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SUMMARY

Voltage-gated calcium channels (Cavs) are major
Ca?* entry pathways in excitable cells. Their B sub-
units facilitate membrane trafficking of the channel’s
ion-conducting a1 pore and modulate its gating
properties. We report that one 8 subunit, 83, reduces
Ca?* release following stimulation of phospholipase
C-coupled receptors and inositol 1,4,5-trisphos-
phate (IP3;) formation. This effect requires the
SH3-HOOK domain of Cavf3, includes physical
B3/IP; receptor interaction, and prevails when
agonist-induced IP; formation is bypassed by
photolysis of caged IP3. In agreement with 83 acting
as a brake on Ca®* release, fibroblast migration
is enhanced in vitro, and in vivo, closure of skin
wounds is accelerated in the absence of B3. To
mediate specific physiological responses and to pre-
vent Ca?* toxicity, cytoplasmic Ca®* signals must be
tightly controlled. The described function of 3, unre-
lated to its function as a Cav subunit, adds to this
tight control.

INTRODUCTION

Many physiological processes are regulated by changes of the
cytoplasmic concentrations of calcium ions (Ca2*), which are
tightly regulated by Ca?*-permeable ion channels, Ca* trans-
porters, and pumps within the plasma membrane and the
membranes of intracellular compartments. Major plasma mem-
brane Ca2* entry pathways include voltage-gated Ca?* channels
(Cavs) that comprise a pore-forming o1 subunit and the auxiliary
subunits B, a2, 8, and, in skeletal muscle, y (Catterall et al., 2005;
Hofmann et al., 2014; Rima et al., 2016). These auxiliary subunits
are essential in trafficking the pore-forming o1 to the plasma
membrane (Dolphin, 2012), shaping current kinetics (He et al.,
2007), permitting voltage-dependent channel activation (Kadurin
et al., 2016), and controlling transsynaptic channel coupling (Fell
et al., 2016).

The B subunits are cytosolic proteins encoded by four genes,
Cacnb1 to Cacnb4. They consist of a conserved core region
flanked by non-conserved N and C termini (Buraei and Yang,
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2013). Differential splicing of the primary transcripts gives rise
to a variety of N termini for each of the four genes. Their core re-
gions encode a Src homology (SH) 3 and a guanylate kinase (GK)
domain linked by a HOOK domain. The GK domain contains the
a1-binding pocket, which binds with high affinity a conserved
sequence located in the cytoplasmic loop of the pore-forming
a1 subunits of the high-Cavs (Chen et al., 2004; Opatowsky
et al.,, 2004; Van Petegem et al., 2004). In the absence of
Caval proteins, most f subunits reside in the cytoplasm; only
the palmitoylated p2-N3 (Qin et al., 1998) and the B2-N5 (Kim
et al.,, 2015; Miranda-Laferte et al., 2014) are tethered to the
plasma membrane.

Bound or unbound to the ion-conducting Caval, the B sub-
units can interact with additional proteins (Buraei and Yang,
2010; Rima et al., 2016). Following skeletal muscle excitation,
Cav1.1 and the Cavi.1-bound B1a interact with a cytosolic
domain of the ryanodine receptor type 1 (RyR1) (Cheng et al.,
2005; Flucher et al., 2005; Rebbeck et al., 2015; Szpyt et al.,
2012) and thereby trigger Ca®* release from the sarcoplasmic re-
ticulum. This conformational coupling is the underlying mecha-
nism for excitation-contraction coupling in skeletal muscle.
In the brain B proteins interact with monomeric GTP-binding pro-
teins Rad, Rem, Rem2, and Gem/Kir (Béguin et al., 2001, 2007;
Fan et al., 2012; Yang and Colecraft, 2013) and a B-anchoring
and B-regulatory protein (BARP) (Béguin et al., 2014). The
distinct B4 splice variants modulate channel function and accu-
mulate in the nucleus, where they recruit transcription factors
and regulate gene expression (Etemad et al., 2014; Hibino
et al., 2003; Tadmouri et al., 2012).

The B3 subunit is preferentially associated with L-type
(Cav1.2a1) and N-type Ca?* channels (Cav2.2a1) (Miiller et al.,
2010; Murakami et al., 2002; Namkung et al., 1998) in the brain
(Ludwig et al., 1997), smooth muscle (Held et al., 2007), and
endocrine cells (Berggren et al., 2004; Freise et al., 1999).
Additional B3 functions not related to Cavs include blunting of
N-methyl-D-aspartate receptor (NMDAR)-2B-induced activities
in the hippocampus (Jeon et al., 2008) and an abridged Ca®*
mobilization from intracellular stores and lower frequencies
of glucose-induced intracellular Ca®* oscillations in pancreatic
B cells (Berggren et al., 2004).

In this study we investigated the roles of B3 in Ca®* release
from intracellular stores and identified primary fibroblasts as
an appropriate cellular system. The Cacnb3 gene is expressed
in these cells, whereas depolarization-induced Ca?* influx is
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Figure 1. Decreased Agonist-Induced Calcium Release in B3 cDNA-Expressing Cells
(A and D) Confocal images of HEK (A) and Cos-7 (D) cells expressing the GFP-tagged Cav33 cDNA in the absence (left) and presence (right) of the a1c (Cav1.2)

cDNA.

(B and E) Western blot of protein lysates from HEK (B) and Cos-7 (E) cells, non-transfected or transfected with Cav33 cDNA (+33).

(C and F) Fura-2 ratio (F340/F380) over time before and after addition of carbachol (Cch) in HEK cells (C) or ATP in Cos-7 cells (F) in the absence of extracellular
Ca?*. Control (red), cells transfected with the GFP cDNA only; +B3 (black), cells transfected with Cavp3-IRES-GFP cDNA; (number of cells/independent ex-
periments). Resting Ca?* in the cytoplasm, peak amplitude, and area under the curve are presented below the traces as means + SEM; p values were calculated

using a Mann-Whitney test or unpaired two-tailed Student’s t test.
See also Figures S1 and S2.

hardly detectable, allowing the evaluation of B3 functions
unrelated to voltage-gated Ca2* currents. We show that in
response to physiological agonists or upon photolysis of
caged inositol 1,4,5-trisphosphate (IPs), Ca®* release from
intracellular stores is increased in fibroblasts from B3
knockout (KO) mice and in Cos-7 cells, which do not express
endogenous 3 compared with controls, wild-type fibroblasts,
and Cos-7 cells transfected with 33 cDNA. The amount of the
IP3 receptor (IP3R) protein does not depend on the presence
of B3, but both proteins, IP3R and B3, are co-immunoprecipi-
tated. Both the endogenous and recombinant B3 protein effi-
ciently reduce the IP3R’s binding of IP3. As a result, cells are
less sensitive to low IP3 concentrations followed by changes
in fibroblast migration in vitro, in collagen secretion, and in
skin wound healing in vivo. In summary, our results indicate
that B3, unrelated to its role as a Ca®* channel subunit, specif-
ically modulates the cell’'s IP3 sensitivity and thereby effi-
ciently tunes agonist-induced cytoplasmic Ca®* signals and
cellular functions.

RESULTS

Cavp3 Protein Interferes with Agonist-Induced Ca%*
Release

As described (Béguin et al., 2014; Suh et al., 2012), the wild-
type B3 subunit is distributed throughout the cytoplasm, in
both the absence and presence of a Caval (Figures 1A, 1D,
S1A, and S1B). In HEK293 (HEK) and Cos-7 cells transfected
with the CavB3 cDNA, the B3 protein corresponds to ~55 kDa
(Figures 1B and 1E). A protein of similar size, apparently
endogenous B3, is detectable as a faint band in non-trans-
fected HEK but not in non-transfected Cos-7 cells by the
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anti-B3 antibody (Figures 1B and 1E). In the presence of
carbachol (Cch) or ATP, muscarinic receptors and P2Y recep-
tors are stimulated in HEK and in Cos-7 cells, respectively,
leading to PLC activation and cleavage of phosphatidyl
inositol 4,5-bisphosphate (PIP,) into IP3 and diacylglycerol.
IP; is bound by the IP3R, Ca?* is released from intracellular
stores, mainly the endoplasmic reticulum (ER), and the cyto-
plasmic [Ca®*] increases. This increase is monitored by
Fura-2 and characterized as peak amplitude and area under
the trace (Figures 1C and 1F) in non-transfected HEK and
Cos-7 cells (red trace) and in cells transfected with the
B3 cDNA (black trace). Expression of 3 cDNA significantly
reduces the increase of cytoplasmic [Ca®*].

Primary fibroblasts isolated from embryonic mice do ex-
press the Cacnb3 gene; the B3 protein is present (Figure 2A).
It is absent in fibroblasts isolated from Cacnb3-deficient
(B3 KO) mice (Figure 2A). Depolarization of Fura-2-loaded
fibroblasts by high potassium (74 mM) in the presence of
extracellular Ca®* did not reveal any significant increase of
cytoplasmic [CaZ*], in neither wild-type nor B3 KO cells (Fig-
ure 2B), indicating the absence of depolarization-induced
Ca?* influx through Cavs. In contrast, application of high po-
tassium on HEK cells co-expressing the cDNA of Cav1.2
(a1c) and B3 or on acutely isolated mouse cardiomyocytes
(Figures S1C and S1D) induced immediate Ca®* increase,
which was reduced by the Ca?* channel blocker nimodipine.
Whole-cell recordings from wild-type and B3 KO fibroblasts
revealed minuscule voltage-gated currents (Figure S1E; cur-
rent density, lcaiomv, —2.25 + 0.44 pA/pF; n = 10) with no sig-
nificant difference between wild-type and 3 KO cells (Figures
S1E and S1F). Bradykinin (BK) and lysophosphatidic acid
(LPA) stimulate BK and LPA receptors in fibroblasts (Vogt
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et al., 2003), followed by IP;-dependent Ca®* release. Resting
cytoplasmic [Ca®*] prior to agonist application was not signif-
icantly different in wild-type and B3 KO fibroblasts, but the
agonist-induced Ca®* increase was significantly higher in p3
KO fibroblasts compared with control wild-type cells (Figures
2C-2E). This Ca2* release in fibroblasts and in Cos-7 cells was
absent in the presence of the phospholipase C inhibitor
U73122 (Figures S2A and S2B). The elevation of cytoplasmic
[Ca®*] following Ca2* store depletion in the presence of thap-
sigargin was not different in fibroblasts from either genotype
(Figure S2C), indicating that the Ca®* content of intracellular
stores was not compromised in the absence of 3.

The agonist-induced Ca2* release upon receptor stimulation
is larger in B3 KO compared with wild-type fibroblasts, and
store-operated Ca* entry (Putney and Bird, 1993) might be
different in these cells. The stores were first depleted in the
presence of the agonist LPA but in the absence of extra-
cellular Ca®*, as in Figure 2D (Figure S2D). After return of
cytoplasmic [Ca®*] to baseline, extracellular Ca®* was added,
leading to Ca®* entry through plasma membrane channels.
This store-operated Ca®* entry was not different in wild-type

theses that Cavp3 interferes with the

signal transduction pathway stimulated
by the receptor or directly modulates IP3R function, cells
were loaded with membrane-permeable caged IP; and the
fluorescent Ca?* indicator Fluo-4. Care was taken to ensure
equal loading by plating cells of different genotypes on the
same coverslip (Figures 3 and S3). IP; was released by
photolysis and subsequently activated the IP3Rs, resulting
in an increase of cytoplasmic [Ca2*], which was monitored
by Fluo-4. As shown in Figure 3A, UV light flashes of
increasing energy enhanced Fluo-4 fluorescence in wild-type
fibroblasts (black traces) and B3 KO fibroblasts (red traces).
The Ca?*-induced fluorescence was plotted versus the
amount of flash energy as a measure for the amount of
released IP3 (Figure 3A). Also under this condition, the wild-
type fibroblasts were less sensitive to IP3 than B3 KO
fibroblasts.

Cos-7 cells, which lack endogenous B3 (Figure 1E), were
loaded with Fluo-4 and caged IP; and subsequently exposed
to UV light flashes (Figure S3, bottom). As shown in Figure 3B,
non-transfected Cos-7 cells (control) are more sensitive to I1P3
than the transfected cells (+B3) and thereby behave like the
B3 KO fibroblasts (Figure 3A).
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Figure 3. Cavp3 Desensitizes Cells to Low Concentrations of IP3;

(A and B) Fibroblasts isolated from wild-type (WT; black) and B3 KO (red) mice (A) and Cos-7 cells (B), non-transfected (control; red) and transfected with 3 cDNA
(+B3; black); cDNAs were loaded with caged IP3 and Fluo-4/AM. IP; was released by UV flash photolysis at the indicated energies, and the cytoplasmic [Ca®*] was
monitored by Fluo-4 fluorescence. Bar graph showing Ca®* amplitude (AF/Fo) at the indicated energies (inset, Ca®* amplitude-energy-dose-response curves).
Data are presented as mean + SEM, and the numbers of measured cells are indicated in the bars. Both genotypes (in one dish) at a given UV light flash energy

were compared; the p values were calculated using unpaired two-tailed Student’s t test.

See also Figures S3 and S5.

Interaction of Cav33 with the IP3;R

Mouse fibroblasts predominantly express the type 3 IP3R gene
(Figure S4A), and the IP3R protein levels are not different in
wild-type and B3 KO cells (Figure 4A). To verify a physical
interaction of B3 and the IP3R, both proteins were effectively
co-immunoprecipitated by using the antibodies for B3 and
the type 3 IP3R (Figure 4B), the type1 and type 2 IP3Rs (Figures
S4B and S4C). To identify the B3 domain (Figure 4C) required
for IPsR binding, the deletion mutants B3-HOOK-SH3gs-
GK (B3ASH3) and B3-SH3g1.54-HOOK-SH3s5 (B3AGK) were
co-expressed with the type 3 IP3R. As shown in Figures 4D
and 4E, the B3AGK was still co-immunoprecipitated with the
IP3R and vice versa, but the B3ASH3 was not. To evaluate
whether the effect of the full-length B3 protein on IPs-induced
Ca?* release was maintained by B3 lacking the SH3 domain,
the BBASH3 were expressed in Cos-7 cells, and the presence
of protein was controlled by western blot (Figure 4F). As
shown in Figures 4G and 4H, the ATP-induced elevation of
cytoplasmic [Ca*] was not different in B3ASH3 cDNA-ex-
pressing Cos-7 cells and in control cells, indicating that the
SH3 domain is required for the decrease of agonist-induced
Ca®* release that had been observed with the full-length
B3 protein.

All B subunits constitute a similar domain structure, and to
evaluate whether the observed effect on IPs-induced Ca®*
release is a specific property of B3, Cos-7 cells were trans-
fected with two splice variants of B2, B2-N3, or f2-N4. No
endogenous B2 protein was detectable in Cos-7 cells by an
anti-p2 antibody (Link et al., 2009). The amino acid sequences
of both proteins differ in their N terminus (Figure S5A), which
determines that B2-N3 is associated with the plasma mem-
brane (Figure S5B) by palmitoylation, whereas p2-N4, like (3,
is distributed throughout the cell (Figure S5D). After loading
cells with caged IP; and Fluo-4 and photolysis, as in Figures
3B and S3 (bottom), there were no significant differences
in the IP3 responses of non-transfected and B2-transfected
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Cos-7 cells (Figures S5C and S5E), indicating a B3-specific
effect.

Cavf3 Reduces IP; Binding by the IP3;R

The previous data show that 3 modulates IPs-induced Ca?*
release and that B3 and IP3R proteins do physically interact.
Cerebellum microsomes, a rich source of IPsRs, were prepared
from wild-type and B3 KO mice (Figure 5A) to study [*H]IP;
binding to the IP3R. The equilibrium dissociation constants
(Kg) of specific IP; binding by the IP3R were significantly
reduced in B3 KO microsomes (B3 KO, 9.78 + 0.53 nM,
n = 3; wild-type, 27.51 + 5.40 nM, n = 3; p = 0.03) with no sig-
nificant difference of the density of binding sites (B3 KO, Bmax
1.49 + 0.15 pmol/mg, n = 3; wild-type, 2.26 + 0.37 pmol/mg,
n = 3; p = 0.12) (Figures 5B-5D). Next, binding of IP3 to the
IP3R in mouse cerebellum microsomes (isolated from B3 KO
mice) was measured either in the absence or presence of re-
combinant B3 protein. The amount of B3 protein per single
fibroblast was estimated to be in the 10-100 nM range (Figures
S4D and S4E). The B3 protein (Figure 5E, right) at 0.1 and
0.3 uM but not GST (at 1 uM; Figure 5E, left) reduced specific
IP3 binding compared with control (Figure 5F). Taken together,
these results show that endogenously present as well as added
recombinant B3 protein reduces the affinity of the IPsR for IPs.
IP3 binds to the IPs-binding domain (IP3BD) (Fan et al., 2015;
Hamada et al., 2017), which covers most of the N-terminal
604 amino acid residues of the IP3R type 3 (Figure 5G). Both
B3 and IP3BD cDNAs were co-expressed in Cos-7 cells, and
immunoprecipitation was performed with anti-3 and anti-
IP3BD. Both antibodies retained their target and the respective
associated protein IP3BD and B3 (Figure 5H). To monitor IP3
binding by the IP3BD in the presence of B3 but in the absence
of any other proteins, both proteins were generated in E. coli
(Figures 5E and 5l). Recombinant IP3BD specifically binds
IP; in a concentration-dependent manner, and binding was
reduced in the presence of 0.2 uM B3 (Figure 5J). Specific
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Figure 4. Cavf33 Interacts with the IP;R

(A) Western blots with increasing amount of protein from wild-type and B3 KO fibroblasts were probed subsequently with antibodies for IP;R3, Na*/K*-ATPase,

and B3.

(B) Co-immunoprecipitation of B3 and the IP3R3. Lane 1, input (cell lysate); immunoprecipitation with the antibody for B3 (lane 2) and IP3R3 (lane 3). Western blots

with antibody for IP3R3 (top) and B3 (bottom).

(C) Domain structure of B3, B3BAGK (B3-SH3(31-34-HOOK-SH3g5)) and B3ASH3 (3-HOOK-SH3(s5-GK).
(D and E) Western blots after co-immunoprecipitation of IP3R3 and B3AGK (D) or B3ASH3 (E) using the antibodies as indicated.

(F) Western blot confirming expression of the B3ASH3 cDNA in Cos-7 cells.

(G) Fura-2 ratio (F340/F380) over time before and after stimulation with ATP (10 uM) in the absence of extracellular Ca* in Cos-7 cells expressing the B3ASH3-
IRES-GFP cDNA (B3ASHS3; black) and control cells expressing the GFP cDNA (red).

(H) Resting cytoplasmic Ca®*, peak amplitudes, and area under the curve are shown as mean + SEM; statistical significance was assessed using unpaired
two-tailed Student’s t test for resting cytoplasmic Ca®* and peak amplitude and Mann-Whitney test for area under the curve.

See also Figure S4.

[*H]IP; binding by the IPsBD protein was reduced in the
presence of B3-GST at increasing concentrations but not in
the presence of GST alone, whereas recombinant 3-GST or
GST did not bind IP3 by themselves (Figure 5K).

Cavf33 Function in Fibroblast Migration and Wound
Healing

To shed light on the physiological role of B3 as a “brake” on
IPs-induced Ca?* release in fibroblasts, which have the ability
to migrate (Sixt, 2012), scratch assays were performed. The
B3 KO fibroblasts showed significantly enhanced motility
compared with wild-type cells (Figure 6A). This increased migra-
tion was retained when reducing the concentration of fetal calf
serum from 10% (Figure 6B) to 1% (Figure 6C) and was not
related to changes in proliferation or viability (Figures S6A and
S6B), which were not significantly different for fibroblasts
of both genotypes. Activation of focal adhesion kinase (FAK)
and of myosin light chain (MLC) is associated with active move-
ment of cells (Totsukawa et al., 2004; Zhao et al., 2016). The
amounts of phosphorylated FAK and MLC were significantly

increased in the B3 KO fibroblasts (Figures 6D and 6E), whereas
staining of migrating fibroblasts for myosin lla and for actin fila-
ments and the amount of myosin lla and the G-actin/F-actin ratio
were not different (Figures S6C-S6F).

Fibroblasts play a crucial role in the final steps of wound repair
and tissue remodeling (Gurtner et al., 2008). The B3 KO fibro-
blasts showed faster migration in vitro (Figures 6A-6C) and
secreted more collagen compared with wild-type control cells
(Figure 6F). Cavp3 protein is also present in primary skin fibro-
blasts from wild-type mice (Figure 6G). Therefore we applied a
defined circular wound of 2 mm diameter by removing the com-
plete skin with epidermis and dermis on the shaved back of
wild-type and B3 KO mice. For intravital microscopy, the dorsal
skinfold chamber preparation was used, and the wound area in
the skinfold chamber was photographed directly after wounding
(day 0) and 3, 6, 10, and 14 days post-wounding (Figure 6H).
Thereafter, the sizes of the wound areas were determined by dig-
ital images, and size on a given day was expressed as a percent-
age of the initial wound area. The process of wound closure
continued for 14 days in both genotypes, but wound closure
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Figure 5. The B3 Protein Reduces IP; Binding to the IP;R

(A) Western blot of microsomal proteins from wild-type (left) and B3 KO (right) mouse cerebellum using anti-B3, anti-IP;R1, and anti-p2 (Ic, loading control)
antibodies.

(B-D) Equilibrium saturation binding of [*H]IP3 in the absence and presence of 25 M unlabeled IP5 by cerebellum microsomes prepared from wild-type (black)
and B3 KO (red) mice. (B) A representative experiment out of three is shown with K4 (C) and Bmax (D) values as indicated. Data are shown as mean + SEM, and
p values were calculated using unpaired two-tailed Student’s t test.

(E and F) Coomassie-stained recombinant GST and 3-GST (E) and [*H]IP; (10 nM) (F) binding in the absence and presence of 25 M IP; (non-specific binding
was <40 cpm) by B3 KO cerebellum microsomes in the absence (control; 100% amounts to 0.66 + 0.04 pmol/mg protein) and presence of recombinant B3-GST or
GST as indicated. Data are shown as means + SEM; n = 2 independent experiments in triplicate. p values were calculated using one-way ANOVA and Bon-
ferroni’s multiple comparisons test.

(G) Domain structure of IP3R indicating the suppressor domain followed by the IP3-binding domain (amino acids 1-604); six transmembrane domains are
indicated in black.

(H) Co-immunoprecipitation of B3 and IP;RBD (both cDNAs were co-expressed in Cos-7 cells) using anti-Cavp3 and anti-IP;R3 antibodies for immunoprecip-
itation and western blot as indicated.

() Coomassie-stained recombinant IP;BD.

(J and K) Specific binding of [°H]IP5 (10 nM) (J) by recombinant IPsBD (2.50, 7.50, and 22.50 pg) in the presence of 200 nM GST protein or 200 nM GST-B3 protein.
(K) Specific [*H]IP3 binding to recombinant IPsRBD (1.50 uM) in the absence (1,173.88 + 76.48 cpm) or presence of GST and GST-B3 at increasing concentrations.
Non-specific binding in the presence of 25 uM IP3 (39.40 + 2.76 cpm) and binding to GST-f3 or GST as indicated. Data are shown as means + SEM; p values were
calculated using one-way ANOVA and Bonferroni’s multiple comparisons test.

See also Figure S4.

was significantly accelerated in 3 KO mice compared with wild-
type controls (Figures 6H and 6l).

1 and 2), this effect of B3 was unrelated to its role as a Cav sub-
unit. It prevailed when receptor stimulation by an agonist was
bypassed by loading cells with caged IP; and releasing IP3
through graded photolysis (Figure 3). Because the 3 subunit
and the IP3R were co-immunoprecipitated (Figure 4) and B3

DISCUSSION

The release of Ca®* from intracellular stores is crucial for
elevating cytoplasmic [Ca?*] and for shaping the spatiotemporal
profile of cellular Ca®* signals required to induce specific physi-
ological responses. Our results that the Cavp3 subunit tunes
agonist-induced Ca®* release offers further insights into the
regulation of cellular Ca®* signaling. In three distinct cell types,
HEK and Cos-7 cells and fibroblasts isolated from mice (Figures
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efficiently reduced binding of IP3 by the IP3R (Figure 5) without
binding IP3 by itself, cells are less sensitive to IP3 in the presence
of 33. This role appears not to require presence and activity of
Cavs, which underlie miniscule Ca®* currents in primary fibro-
blasts (Figure S1) and which are not affected in the absence
of B3. Fibroblasts are migrating cells and in agreement with
B3 acting as a brake on Ca®* release, migration in wild-type
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Figure 6. In Vitro Fibroblast Migration and /In Vivo Wound Healing

(A) Representative images of migration from wild-type and B3 KO fibroblasts.

(B and C) Summary of cell migration rate calculated relative to the initial scratch area after 6 hr showing increased migration of 83 KO fibroblasts (red) compared
with wild-type fibroblasts (black) in the presence of 10% fetal calf serum (FCS) (B) or 1% FCS (C). Data are shown as mean + SEM, with the experiment performed
three times with three independent cell preparations (32-40 images from three independent experiments; p values were calculated using unpaired two-tailed
Student’s t test).

(D and E) Western blot of wild-type and 3 KO primary fibroblasts using anti-P-FAK (Sr732) (D), P-MLC (E), and anti-Akt antibody as a loading control. Bar graphs
show the densitometric quantification of the intensity of the corresponding immunostain as mean + SEM; p values were calculated using unpaired two-tailed
Student’s t test.

(F) Collagen secretion from wild-type (black) and 3 KO fibroblasts (red) expressed as the mean + SEM (n = 3 independent experiments; p values were calculated
using unpaired two-tailed Student’s t test).

(G) Western blot of wild-type and B3 KO primary skin fibroblasts lysates (80 pg per lane) using anti-p3 antisera.

(H) Images obtained from the skinfold chamber directly after wounding (day 0) and on days 3, 6, 10, and 14 post-wounding. The continuous process of wound
closure, with complete epithelialization, is shown over 14 days in both genotypes.

(I) At the time points indicated, the wound area was determined and plotted as a percentage of the wound area on day 0 (immediately after wounding). Data are
shown as mean + SEM (n = 8 mice; p values were calculated using two-way ANOVA and Bonferroni’s multiple comparisons test). Wound closure is significantly
accelerated in B3 KO mice.

See also Figure S6.

fibroblasts was reduced in vitro, whereas in vivo, closure ofaskin et al., 2004; Van Petegem et al., 2004) but neither p2-N3 nor
wound was accelerated in the absence of B3 (Figure 6). 2-N4 (also dubbed B2a and B2b) can replace 3 as a modulator

The B3 subunit shares the common SH3-HOOK-GK core of the IP3R (Figure S5). Compared with the B3 amino acid
structure with other B subunits (Chen et al., 2004; Opatowsky sequence the B2 proteins differ substantially in their N and
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C termini and within their HOOK domain, which covers 98 amino
acid residues. It comprises stretches of serine, acidic, and basic
residues required for B2 to associate with phospholipids,
including PIP2 (Park et al., 2017), and which are absent or poorly
conserved in the 49 amino acid HOOK domain of B3.

Canonical SH3 domains comprise five sequential B strands
and mediate specific protein-protein interactions by binding to
PxxP-containing motifs that are present but not conserved in
the amino acid sequences of the murine IPsRs type 3 (one
PxxP motif), type 2 (one), and type 1 (nine). In the Cavp subunits,
the four initial B strands of the SH3 domain (SH331_g4)) are sepa-
rated from the fifth  strand (SH35)) by the HOOK domain (Chen
et al., 2004; Opatowsky et al., 2004; Van Petegem et al., 2004),
and the relevant amino acids required for binding to PxxPs motif
are concealed (Chen et al., 2004, 2009). However, the corre-
sponding B3-SH331-4-HOOK-SH3 gs) was sufficient to interact
with the IP3R (Figure 4) and functioned as the specific protein-
interaction module. The B3 interacts with a number of other pro-
teins in addition to the ion-conducting o1 pores of high-Cavs and
the IP3R. Part of its GK domain enables interaction with mono-
meric GTP-binding proteins (Béguin et al., 2001, 2007; Buraei
and Yang, 2013; Yang and Colecraft, 2013). It interacts with
and suppresses the transcriptional activity of an isoform of
Pax6 in Xenopus oocytes (Zhang et al., 2010). It also binds to
the BARP in PC12 cells (Béguin et al., 2014), which modulates
the localization of § and its association with the Cava1 pore to
negatively regulate the Cav activity. The region in B3 responsible
for binding to BARP and PAX6 has not been identified but may
involve the SH3g1_p4)-HOOK-SH3 5y domain.

The binding sites of IP3Rs for several specific protein ligands
have been described (Prole and Taylor, 2016). The proteins
bound by the IP3R’s N terminus, which comprises the cyto-
plasmic suppressor domain and IPs-binding core, include hom-
er, calmodulin, Ca2* binding protein 1 (CaBP1), RACK1, and the
IP3R-binding protein released with IP3 (IRBIT). IRBIT competes
with IP3 for binding to the same site on IP3Rs (Ando et al.,
2003, 2006), whereas RACK1 has been shown to physiologically
bind IP3Rs and regulates Ca?* release by enhancing IP3R bind-
ing affinity for IP; (Patterson et al., 2004). The B3 subunit
decreased the affinity of IP3 to the IP3R independently of recep-
tor activation. IP3Rs share structural and sequence homology
with other Ca®* release channels of the ER, the ryanodine recep-
tors (RyR) (Efremov et al., 2015), which also interact with a Ca®*
channel B subunit. Physical interaction of the RyR type 1 (RyR1)
with the dihydropyridine receptor Cav1.1 (a1 s) triggers excita-
tion-contraction coupling in skeletal muscle, and the 1a subunit
of the Cav1.1 calcium channel may have a direct role in the trans-
mission of the signal from the voltage sensor (a1 s) to the calcium
release channel (RyR1) (Flucher et al., 2005; Szpyt et al., 2012) by
directly interacting with the RyR1 (Cheng et al., 2005; Rebbeck
et al., 2015).

In the presence of 33, the in vitro motility of fibroblasts is signif-
icantly reduced compared with cells lacking B3, whereas phos-
phorylation of MLCs and FAK as well as collagen secretion is
increased in the latter cells, most probably because of increased
cytoplasmic [Ca®*] (Figures 6A-6F). The B3 protein is present
in skin fibroblasts from wild-type mice (Figure 6G). These fibro-
blasts are proliferating and are attracted to migrate toward the
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wound area either from the edge of the wound or from the
bone marrow during repair of skin wounds (Gurtner et al.,
2008). Using the skinfold chamber model (Sorg et al., 2007),
we therefore studied wound healing in wild-type and 3 KO
mice. The advantages of the skinfold chamber are manifold.
First, it prevents skin contraction, which impedes following
wound healing in mice. Second, it allows covering the wound
with a glass coverslip, curtailing desiccation and tissue trauma,
which might delay the healing process. Third, wound healing
can be continuously followed under the microscope, as shown
in Figure 6H. Our data show that the skin wound healing is
accelerated in 3 KO mice, especially during the remodeling
phase (days 6-14), when fibroblast migration into the wound
and collagen secretion predominate. At day 10, the wounds
in B3 KO mice were almost completely closed compared with
the wounds in wild-type controls, which showed wound healing
and epithelialization over 14 days similar as previously described
(Eming et al., 2007). At 6 days post-wounding, only a minor
but significant acceleration of wound repair in B3 KO mice was
detectable. The B3 KO CD8" T lymphocytes show a survival
defect (Jha et al., 2009) and might contribute to the wound repair
during this initial inflammatory phase.

The spatiotemporal signature of cytoplasmic [Ca®'] is crucial
for physiological responses: in the rather sedentary primary
fibroblasts, as shown here, the increase of cytoplasmic [CaZ*]
relies mainly on Ca®* release from the ER. This release is tightly
controlled, and the 3, unrelated to its function as a Ca?* channel
subunit, adds to this control. This finding is in contrast to other
cells such as lymphocytes, in which cytoplasmic Ca®* signals
significantly rely on store-operated Ca®* currents, which are
absent in fibroblasts, as shown in Figures S2E and S2F.

In conclusion, our study demonstrates that the B3 subunit
specifically fine-tunes the agonist-induced IP3R response inde-
pendently of its function as a Cav subunit. Modification of the
IP5R’s sensitivity to IP; might well be the underlying mechanism
for the observed phenotype of accelerated skin wound healing
and for the previous observations of enhanced glucose clear-
ance (Berggren et al., 2004) in B3 KO mice. Accordingly, targeted
therapies to impair B3/IP3R interaction might be beneficial in
diabetes and delayed skin wound healing.

EXPERIMENTAL PROCEDURES

Animals and Ethics Statement

Cacnb3~'~ mice (Murakami et al., 2002) were generated by targeting part of
exon 3, exon 4, and part of the adjacent intron of the Cacnb3 gene, thereby
preventing translation of B strands 2-5 of the SH3 domain and of all B3 protein
sequences C-terminal of the SH3 domain from the recombinant allele. Mice
were backcrossed more than ten generations to C57BL/6 mice (obtained
from Charles River). Age-matched 8- to 12-week-old males were studied in
wound-healing experiments. All experimental procedures were approved
and performed in accordance with the ethic regulations and the animal welfare
committees of Saarland University and Saarland state (AZ C1-2.4.2.2/
16-2015). All efforts were made to minimize animal suffering and to reduce
the number of animals used.

Isolation of Primary Cells, Cell Culture, and Transfection

Fibroblasts were prepared from mouse embryos at embryonic day 14.5
from pregnant female C57BL/6 wild-type and Cacnb3~'~ mice, as previously
described (Fischer et al., 2013), and used up to passage 5. Cos-7 and HEK



cells (ATCC CRL-1651 and CRL-1573) were grown in DMEM and minimum
essential medium (MEM), respectively, supplemented with 1% GlutaMAX
(Cos-7) and 10% fetal calf serum (all from GIBCO by Life Technologies,
Paisley, UK), and maintained at 37°C and 5% CO,. Cell transfection was per-
formed using Fugene HD (Promega, Madison, Wisconsin, USA). All cDNAs
used in this study are listed in Table S1. Further details are provided Supple-
mental Experimental Procedures.

Immunoprecipitation and Western Blot

Cells were lysed in a buffer containing 50 mM HEPES, 150 mM NaCl, 1 mM
CaCly,, 1% (w/v) digitonin, and protease inhibitors for 1 hr at 4°C under rotation.
After centrifugation at 100,000 x g for 45 min at 4°C, the supernatant was incu-
bated with the corresponding antibody coupled to magnetic beads (Dyna-
beads; Invitrogen by Life Technologies, Oslo, Norway) for 2 hr at 4°C under
end-over-end rotation. Subsequently, beads were extensively washed, and
proteins bound by the beads were eluted thereafter in the presence of SDS-
denaturing buffer, run on SDS-PAGE, transferred to nitrocellulose, probed
with the indicated antibodies, and visualized by secondary antibodies conju-
gated to horseradish peroxidase after the addition of the Western lightning
chemiluminescence reagent plus (PerkinElmer, Waltham, MA, USA) at the
LAS-3000 analyzer (Fuijifilm). Antibodies used in this study are listed in Table S2.

Measurements of Cytoplasmic Ca2* by Fura-2

Cells were cultured on poly-L-lysine (Sigma-Aldrich, Steinheim, Germany)
coated glass coverslips and loaded with 5 uM Fura-2 AM (Invitrogen by
Thermo Fisher Scientific, Eugene, Oregon, USA) for 45 min at 37°C in the
dark. Every 2 s, Fura-2 was alternately excited (0.5 Hz) at 340 and 380 nm
for 20 ms, and the emitted fluorescence was recorded. After background
correction, ratio images were calculated from 340 and 380 nm images. Cali-
bration indicate that the Ca®* concentration remains close to the effective Ky
of Fura-2, as outlined in detail in Supplemental Experimental Procedures.

IP; Flash Photolysis

Cells (Cos-7 cells transfected with the CavB3 cDNA and non-transfected or
fibroblasts from wild-type and 3 KO mice) were plated on the same glass
coverslip (Figure S3), to warrant equal Fluo-4/AM (1 uM) and caged IP3 (3 uM
membrane-permeable caged “ci-IPz/PM”) loading for 40 min. Then, glass
coverslips were placed into a circular open-bottom chamber and supple-
mented with 200 pL Tyrode’s solution. Fluo-4 was excited with the 491 nm
laser, and emission was collected through a 515 nm long-pass filter. Images
were recorded at 2 frames/s, and uncaging of IP; was obtained by UV flashes.

Preparation of Mouse Cerebellar Membranes and IP3; Binding

Assays

Mouse cerebellar membranes were prepared according to (Yoshikawa et al.,
1999) and used for equilibrium binding of [*H]IP; (19.30 Ci/mmol; PerkinElmer,
Boston, MA, USA) for 30 min at 4°C in a total volume of 0.1 mL of buffer A
(50 mM Tris-HCI, 1 mM EDTA, 1 mM DTT [pH 8.30]) containing protease inhib-
itors. The reaction was stopped by centrifugation at 16,000 x g at 4°C for
10 min, and the supernatant containing unbound [*H]IP3 was discarded. The
pellet was washed twice with ice-cold buffer A, resuspended in 0.2 mL H,O,
added to 4.5 mL scintillation cocktail (Zinsser Analytic UNISAFE1, Berkshire,
UK), and subjected to liquid scintillation counting (WALLAC 1409 counter).
Using purified recombinant proteins, 1.5 uM IPs-receptor type 3 binding
domain fused to GST (IPsBD aa 224-604), and CavB3-GST or GST alone (at
30-300 nM each) were preincubated in buffer A for 10 min at 4°C; then, [°H]
IP; (10 nM) was added, yielding a total volume of 0.1 mL. After 10 min incuba-
tion at 4°C, the reaction was stopped by addition of 3 mL ice-cold solution B
(50 mM Tris-HCI, 1 mM EDTA, 1 mM DTT, 12% w/v polyethylene glycol 8000,
1.2 mg/mL BSA [pH 8.3]) containing protease inhibitors. The suspension was
immediately poured on GF/C filters. After washing three times with solution B,
the filter was subjected to liquid scintillation counting as detailed above.

Scratch Migration Assay and Skin Wound Healing Using the Mouse
Dorsal Skinfold Chamber

Fibroblasts were plated on glass slides at a cell density of 6 x 10° cells per
slide in complete media and cultured for 24 hr. Next day, at time point 0, a

200 L pipette tip was used to perform scratches over the confluent mono-
layer. Cell migration was observed for 30 hr by phase contrast microscopy
(BZ-8000; Keyence, Osaka, Japan).

Implantation of the dorsal skinfold chamber and wounding were performed
as previously described (Sorg et al., 2007). The dermal wound (2 mm in diam-
eter) was applied with a biopsy punch (pfm Medical, KéIn, Germany) at one side
of the skinfold by removing the complete skin with epidermis and dermis. The
final wound area covered 3.5-4.5 mm?. To monitor skin wound repair, mice
were anesthetized and placed on a custom made Plexiglas platform, which
was put under a stereomicroscope. Images were taken with different magnifi-
cations. Atthe time points indicated, the size of the wound area was determined
and plotted as percentage of the wound area immediately after injury.

Collagen Secretion
Collagen in conditioned media was measured using a Sircol Collagen Assay (Bio-
color, Carrickfergus, Northern Irland, UK) following the manufacturer’s protocol.

Statistical Analyses

Data analyses were performed using GraphPad Prism version 6.07 (GraphPad
Software, La Jolla, CA), Microsoft Excel, Igor Pro 5.1 (WaveMetrics),
TILLvisION (TILL Photonics), and AIDA Image Analyzer version 4.14. Data
are presented as mean + SEM and were tested for normality using D’Agos-
tino-Pearson omnibus or Shapiro-Wilk normality tests. For single comparisons
between two groups, unpaired two-tailed Student’s t test or Mann-Whitney
test was used as indicated. For comparisons between three or more groups,
one- or two-way ANOVA followed by Bonferroni’s multiple-comparisons test
was used, as indicated in the corresponding figure legend. p values < 0.05
were considered to indicate statistical significance.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, and two tables and can be found with this article online at
https://doi.org/10.1016/j.celrep.2018.01.010.
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