: forward 5 CCCTCAACACTACACAGGCA 3, reverse 5
GTCATCAGCAAGGGAAACGC 3’ STAR: forward 5 GCTGCTAGCGAC
ATTCAAGC 3/, reverse 5* GAGGTCGATGCTGAGTAGCC 3".

2.6. Aldosterone secretion of H295R cells

H295R cells were transfected with wild-type and mutant
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Cay3.2(+26) channels for 24 h, then cells were serum deprived in
Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 containing
0.1% fetal bovine serum for twelve hours. Cell culture supernatants
collected after 24 h high K* treatment in complete medium. Medium
aldosterone concentrations were analyzed using an Aldosterone ELISA
Kit (ENZO Life Science, Farmingdale, NY, USA) following the manu-
facturer’s instructions.

2.7. Statistics

Data analysis was performed with Clampfit 10.2 (Molecular
Devices, Sunnyvale, CA, USA) and Origin 8.0 (OriginLab, Northampton,
MA, USA). Statistical analysis consisted of unpaired Student’s t-tests.
Values are given as means = S.E.M, n indicated the number of tested
cells. P < 0.05 was considered statistically significant. Multiple com-
parisons were analyzed using a one-way ANOVA followed by post hoc
Tukey testing.

3. Results

3.1. Effects of the four mutations on the activation properties of Cay3.2
channel currents

Two predominant CACNA1H splice variants, either with or without
exon 26 (Fig. 1A) have been found in various human tissues including
brain, testis, colon, prostate, kidney, uterus and ovary [9,12,13]. First,
we investigated the mRNA expression of Cay3.2( = 26) in human
adrenocortical cell line H295R cells, which is the most commonly used
cell model for the study of aldosterone secretion [16]. As shown in
Fig. 1B, H295R cells expressed the Cay3.2(+26) but not Cay3.2(-26)
splice variant. Then, we tested the mRNA expression of Cay3.2( = 26)
in zona glomerulosa (ZG) cells isolated from human adrenals(two men,
one woman, age 36-55 years). Human ZG cells were isolated by laser
capture microdissection. As shown in Fig. 1C, mRNA for Cay3.2 (+26)
but not Cay3.2 (-26) was detected in human ZG cells. These data sug-
gested that human adrenal ZG cells predominantly express the
Cay3.2(+26) splice variant.

In order to investigate the effects of the four PA mutations on the
electrophysiological properties of Cay3.2( + 26) channels. Wild-type
(WT) and mutant Cay3.2( = 26) channels were transiently expressed in
HEK293 cells. Fig. 2A showed typical calcium currents recorded from
HEK293 cells transfected with wide-type Cay3.2( = 26), S196 L. and
M15491 mutant Cay3.2( + 26) channels. Whole cell currents were eli-
cited by a step protocol (holding at —90 mV, depolarizing in 5-mV steps
from —70 to +30 mV at 10-s intervals). All four mutations did not alter
current densities of Cay3.2(+26) or Cay3.2(-26) currents (Fig. 2B and
Table 1). The M15491 mutation shifted the steady-state activation curve
of Cay3.2(+26) currents to hyperpolarized potentials (half-maximal
voltage of activation: WT Cay3.2(+26): Vi, = -43.5 + 0.7mV;
Cay3.2(+26)M*%: v, , = -487 * 1.3mV, P < 0.05, Fig. 2C,
Table 1), while did not change the activation curve of Cay3.2(-26)
currents(Fig. 2C, Table 1). The other three mutations V1951E, S196 L
and P2083L did not significantly change the steady-state activation
kinetics of either Cay3.2(+26) or Cay3.2(-26) currents (Fig. 2C and
Table 1).

The activation time constant (Tau act) of Cay3.2(+ 26) currents was
altered by the M1549I and P2083 L mutations (Table 1). In contrast,
only the M15491 mutation produced significant change in the activation
time constant of Cay3.2(-26) currents (Table 1). These data indicated
that the four PA mutations produced more changes in the activation
properties of Cay3.2(+26) currents than Cay3.2(-26) currents.

3.2. Effects of the four mutations on the inactivation and deactivation
properties of Cay3.2 channel currents

The measurement of the time constant for inactivation (Tau inact,
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Fig. 2. Effects of the $196 L, M15491, V1951E and P2083L mutations on the current densities and the activation properties of Cay3.2( = 26) splice variants in
HEK293 cells. (A) Representative Ca?* current traces showing the effects of the $196 L and M15491 mutations on Cay3.2( + 26) channels expressed in HEK293 cells.
(B) Current-voltage relationship (I-V curves) generated from peak current density at each test voltage. (Data are presented as means + SEM, n = 7-11). (C) The
effects of the four primary aldosteronism mutations on the steady-state activation of Cav3.2 ( = 26) currents. The normalized data points were fitted using a

Boltzmann equation. (n = 7-11).
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Table 1

Effects of the four PA mutations on the current densities and the activation properties of Cay3.2( = 26) currents.
Cay3.2(+26) WT S196L M15491 V1951E P2083L
Activation V;,5(mV) —43.5 = 0.7(11) —42.8 = 0.3(7) —48.7 = 1.3(9)* —41.0 = 2.4(8) —41.6 = 2.8(10)
Activation slope(mV) 3.5 £ 0.711) 3.3 = 0.5(7) 3.2 + 0.8(10) 3.9 = 0.6(8) 3.9 = 1.0(10)
Tau act(ms) @ —30 mV 5.6 = 1.0(10) 6.1 = 0.9(6) 12.8 = 4.3(6)** 7.1 = 1.1(6) 8.7 + 1.4(7)*
Current density(pA/pF) —20.6 = 0.9(8) —20.4 = 1.3(11) -21.9 = 2.6(9) —18.7 = 1.4(6) -21.7 = 1.0(11)
Cay3.2(-26) WT S196L M15491 V1951E P2083L

Activation V; 5(mV)

—35.3 = 2.4(11)

—31.5 = 4.5(11)

Activation slope(mV) 49 + 0.7(11) 5.1 + 0.4(11)
Tau act(ms)@ —30 mV 5.3 = 1.8(11) 8.0 = 2.7(11)
Current density(pA/pF) —20.8 = 0.8(9) —19.1 = 0.8(8)

—37.6 = 1.2(16)

—35.2 = 1.0(11)

—36.4 + 3.9(18)

4.6 = 0.7(16) 5.3 £ 0.6(11) 5.1 = 0.9(18)
13.1 = 2.0(9)** 5.1 = 0.909) 3.8 = 0.5(14)
—20.2 = 1.7(10) —20.3 = 1.3(9) —19.6 = 1.4(15)

Numbers in brackets are cells recorded for each condition.
*, P < 0.05; **, P < 0.01, compared with wild-type channels.

Table 2) from above I-V recordings revealed markedly alteration in
inactivation kinetics of Cay3.2(+26)'%*" and Cay3.2(-26)M*>*! cur-
rents. The M1549 mutation increased the inactivation time constant of
Cay3.2(+26) and Cay3.2(-26) by more than 5 and 2 folds respectively
(Table 2). The S196 L. mutation also increased the inactivation time
constant of Cay3.2(+26) currents, but did not alter the inactivation
time constant of Cay3.2(-26) currents (Table 2). Both the V1951E and
P2083 L mutations did not change the inactivation time constant of
either Cay3.2(+26) or Cay3.2(-26) currents (Table 2).

The steady-state channel inactivation was studied using tail currents
in response to test potential at —20mV (6 ms) from a pre-pulse in-
cremented in 5mV (—90mV to -25mV; 65s) upon repolarization to
—70mV (Fig. 3). The half-maximal voltage dependence of inactivation
for Cay3.2(+26) or Cay3.2(-26) currents was unaffected by the S196 L,
V1951E and P2083 L mutations (Fig. 3, Table2). The M15491 mutation
altered the steady-state inactivation of Cay3.2(+26) currents, but had
no effect on Cay3.2(-26) currents(Table 2). The time course for deac-
tivation(Tau deact) was analyzed by fitting the tail currents with a
single exponential standard equation. The S196 L, V1951E and P2083 L
mutations did not alter the deactivation kinetics of Cay3.2( * 26)
channel currents, while the M15491 mutation increased the deactiva-
tion time constant of Cay3.2(+26) and Cay3.2(-26) by around 6 and 4
folds respectively (Table 2). These data suggested that the M1549I
mutations have more profound effects on the inactivation and deacti-
vation properties of Cay3.2( *+ 26) currents than the other three mu-
tations.

3.3. Effects of the four mutations on the recovery from inactivation of
Cay3.2 channel currents

Finally, we investigated the effects of the four PA mutations on the
recovery from inactivation of Cay3.2 channel currents. Recovery from

inactivation was studied by using a double pulse protocol (holding at

Table 2

—90mV, first a 400ms pulse to —30mV, then a 50ms pulse to
—30mV, the time between pulses varying from 50 ms to 7 s). Fig. 4A
showed typical recordings from HEK293 cells transfected with wide-
type Cay3.2( £+ 26), S196 L. and M15491 mutant Cay3.2( = 26) chan-
nels. As shown in Fig. 4B and C, the V1951E, S196 L and P2083 L
mutations significantly promoted Cay3.2(+ 26) channel recovery from
inactivation, while M15491 mutation slowed the channel recovery from
inactivation (Tau recovery: WT Cay3.2(+26): 657.8 = 93.0 ms;
Cay3.2(+26) S196L. 479.3 + 85.4ms; Cay3.2(+26)V1951E,
225.2 * 85.1 ms; Cay3.2(+26)7°%3": 250.5 + 55.3 ms; Cay3.2(+26)
M15491 1161.1 += 131.1ms; P < 0.05 compared to WT, n = 6-11).
These data indicated that V1951E, S196 L and P2083 L. mutations may
increase Cay3.2(+ 26) availability during repetitive electrical activities.
Interestingly, all four mutations did not have significantly effects on the
recovery from inactivation of Cay3.2(-26) channels (Fig. 4B and C).
Therefore, the data of recovery from inactivation properties, again,
suggested that the four PA mutations have more profound effects on
Cay3.2(+26) currents than on Cay3.2(-26).

3.4. Effects of the four mutations on high K -stimulated aldosterone
secretion in H295R cells

Angiotensin II (Ang II) and potassium are the two primary physio-
logic aldosterone secretagogues. Voltage-gated Cay3.2 channels were
shown to be mainly involved in high K* -stimulated aldosterone se-
cretion in H295R cells [5]. Therefore, we tested high K* (15 mM)-sti-
mulated aldosterone secretion in H295R cells transfected with wild-
type and mutant Cay3.2(+26) channels. As shown in Fig. 5A, all four
mutant channels increased high K* -stimulated aldosterone secretion in
H295R cells. Steroidogenic acute regulatory protein (STAR) and al-
dosterone synthase (CYP11B2) are key steroidogenic proteins, which
control the early and late rate-limiting steps in aldosterone biosynthesis
respectively. The S196 L. and M15491 mutations increased the mRNA

Effects of the four PA mutations on the inactivation and deactivation properties of Cay3.2( *+ 26) currents.

Cay3.2(+26)

WT

S196L

M15491

V1951E

P2083L

Inactivation V;/2(mV)

—59.5 = 0.4(19)

—60.6 = 0.5(16)

—-64.3 = 0.7(13)*

-56.7 = 1.2(12)

—57.0 = 1.0(15)

Inactivation slope(mV) 4.0 + 0.9(15) 4.2 + 1.0(13) 4.1 * 0.5(10) 4.0 + 0.9(9) 4.0 + 0.4(12)
Tau inact(ms)@ — 30 mV 20.5 + 1.1(13) 36.9 + 1.3(13)** 112.5 + 11.3(8)** 18.3 + 3.7(7) 19.9 + 1.2(8)
Tau deact(ms)@-70mV 2.8 = 0.4(11) 3.2 = 0.9(10) 16.4 = 2.3(10)*** 3.2 + 0.2(8) 2.7 + 0.1(12)
Cay3.2(-26) WT S196L M15491 V1951E P2083L
Inactivation Vy,2(mV) —51.0 + 0.7(25) —52.9 * 0.917) —53.1 + 0.6(9) —-52.2 * 1.1(13) —50.5 * 0.7(21)
Inactivation slope(mV) 41 + 1.1(21) 4.0 *+ 0.6(14) 3.9 + 0.5(7) 4.2 + 0.6(10) 3.5 + 0.7(17)
Tau inact(ms)@ — 30 mV 19.4 + 1.3(11) 15,5 + 1.7(12) 49.0 + 4.3(7)** 17.0 + 2.2(10) 16.4 = 1.1(16)
Tau deact(ms)@-70mV 2.2 + 0.2(15) 2.1 * 0.1(11) 9.2 + 1.1(7)** 2.3 + 0.2(8) 2.2 + 0.2(13)

Numbers in brackets are cells recorded for each condition.
* P < 0.05; **, P < 0.01; ***, P < 0.001, compared with wild-type channels.
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Fig. 3. Effects of the $196 L, M15491, V1951E and P2083L mutations on the steady-state inactivation of CaV3.2( % 26) splice variants in HEK293 cells. (A)
Representative current traces showing the effects of the S196 L and M15491 mutations on the voltage-dependence of inactivation of Cav3.2(+26) currents. (B) The
effects of the four mutations on the steady-state inactivation of Cav3.2(+26) currents. Normalized data points were fitted using a Boltzmann equation. (C) The
current traces show the effects of the S196 L and M15491 mutations on the voltage-dependence of inactivation of Cav3.2(-26). (D) The effects of the four mutations on

the steady-state inactivation of Cav3.2(-26) currents. (n = 7-25).

expression of both STAR and CYP11B2 (Fig. 5). The V1951E and
P2083 L mutations significantly increased the mRNA expression of
CYP11B2 and STAR respectively (Fig. 5). These data suggested that the
four PA mutations are associated with the overproduction of aldos-
terone in PA patients.

4. Discussion

In this study we found that human ZG cells express Cay3.2(+ 26)
but not Cay3.2(-26) splice variant. Interestingly, the S196 L, M1549],
V1951E and P2083L mutations had more profound effects on
Cay3.2(+26) than Cay3.2(-26) channels expressed in HEK293 cells.
The M15491 mutation is located in a conserved site in the S6 helix that
regulates T-type calcium channel inactivation [17,18]. In consistence

with the previous report [5], we found that Cay3.2(+26) MI15491 phutant
channels inactivated dramatically slower and activated at more hy-
perpolarized potentials, which make channels more likely to open at
membrane potentials close to the resting membrane potential and keep
open longer, leading to more calcium entry into ZG cells, resulting in
overproduction of aldosterone [19]. Our previous study suggested that
human ZG cells may spontaneously generate membrane potential os-
cillations [20]. The S196 L, V1951E and P2083 L mutations dramati-
cally promoted Cay3.2(+26) channel recovery from inactivation,
which could lead to increased calcium influx and aldosterone secretion
during the repetitive channel activities [5,20]. Human brain expresses
both Cay3.2(+ 26) and Cay3.2(-26) splice isoforms [21]. We found that
except the M15491 mutation, the V1951E, S196 L and P2083 L have
little effect on electrophysiological properties of Cay3.2(-26) channels,
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Representative Ca®* current traces obtained by a double pulse protocol (holding at —90 mV, first a 400 ms pulse to —30 mV, then a 50 ms pulse to —30 mV, the time
between pulses varying from 50 ms to 7 s). (B) The effects of the four mutations on fractional recovery of Cav3.2( + 26). (C) All four mutations significantly changed
the recovery from inactivation of CaV3.2(+26) currents, but not Cav3.2(-26) currents. (n = 6-11). **, P < 0.01; ***, P < 0.001, compared with wild-type

channels.

which may partially explain why the four PA mutations have different
clinical manifestations (ie, only patients with M1549I mutation show
neuronal abnormalities besides PA).

Moreover, our data suggested that long isoforms of Cay3.2 splice
variants may be more sensitive to point mutations than short ones. In

consistence with our findings, Powell et al reported that the R1584 P
mutation caused greater electrophysiological changes in rat
Cay3.2(+25) than Cay3.2(-25) expressed in HEK293 cells [11]. Besides
Cay3.2 channels, splice-variant specific effects of point mutations were
also found in Cay2.1 channels. Adsmas et al reported that the human
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K" -stimulated aldosterone secretion in H295R cells. (A) The four mutations
increased high K™ -stimulated aldosterone secretion in H295R cells. (B and C)
The effects of the four mutations on mRNA expression of the key proteins that
control steroid biosynthesis: STAR and CYP11B2. Data are presented as fold-
change over wild-type. *, P < 0.05 compared with cells transfected with wild-
type Cay3.2(+26) channels. (n = 3).

familial hemiplegic migraine mutations K1336E, R192Q and S218L
caused a greater left shift of the activation curves of the short Cay2.1
isoform (with exon 47) than the long isoform (without exon 47) ex-
pressed in HEK293 cells [22]. A recent study showed that the K165R
mutation significantly changed the reverse potential of rabbit Cayl.le
(without exon 29) around 10 mV, while did no alter the reverse po-
tential of Cayl.la isoform(without exon 29) [23]. These data suggest

Cell Calcium 84 (2019) 102104

that splice-variant specific effects of point mutations may be a common
phenomenon among voltage-gated calcium channels.

In conclusion, our results provide the first evidence that: (a) Human
ZG cells express Cay3.2(+26) but not Cay3.2(-26) splice variant. (b)
The four PA mutations have splice-variant specific effects on human
Cay3.2 channels. Our results indicate that CACNAIH gene mutations
produce obvious functional effects only on specific splice variants, and
that genetic mutations of voltage-gated calcium channels may produce
cell-type specific effects depending on splice variant expression pat-
terns.
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