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Voltage-gated Ca2+ (Cav) channels consist of a pore-form-
ing Cava1 subunit and auxiliary Cava2-d and Cavb subu-
nits. In fibroblasts, Cavb3, independent of its role as a Cav
subunit, reduces the sensitivity to low concentrations of
inositol-1,4,5-trisphosphate (IP3). Similarly, Cavb3 could
affect cytosolic calcium concentration ([Ca2+]) in pancre-
atic b-cells. In this study, we deleted the Cavb3-encoding
gene Cacnb3 in insulin-secreting rat b-(Ins-1) cells using
CRISPR/Cas9. These cells were used as controls to inves-
tigate the role of Cavb3 on Ca2+ signaling, glucose-
induced insulin secretion (GIIS), Cav channel activity, and
gene expression in wild-type cells in which Cavb3 and the
IP3 receptor were coimmunoprecipitated. Transcript and
protein profiling revealed significantly increased levels of
insulin transcription factor Mafa, CaMKIV, proprotein con-
vertase subtilisin/kexin type-1, and nitric oxide synthase-1
in Cavb3-knockout cells. In the absence of Cavb3, Cav
currents were not altered. In contrast, CREB activity, the
amount ofMAFA protein andGIIS, the extent of IP3-depen-
dent Ca2+ release and the frequency of Ca2+ oscillations
were increased. These processes were decreased by the
Cavb3 protein in a concentration-dependent manner. Our
study shows that Cavb3 interacts with the IP3 receptor in
isolated b-cells, controls IP3-dependent Ca2+-signaling
independently of Cav channel functions, and thereby regu-
lates insulin expression and its glucose-dependent release
in a cell-autonomousmanner.

The increase in blood glucose concentration triggers Ca21

oscillations in pancreatic b-cells and leads to insulin
secretion (1–4). These Ca21 oscillations are composed of
Ca21 influx, which occurs predominantly via voltage-gated

Ca21 (Cav) channels, and Ca21 release from intracellular
stores via intracellular ion channels, the inositol-1,4,5-tri-
sphosphate receptors (IP3R) (5,6), and the ryanodine
receptors (7).

Cav channels consist of a pore-forming a1 subunit and
auxiliary subunits b, a2-d, and, in skeletal muscle, g (8).
The b subunits form a family of cytosolic proteins
encoded by four genes, Cacnb1–4, which influence the
plasma membrane targeting of the a1 subunit and affect
the channel function. For example, Cavb3 increases the
surface expression of Cav1.2 in vascular smooth muscle
cells (9) and Cavb2 in pancreatic b-cells (10). In contrast,
in cardiomyocytes, b-adrenergic stimulation of Cav cur-
rents (11) but not the plasma membrane targeting of the
Cav1.2 ion-conducting pore depends on the presence of
Cavb2 (11,12).

In pancreatic b-cells, deletion of the genes of the
Cav1.2 (13) and Cav2.3 (14,15) or of the a2-d1 subunit
(16) leads to a reduction in Cav currents and thus to
decreased insulin release and worsened glucose tolerance.
In contrast, removal of the Cavb3 leads to more efficient
glucose clearance without compromising the Cav channel
function (17,18). In fibroblasts isolated from mouse tis-
sue, Cavb3 decreases their sensitivity to low concentra-
tions of IP3 (19), thereby modulating Ca21 release from
intracellular stores with effects on cell migration in vitro
and skin wound healing in vivo (19,20). This function of
Cavb3 occurs independently of its role as a Cav channel
subunit and requires Cavb3 to interact with the IP3R.

For the above studies (17–19), Cavb3-knockout (KO)
mouse lines in which the Cacnb3 gene was deleted
throughout the organism were used as controls. To
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investigate the extent to which Cavb3 determines the
observed phenotype in the absence of other cell types in
pancreatic b-cells alone, independent of cell networks, we
used insulin-secreting insulinoma (Ins-1) rat b-cells in
this study. We examined the interaction of Cavb3 with
the IP3R and its influence on insulin biogenesis and secre-
tion. As controls, we used Cavb3-deficient cells generated
by CRISPR/Cas9.

RESEARCH DESIGN AND METHODS

Generation of Cavb3-Deficient Rat Insulinoma Ins-1
Cell Line
A Cavb3-deficient cell clone was generated using CRISPR/
Cas9 as described (21). Briefly, the target sequence within
exon4 of the Cacnb3 gene, 50-GC CGG ATG CTC TCC AGG
CGT TGG-30 (Fig. 1A), was identified using CRISPR.
MIT.EDU (22) and E-CRISP (23), and possible off-target
sequences were excluded using Cas-OFFinder (24). The
target sequence was inserted into pGS-U6-gRNA (Gen-
Script) and cotransfected with pcDNA3.3-Cas9–2A-eGFP
into Ins-1 cells. Single green-fluorescent cells were iso-

lated and expanded. Genomic Cacnb3 fragments of single
clones were amplified by PCR using oligonucleotide pri-
mers 50-T ACA GCA ATG ACT GGT GGA TCG-30 (exon4)
and 50-T TAT GAC AGC TGG GCA TCT ACG-30 (intron
4–5) and examined for mutations by lack of BslI restric-
tion cut and sequencing of both strands.

Cell Culture and Transfection
Ins-1 were cultured at 37�C and 5% CO2 in RPMI 1640
medium containing 11.1 mmol/L D-glucose and supple-
mented with 10% FCS, 1 mmol/L sodium pyruvate, 1
mmol/L HEPES, 50 mmol/L 2-mercaptoethanol, 10,000
units/mL penicillin, and 10 mg/mL streptomycin. Cells
were transfected with Cavb3 cDNA-encoding plasmids
(19) using Lipofectamine 3000 (Thermo Fisher Scientific).

RNA Isolation and Transcriptome Sequencing
RNA was isolated from Ins-1 cells using the RNeasy Mini
PLUS Kit (#74134; Qiagen). The RNA quality was evalu-
ated, and only samples (1 mg total RNA) with RNA quality
indicator values >9.3 were used to generate sequencing

Figure 1—Generation of Cavb3-deficient b-cells. A: CRISPR/Cas9-based strategy to delete the Cacnb3 gene. The positions of the target
sequence for the guide RNA tarb3, of the restriction enzyme BslI site present in wild-type and absent in the introduced mutation, and of
the oligonucleotide primers used to amplify Cavb3 fragments are indicated (top). The Cacnb3 gene (middle), the Cavb3 protein domains
(bottom) (N, N-terminus [white]; SH3, Src-homology 3 [orange]; HOOK [pink]; GK, guanylate kinase [green]; C, C-terminus [white]), and the
Cavb3 fragments used to generate the anti-Cavb3 antibodies MM and 828 are indicated. Western blot of protein extracts from wild-type
(WT) and Cavb3-KO Ins-1 b-cells (100 mg protein/lane) using antibodies against the Cavb3 (B) and Cavb1, b2, and b4 (C). Western blots
indicate the absence of Cavb3 protein in Cavb3-KO cells and the presence of Cavb1, b2, and b3 but not of Cavb4 in WT cells. The a-sub-
unit of the Na1/K1 ATPase protein served as a loading control (B).
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libraries, which were generated using NEBNext Ultra RNA
Library Prep Kit for Illumina (New England Biolabs). Clus-
tering of the index-coded samples was performed on a cBot
Cluster Generation System using the PE Cluster Kit cBot-HS
(Illumina). The library preparations were sequenced, and
paired-end reads were generated. Gene model annotation
files and reference genome were downloaded from the
National Center for Biotechnology Information/University
of California, Santa Cruz/Ensembl. The HISAT2 software
was used to map paired-end clean reads, and the fragments
per kilobase of transcript per million mapped reads (FPKM)
of each gene were calculated based on the length of the
gene and reads count mapped to this gene.

Nano-Liquid Chromatography–High-Resolution Mass
Spectrometry and Raw Data Analysis
Independent protein lysates from wild-type and Cavb3-
KO b-cells were denatured, separated on SDS-PAGE, pre-
pared for mass spectrometry, and analyzed by nano-liquid
chromatography–high-resolution mass spectrometry as
described (25). Tryptic peptides were identified using the
Mascot algorithm and Proteome Discoverer software 1.4
(Thermo Fisher Scientific). Peptides and derived frag-
ments were analyzed with Mascot 2.4.0 by searching a
Swiss-Prot database. Peptide and fragment spectra were
matched allowing a mass tolerance of 7 parts per million
for precursor masses and 0.5 Da for peptide fragment
ions. We used tryptic digestion and allowed for up to two
missed cleavage sites. Cysteine carbamidomethylation was
set as a fixed modification and deamidation of asparagine,
and glutamine, acetylation of lysine, and oxidation of
methionine were set as variable modifications. The Mas-
cot output files were loaded in the software Scaffold and
to ensure significant protein identification, the protein
probability filter was set to 99%, resulting in a false dis-
covery rate (FDR) of 4.2%, and the peptide probability fil-
ter was 0.27% FDR. The identification of two unique
peptides per protein was set as minimum for protein iden-
tification. Semiquantitative protein analysis was made
based on Exponentially Modified Protein Abundance Index
(emPAI) calculations, using no normalization and unpaired
two-tailed Student t test.

Western Blot
Cells were lysed in RIPA lysis buffer containing 50mmol/L
Tris, 150mmol/L NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1mmol/L EDTA, and protease and
phosphatase inhibitors. Cell lysate was incubated for 30 min
at 4�C, followed by centrifugation at 16,900g for 15 min at
4�C. The protein concentration in the supernatant was
determined, and Western blot and immunoprecipitation
experiments were performed as described previously (19).
Antibodies against the Cavb1, b2, b3, and b4 were gener-
ated in-house (12,17,19). Other antibodies are as follows:
anti-CREB (#4820) and anti–p-CREB (#9198) (Cell Signaling
Technology); anti-MAFA (#NB400–137; Novus Biologicals);

anti-IP3R type 3 (IP3R3 (#BD-610313; BD Biosciences); and
anti-IP3R3 (#AB9076; Merck).

Insulin Secretion
Pancreatic b-cells were plated and cultured in 24-well plates
for 48 h. Next, cells were equilibrated for 1 h at 37�C and
5% CO2 in Krebs-Ringer bicarbonate HEPES buffer (KRBH;
140 mmol/L NaCl, 3.6 mmol/L KCl, 2 mmol/L NaHCO3, 2
mmol/L CaCl2, 0.5 mmol/L NaH2PO4, 0.5 mmol/L MgSO4,
10 mmol/L HEPES, 3 mmol/L glucose, and 0.1% [w/v] BSA,
pH 7.4). The buffer was removed, and cells were incubated
for 1 h at 37�C in KRBH containing 3 or 20 mmol/L glucose
with or without nimodipine, xestospongin C, or vehicle, and
insulin concentration in the supernatant was determined.
For insulin content, cells were lysed in RIPA lysis buffer,
and insulin content was determined. Insulin secretion and
content were measured using the AlphaLISA Insulin Detec-
tion Kit (AL350; PerkinElmer).

Calcium Imaging
b-Cells were plated onto glass coverslips and loaded with 5
mmol/L Fura-2-AM (Invitrogen) for 45 min at 37�C. After
loading, cells were washed twice with Tyrode’s solution (140
mmol/L NaCl, 4 mmol/L KCl, 2 mmol/L MgCl2, 10 mmol/L
HEPES, and 10 mmol/L glucose, pH 7.4). Thereafter, glass
coverslips were placed onto the stage of an inverted micro-
scope equipped with a Fluar-20�/0.75 objective, a mono-
chromator (polychrome V; TILL Photonics), and charge-
coupled device camera (Andor Technology), which were
controlled by TILLvisION software (TILL Photonics). Chan-
ges in intracellular calcium concentration ([Ca21]) were
recorded during excitation at 340 and 380 nm every 2 s,
and the emitted fluorescence was detected at >440 nm.
Ratio images were calculated from images recorded at 340
and 380 nm after subtracting the background.

Electrophysiology
b-Cells were plated on glass coverslips, and whole-cell
patch-clamp recordings were performed using a micro-
scope equipped with a 40�-LD Achroplan objective
(Zeiss), an EPC9 amplifier, and the PATCHMASTER soft-
ware (HEKA Elektronik). Patch pipettes had resistances
between 2 and 4 MV when filled with pipette solution
(135 mmol/L CsCl, 3 mmol/L MgCl2, 3 mmol/L Mg-ATP,
10 mmol/L EGTA, and 5 mmol/L HEPES, pH 7.4, with
CsOH). The bath solution contained (102 mmol/L NaCl,
10 mmol/L CaCl2, 5.4 mmol/L CsCl, 1 mmol/L MgCl2, 20
mmol/L TEA-Cl, 5 mmol/L HEPES, and 10 mmol/L glu-
cose, pH 7.4, with NaOH). After break-in, 50-ms voltage
ramps spanning from �100 to 1100 mV were applied
every 2 s from a holding potential of �60 mV until the
Cav currents reached a steady amplitude. Thereafter, volt-
age steps (400 ms) were applied every 2 s from a holding
potential of �60 to 160 mV with 10-mV increments. All
currents were normalized to the cell capacitance (pA/pF).
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IP3 Production Assay
b-Cells were plated and cultured in white opaque 384-well
microplates for 24 h. Next, medium was discarded, and
cells were stimulated with carbachol in the absence or
presence of YM-254890 or U73122 for 30 min at 37�C.
The IP3 formation was measured as inositol monophos-
phate (IP1) by the IP-One AlphaLISA Detection Kit
(AL3145; PerkinElmer).

Data Analysis
Calcium and current recordings were analyzed by Igor Pro
6.02 (WaveMetrics). Graph presentations, curve fittings,
statistics, and P values were obtained by Prism software
(version 8.0.2; GraphPad). Data were tested for normality
using D’Agostino-Pearson omnibus or Shapiro-Wilk nor-
mality tests. When normally distributed, data are reported
as mean ± SD and otherwise as Tukey box and whiskers.
For comparison of two groups, P values were calculated
by the unpaired two-tailed Student t test or Mann-Whit-
ney test. For three groups, one-way or two-way ANOVA
with Bonferroni multiple-comparison or Kruskal–Wallis
with Dunn multiple-comparison tests were used. Heat
maps show the z scores of FPKM or emPAI values as indi-
cated and were prepared by the “heatmap2” function
from the gplots R package (https://cran.r-project.org/
web/packages/gplots/).

Data and Resource Availability
The data sets generated during and/or analyzed during
the current study are available from the corresponding
author upon reasonable request.

RESULTS

Deletion of Cavb3 Does Not Affect Cav Channel
Activity in b-Cells
To investigate the role of Cavb3 in pancreatic b-cells, we
generated a Cavb3-deficient b-cell line by CRISPR/Cas9-
mediated targeting of the Cavb3 gene Cacnb3 (Fig. 1A).
Sequencing identified a homozygous deletion of four
nucleotides (CCTG), leading to a frameshift and prema-
ture STOP. Cavb3 deletion was verified by Western blot
using antibodies against different fragments of the Cavb3
protein (Fig. 1B). Both antibodies detected the 55-kDa
Cavb3 protein in wild-type cells, which was absent in the
Cavb3-KO b-cells. Cavb1 and Cavb2 proteins, but not
Cavb4, were detectable, and their amounts were unaf-
fected by the gene targeting (Fig. 1C).

Next, we assessed the function of Cav channels in these
cells in the presence and absence of Cavb3 protein. Whole-
cell patch-clamp recordings revealed no significant differ-
ences in the Cav-current density (Fig. 2A–C). Application of
verapamil (10 mmol/L) reduced mean maximal current
densities by 59.97 ± 11.70 (wild-type) and 60.25 ± 7.19%
(Cavb3-KO) (Fig. 2D–F) and of nimodipine (2 mmol/L) by
21.87 ± 12.65 (wild-type) and 28.76 ± 17.28% (Cavb3-KO)
(Fig. 2G–I). Cav-current inhibition in both genotypes did

not differ in the presence of verapamil (P 5 0.8887) and
nimodipine (P 5 0.1987). In the presence of extracellular
Ca21, depolarization induced by the addition of high potas-
sium caused an immediate transient increase in intracellu-
lar [Ca21], which was significantly reduced in the presence
of nimodipine (2 mmol/L) (Fig. 2J and Supplementary
Fig. 1A). Peak amplitudes and area under the curve in
response to high potassium in the presence or absence of
nimodipine (2 mmol/L) did not differ between both geno-
types (Fig. 2J and K and Supplementary Fig. 1). According
to these data, Cav-channel function in b-cells is not depen-
dent on Cavb3, and the ratio of L-type to non–L-type cur-
rent is not altered after Cavb3 deletion.

RNA and Protein Profiling of Pancreatic b-Cells
Three independent RNA-sequencing experiments revealed
12,341 ± 13 and 12,394 ± 28 genes expressed with an
FPKM value >1 in wild-type and Cavb3-deficient cells.
b-Cell–specific marker genes are expressed in Ins-1 b-cells,
whereas the expression of marker genes for other pancre-
atic islet a-, d-, or g-cells (26,27) are barely detectable
(Fig. 3A). About 10% of the genes were differentially
expressed, with 14% of genes upregulated and 86% down-
regulated in the Cavb3-deficient cells (Fig. 3B and Supple-
mentary Table 1). Among them, genes encoding Insulin1
(Ins1), Insulin2 (Ins2), and genes associated with insulin
signaling, including musculoaponeurotic fibrosarcoma
oncogene homolog A (Mafa), Ca21/calmodulin–dependent
protein kinase IV (Camk4), proprotein convertase subtili-
sin/kexin type-1 (Pcsk1), and nitric oxide synthase type-1
(Nos1) were upregulated, whereas thioredoxin-interacting
protein (Txnip) and the vesicle-associated membrane pro-
tein-8 (Vamp8) were downregulated (Fig. 3C).

Genes encoding subunits of high voltage-gated Ca21

channels were expressed (Fig. 3D), including Cacnb1, b2,
and b3 but not Cacnb4. Cacnb3 was the most abundant b
subunit (Fig. 3D). In the Cavb3-deficient cells, Cacnb3 tran-
scripts were more than twofold reduced, probably due to
enhanced degradation of nonsense transcripts after dele-
tion of the four nucleotides in the targeted gene. Further-
more, several intracellular ion channels were expressed,
such as IP3R (Itpr1, 2, and 3), ryanodine receptors (Ryr1, 2,
and 3), and two pore channels (Tpcn1 and Tpcn2), without
differences in expression levels in cells of either genotype
(Fig. 3D).

Protein lysates from wild-type and Cavb3-KO b-cells
were analyzed by nanoflow liquid chromatography–tan-
dem mass spectrometry, and 1,861 proteins were identi-
fied (Supplementary Table 2). Semiquantitative analysis
calculating the emPAI revealed 63 proteins (�39%) with
a more than twofold increase in Cavb3-KO cells (Fig. 4A,
left panel), whereas the amount of 103 proteins (�61%)
were more than twofold reduced (Fig. 4A, right panel). In
agreement with the transcriptome analysis (Fig. 3B and
C), Insulin2, CaMKIV, and nitric oxide synthase-1 (NOS1)
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were significantly enhanced and VAMP8 tended to be
decreased in Cavb3-KO cells (Fig. 4A and B).

Elevated glucose concentrations have been shown to
promote phosphorylation and activation of CREB via
CaMKIV (28), which in turn induces Mafa and Ins expres-
sion (29). Accordingly, we analyzed phospho-CREB and

MAFA protein levels in response to high glucose stimula-
tion. CREB phosphorylation at Ser133 was detectable
within a 1-minute incubation in the presence of 20
mmol/L glucose and was significantly enhanced in Cavb3-
KO cells (Fig. 4C and D). In addition, the amount of
MAFA protein was increased in Cavb3-KO cells before

Figure 2—Voltage-gated Ca21 currents and Ca21 entry in wild-type and Cavb3-KO b-cells. A: Whole cell currents in wild-type (black) and
Cavb3-KO (red) cells during a voltage step from a holding potential of �60 mV to 10 mV plotted vs. time. B: Current-voltage relationship
obtained by voltage steps (400 ms) applied every 2 s from a holding potential of �60 mV up to160 mV with 10-mV increments, shown as
mean ± SEM of the maximal current amplitudes extracted at each voltage step. C: Maximal current amplitude (Imax) at 10 mV shown as sin-
gle values (dot) and bar graph with mean ± SD. The number of cells included in the analysis is shown in B. Current-voltage relationships
from wild-type (D) and Cavb3-KO b-cells (E) obtained by 50-ms voltage ramps from�100 mV to1100 mV applied every 2 s from a holding
potential of �60 mV before (control) and after the application of verapamil (verap.; 10 mmol/L) as indicated. F: Percentage of the Cav-cur-
rent inhibition after application of verapamil analyzed from experiments in D and E. The number of cells included in the analysis are shown
in D and E. Current-voltage relationships from wild-type (G) and Cavb3-KO b-cells (H) obtained by 50-ms voltage ramps from �100 mV to
1100 mV applied every 2 s from a holding potential of �60 mV before (control) and after the application of nimodipine (nimod.; 2 mmol/L)
as indicated. I: Percentage of the Cav-current inhibition after application of nimodipine analyzed from experiments in G and H. Data in F
and I are shown as single values and bar graph with mean ± SD, with the indicated P values calculated by unpaired two-tailed Student t
test. J: Mean Fura-2 (F340/F380) ratiometric traces in the presence of 2 mmol/L extracellular Ca21 before and after addition of 25 mmol/L
potassium in wild-type (black) and Cavb3-KO (red) cells. Cells were pretreated with 2 mmol/L nimodipine (1nimod., dashed lines) or vehi-
cle (1vehicle, solid lines) for 10 min, and nimodipine was maintained during the whole experiment. K: Peak amplitude and the area under
the curve of the potassium-induced Ca21-influx, shown as Tukey box and whiskers, with the boxes extending from the 25th to the 75th
percentile and the line inside the box shows the median. The interquartile ranges represent the difference between the 25th and 75th per-
centiles. Whiskers are extended to the most extreme data point that is no more than 1.5 times the interquartile range from the edge of the
box, and outliers beyond the whiskers are depicted as dots. The indicated P values were calculated by Kruskal–Wallis with Dunn multiple-
comparisons test, and the number of measured cells (x) per experiment (y) are indicated as (x/y).

2536 Cavb3, Ca21 Signaling, and Insulin Expression Diabetes Volume 70, November 2021



and after exposure to glucose. These findings indicate
that Cavb3 fine-tunes the CaMKIV/CREB-dependent
transcription.

Glucose-Induced Insulin Secretion in the Absence or
Presence of Cavb3
Next, we evaluated the impact of Cacnb3 gene deletion on
glucose-induced insulin secretion (GIIS) and insulin con-
tent in pancreatic b-cells. Wild-type and Cavb3-KO cells
were exposed to low (3 mmol/L) and high (20 mmol/L)

glucose concentrations, and insulin release was subse-
quently determined. Insulin release in the presence of
both low and high extracellular glucose concentrations
and insulin content were significantly enhanced in
Cavb3-KO cells (Fig. 5A and B). Inhibition of L-type
Cav channels by nimodipine (Fig. 5C) or of IP3Rs by
xestospongin C (Fig. 5D) resulted in a significant reduc-
tion of insulin secretion in both genotypes, suggesting
that GIIS in b-cells depends on the activity of L-type
Cav channels and IP3Rs.

Figure 3—RNA profiling of pancreatic b-cells in the presence (wild-type) and absence (KO) of Cavb3. A: Expression levels of pancreatic
a-, b-, d-, and g-cell-specific genes in wild-type and Cavb3-KO (n = 6) Ins-1 cells. Data are shown as single values of FPKM and bar
graphs with mean ± SD. B: Differentially expressed genes identified by RNA sequencing in wild-type (WT; n = 3) and Cavb3-KO (KO; n = 3)
b-cells with an FDR-adjusted P value <0.05. C: Expression levels of Ins1, Ins2,Mafa, Camk4, Pcsk1, Nos1, Txnip, and Vamp8 genes from
WT (black; n = 3) and Cavb3-KO (red; n = 3) cells, shown as single FPKM values and bar graphs with mean ± SD, with the indicated P val-
ues calculated by unpaired two-tailed Student t test. D: Gene expression levels of high voltage-gated Ca21 channel subunits and of intra-
cellular ion channels obtained by RNA sequencing from WT (black; n = 3) and Cavb3-KO (red; n = 3) cells, shown as single FPKM values
and bar graphs with mean ± SD.
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Figure 4—Protein profiling of pancreatic b-cells in the presence (wild-type) and absence (KO) of Cavb3. A: Protein abundances identified
by mass spectrometry, upregulated (66 proteins, left panel) and downregulated (103 proteins, right panel) in Cavb3-KO compared with
the wild-type b-cells (identified based on the emPAI values with a P value <0.05, calculated by unpaired two-tailed Student t test) (n = 4:
three biological replicates and one technical replicate). B: Protein levels of INS1, INS2, CaMKIV, NOS1, and VAMP8 shown as single
emPAI values and bar graphs with mean ± SD, with the indicated P values calculated by unpaired two-tailed Student t test. C: Western
blot of protein extracts from wild-type and Cavb3-KO cells (50 mg protein/lane) using specific antibodies against the phosphorylated form
of CREB (p-CREB), total CREB, MAFA, and b-actin as indicated. Cells were stimulated with KRBH buffer containing 20 mmol/L glucose
for 1, 3, 10, and 30 min or left untreated (0). D: Densitometric quantification of the antibody stain showing the p-CREB/CREB ratio obtained
from three Western blots running protein lysates obtained from independent b-cell cultures. Data are shown as single values and bar
graphs with mean ± SD, with the indicated P values calculated using two-way ANOVA followed by Bonferroni multiple-comparison test.
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Figure 5—The Cavb3 protein decreases insulin secretion in a dose-dependent manner without affecting the Cav channel function. Glu-
cose-dependent (3 mmol/L and 20 mmol/L) insulin secretion (A) and total insulin content (B) normalized to total cellular protein content
measured from wild-type (WT; black) and Cavb3-KO (b3 KO; red) b-cells shown as single values and bar graphs with mean ± SD, with the
indicated P values calculated by unpaired two-tailed Student t test. Insulin secretion normalized to total cellular protein content measured
from wild-type (black) and Cavb3-KO (red) b-cells exposed to 20 mmol/L glucose (Gluc.) in the absence or presence of nimodipine
(Nimod.; 2 mmol/L) (C) or xestospongin C (Xest. C; 10 mmol/L) (D). Data are shown as single values and bar graphs with mean ± SD, with
the indicated P values calculated by unpaired two-tailed Student t test. E: Estimation of the Cavb3 protein concentration in b-cells. The
concentration of recombinant GST-Cavb3 was determined by densitometric analysis relative to the known concentrations of BSA (left) in
Coomassie-stained SDS-PAGE. Immunostain intensities obtained from anti-Cavb3 Western blots from known amounts of recombinant
GST-Cavb3 protein (1, 2, 3, and 4 ng) were compared with endogenous Cavb3 protein of a defined number of wild-type b-cells (middle)
and Cavb3-KO b-cells transfected with the Cacnb3 cDNA (1Cavb3, right). Transfected cells were identified by their green fluorescence
and sorted by preparative FACS before analyses. Cavb3 is estimated at 36.8 fg/single wild-type b-cell and 3.4 pg/single Cavb3-cDNA–ex-
pressing cell. F: Considering the b-cell volume of 1.6 pL, Cavb3 protein concentrations were calculated as 0.41 mmol/L in wild-type cells
and as 38.6 mmol/L per cell after transfection with the Cavb3 cDNA. Glucose-dependent (3 mmol/L and 20 mmol/L) insulin secretion (G)
and total insulin content (H) normalized to total cellular protein content measured from Cavb3-KO cells transfected with either IRES-GFP
(Cavb3 KO1GFP; red) or Cavb3-IRES-GFP (Cavb3 KO1b3; green) cDNA shown as single values and bar graphs with mean ± SD, with
the indicated P values calculated by unpaired two-tailed Student t test. Note: insulin release and content are overestimated in b3 KO1b3
cells, a mixture of transfected and nontransfected cells. I: Whole cell currents during voltage steps from a holding potential of �60 mV to 0
mV plotted vs. time recorded from wild-type cells (black, transfected with IRES-GFP as a control) or Cavb3-KO cells transfected with
IRES-GFP (red) or with Cavb3-IRES-GFP (green). J: Current-voltage relationships obtained by voltage steps (400 ms) applied every 2 s
from a holding potential of �60 mV up to 160 mV with 10-mV increments shown as mean ± SEM of the maximal current amplitudes
extracted at each voltage step. K and L: Maximal current amplitude (Imax) at 0 mV and cell capacitance shown as single values and bar
graphs with mean ± SD, with the indicated P values calculated by one-way ANOVA followed by Bonferroni multiple-comparison test. The
number of cells analyzed in I–L is indicated in I.
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To investigate whether modulation of insulin release
depends on the amount of Cavb3 protein present in the
cells, Cavb3 protein concentrations were determined in
wild-type cells and cells overexpressing the Cavb3 cDNA.
By relating the amount of Cavb3 protein of a defined num-
ber of b-cells with a defined amount of Coomassie-stained
recombinant Cavb3 protein (Fig. 5E), we estimated an
amount of 36.8 fg Cavb3 protein per single wild-type
b-cell and of 3.4 pg per single Cavb3-cDNA overexpressing
b-cell. With regard to the cell’s capacitance of 6.66 ± 0.42
pF (Fig. 5L) and considering a specific capacitance of �1
mF/cm2 (30,31) and the cell to be a sphere, we calculated
the volume of a single cell as �1.6 pL. From these calcula-
tions, we end up with an estimated Cavb3 protein concen-
tration of 0.41 mmol/L in wild-type and 38.6 mmol/L in
cells after transfection with the Cavb3 cDNA (Fig. 5F).
Compared with Cavb3-KO cells, GIIS in response to low
and high glucose and total cellular insulin content were
reduced in the presence of Cavb3 (Fig. 5G and H). In con-
trast, neither the mean maximal Cav-current density nor
the cell capacitance showed significant differences in the
presence or absence of Cavb3 (Fig. 5I–L).

Cytosolic Ca2+ Signaling Is Modulated by Cavb3 in
Pancreatic b-Cells
The initiation of the CaMKIV/CREB signaling pathway
depends on cytoplasmic [Ca21], and we addressed the effect

of Cavb3 on intracellular Ca21 signaling in b-cells. In the
presence of extracellular Ca21, application of low (3 mmol/
L) or high (17 mmol/L) concentrations of glucose evoked
Ca21 oscillations in b-cells (Fig. 6A and Supplementary Fig.
2A). Deletion of Cavb3 resulted in a significant increase in
the frequency of Ca21 oscillations induced by low and high
glucose and in the peak amplitude of Ca21 oscillations
induced by glucose at 17 mmol/L but not at 3 mmol/L glu-
cose (Fig. 6B and Supplementary Fig. 2B). Conversely,
Cacnb3 overexpression in Cavb3-deficient b-cells reduced
the frequency and the peak amplitude of glucose-induced
Ca21 oscillations (Fig. 6C and D). Pretreatment with xesto-
spongin C significantly reduced the frequency and peak ampli-
tude of glucose-induced Ca21 oscillations (Supplementary Fig.
2C and D), indicating the involvement of IP3Rs. To under-
stand the way in which Cavb3 influences glucose-induced
Ca21 oscillations, IP3-dependent Ca21 release was deter-
mined. Pancreatic b-cells express the Chrm3 gene (Sup-
plementary Table 1) (32) encoding the muscarinic M3 recep-
tor. After administration of carbachol, phospholipase C is
activated via Gaq/11, and IP3 and diacylglycerol are formed.
IP3 binds to the IP3R and initiates Ca21 release. In the
absence of extracellular Ca21, the peak amplitude and area
under the curve were significantly increased in Cavb3-KO
cells (Fig. 7A and B) and decreased after Cavb3-cDNA
expression (Fig. 7C and D). Next, the accumulation of IP1,
a stable downstream metabolite of IP3, was measured in

Figure 6—Cavb3 inhibits frequency of glucose-induced Ca21 oscillations. Representative Fura-2 (F340/380) ratiometric traces in the presence
of extracellular Ca21 from wild-type (WT; black) and Cavb3-KO (red) b-cells (A) or from Cavb3-KO b-cells transfected with either IRES-GFP
(red) or Cavb3-IRES-GFP (green) (C) in the presence of 3 mmol/L and 17 mmol/L extracellular glucose as indicated. B and D: Numbers of glu-
cose-evoked Ca21 oscillations per minute (left) and mean peak amplitude per cell (right) from experiments in A and C. Data in B and D are
shown as Tukey box and whiskers with the boxes extending from the 25th to the 75th percentile, and the line inside the box shows the median.
The interquartile ranges represent the difference between the 25th and 75th percentiles. Whiskers are extended to the most extreme data point
that is no more than 1.5 times the interquartile range from the edge of the box, and outliers beyond the whiskers are depicted as dots. The indi-
cated P values were calculated byMann-Whitney test, and the number of measured cells (x) per experiment (y) are indicated as (x/y).
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response to carbachol stimulation in the absence or pres-
ence of the Gaq/11-specific inhibitor YM-254890 or the
phospholipase C inhibitor U73122 (Fig. 7E). Carbachol sub-
stantially increased the IP3 formation, and this effect was
antagonized by YM-254890 or U73122. IP3 formation was

not significantly different in b-cells of both genotypes,
before and after addition of carbachol (Fig. 7E). To deter-
mine the total amount of Ca21 that can be mobilized from
intracellular stores, b-cells in the absence of extracellular
calcium were treated sequentially with thapsigargin plus

Figure 7—Cavb3 binds to the IP3 receptor and inhibits IP3-dependent Ca
21 release. Mean Fura-2 (F340/380) ratiometric traces in the

absence of extracellular Ca21 from wild-type (black) and Cavb3-KO b-cells (red) (A) and from Cavb3-KO b-cells transfected with either
IRES-GFP (red) or Cavb3-IRES-GFP (green) (C) before and after application of carbachol (Cch; 1 mmol/L). B and D: Peak amplitude (left)
and the area under the curve (right) of carbachol-evoked Ca21 signals from experiments shown in A and C. E: IP3 production as measured
by the accumulation of IP1 (in nanomoles per liter) in wild-type (black) and Cavb3-KO b-cells (red) in response to carbachol stimulation in
the absence or presence of the Gaq/11-specific inhibitor YM-254890 (100 nmol/L) or the phospholipase C inhibitor U73122 (10 mmol/L).
Data are shown as single values and bar graphs with mean ± SD, with the indicated P values calculated by one-way ANOVA followed by
Bonferroni multiple-comparison test. F: Mean Fura-2 (F340/380) ratiometric traces in the absence of extracellular Ca21 from wild-type
(black) and Cavb3-KO (red) b-cells before and after application of thapsigargin (Tg; 1 mmol/L) and then ionomycin (Iono.; 10 mmol/L). Peak
amplitude (left) and area under the curve (right) of thapsigargin (G) and ionomycin-evoked (H) Ca21 signal. I: Mean Fura-2 (F340/380) ratio-
metric traces in the absence of extracellular Ca21 from wild-type (black) and Cavb3-KO (red) b-cells before and after application of iono-
mycin (10 mmol/L). J: Peak amplitude and area under the curve of ionomycin-evoked Ca21 signal. Data in B, D, G, H, and J are shown as
Tukey box and whiskers with the boxes extend from the 25th to the 75th percentile, and the line inside the box shows the median. The
interquartile ranges represent the difference between the 25th and 75th percentiles. Whiskers are extended to the most extreme data point
that is no more than 1.5 times the interquartile range from the edge of the box, and outliers beyond the whiskers are depicted as dots. The
indicated P values were calculated by Mann-Whitney test, and the number of measured cells (x) per experiment (y) are indicated as (x/y).
K: Coimmunoprecipitation of Cavb3 and the IP3R3. Immunoprecipitations were performed with antibodies against Cavb3, nonspecific
rabbit Ig (rIgG), anti-IP3R3, and nonspecific mouse Ig (mIgG). Eluted protein complexes were subjected to Western blot (WB) using anti-
Cavb3 (top blot) and anti-IP3R3 (bottom blot).
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ionomycin (Fig. 7F) or ionomycin alone (Fig. 7I). The peak
amplitudes of the thapsigargin- and ionomycin-triggered
Ca21 signals and the areas under the traces (curves) did
not differ between the two genotypes (Fig. 7G, H, and J),
suggesting that the calcium content in intracellular stores
is not affected by the Cavb3 protein. The transcript levels
of IP3R1–3 also did not differ in cells of both genotypes
(Fig. 3D). Using an antibody for the IP3R3, the Cavb3 pro-
tein was coimmunoprecipitated with IP3R3 in b-cells and
vice versa (Fig. 7K and Supplementary Fig. 2E). These
experiments suggest that Cavb3 binds to the IP3R and
interferes with IP3- and glucose-dependent Ca21 signaling.
This is consistent with our results in fibroblasts isolated
from mouse tissue, which support that the Cavb3 protein
reduces the sensitivity of cells to low IP3 levels via interac-
tion with the IP3R (19).

DISCUSSION

RNA sequencing of rat pancreatic b-cells revealed the
expression of genes encoding high voltage-gated Ca21

channel subunits (Fig. 3D). In the endocrine pancreas, a
rise in [Ca21] mediates insulin secretion, and it was
shown that in human and mouse pancreatic b-cells, the
Cav1.2 and Cav1.3 in particular contribute to Ca21 influx.
Mutations in the genes encoding the ion-conducting
pores of these channels led to alterations in whole-cell
Ca21 currents, insulin secretion, and systemic glucose
tolerance (13,33,34). Following genetic deletion of the
Cacna2d1 gene, Cav currents, insulin release, and b-cell
mass were decreased, leading to glucose intolerance (16).

In contrast, genetic ablation of Cavb3 increased insulin
secretion and glucose clearance without affecting Cav cur-
rents in b-cells (17,18). In these studies, the Cacnb3 gene
was deleted in the whole animal and not specifically in
pancreatic b-cells. Therefore, it cannot be excluded that
ablation of Cavb3 not only in pancreatic b-cells contrib-
utes to the observed phenotype. To investigate the func-
tion of the Cacnb3 gene and its effects in pancreatic
b-cells alone, we deleted the Cacnb3 gene in pancreatic
b-Ins-1 cells by CRISPR/Cas9 (Fig. 1A)

In Cavb3-KO cells, GIIS, insulin content, Ca21 release,
and the frequency of Ca21 oscillations were increased
compared with wild-type cells, but the whole Cav currents
and the ratio of L-type to non-L-type currents remained
unchanged (Figs. 2 and 5). When the amount of Cavb3
was increased above the concentration level in wild-type
cells, the effects on GIIS, insulin content, and Ca21 signal-
ing were even more reversed, without Cav channel func-
tion being affected (Fig. 5). Taken together, these results
argue for a cell-autonomous mechanism in which the
absence of Cavb3 in b-cells alone is responsible for the
effects on insulin release and that these effects of Cavb3
are independent of its function as a Cav channel subunit.

Jeon et al. (35) identified Cavb3 and characterized its
function in hippocampal CA1 pyramidal neurons. After dele-
tion of the Cacnb3 gene, Cav currents remain unchanged in

these cells. At the same time, N-methyl-D-aspartate recep-
tor–mediated synaptic currents were increased (35). We
showed that deletion of Cacnb3 gene increased the sensitiv-
ity of fibroblasts to low concentrations of IP3 without affect-
ing Cav currents (19,20).

RNA profiling revealed that in rat b-cells, among all
Cav subunit–encoding genes, the Cavb3 was the most
highly expressed, >10-fold higher than the genes of
Cavb1 and Cavb2 (Fig. 3D). The transcription levels of
these genes do not differ in wild-type and Cavb3-KO cells,
so Cavb2 and Cavb1 could function as subunits of Cav1
channels in these cells. The Cacnb4 gene was detected
with FPKM values <1 in both genotypes and in Western
blot Cavb4 protein was not detectable because the protein
was either not present in these cells or the sensitivity of
the antibodies was not sufficient to detect it (Figs. 1C
and 3D).

Significantly upregulated in Cavb3-KO cells are genes
associated with insulin transcription, including Ins1 and
Ins2. While the rat and mouse genomes contain two insu-
lin genes, only a single insulin gene exists in the human
genome, which is homologous to the rodent Ins2 gene
(36). The proteomic data support the transcriptomic data:
they show a significant increase in insulin, NOS1, CaM-
KIV, CREB, and MAFA (Fig. 4). CaMKIV plays a role in
CREB activation, which in turn contributes to Mafa and Ins
expression (28,29,37). Expression of a constitutively active
CaMKIV mutant in b-Ins-1 cells enhanced glucose-induced
Insulin gene expression, while a dominant-negative mutant
of this protein repressed insulin promoter activity (38).
The transcription factor Mafa, which regulates glucose-
dependent transcription of insulin, is dependent on the
CREB pathway (29) and is considered a sensor of pancre-
atic b-cell activity (39). The significantly higher glucose-
dependent CREB phosphorylation and concomitant
increase in MAFA protein levels in Cavb3-KO b-cells (Fig.
4C and D) suggest that Cavb3 in wild-type cells modu-
lates Insulin transcription via a CaMKIV/CREB-dependent
pathway.

Txnip inhibits insulin production by downregulating
Mafa (40), while Txnip gene deficiency prevents b-cell
apoptosis (41). In Cavb3-KO b-cells, Txnip transcripts are
significantly reduced compared with wild-type cells (Fig.
3B and C). This reduction could protect b-cells from the
stress caused by increased glucose-dependent insulin pro-
duction. VAMP8 mediates the recruitment of insulin
granules to the plasma membrane (42). Deletion of the
Vamp8 gene in mice leads to an increase in insulin sensi-
tivity and changes in glucose clearance depending on the
genetic background (42–44). Transcripts of Vamp8 are
decreased in Cavb3-KO b-cells compared with wild-type
cells (Fig. 3B and C), possibly counteracting the increased
insulin transcription and release. The transcript levels of
Nos1 and Pcsk1 are significantly increased in Cavb3-KO
b-cells and may additionally contribute to the increased
insulin release in Cavb3-KO b-cells. Thus, the formation
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of NO is associated with increased GIIS (45), and a defect
in PCSK1, which converts proinsulin into an active hor-
mone, has been linked to obesity (46).

In addition to Ca21 influx into the b-cell via Cav chan-
nels, the release of Ca21 from intracellular stores also influ-
ences the regulation of insulin secretion and glucose hom-
eostasis. For example, knockin mice with RyR2 mutations,
discovered in humans with a genetic form of exercise-
induced sudden cardiac death, show glucose intolerance. The
mutation results in intracellular Ca21 leak through RyR2
channels (7). Another mutation that occurred spontaneously
in a mouse colony results in a genomic deletion of two
exons in Itpr1 and aberrant splicing of Itpr1 mRNA tran-
scripts (47). Animals heterozygous for this mutation show
glucose intolerance, reduced b-cell mass, and reduced pan-
creatic islet insulin content (48). Single nucleotide polymor-
phisms in the ITPR3 gene are associated with type 1
diabetes in humans (49,50).

In the b-cells studied in this report, IP3- and glucose-
dependent Ca21 signaling are decreased in the presence
of Cavb3 (Figs. 6 and 7). Cavb3 interacts directly with
IP3R3 and negatively affects Insulin gene expression, insu-
lin content, and secretion. In contrast, in the absence of
Cavb3, Insulin transcription and secretion are increased.
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