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We recently demonstrated that a recurrent gain-of-function mutation in a T-type calcium channel,
CACNA1HM1549V, causes a novel Mendelian disorder featuring early-onset primary aldosteronism
and hypertension. This variant was found independently in five families. CACNA1HM1549V leads to
impaired channel inactivation and activation at more hyperpolarized potentials, inferred to cause
increased calcium entry. We here aimed to study the effect of this variant on aldosterone produc-
tion. We heterologously expressed empty vector, CACNA1HWT and CACNA1HM1549V in the aldo-
sterone-producing adrenocortical cancer cell line H295R and its subclone HAC15. Transfection
rates, expression levels, and subcellular distribution of the channel were similar between
CACNA1HWT and CACNA1HM1549V. We measured aldosterone production by an ELISA and CYP11B2
(aldosterone synthase) expression by real-time PCR. In unstimulated cells, transfection of
CACNA1HWT led to a 2-fold increase in aldosterone levels compared with vector-transfected cells.
Expression of CACNA1HM1549V caused a 7-fold increase in aldosterone levels. Treatment with an-
giotensin II or increased extracellular potassium levels further stimulated aldosterone production
in both CACNA1HWT- and CACNA1HM1549V-transfected cells. Similar results were obtained for
CYP11B2 expression. Inhibition of CACNA1H channels with the T-type calcium channel blocker
Mibefradil completely abrogated the effects of CACNA1HWT and CACNA1HM1549V on CYP11B2
expression. These results directly link CACNA1HM1549V to increased aldosterone production. They
suggest that calcium channel blockers may be beneficial in the treatment of a subset of patients
with primary aldosteronism. Such blockers could target CACNA1H or both CACNA1H and the L-type
calcium channel CACNA1D that is also expressed in the adrenal gland and mutated in patients with
primary aldosteronism. (Endocrinology 157: 3016–3022, 2016)

Primary aldosteronism (PA) (1) is the most common
cause of secondary hypertension, with a prevalence of

up to 11% in hypertension referral centers (2). PA is due
to autonomous production of the steroid hormone aldo-
sterone, which is physiologically produced in the zona
glomerulosa, mainly in response to volume depletion (via
angiotensin II) or hyperkalemia. Aldosterone increases re-
nal and intestinal salt (re)absorption and potassium se-
cretion. Excess production leads to hypertension and op-
tional hypokalemia. The main causes of PA are bilateral
adrenal hyperplasia, also known as idiopathic hyperaldo-

steronism, and aldosterone-producing adenomas. Famil-
ial hyperaldosteronism (FH) is rare, and all solved forms
are inherited in an autosomal-dominant fashion (3). These
include the following: 1) glucocorticoid-remediable aldo-
steronism (FH-I) (4), with crossing-over events between
CYP11B2 (aldosterone synthase) and CYP11B1 (11�-hy-
droxylase) (4); 2) FH-III, with mutations in the inward
rectifier potassium channel KCNJ5 (5–7); and 3) a syn-
drome of PA, seizures, and neurological abnormalities
caused by mutations in the voltage-gated L-type calcium
channel CACNA1D (8).
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Recently, by sequencing the exomes of 40 children with
PA diagnosed at age 10 years or younger, we discovered
the identical, novel heterozygous germline mutation
(M1549V) in the CACNA1H gene in five families (9).
CACNA1H is expressed in the adrenal gland and encodes
a T-type calcium channel that is activated by small depo-
larizing potentials. Electrophysiological studies in human
embryonic kidney-293 cells demonstrated that the muta-
tion leads to reduced channel inactivation and a shift of
activation to less depolarized potentials. These effects
were inferred to cause increased calcium influx in adrenal
glomerulosa cells.

We here express CACNA1HWT and M1549V in the hu-
man adrenocortical cancer cell line H295R and its sub-
clone HAC15 and demonstrate that CACNA1HM1549V

increases aldosterone production and expression of the
aldosterone synthase gene CYP11B2. We further show
that these effects are abolished by treatment with the T-
type calcium channel blocker Mibefradil, suggesting that
similar compounds may be useful in the treatment of pa-
tients with CACNA1HM1549V.

Materials and Methods

Cell culture and reagents
HAC15 cells were cultured at 37°C and 5% CO2 in DMEM:

F12 (1:1; Gibco, Life Technologies) supplemented with 5% Cos-
mic calf serum (Hyclone Laboratories), 1% penicillin/strepto-
mycin, 1% insulin-transferrin-selenium, 1% nonessential amino
acids, and 0.1% lipid mixture (all Gibco). NCI-H295R cells were
cultured in DMEM/Ham’s F12 medium (Gibco) supplemented
with 2.5% Ultroser G (Pall Biosepra), 1% ITS� premix (Corn-
ing) and 1% penicillin/streptomycin.

Angiotensin II and Mibefradil (Sigma-Aldrich) were dis-
solved in PBS and cell culture grade KCl (Sigma-Aldrich) in H2O.

Plasmids
CACNA1HWT and CACNA1HM1549V cDNAs were sub-

cloned from pCMV6-Entry (Origene) (9) into pCMV6-AC-
IRES-GFP-Puro (Origene) using MluI and RsrII (New England
Biolabs Inc). The plasmids were purified using the EndoFree
Plasmid Maxi Kit (QIAGEN).

Transfection, treatment, and harvesting for ELISA
and quantitative PCR

Two million HAC15 cells were transfected with 1 �g DNA
using the Amaxa Cell Line Nucleofector Kit R and the Nucleo-
fector I (program X-05) (Lonza) according to the manufacturer’s
instructions. Transfection was confirmed by fluorescence mi-
croscopy. Twenty-four hours after the transfection, Cosmic calf
serum concentration was reduced to 0.1%. Forty-eight hours
after the transfection, the medium was changed to serum-de-
prived medium containing 10 nM angiotensin II, 10 �M Mibe-
fradil, 14 mM K� (total, by addition of KCl), or a vehicle control
[PBS; Biochrom]). Seventy-two hours after the transfection, the

cells and/or supernatants were harvested for aldosterone enzyme
immunoassay (EIA) and isolation of protein or RNA.

Immunofluorescent analysis and flow cytometry of
transiently transfected cells

Three million H295R cells were transfected with 3 �g plas-
mid DNA using the Nucleofector I Lonza, (kit R, program P-20),
followed by 30 minutes of recovery in RPMI 1640 medium. For
immunofluorescence, 5 � 105 cells were seeded onto Nunc Lab-
Tek chamber slides (Thermo Fisher Scientific) in 1.5 mL H295R
culture medium. Three days after the transfection, cells were
fixed with 4% paraformaldehyde in PBS with 4% sucrose and
stained with primary antibodies, rabbit �-CaV3.2 (number
ACC-025; Alomone, 1:500) or mouse anti-FLAG M2 (number
F3165, 1:200; Sigma-Aldrich). Secondary antibodies were goat
antirabbit IgG (H � L) Alexa Fluor 647 conjugate, and goat
antimouse IgG (H � L) Alexa Fluor 633 conjugate (number
A-21052 and number A-21245, 1:250; both Thermo Fisher).
Images were acquired with an LSM 510 Meta (Zeiss) and pro-
cessed using the manufacturer’s software.

For flow cytometry, cells were isolated by trypsination 48
hours after transfection. All stainings were performed in regular
medium. The live cell population was identified after propidium
iodide staining (5 ng/�L; Sigma-Aldrich), using the PerCP-Cy5.5
channel of a FACSCanto II flow cytometer (BD Biosciences). For
FLAG analysis, cells were fixed (4% paraformaldehyde, 10 min),
permeabilized (0.1% Saponin [Sigma-Aldrich], 5% fetal calf se-
rum/PBS, 5 min), and stained with mouse anti-FLAG M2 (num-
ber F3165; Sigma-Aldrich; 1:200, 60 min on ice), followed by
Alexa Fluor 633 conjugate (number A-21245; Thermo Fisher
Scientific; 1:100, 60 min on ice). Alexa Fluor 633 was measured
using the allophycocyanin channel and green fluorescent protein
(GFP) using the fluorescein isothiocyanate channel. GFP fluo-
rescence of unfixed transfected cells was recorded as the control.
Results were analyzed using the FlowJo software.

RNA isolation and real-time PCR
Total RNA was harvested using the RNeasy Mini Kit

(QIAGEN) according to the manufacturer’s instructions. Two
hundred nanograms of RNA were transcribed using the Quan-
titect reverse transcription kit (QIAGEN). Expression levels of
CYP11B2 and GAPDH were quantified in a 7300 real-time PCR
system (Applied Biosystems) using the Taqman gene expression
master mix (Applied Biosystems), published primers and probes
for CYP11B2 (10) and a commercial assay for GAPDH (number
HS02758991_g1; Applied Biosystems). Samples were analyzed
in triplicates. ��Cycle threshold (CT) values were calculated by
normalization of �CT values, with average �CT values of PBS-
treated empty vector-transfected cells as a reference.

Aldosterone EIA and protein
Aldosterone concentrations were determined using the aldo-

sterone EIA kit (number 10004377; Cayman) according to the
manufacturer’s instructions. Two dilutions were measured in
duplicates each. For values outside the assay range, both dupli-
cates were removed from the analysis. Total protein levels were
determined in duplicates from cell lysates using the Micro BCA
protein assay kit (Thermo Scientific).
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Statistical analysis
Data were analyzed using the Prism software (GraphPad). P

values were determined via an unpaired, two-tailed Student’s t
test in Prism (ELISA, quantitative PCR) or via a one-way
ANOVA in the Microsoft Excel analysis tool (flow cytometry).

Results

The human NCI-H295R cell line, derived from a female
patient with adrenocortical carcinoma (11, 12), is a com-
monly used model of aldosterone production. We used
electroporation to transfect H295R cells with FLAG-
tagged CACNA1HWT and CACNA1HM1549V in a vector
containing the internal ribosome entry site (IRES) se-
quence and GFP (Figures 1 and 2). Transfection rates were
assessed by flow cytometry (Figure 1A). The number of
GFP-positive cells was greater than 12%, and no signifi-

cant differences were observed between empty vector,
CACNA1HWT, and CACNA1HM1549V. Similarly, we as-
sessed the number of FLAG-positive cells, which was
about 20% in both CACNA1HWT- and CACNA1HM1549V-
transfected cells, with very little unspecific staining in the
empty vector control. We then assessed median FLAG (ap-
proximated by AF633 fluorescence) and GFP expression
within four bins of GFP expression after staining. There
was no significant difference between CACNA1HWT and
CACNA1HM1549V regarding GFP or AF633 fluorescence,
suggesting that expression levels are similar (Figure 1B and
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Figure 1. Flow cytometry of CACNA1H-transfected H295R cells. Cells
were electroporated without DNA (mock), transfected with pCMV6-
AC-IRES-GFP-Puro containing no insert (empty vector), FLAG-tagged
CACNA1HWT (WT), or FLAG-tagged CACNA1HM1549V (M1549V). Cells
were stained with a primary antibody against the FLAG epitope and a
secondary antibody labeled with Alexa Fluor 633. A, The percentage of
live cells positive for GFP or FLAG is similar for CACNA1HWT and
CACNA1HM1549V. B, Among GFP-positive cells, FLAG median intensity
was determined within bins of increasing GFP fluorescence (1–800,
800–2000, 2000–5000, and 5000–20 000 relative units [RUs]) and
plotted against median GFP fluorescence. There was no significant
difference in expression between CACNA1HWT and CACNA1HM1549V

(see text) (n � 2 in bin 4 for CACNA1HWT and CACNA1HM1549V; n � 3
for all other data points). Error bars represent SEM.
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Figure 2. Immunofluorescent staining of CACNA1H-transfected
H295R cells. Cells were transfected with pCMV6-AC-IRES-GFP-Puro
containing no insert (empty vector), FLAG-tagged CACNA1HWT (WT),
or FLAG-tagged CACNA1HM1549V (M1549V). DAPI nuclear staining is
shown in blue, GFP fluorescence, denoting transfected cells, in green,
and antibody staining in red. A, Cells were stained with an anti-CaV3.2
(CACNA1H) antibody (Alomone), demonstrating endogenous
expression in all cells and stronger heterologous expression in
CACNA1H-transfected cells (red). B, Cells were stained with an anti-
FLAG antibody, demonstrating heterologous expression in CACNA1H-
transfected cells only. CACNA1H transfection leads to overexpression
of the tagged protein. Scale bars represent 10 �m. DAPI,
4�,6-diamino-2-phenylindole; WT, wild type.
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Supplemental Table 1). Next, we assessed the subcellular
distribution of CACNA1HWT and CACNA1HM1594V.
By immunofluorescence with a native CACNA1H anti-
body, endogenous expression was detected in empty vec-
tor-transfected cells, consistent with previous studies us-
ing both electrophysiology and real-time PCR (13, 14).
Confocal microscopy localized most of the channels to
intracellular compartments (Figure 2A). Transfection of
CACNA1H substantially increased expression levels
without changing the expression pattern, with similar
results for CACNA1HWT and CACNA1HM1549V. Immu-
nofluorescence with an anti-FLAG antibody specifically
stained heterologously transfected cells (Figure 2B).

To assess effects of CACNA1HWT and CACNA1HM1549V

on aldosterone production, we transfected HAC15 cells, a
subclone of NCI-H295R that has previously been used to
assess the effect of mutant channels on aldosterone pro-
duction (15–18). Cells were serum starved, and aldoste-
rone levels were measured in the supernatant by an ELISA
(Figure 3A). Compared with empty vector-transfected
cells, CACNA1HWT-expressing cells showed a 1.96-fold

increase in aldosterone levels (23.93 � 1.08 pg/�g protein
vs 12.23 � 0.53 pg/�g protein, P � .0001, n � 4 inde-
pendent transfections for all ELISA results). Importantly,
the expression of CACNA1HM1549V increased aldosterone
productionevenfurther (3.70-foldofCACNA1HWT,88.58 �
5.57 pg/�g protein, P � .0001), consistent with a gain of
function (Figure 3A). Because no angiotensin II was ad-
ministered to the serum-starved cells, the conditions re-
semble the in vivo situation in PA, with suppressed renin
and angiotensin levels. The results demonstrate that
CACNA1HM1549V can cause autonomous aldosterone
production in the absence of depolarizing stimuli.

To examine the effects of such depolarizing stimuli on
CACNA1HWT- and CACNA1HM1549V-expressing cells,
we incubated cells with 10 nM angiotensin II, a concen-
tration previously shown to increase aldosterone produc-
tion (19). Angiotensin II led to significant increases in al-
dosterone production in all groups (P � .0001 for all).
Angiotensin II-stimulated CACNA1HM1549V-transfected
cells produced significantly more aldosterone than angio-
tensin II-stimulated CACNA1HWT-transfected cells
(203.71 � 18.47 pg/�g protein vs 153.07 � 9.63 pg/�g
protein, P � .018), but the relative increase in response to
angiotensin II was smaller for CACNA1HM1549V than for
CACNA1HWT (2.30-fold vs 6.40-fold).

Next, we examined the effect of increased extracellular
potassium levels. After stimulation with 14 mM K� (19),
aldosterone production increased in cells transfected with
empty vector, CACNA1HWT (both P � .0001) and
CACNA1HM1549V (P � .0015), with a smaller relative
increase for CACNA1HM1549V (1.50-fold vs 4.58-fold for
CACNA1HWT).

Lastly, we investigated whether the gain-of-function
effects of the CACNA1HM1549V variant can be blocked by
pharmacological intervention. Treatment with Mibe-
fradil, a potent CACNA1H blocker (20), significantly de-
creased aldosterone production in empty vector-trans-
fected cells (5.43 � 0.17 pg/�g protein vs 12.23 � 0.53
pg/�g protein in untreated cells, P � .0001), in line with
published data from cultured bovine glomerulosa cells
(21). More importantly, Mibefradil significantly reduced
the increased aldosterone production caused by transfec-
tion of CACNA1HWT (9.51 � 0.73 pg/�g protein vs
23.93 � 1.08 pg/�g protein in untreated cells, P � .0001)
and CACNA1HM1549V (16.63 � 1.32 pg/�g protein vs
88.58 � 5.57 pg/�g protein, P � .0001).

Next, we assessed the expression levels of CYP11B2
(aldosterone synthase), the rate-limiting enzyme in aldo-
sterone biosynthesis, by real-time PCR (Figure 3B).

Transfection of CACNA1HWT increased CYP11B2
levels by a factor of 2.49 compared with cells transfected
with empty vector. Transfection of CACNA1HM1549V
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Figure 3. CACNA1HM1549V causes increased aldosterone production
in HAC15 cells that is abolished by Mibefradil. A, HAC15 cells were
transfected with pCMV6-AC-IRES-GFP-Puro containing no insert
(empty vector), CACNA1HWT (WT), or CACNA1HM1549V (M1549V).
Cells were starved for 24 hours, followed by treatment with the
indicated compounds for 24 hours. Aldosterone was measured from
supernatants by an ELISA and normalized to protein levels. B, CYP11B2
expression was measured by real-time PCR, with GAPDH as a reference
gene. Unstimulated, treatment with PBS; Ang II, treatment with
angiotensin II; K�, treatment with KCl; Mib, treatment with the T-type
calcium channel inhibitor Mibefradil (n � 4 for all groups). Error bars
represent SEM. WT, wild type.

doi: 10.1210/en.2016-1170 press.endocrine.org/journal/endo 3019

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/157/8/3016/2422350 by guest on 23 April 2024

http://press.endocrine.org/doi/suppl/10.1210/en.2016-1170/suppl_file/en-16-1170.pdf


further increased levels by a factor of 7.10 compared with
CACNA1HWT (P � .0072), again compatible with a gain-
of-function effect of the mutant channel. Similar to the
results of aldosterone ELISAs, treatment with angiotensin
II further stimulated CYP11B2 expression, with a larger
relative effect on CACNA1HWT (9.12-fold, P � .0048)
than on CACNA1HM1549V (2.30-fold, P � .0107). The
stimulatory effect of treatment with KCl on CYP11B2
expression was larger than the effect on aldosterone
in the supernatant. Treatment of CACNA1HWT- or
CACNA1HM1549V-transfected cells with Mibefradil
suppressed CYP11B2 expression to the same levels ob-
served in empty vector-transfected cells.

Discussion

We here show that CACNA1HM1549V causes autonomous
aldosterone production by stimulation of CYP11B2
expression.

In line with previous reports (22, 23), CACNA1H
channels were found in intracellular compartments. Mod-
ulation of channel trafficking may play a role in the reg-
ulation of calcium entry.

Remarkably, the gain-of-function effect of
CACNA1HM1549V is more pronounced in the absence of
stimulatory factors (angiotensin II and increased extracel-
lular potassium concentration) than in their presence, sug-
gesting that CACNA1HM1549V activates the same path-
ways that are up-regulated by physiological stimulation of
aldosterone production. This is interesting with regard to
salt intake. Whereas aldosterone production physiologi-
cally decreases on a high-salt diet, our in vitro data suggest
that aldosterone levels will remain elevated in subjects
with the CACNA1HM1549V variant, leading to volume
expansion and hypertension. Conversely, a low-salt diet
may prevent the manifestation of hypertension and ex-
plain incomplete penetrance of the condition (9).

The magnitude of the effect on aldosterone production
observed in HAC15 cells could be an underestimate compared
with the in vivo situation because CACNA1HM1549V appears
to cause microscopic adrenal hyperplasia, increasing not
only the aldosterone production per cell but also the num-
ber of aldosterone-producing cells (9). Low transient
transfection efficiencies are common for large cDNAs
(	7 kb for CACNA1H) and may lead to an underestima-
tion of aldosterone production. The rate of FLAG-positive
cells could be higher than that of GFP-positive cells due to
lower expression of GFP downstream of IRES (24). Pref-
erential damage of transfected cells during staining may
also play a role because the number of GFP-positive cells
was higher in unfixed cells (Supplemental Figure 1).

The effects on aldosterone production are mediated by
the increased expression of aldosterone synthase, likely
via increased calcium signaling. Hyperplasia is probably
similarly mediated by chronically increased calcium sig-
naling (25). We observed slight differences in the magni-
tude of the effects between aldosterone levels in the su-
pernatant (Figure 3A) and CYP11B2 expression levels
(Figure 3B). This is likely due to the shorter half-life of
CYP11B2 mRNA (	3 h in H295R cells [26]) compared
with aldosterone in the supernatant. A delay in the reduc-
tion of aldosterone production explains why treatment
with Mibefradil abrogates the effect of CACNA1HWT and
CACNA1HM1549V transfection on CYP11B2 expression
but not on aldosterone levels. Similar explanations apply
to the differential stimulatory effect of angiotensin II and
KCl on CYP11B2 expression levels vs aldosterone levels.
CYP11B2 expression has been shown to peak about 12
hours after the addition of angiotensin II and decrease
thereafter. In contrast, potassium stimulation causes in-
creasing CYP11B2 levels, even after 40 hours (27). At 24
hours, CYP11B2 expression and promoter activity were
shown to be lower after angiotensin II stimulation than
after potassium stimulation, yet total aldosterone in the

Table 1. Antibody Table

Peptide/
Protein
Target

Antigen Sequence
(if Known) Name of Antibody

Manufacturer, Catalog Number,
and/or Name of Individual
Providing the Antibody

Species Raised
(Monoclonal or
Polyclonal)

Dilution
Used

CaV3.2 CHVEGPQERARVAHS Anti-CaV3.2 Alomone, #ACC-025 Rabbit, polyclonal 1:500
FLAG DYKDDDDK Anti-FLAG M2 Sigma-Aldrich, #F3165 Mouse, monoclonal 1:200
Mouse IgG Goat anti-Mouse IgG

(H�L) Secondary
Antibody, Alexa
Fluor® 633 conjugate

ThermoFisher, #A-21052 Goat, polyclonal 1:250

Rabbit IgG Goat anti-Rabbit IgG
(H�L) Secondary
Antibody, Alexa
Fluor® 647 conjugate

ThermoFisher, #A-21245 Goat, polyclonal 1:250
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supernatant was higher after angiotensin II stimulation
than after potassium stimulation (27, 28), in line with our
data.

It is interesting to note that the transfection of
CACNA1HWT leads to an increase in aldosterone pro-
duction, even in the absence of depolarizing stimuli such
as angiotensin II or elevated extracellular potassium con-
centrations and that Mibefradil decreases the aldosterone
production of empty vector-transfected cells. Our results
suggest that the HAC15 membrane potential is at least
temporarily depolarized enough to allow for the acti-
vation of endogeneous and heterologously expressed
CACNA1H (threshold 
60 mV) (29). In native glomeru-
losa cells, such potentials are reached during spontaneous
membrane oscillations (30). Prior studies have demon-
strated that Mibefradil and the dual L-type/T-type calcium
channel blocker efonidipine can abrogate angiotensin II
and potassium-induced aldosterone production, demon-
strating that calcium influx through T-type channels is
essential for the response to these stimuli (31).

Even though Mibefradil was withdrawn from the mar-
ket due to drug interactions (32), the sustained response to
Mibefradil in our experiments suggests that T-type cal-
cium channel inhibitors may be a useful treatment option
for patients with CACNA1H gain-of-function mutations.
Treatment of hypertensive patients with 100 and 200 mg
Mibefradil daily leads to mean plasma concentrations of
approximately 2 �M and approximately 3 �M, respec-
tively (33). The 10-�M concentration in our study will
achieve virtually complete channel inhibition, whereas 3
�M concentrations result in approximately 80% channel
inhibition (20). Whether T-type calcium channel inhibi-
tors would be useful for the treatment of PA in the general
population, however, is doubtful, given the lack of effect
on aldosterone levels (34, 35), which could be due to over-
lapping function of CACNA1D (8, 36). Combined L- and
T-type channel blockers may be more promising (37, 38),
but further studies are warranted.
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