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The upregulation of Orai1 and subsequent store-operated Ca2+

entry (SOCE) has been associated with adverse cardiac remod-
eling and heart failure (HF). However, the mechanism underly-
ing Orai1 upregulation and its role in myocardial infarction re-
mains unclear. Our study investigated the role of Orai1 in
activating adenylyl cyclase 8 (AC8) and cyclic AMP (cAMP)
response element-binding protein (CREB), as well as its contri-
bution to cardiac dysfunction induced by ischemia and reper-
fusion (I/R). We found that I/R evoked an increase in the
expression of Orai1 and AC8 in rats’ hearts, resulting in a sub-
stantial rise in diastolic Ca2+ concentration ([Ca2+]i), and
reduced ventricular contractions. The expression of Orai1
and AC8 was also increased in ventricular biopsies of post-
ischemic HF patients. Mechanistically, we demonstrate that
I/R activation of Orai1 stimulated AC8, which produced
cAMP and phosphorylated CREB. Subsequently, p-CREB acti-
vated the ORAI1 promoter, resulting in Orai1 upregulation
and SOCE exacerbation. Intramyocardial administration of
AAV9 carrying AC8 short hairpin RNA decreased the expres-
sion of AC8, Orai1 and CREB, which restored diastolic
[Ca2+]i and improved cardiac contraction. Therefore, our
data suggests that the axis composed by Orai1/AC8/CREB
plays a critical role in I/R-induced cardiac dysfunction, repre-
senting a potential new therapeutic target to limit the progres-
sion of the disease toward HF.

INTRODUCTION
According to the World Health Organization acute myocardial
infarction (AMI) remains the leading cause of mortality worldwide
(https://www.who.int/es/news-room/fact-sheets/detail/the-top-10-
causes-of-death). Reperfusion therapeutic strategies, such as primary
angioplasty or pharmacological thrombolytic treatments, have effec-
tively decreased the mortality rates associated with AMI. However,
despite their need for heart salvage, reperfusion therapies produce
detrimental intracellular signals, causing additional damage to the
vulnerable heart. This phenomenon is known as ischemia and reper-
Molecular Therapy Vol. 32 No 3 Ma
fusion (I/R) syndrome, which contributes to the adverse cardiac re-
modeling and its progression toward heart failure (HF).1,2

Cardiac dysfunction during pathological heart remodeling is associ-
ated with changes in the expression and activity of Ca2+-related pro-
teins, such as ion channels, Ca2+-ATPase pumps, and Na+/Ca2+

exchanger.3,4 In the past decade, Orai1-mediated store-operated
Ca2+ entry (SOCE) has been shown to play a role in cardiovascular
remodeling associated with various etiologies, including transverse
aortic constriction, pulmonary arterial hypertension, and myocardial
infarction.5–7 SOCE is typically initiated because of a decrease in Ca2+

levels in the endoplasmic and sarcoplasmic reticulum lumen, which
activates the interaction of Ca2+ sensing STIM proteins with Orai1
channels, resulting in Ca2+ influx and a sustained increase in the
intracellular concentration of Ca2+ ([Ca2+]i), ultimately leading to
the activation of various signal transduction pathways.6 Significant
overexpression of Orai1 was observed in cardiac myocytes isolated
from the rat model of I/R, resulting in an exacerbated SOCE.8 How-
ever, the role of Orai1 in the pathophysiological downstream
signaling pathways in the heart under I/R remains barely studied.
There is growing evidence indicating that Orai1 activates transcrip-
tion factors, like the nuclear factor of activated T cells (NFATs), the
nuclear factor k-light chain-enhancer of activated B cells, and the cy-
clic AMP (cAMP) response element-binding (CREB) in both excit-
able and non-excitable cells.9 In the heart, the activation of NFAT
by Orai1 and SOCE has been associated with the induction of pro-hy-
pertrophic genes, resulting in pathological cardiac remodeling and
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dysfunction.10,11 Meanwhile, CREB is a well-studied target of both
Ca2+ and cAMP signaling in various cell types, including neurons
and vascular smooth muscle cells.12 However, as far as we know,
the impact of CREB activation by SOCE on the heart has not yet
been addressed.

Independent studies have shown that Orai1a, the longer form of
Orai1, contains an interacting sequence with Ca2+-sensitive adenylyl
cyclase 8 (AC8) (residues 23�34),13 and Ca2+ influx through Orai1
stimulated AC8 which promoted the production of cAMP and sub-
sequent activation of protein kinase A (PKA) in HEK293 and triple
negative breast cancer cells.14,15 In addition, the activation of AC8
promotes cAMP stimulation of various regulatory proteins like
phosphodiesterase, PKA, protein kinase C, and calcineurin, which
are all associated with cardiac pathophysiology signaling pathways,
involving fibrosis and hypertrophy.16 However, the effect of Orai1
activation on AC8 and cAMP/CREB signaling under AMI remains
unexplored. In the present study, we examined the role of Orai1 in
I/R-induced [Ca2+]i dysregulation and evaluated the involvement of
AC8, cAMP, and CREB in cardiac dysfunction. Our findings reveal
that Orai1, AC8, and CREB form an axis, whose activation is crucial
for I/R-induced cardiac remodeling associated with Orai1 overex-
pression, suggesting that pharmacological inhibition of this axis
may provide a novel therapeutic strategy to alleviate post-infarction
adverse remodeling and limit the development of HF.

RESULTS
I/R induces cardiac dysfunction, which is associated with an

increase in diastolic [Ca2+]i due to SOCE activation

Figure 1A shows that I/R induces a significant decrease in cardiac
contractile capacity as examined by M-mode echocardiography after
1 week of the intervention, following the protocol described in Fig-
ure S1A. Figure 1B confirms significant decreases in the left ventric-
ular fractional shortening (LVFS) in I/R group, as compared with
sham, indicating that heart contraction is significantly affected after
I/R. Given the crucial role played by Ca2+ in regulating heart contrac-
tility, we evaluated the changes in the [Ca2+]i induced by field stimu-
lation at 0.5 Hz. As depicted in Figures 1C and 1D, I/R significantly
reduces both [Ca2+]i responses and cell shortening, as demonstrated
by the representative line-scan Ca2+ images of adult rat ventricular
myocytes (ARVMs) isolated from sham and I/R rats. Figures 1E
and 1F confirm significant decreases in the amplitude of [Ca2+]i tran-
sients recorded in ARVMs isolated from I/R rats, compared with
sham. Additionally, Figure 1G shows that [Ca2+]i transient decay
time is significantly increased in AVRM from I/R rats when compared
with sham. Figure 1H also shows that I/R significantly increases the
resting level of [Ca2+]i, (F0), before cell stimulation, indicating a mis-
handling of diastolic [Ca2+]i in I/R conditions. To corroborate this
observation, we conducted ratiometric analysis on Fura-2-loaded
cells. As illustrated in Figures 1I and 1J, the diastolic [Ca2+]i is signif-
icantly enhanced in field-stimulated ARVM isolated from I/R rat, as
compared with those isolated from sham. This increase could be due
to the activation of different molecular players involved in Ca2+ ho-
meostasis. Therefore, we analyzed the phosphorylation profile of rya-
2 Molecular Therapy Vol. 32 No 3 March 2024
nodine receptor 2 (RyR2) and observed that I/R induces RyR2 phos-
phorylation at Ser2030 in heart tissue (Figure 1K).

Previous studies have shown that SOCE and related proteins are
also involved in the increased diastolic [Ca2+]i in cardiac myocytes
treated with aldosterone,17 as well as in ARVM of transgenic
mice overexpressing STIM1.18 Therefore, we investigated if SOCE
participates in I/R-induced diastolic [Ca2+]i elevation. As shown
in Figures 1I and 1J, the preincubation of ARVM of I/R rats with
10 mM GSK-7975A, a widely used store operated Ca2+ channel in-
hibitor,19 significantly prevents the increase in diastolic [Ca2+]i.
Similarly, Figure S2 shows that electric field stimulation of neonatal
rat ventricle myocytes (NRVMs) at 1 Hz under an I/R protocol (Fig-
ure S1C) elicits a substantial increase in the diastolic [Ca2+]i, which
is significantly inhibited in cells pre-incubated with SYNTA-66
(20 mM), another SOCE inhibitor.20 These findings indicate that
the increase in diastolic [Ca2+]i induced by I/R involves the activa-
tion of SOCE.

I/R exacerbates SOCE through Orai1 upregulation

Orai1 is the main isoform responsible for SOCE in many cells,
including cardiac myocytes.5,8 As shown in Figures 2A and 2B, the
expression of Orai1 protein in rat’s heart and NRVM is significantly
increased by I/R. Therefore, to evaluate the role of Orai1 in [Ca2+]i
handling under I/R, we examined the effect of Orai1 downregulation
on SOCE in NRVM, using small interfering RNA (siRNA). Figure 2C
confirms that siRNA of Orai1 (siOrai1) successfully reduced its
expression in NRVM. Next, we performed the classical Ca2+ add-
back protocol for SOCE activation by incubating NRVM with thapsi-
gargin (TG, 2 mM) in the presence of nifedipine (1 mM), to inhibit
L-type Ca2+ channels, for 10 min. As illustrated in Figures 2D and
2E, TG induces a significant increase in the [Ca2+]i after Ca

2+ resto-
ration in NRVMs subjected to I/R, as compared with control cells
and to those transfected with scramble (data not shown). Meanwhile,
Orai1 inhibition by siOrai1 prevents the effect of TG, confirming the
implication of Orai1 in I/R induced-exacerbated SOCE.

I/R stimulates AC8 and cAMP production by Orai1-dependent

SOCE

The functional relationship between Orai1 and different proteins has
been described previously in many cell types. In this study, we
explored the functional interaction between AC8 and Orai1 and
investigated the expression of AC8 under I/R. As depicted in Fig-
ure 3A, the expression of AC8 is significantly increased in the adult
heart and in NRVM after I/R. Given that AC8 is a Ca2+-sensitive iso-
form that catalyzes the formation of cAMP from ATP, we examined
whether SOCE activates AC8 during I/R, by assessing cAMP produc-
tion in NRVM. Figure 3B shows a significant increase in cAMP levels
in NRVMs exposed to reperfusion after ischemia, as compared
with control NRVMs. In contrast, cells treated with GSK-7975A
(10 mM), an Orai1 inhibitor, effectively prevents I/R-induced increase
of cAMP levels. To demonstrate the role of AC8 in cAMP production
under I/R, we performed similar experiments in NRVM, wherein
AC8 was successfully downregulated by siRNA (siAC8), as confirmed



Figure 1. I/R evokes cardiac dysfunction associated with an increase in the diastolic [Ca2+]i due to the activation of SOCE

(A) Representative M-mode echocardiographic images evaluated 1 week after the intervention in sham and I/R rats. (B) Bar graph shows LVFS (%) measured in sham and I/R

rats. n = 7–8 rats/condition. (C) Representative line-scan images during field stimulation at 1 Hz of cardiac myocytes isolated from “sham” and “I/R” rats. (D) Bar graph shows

cellular shortening expressed in percentage of cell length in “sham” and “I/R.” n = 18–22 cells from 3 rats/condition. (E) Representative [Ca2+]i transients and bar graphs

showing mean values of (F) the amplitude of [Ca2+]i transient measured as the peak of F/F0, where F is the fluorescence and F0 is the fluorescence in the diastolic period, (G)

Decay constant time (tau), and (H) intracellular resting [Ca2+]i recorded in Fluo-3AM loaded cardiac myocyte isolated from “sham” and “I/R” rats. n = 9–11 cells from 3 rats/

condition. (I) Representative [Ca2+]i transients and (J) summary data of diastolic [Ca2+]i normalized to values in sham recorded as Fura-2 ratio (F340/F380) in 0.5 Hz field

stimulated cardiac myocyte isolated from “sham” and “I/R” rats, 1 week after surgery. “I/R+GSK-7975A” indicates cardiac myocyte isolated from I/R rats and pre-incubated

for 5 min with 10 mM GSK-7975A, before their stimulation. n = 250–290 cells from 4 to 5 rats/condition. (K) Representative immunoblots (top) and summary data (bottom)

showing protein ratio of p-RyR22030 related to RyR2. Samples are from heart tissues of “sham” and I/R rats, assessed 1 week after the intervention. n = 4 rats/condition. Data

are expressed as means ± SD. *,**,***, and **** indicate significance at p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively.
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in Figure S3. We found that siAC8 significantly inhibits I/R-induced
cAMP (Figure 3B), indicating that I/R stimulates cAMP synthesis via
AC8 and Orai1 activation in NRVMs.
To further investigate the physical interaction of Orai1 and AC8,
we used immunofluorescence staining to explore the endogenous
localizations of Orai1 and AC8 in NRVMs exposed to I/R and
Molecular Therapy Vol. 32 No 3 March 2024 3
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Figure 2. I/R stimulates Orai1 upregulation and an exacerbated SOCE

Representative immunoblots (top) and summary data (bottom) of Orai1 protein normalized to its corresponding GAPDH.

(A) Data are from heart tissues of “sham” and “I/R” rats, assessed 1 week after the intervention (n = 4 rats/condition). (B) Samples were from untreated NRVM “Control” and

from NRVM subjected to “I/R.” (C) Samples were from “I/R” NRVM, and from I/R NRVM transfected with siRNA to inhibit Orai1 “I/R + siOrai1.” Mean values are from n = 3–10

independent cultures. (D) Representative traces and (E) mean values of TG-induced Ca2+ influx in Fura-2 loaded NRVMs. Cells were pre-incubated with 2 mMTG in presence

of 1 mM nifedipine to inhibit L-type Ca2+ channels. Recordings are from “Control” NRVM, from NRVM subjected to “I/R,” and from “I/R” NRVM transfected with siOrai, “I/R +

siOrai1” (n = 190–350 cells from 5 cultures). “I/R” in NRVM corresponds to 3 h of ischemia and followed by 72 h of reperfusion. Data are expressed as means ± SD. *, **, and

****indicate significance at p < 0.05, p < 0.01 and p < 0.0001, respectively.
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in section of rat’s heart. Merge images in Figure 3C shows a detect-
able co-localization of AC8 and Orai1 in control NRVM, which
significantly increases after their exposition to I/R for 5 min, as
confirmed by Pearson’s correlation coefficient (PCC) analysis (Fig-
ure 3D). Similarly, images from hearts show a low basal interaction
of Orai1 and AC8 in sham group, which increases significantly in
the infarcted area 1 week after I/R (Figure 3E), as confirmed by
PCC (Figure 3F). These results demonstrate significant overlap
of Orai1 and AC8 staining in cardiac myocytes and heart un-
der I/R.

I/R induces CREB phosphorylation through PKA activation

To investigate the downstream pathways involved in I/R-mediated
stimulation of Orai1 and AC8, we focused on the potential activation
of the transcription factor CREB, which can be activated both by Ca2+
4 Molecular Therapy Vol. 32 No 3 March 2024
and cAMP signaling, as reviewed elsewhere.21 Immunostaining im-
ages in Figure 4A confirm CREB activation in the nuclei of NRVM
exposed for 5 min to reperfusion, while no activation was observed
after 30 min of I/R. The activation of CREB is confirmed by western
blotting in NRVMs, 5 min after reperfusion, as assessed by CREB
Ser133 phosphorylation (Figure 4B). However, CREB activation is
decreased within 30 min of reperfusion and completely lost 24 h after
cell stimulation with I/R. Similarly, Figure 4C shows that the exposi-
tion of ARVMs for 5 min to I/R-induced CREB phosphorylation.
Moreover, we analyzed the implication of PKA, ERK1/2, and Epac2
in CREB phosphorylation, by using specific inhibitors, namely H89
(1 mM), PD98059 (5 mM), and ESI-05 (10 mM), respectively. As de-
picted in Figures 4C and 4D, only H89 significantly reduces I/R-medi-
ated CREB activation, while ERK1/2 and EPAC2 have no apparent
role in this activation. Furthermore, the western blot experiment in



Figure 3. I/R increases AC8 expression and stimulates its co-localization with Orai1

(A) Representative immunoblots (top) and summary data (bottom) of protein expression of AC8 normalized to their corresponding GAPDH. In left panel, samples were from

heart tissues of “sham” and “I/R” rats, examined 1 week after the intervention (n = 4 rats/condition). In right panel, samples were from “Control” NRVM, and NRVM subjected

to “I/R” (3 h of ischemia and followed by 72 h of reperfusion). n = 4 independent cultures. (B) Bar graph showing cAMP levels in untreated NRVM “Control”; NRVM treated with

1 mM isoproterenol to stimulate cAMP production through beta-adrenergic receptors; “I/R” NRVM exposed to reperfusion after ischemia; NRVM pre-incubated with 10 mM

GSK-7975A before I/R “+GSK-7975A”; and NRVM transfected with siRNA of AC8 “+siAC8” and exposed to I/R. n = 4 independent cultures. I/R protocol corresponds 3 h of

(legend continued on next page)
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Figure 4B confirms that NRVM pre-incubation with H89 inhibits I/R
induced-CREB phosphorylation.

The activation of CREB and AC8 is required for Orai1

upregulation during I/R

Considering that I/R stimulates CREB and it also increases Orai1
expression, we investigated whether CREB plays a role in I/R-
induced Orai1 overexpression that leads to SOCE potentiation. In
silico analysis using MatInspector software (Genomatix, GE) iden-
tified compatible sequences with CREB-responsive elements in a re-
gion of approximately 3,000 bp upstream of the coding sequence of
rat ORAI1 gene (Figure S4A). Next, we used 666-15, a cell-perme-
able inhibitor of CREB,22 to explore if CREB transcribes Orai1
expression. First, western blotting and immunostaining in
Figures 5A and 5B confirm that NRVM pre-incubation with 666-
15 (3 mM) inhibits CREB phosphorylation under I/R. Second, as
illustrated in Figure 5C, 666-15 inhibits I/R-induced Orai1 overex-
pression in NRVM, as compared with untreated I/R cells. It also
significantly inhibits TG-evoked SOCE potentiation under I/R
(Figures 5D and 5E), demonstrating that CREB activation is
involved in the upregulation of Orai1 and subsequent exacerbated
SOCE induced by I/R.

To further investigate how CREB regulates the expression of
Orai1, the A7r5 cell line was transiently transfected with a reporter
gene plasmid containing the rat ORAI1-promoter driving the
firefly luciferase gene, and then exposed to TG (2 mM) to induce
SOCE. First, Figure S4B confirms that TG (2 mM) activates
CREB in A7r5 which is inhibited by 666-15 (3 mM). Second, as
shown in Figure 5F, TG increases ORAI1 transcriptional activity
as demonstrated by the significantly enhanced luciferase activity.
Interestingly, cells before incubation with 666-15 (3 mM) block
the effect of TG, confirming that CREB activation is required for
TG-induced ORAI1 transcription. Additionally, cells before treat-
ment with GSK-7975A (10 mM) inhibits TG-induced luciferase ac-
tivity, suggesting that Ca2+ entry through Orai1 is necessary for its
own transcription.

Considering the previous findings showing that AC8 is upstream I/R
activation of CREB, we investigated whether AC8 activation is neces-
sary for Orai1 expression and exacerbation of SOCE under I/R. As de-
picted in Figures 5G and 5H, silencing of AC8 prevents TG-induced
SOCE increase in NRVM under I/R. Additionally, Figures 5I and S5
demonstrate that adeno-associated virus serotype 9 (AAV9) carrying
AC8 short hairpin RNA (shRNA) (AAV9-AC8) efficiently inhibits
I/R-induced upregulation of Orai1 in NRVM.
ischemia followed by 2 min of reperfusion. (C) Representative images of immunofluores

conditions. I/R corresponds with 3 h of ischemia and followed by 5min of reperfusion. Im

images from three independent cultures. (E) Representative images of immunofluoresce

1 week after surgery. (i) Images of section of heart taken with a 10� objective in the s

z-position; scale bar, 40 mm; n = 4–5 rats/condition. Yellow color in the merge images an

experiments as in (C) and (E). Nuclei were stained in blue. Data are expressed as mean

p < 0.0001, respectively.
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Altogether, these data demonstrate that Orai1-dependent SOCE
induced by I/R activates AC8, which subsequently activates CREB.
This activation is required for I/R-induced Orai1 upregulation and
SOCE potentiation, suggesting a positive feedback loop within this
signaling pathway.

In vivo administration of AAV9-AC8 reduces Orai1 expression

and improves cardiac function after I/R

In view of these results, we investigated whether the activation of
AC8, CREB, andOrai1 is relevant for [Ca2+]i mishandling and cardiac
dysfunction under I/R. Therefore, we performed in vivo experiments
using intramyocardial injection of AAV9-AC8. Figures 6A and 6B
show that AAV9-AC8 potently inhibits I/R-induced overexpression
of AC8, Orai1, CREB, and p-CREB in rat hearts. Interestingly, as illus-
trated in Figures 6C and 6D, diastolic [Ca2+]i is restored to basal levels
in ARVMs isolated from the heart of AAV9-AC8 rats 1 week after the
intervention, confirming the involvement of AC8 in diastolic [Ca2+]i
alteration, certainly via Orai1, as shown earlier in Figure 5I.

To elucidate the relationship between the activation of AC8 by Orai1
and cardiac dysfunction, we used the speckle tracking echocardiogra-
phy analysis to examine cardiac function in vivo in rats after 1 and
4 weeks of the intervention. As shown by representative images in
Figure 7A and summarized in Figures 7B–7D, the peak systolic
circumferential strain (PSCS), the global circumferential strain
(GCS), and the global radial strain (GRS) examined at the papillary
muscle are markedly decreased in the I/R group, as compared with
sham. The decrease in these parameters persisted 1 week after the
administration of AAV9-AC8. In contrast, PSCS, GCS, and GRS
recovered significantly when examined 4 weeks after the intervention
in the same rats. Similarly, longitudinal strain is significantly
decreased in I/R rats and trends to recover in AAV9-AC8 transfected
rats (Figures S6A and S6B). Furthermore, conventional echocardio-
graphic analysis shows that LVFS is significantly restored after
AAV9-AC8 injection in I/R rats 4 weeks after surgery (Figure S6C).
These results confirm that AC8 downregulation mitigates cardiac
dysfunction in I/R conditions.

The myocardium of post-ischemic HF patients exhibits high

levels of Orai1 and AC8

To extend the previous main results to the failing human heart, we
analyzed the expression of Orai1, AC8, and CREB in heart biopsies ob-
tained from patients with ischemic HF and compared them with those
from healthy biopsies (unused from non-HF transplant donors). As
shown in Figures 8A and 8B, Orai1 and AC8 are significantly overex-
pressed in HF patients as compared with healthy biopsies, while
cence showing Orai1 (green) and AC8 (red) staining in NRVM in “control” and “I/R”

ages were taken with a 63� objective in the same z-position; scale bar, 40 mm; n = 8

nce showing Orai1 (green) and AC8 (red) staining in heart from “sham” and “I/R” rats,

ame z-position. (ii) Images of heart’s tissue taken with a 63� objective in the same

d (D) and (F) means value of PCC indicating Orai1 and AC8 co-localization in similar

s ± SD. *, **, ***, and **** indicate significance at p < 0.05, p < 0.01, p < 0.001 and



Figure 4. I/R activates cAMP response element-binding

(A) Representative images (top) and summary data (bottom) showing CREB phosphorylation (green) and F-actin stained with phalloidin (red) detected by immunofluores-

cence in “Control” NRVMs, and in NRVMs exposed 5, 15, and 30min to reperfusion after 3 h of ischemia. Scale bar, 5 mm; n = 100–160 cells from four independent cultures.

(B) Representative western blots (top) and summary data (bottom) showing protein density of p-CREB related to CREB total (CREBt). Samples are from “Control” NRVMs;

from NRVMs exposed 5 and 30 min, and 24 h to reperfusion after ischemia; and from NRVMs pre-incubated with 1 mM H89 and exposed 5 min to I/R. n = 5 independent

cultures. Representative immunofluorescence images (C) of AVRM and summary data (D) showing CREB phosphorylation (green) and beta myosin heavy chain (red). Scale

bar, 30 mm. AVRM were exposed 5 min to reperfusion after 40 min of ischemia (I/R), pre-incubated with 1 mM H89, 5 mM PD98059 (+PD), and 10 mM ESI-05 (+ESI-05), to

inhibit PKA, ERK1/2, and Epac2, respectively. n = 170–200 cells from three independent cultures. Data are expressed as means ± SD. *, ***, and **** indicate significance at

p < 0.05, p < 0.001 and p < 0.0001, respectively.
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Figure 8C shows only a tendency of CREB overexpression in HF. In
accordance with the western blotting results (Figures 8A and 8B),
immunofluorescence analysis in Figure 8D and the movies in Supple-
mental data (Video S1 and Video S2) show an increased detection of
Orai1 and AC8 in histological sections from HF compared with non-
HF myocardia. These findings demonstrate significant increase in
Orai1 and AC8 expression in post-infarction HF patients, which may
be associated with decreased cardiac function.
DISCUSSION
The current study revealed a novel mechanism which is centered on
Orai1 activation of AC8, and CREB transcription of Orai1 itself form-
ing a positive feedback loop contributing to cardiac dysfunction after
I/R, as summarized in Figure S7. We have used a combination of
in vivo and in vitro approaches to demonstrate for the first time
that Ca2+ entry through Orai1 stimulates AC8 under I/R, which acti-
vates the CREB through PKA pathway. This activation regulates
Orai1 expression, resulting in a mishandling of Ca2+ homeostasis
that is associated with an increase in diastolic [Ca2+]i and exacerbated
SOCE. Moreover, AC8 inhibition with AAV9-AC8 prevents I/R-
induced Orai1 overexpression and significantly improves cardiac he-
modynamic parameters. Thus, we have identified an unexpected pos-
itive feedback loop formed by Orai1/AC8/CREB/Orai1 that regulates
Orai1 expression under I/R, suggesting that the activation of this loop
could potentially compromise myocardial function in AMI patients.
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Figure 5. I/R-induced CREB activation regulates Orai1 expression

(A) Immunoblots (top) and summary data (bottom) of p-CREB related to CREB total (CREBt). Samples were from “Control” NRVMs; NRVMs exposed 5 min to reperfusion

after 3 h of ischemia “I/R”; and “I/R” NRVMs pre-incubated 3 h with 3 mM666-15 “I/R+6665-15.” n = 3 independent cultures. (B) Representative images of experiments as in

(A) showing CREB phosphorylation in NRVM (green) using immunofluorescence. Scale bar, 10 mm. (C) Immunoblots (top) and summary data (bottom) of Orai1

expression normalized to its corresponding GAPDH examined in “Control” NRVMs; NRVMs subjected to “I/R”; and NRVMs pre-incubated with 3 mM 666-15 and subjected

to I/R “I/R+6665-15.” n = 4 independent cultures. (D) Representative traces and (E) average data of TG-induced Ca2+ influx in Fura-2 loaded NRVMs. Cells were

(legend continued on next page)
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SOCE involvement in the adverse cardiac remodeling has been pro-
posed for several cardiomyopathies, including HF caused by AMI
or by transaortic-induced overload, and right cardiac remodeling
induced by pulmonary arterial hypertension, among other cardiac
diseases.5,7,8,23 Nevertheless, the contribution of SOCE to cardiac
physiological Ca2+ homeostasis is considered limited, and the expres-
sion of Orai1 is rather low in the adult heart.6 However, it is widely
recognized that even slight alterations in Ca2+ signaling can gradually
impact heart function, particularly when sustained over time.24

Recent, compelling evidence demonstrated that Orai1 and other mol-
ecules players of SOCE are overexpressed during adverse cardiac re-
modeling.7,25 In the current study, we demonstrated that I/R evokes
significant upregulation of Orai1 days after the ischemic insult,
consistent with other findings.8,26 However, reports explaining how
Orai1 is upregulated in such conditions are currently lacking. Here,
we found that Orai1 overexpression potentiates SOCE in unstimu-
lated cardiac cells and enhances diastolic [Ca2+]i, as demonstrated
in field stimulated ARVMs and NRVMs. These findings are sup-
ported by the significant reduction in elevated diastolic [Ca2+]i
upon Orai1 inhibition using GSK-7975A and SYNTA66, two widely
employed SOCE inhibitors.20 Our findings are in line with a previous
study demonstrating that Orai1 inhibition reduced aldosterone-
induced diastolic [Ca2+]i increase in NRVMs.17 In addition to
Orai1, other classical molecular players are known to participate in
mishandling diastolic [Ca2+]i in failing hearts, such as the hyperphos-
phorylation of RyR2 or the alteration of SERCA and Na+/Ca2+ ex-
change activity, as reviewed recently.24 Our current study determines
a significant phosphorylation of RyR2 at Ser2030 in I/R heart tissue,
which could facilitate Ca2+ leak and increase diastolic [Ca2+]i. This
finding is consistent with a recent study in failing heart tissue from
patients with ischemic cardiomyopathy, showing that phosphoryla-
tion of RyR2 increased sarcoplasmic reticulum Ca2+ leak.27 Further-
more, the decay time constant of [Ca2+]i transients is significantly
increased in cardiac myocytes from I/R rats, indicating a slower
rate of Ca2+ uptake by SERCA, which could contribute to the
elevated diastolic [Ca2+]i observed in I/R. Therefore, our data deter-
mine that at least two actors contribute to the increase of diastolic
[Ca2+]i under I/R, the activation of conventional RyR2 and Ca2+

influx through SOCE.

In addition to the upregulation of Orai1, we observed a significant in-
crease in the expression of AC8 in I/R rat hearts. Independent studies
demonstrated that AC8 interacts constitutively with the N-terminal
site of Orai1, as demonstrated in various cells.13–15 However, to the
pre-incubated with 2 mMTG in presence of 1 mM nifedipine to inhibit L-type Ca2+ channe

incubated with 3 mM 666-15 “I/R+666-15.” n = 120–200 cells from 3–4 independent cu

measured by the relative luciferase activity expressed as the ratio of firefly/renilla activitie

A7r5 cells, A7r5 exposed 5min to 2 mMTG; cells pre-incubated with 3 mM666-15 “TG+6

10 independent cultures. (G) Representative traces and (H) average data of TG-induced

and NRVMs transfected with siRNA of AC8 exposed to I/R, “I/R + siAC8.” n = 150–300 c

expression of Orai1 in untreated NRVM “Control”; in NRVMs subjected to “I/R” and trans

“I/R + AAV9-AC8.” n = 4–6 independent cultures. I/R protocol corresponds with 3 h

expressed as means ± SD. *, **, ***, and **** indicate significance at p < 0.05, p < 0.01
best of our knowledge, the connection between Orai1 and AC8 has
not been investigated in cardiac myocytes. Herein, we found low
but detectable co-localization in NRVMs and heart tissue under con-
trol condition. However, this co-localization increased acutely in
NRVM subjected to a short period of I/R, indicating that the interac-
tion between Orai1 and AC8 is dynamic and may depend on Orai1-
dependent Ca2+ influx, as recently demonstrated in MDA-MB-231
breast cancer cell line.13–15 Moreover, the co-localization of Orai1
and AC8 was enhanced in the hearts of I/R rats 1 week after the inter-
vention, probably because both AC8 and Orai1 are overexpressed af-
ter the ischemic insult. Interestingly, the expression of Orai1 and AC8
are significantly increased in ventricle biopsies obtained from post-
myocardial infarction patients with depressed LV ejection fraction
(LVEF), as compared with non-HF donors, as in an I/R rat model.

Our results also demonstrate a functional interaction between both
proteins, since we showed that I/R-induced Ca2+ entry through
Orai1 activates AC8, which increases [cAMP]i, thus creating a point
of convergence for Ca2+ and cAMP signals. These data agree with
recent studies suggesting that SOCE selectively regulates cAMP syn-
thesis by activating certain Ca2+ sensitive adenylyl cyclase variants
(for reviews see28,29). Particularly, the activation of AC8 appears to
require specific Ca2+ influx through SOCE,13,14 because other chan-
nels as the arachidonic acid-regulated Ca2+-selective channel and
the diacylglycerol-activated transient receptor potential canonical
channels have failed to induce AC8-mediated cAMP synthesis.30,31

Although, a recent study suggested that AC8 can be activated by
IP3-evoked Ca2+ release from junctional sarcoplasmic reticulum in
cardiac atria and sinoatrial,32 indicating that AC8 activation may
not be limited to SOCE, at least in cardiac myocytes.

Recently, the interaction between Orai1a, the longer form of Orai1,
and AC8 was described in HEK293 cells as responsible for spatially
restricted crosstalk between Ca2+ and cAMP, and NFAT activation.15

NFAT is a widely studied calcineurin substrate that regulates the tran-
scription of many genes involved in the pathological remodeling in
the heart.33 In our study, we focused on CREB activation, as it is
one of the well-studied targets of both Ca2+ and cAMP signaling in
eukaryotic cells, such as neurons and vascular smooth muscle
cells.34,35 Our findings revealed that I/R stimulates phosphorylation
of CREB, through cAMP activation of PKA. In addition, the expres-
sion of CREB was significantly increased in I/R rats 1 week after sur-
gery, and trends to increase in biopsied ventricles of patients with
ischemic HF, indicating that CREB is not only quickly activated by
ls. Recordings were from “Control” NRVMs, NRVMs subjected to “I/R,” NRVMs pre-

ltures. (F) Bar graph shows TG-induced ORAI1-promoter activation in A7r5 cell line

s and normalized to those of untreated A7r5 cells. Data are from untreated “Control”

66-15”; or with 10 mMGSK-7975A “TG+GSK-7975A00 before TG stimulation. n = 4–

Ca2+ influx in Fura-2 loaded untreated NRVMs “control,” NRVMs exposed to “I/R,”

ells from 3–5 independent cultures. (I) Immunoblots and summary data showing the

fected with AAV9 holding mock plasmid; and in NRVMs transfected with AAV9-AC8,

of ischemia and followed by 72 h of reperfusion in (C), (D), (E), and (G–I). Data are

, p < 0.001, and p < 0.0001, respectively.
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Figure 6. The intramyocardial administration of AAV9-AC8 prevents I/R-induced AC8, Orai1, p-CREB, and CREB upregulation

(A) Representative immunoblots and (B) summary data of AC8, Orai1, p-CREB, and CREB expression normalized to their corresponding GAPDH. Samples from heart tissue

isolated from “sham”; “I/R” rats in which AAV9 holding mock plasmid was added by intramyocardial injection before reperfusion; and “I/R + AAV9-AC8” rats in which AAV9-

AC8 was added by intramyocardial injection before reperfusion, were examined 1 week after surgery. n = 4–8 rats/condition. (C) Representative [Ca2+]i transients (D) and

summary data of diastolic [Ca2+]i normalized to values in sham, recorded 1 week after surgery as Fura-2 ratio (F340/F380) in 0.5 Hz field stimulated cardiac myocyte

dispersed 1 week after surgery from heart of “sham,” “I/R” and “I/R + AAV9-AC8” rats. n = 170–240 cells from 4–5 rats/condition. Data are expressed as means ± SD. *, **,

and **** indicate significance at p < 0.05, p < 0.01, and p < 0.0001, respectively.
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I/R, but also it is overexpressed following ischemic insult, suggesting
that CREB upregulation can play a role in promoting adverse cardiac
remodeling and HF after AMI. As a transcription factor, CREB medi-
ates gene transcription by binding to conserved cAMP-responsive el-
ements in the promoter region of many genes.36,37 Using different ap-
proaches, we provided evidence showing that CREB activation
stimulated Orai1 transcription under I/R. In fact, blocking CREB
with 666-15 specifically prevented I/R-induced Orai1 overexpression
and the resulting exacerbation of SOCE. Furthermore, luciferase
experiment demonstrated that a specific activation of ORAI1 pro-
10 Molecular Therapy Vol. 32 No 3 March 2024
moter by TG-induced SOCE in A7r5 cells was equally inhibited by
SOCE inhibitor, GSK-7975A, and 666-15, confirming that CREB acti-
vation transcribes Orai1. Moreover, our results determined that AC8
is upstream of CREB activation by Orai1 because the suppression of
AC8 elicited analogous inhibitory effects on the expression of Orai1
and the exacerbation of SOCE. Interestingly, the in vivo inhibition
of the expression of AC8 by the intramyocardial administration of
AAV9-AC8 significantly improved cardiac hemodynamic parame-
ters, particularly global, circumferential, and radial strains, all of
which are considered more sensitive indicators of cardiac fibers



Figure 7. AAV9-AC8 improves hemodynamic parameters assessed by STE in I/R rats

(A) Representative images showing Radial strain (left) and circumferential strain (right) assessed by speckle tracking echocardiography (STE) in “sham,” “I/R” rats in which

AAV9 holding mock plasmid was added by intramyocardial injection, and “I/R” rats transfected with AAV9-AC8 examined 1 and 4 weeks after the intervention (I/R + AAV9-

AC8 1W, I/R + AAV9-AC8 4W, respectively). (B–D) Graphs showing summary data presented in % of the PSCS (B), the GCS (C), and the GRS (D), in experimental group of

rats as in (A). n = 4–5 rats/condition. Data are expressed as means ± SD. *, **, and *** and indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively.
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deformation and dysfunction than the classical LVEF and LVFS eval-
uated by M-mode echocardiography.38 These beneficial effects were
accompanied with significant decreases in the expression of AC8,
CREB and Orai1, and were associated with diastolic [Ca2+]i recovery
in stimulated adult cardiac myocytes. Currently, we lack an explana-
tion for I/R-induced CREB overexpression and its inhibition caused
by AC8 downregulation, which worth further investigation.

Altogether, our results propose a selective functional coupling be-
tween Orai1, AC8, and CREB in heart, which align with the accepted
consensus on Ca2+/cAMP signaling compartmentalization in mem-
brane nanodomains, ensuring the specificity of cellular responses to
restricted signaling molecules in subcellular regions of cardiac myo-
cytes.39,40 Previous studies suggest that overexpression of AC8 could
precipitate and aggravate myocardial dysfunction,41 or accelerate ag-
ing-related cardiac remodeling as proved in transgenic mice with spe-
cific cardiac overexpression of AC8 that demonstrated increased hy-
pertrophy and fibrosis, ultimately leading to myocardial dysfunction
and HF development.42 By contrast, a recent study found that long-
term elevation of AC8/cAMP/PKA/Ca2+ signaling in transgenic
mice overexpressing AC8, resulted in complex adaptive responses
that impacted heart structure and performance.43

Therefore, this study suggests that Ca2+ entry during I/R triggers a
positive feedback loop formed by Orai1/AC8/CREB/Orai1, which
compromises cardiac function and [Ca2+]i handling. Therefore,
Molecular Therapy Vol. 32 No 3 March 2024 11
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Figure 8. Expression of AC8, Orai1, and CREB in ventricle biopsies of ischemic patients failing hearts

Immunoblots and summary data showing the expression of Orai1 (A), AC8 (B), and CREB (C) normalized to their corresponding GAPDH. Samples were from left ventricle

biopsies of ischemic patients with HF and from non-failing heart donors (non-HF). n = 4–6 biopsies/condition. (D) Representative images showing Orai1 (green), and AC8 (red)

detected by immunofluorescence in a ventricle biopsy from ischemic failing (top) and non-failing hearts (bottom). Nuclei were stained with DAPI (Blue). Scale bar, 50 mm. Data

are expressed as means ± SD. * and ** indicate significance at p < 0.05 and p < 0.01, respectively.
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targeting the Orai1/AC8/CREB axis at the onset of I/R could present a
new approach to limit the progression of the adverse cardiac remod-
eling toward HF in post-myocardial infarction patients.

MATERIALS AND METHODS
Study setting and approvals

This study was performed in accordance with the recommendations
of the Royal Decree 53/2013 in agreement to the Directive 2010/63/
EU of the European Parliament and approved by the local Ethics
Committee on human Research of the University Hospital of Virgen
del Rocio of Seville (Permission number: CEI 2013PI/096), and the
Animal Research Committee of the University of Seville (Permission
number: CI-00-2019).

Patients’ myocardial biopsies

Left ventricle biopsies of ischemic patients with HF were obtained
from 5 males and 3 females, with a median age of 62.9 ± 5.8 years
old and LVEF = 26.8% ± 9.1%. These samples were obtained from pa-
tients undergoing surgery for cardiac transplantation at the Univer-
sity Hospital of Virgen del Rocio in Seville. Human biopsies were
used for immunofluorescences and western blot approaches. We
only analyzed biopsies with detectable staining or protein expression
as confirmed with Ponceau staining. A signed informed written con-
sent was provided from all donors.We also used ventricle biopsy from
four healthy non-failing heart donors that were considered unsuitable
for heart transplantation.

Rat model of myocardial I/R

Male Wistar rats (250 ± 50 g), aged 10–12 weeks, were anesthetized
with intraperitoneal mixture of 50 mg/kg ketamine plus 8 mg/kg xy-
lazine and maintained in 2% O2/sevoflurane, as previously
described.44 Rats were ventilated with a tidal volume of 2.5 mL and
75–90 ventilations per minute (Harvard Apparatus). A left thoracot-
omy was performed in the intercostal space between the third and
fourth ribs. The left coronary artery (LCA) was occluded with a 5-0
Prolene monofilament suture and a small PE-10 tube was placed in
between for a convenient release upon reperfusion. LCA occlusion
was confirmed by visual observation of cyanosis and ST-segment
elevation monitored by continuous electrocardiogram (ECG). After
40 min of LCA ligation, reperfusion was initiated by releasing the
knot and removing the tube, being confirmed by the appearance of
epicardial hyperemic and ECG recovery. Analgesia was provided
with meloxicam (1 mg/kg) for 3 days after surgery. Experiments
were performed in the following experimental groups as illustrated
in Figure S1A: “I/R” group: I/R produced by transient ligation of
LCA; “sham” group: rats undergoing the same surgical procedure
without coronary ligation; and the “I/R + AVV9-AC8” group:
AVV9 holding AC8 shRNA mix was injected after ligation directly
into the myocardium at 1 � 1011 vg/animal in a total volume of
150 mL. Animals were randomly subjected to LCA ligation with or
without AAV9-AC8 infection. AAV9-AC8 serotypes (AAV9-AC8
A, B, and C) were acquired from GeneCopoeia. The company pro-
duces three AAV9 sequences that target AC8 to guarantee at least
one of them with a minimum efficacy of 70%. The efficiency of
AAV9-AC8 to decrease the expression of AC8 was tested in
NRVMs using those serotypes as illustrated in the western blot shown
in Figure S5. Based on this result, a proportional mix of AAV9-AC8
with sequences “B and C”was used in this study. Control experiments
were conducted using AAV9 holding mock plasmid. All groups
demonstrated a survival rate of 95%–100%.

Cardiac function analysis by echocardiography

Comprehensive echocardiographic studies were performed 1 and
4 weeks after surgery using the GE Vividi i ultrasound equipment,
equipped with a 10 MHz transducer (General Electrics). Rats were
anesthetized with 2% of sevoflurane to carry out the follow-up by
echocardiography and experiments were performed with constant
temperature. Images of the long and short axes were obtained at
the level of the mitral valve, papillary muscles, and heart’s apex. Para-
sternal longitudinal plane was used for analysis. The LVFS was calcu-
lated by the Teichholz and Simpson biplane methods. The speckle
tracking echography analysis was performed using EchoPAC TM
v110.1.2 software (GE Healthcare) as previously described.45

Isolation of rat ventricle myocytes

ARVMs were isolated from adult male heart of Wistar rats weighing
200–250 g by a Langendorff perfusion apparatus. ARVMs were iso-
lated from left ventricle area of infarcted or sham heart, using colla-
genase type II (251 IU/mL; Worthington Biochemical), as previously
described.8 After perfusion, hearts were left in Petri dishes containing
enzyme solution supplemented with 2 g/L BSA, and risk zone was
gently stirred for 2–3 min at 37�C to disperse. Isolated cells were
then filtered, centrifuged, and suspended in Tyrode solution contain-
ing (in mM) 130 NaCl, 1 CaCl2, 0.5 MgCl2, 5.4 KCl, 22 glucose, 25
HEPES, 0.4 NaH2PO4, and 5 NaHCO3; pH 7.4. For stabilization,
ARVMs were plated in a control solution containing 1.8 mM CaCl2
at 37�C. For specific experiments cells were incubated with inhibitors
before I/R experiments as shown in Figure S1B. I/R was performed
using a simulated ischemic solution (in mM): 142 NaCl, 3.6 KCl,
1.2 MgCl2, 1.8 CaCl2, 5 NaHCO3, 20 HEPES, 20 Lactate-Na, and 20
sucrose; pH 6.22, in a hypoxia chamber (1% O2 and 5% CO2), during
40 min. Reperfusion/reoxygenation started when the ischemic solu-
tion was removed and cardiomyocytes were returned to 21% O2

and 5% CO2 conditions. All experiments were performed on Ca2+-
tolerant rod-shaped myocytes.

For the isolation of NRVMs, hearts of 1- to 3-day-oldWistar rats were
prepared using trypsin-DNAase (0.125%) as described previously.44

NRVMs were grown in DMEM/M199 (4:1) supplemented with
10% horse serum, 5% fetal bovine serum (FBS), 1% glutamine,
100 U/ml penicillin, and 100 mg/mL streptomycin for 24 h, then me-
dium was replaced and cells were incubated with inhibitors or AAV9-
AC8 before I/R experiments, as illustrated in Figure S1C. In this case,
NVRMs were incubated for 3 h in the ischemic solution. Reoxygena-
tion/reperfusion was restored by removing the ischemic solution and
placing NRVMs in an incubator at 21% O2 and 5% CO2 in DMEM/
M199 (4:1) supplemented with 0.4% horse serum, 0.07% FBS, 100 U/
mL penicillin and 100 mg/mL streptomycin.
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Determination of the free intracellular calcium concentration

([Ca2+]i)

Transients of [Ca2+]i were recorded in freshly isolated ARVM loaded
with Fluo-3 AM by field stimulation using two parallel platinum elec-
trodes, as described previously.8 Confocal Ca2+ images were obtained
with a 63� objective (w.i. and 1.2 N.A.) of Leica SP5 microscope by
scanning cells with a white argon laser. Cells were excited at
500 nm and emission was collected at >510 nm in the line scan
mode. The fluorescence values (F) were normalized by the basal fluo-
rescence (F0) to obtain the fluorescence ratio (F/F0). Time constant of
Ca2+ transient decay, the time frommaximum liberation of Ca2+ dur-
ing systole (F) to basal levels (F0), was also analyzed.

For ratiometric experiments, ARVM and NRVM were loaded with
Fura-2AM and performed using an inverted microscope Leica equip-
ped with a 20� fluor objective (0.75 N.A.), a monochromator (Poly-
chrome V, Till Photonics), and a light-sensitive CCD camera,
controlled by HP software (Hamamatsu Photonics). [Ca2+]i tran-
sients were recorded in a Ca2+ solution containing (in mM): 140
NaCl, 4 KCl, 1.1 MgCl2, 10 HEPES, 1.8 CaCl2, and 10 glucose;
pH = 7.4. SOCE experiments were conducted in NVRMs pretreated
for 10 min with 2 mM TG and 1 mM nifedipine, inhibitor of L-type
Ca2+ channel. To evaluate SOCE, experiments were carried out in
free Ca2+ solution (in mM): 140 NaCl, 2.7 KCl, 4 MgCl2, 0.5
EGTA, and 10 HEPES (pH = 7.4), and Ca2+ influx was determined
from changes in Fura-2 fluorescence after the re-addition of Ca2+

(2.5 mM). Changes in the [Ca2+]i are represented as Dratio of
Fura-2 AM fluorescence induced at an emission wavelength of
510 nm due to excitation at 340 and 380 nm (ratio = F340/F380)
and calculated as the difference between the peak ratio after extracel-
lular Ca2+ re-addition and its level right before.

Cell transfection

NRVMs were transfected with siRNA at 70% of confluence, 48 h after
isolation, according to the manufacturer’s instructions, using Lipo-
fectamine RNAiMAX Transfection Reagent (Thermo Fisher Scienti-
fic). Cells were then maintained for another 24–48 h before perform-
ing experiments. Briefly, 5 mL lipofectamine was diluted in 150 mL
Opti-MEM Medium, then 3 mL siOrai (10 mM) (Ambion, Thermo
Fisher Scientific), and siRNA of AC8 (10 mM) (Merck-Sigma-
Aldrich) was diluted in 150 mL of Opti-MEM Medium. Preparations
were mixed in 1:1 proportion and incubated for 5 min at room tem-
perature. NRVM were also infected with AVV9 holding AC8 shRNA
(AAV9-AC8) using a multiplicity of infection of 2,000 to efficiently
repress the expression of AC8.

Western blotting

Heart tissue was lysed using TissueLyser II (Qiagen) before adding
protein lysis buffer. Protein samples from patients’ biopsies, rat hearts
and NVRMs were extracted using NP40 cell lysis buffer supple-
mented with inhibitor cocktail (Roche) and 1% of PMSF incubated
for 30 min on ice. We subjected 40 mg samples of protein to SDS-
PAGE (10% acrylamide, 6% for RyR2 WB) and electro-transferred
to PVDF membranes. Membranes were blocked with 5% non-fat
14 Molecular Therapy Vol. 32 No 3 March 2024
dry milk dissolved in Tris-buffered saline containing 0.1% Tween
20 (TTBS) for 2 h at room temperature (RT). Then, they were probed
overnight at 4�C with primary antibodies anti-Orai1 (1:200, Abcam),
p-CREB, and CREB (1:1000, Cell Signaling), anti-AC8 (1:1000,
ProteinTech) for rat tissue, anti-AC8 (1:1000, Invitrogen) for human
tissue, anti-p-RyR-Ser2030 (1:1,000, Badrilla), anti-RyR2 (1:1000,
Santa Cruz), or anti-GAPDH (1:10000, GeneTex) in TTBS with 3%
of BSA. After washing, membranes were incubated for 45 min at
RT with horseradish peroxidase conjugated anti-IgG (Cell Signaling).
Protein detection was performed on a ChemiDoc Touch (Bio-Rad),
and images were analyzed using Image Lab software (Bio-Rad).

cAMP ELISA

The cAMP-Glo Assay (Promega) was used tomeasure cAMP produc-
tion in homogenates from heart and isolated cardiomyocytes
following the manufacturer’s instructions. Luminescence was re-
corded on a GloMax 96 Microplate Luminometer (Promega). Isopro-
terenol, an agonist of beta-adrenergic receptors, was used as the pos-
itive control. cAMP levels are expressed as relative light units and
normalized to the amount of protein.

Luciferase assay

The presence of several CREB response elements in the 50-flanking re-
gion of the ORAI1 gene promoter was determined by MatInspector
software (Genomatix, GE). Luciferase assay was performed in A7r5
smooth muscle cell line. Sequence of 2989 kb of ORAI1 gene pro-
moter was synthesized and cloned in the pGL3-basic vector (Prom-
ega) upstream to firefly luciferase by Condalab. A7r5 cells were plated
in 24-well plates at 2.5 � 104 cells/well in growth medium. The next
day, cells were transfected with 500 ng/well of pGL3-Orai1 luciferase
constructs and 25 ng the Renilla luciferase vector, pRL-TK (Promega)
using DharmaFECT kb transfection reagent (Dharmacon) according
to manufacturer’s instructions. After 24 h, cells were pre-incubated
with the CREB inhibitor, 666-15 (3 mM) or the Orai1 blocker,
GSK-7975A (10 mM) for 3 h. Then, cells were treated with TG
(2 mM). Twenty-four hours after treatment, luciferase activity was
examined using Dual-Glo Luciferase Assay System. The activity test
was performed and luminescence measured using a GloMax Discover
Microplate Reader (Promega). Experiments were performed in dupli-
cate and the luciferase activities were expressed as the relative Firefly/
Renilla activities normalized to control.

Immunofluorescence

Samples from human and rat left ventricle were cleaned of blood in
1� PBS and quickly imbedded in optimal cutting temperature me-
dium, then frozen in dry ice, and stored at �80�C. Samples were
then cut in a cryostat and 6-mMsections were mounted on glass slides,
fixed with formalin solution for 30 min, then stored at �20�C. After
blocking with 1% BSA + 10% normal goat serum + 0.3% Triton X-100
for 1 h at RT, slides were incubated with an antibody against anti-
Orai1 (1:100, Novus Biologicals) and anti-AC8 (1:200, Invitrogen)
at 4�C overnight. Samples were then incubated with a species-specific
secondary antibody conjugated to Alexa Fluor 488 goat anti-mouse-
IgG and Alexa Fluor 594 goat anti-rabbit-IgG (1:250, Invitrogen) for
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3 h and then with DAPI (0.1 mg/mL, Biorad), to visualize nuclei for
5 min at RT, gently washing with PBS between incubations. Finally,
sections were washed again and coverslips were mounted in DAKO
fluorescence mounting medium (DAKO), and were examined by a
confocal microscope Leica TCS SP2 using a 63� objective with 2�
zoom (Leica). Maximum intensity projections of all z-sections were
performed (0.4 mm).

p-CREB immunofluorescence assays were performed in isolated
AVRM and NRVM previously fixed with formalin solution for
20 min. Cells were incubated with rabbit anti-p-CREB primary anti-
body (1:200, Abcam) overnight and Alexa Fluor 488 goat anti-rabbit-
IgG as secondary antibody (1:250, Invitrogen) in blocking solution for
2 h at RT. In NRVM, the cytoskeleton was stained with phalloidin-
TRITC (1:100, Sigma-Aldrich). For ARVM we used anti-heavy chain
cardiac myosin mouse primary antibody (1:400, Abcam, Cambridge,
UK) and Alexa Fluor 594 goat anti-mouse-IgG as secondary antibody
(1:250 dilution, Invitrogen). Images were visualized using a confocal
microscope Leica TCS SP2. Maximum intensity projections of all
z-sections were performed (0.4 mm for NRVMs and 0.8 mm for
ARVMs) to measure p-CREB fluorescence in the nuclei. Mean fluo-
rescence intensity of ROIs of the same area was analyzed using ImageJ
software (NIH).

For Orai1 and AC8 co-localization studies, assays were performed in
section of rat’s heart and in NRVM using anti-Orai1 (1:100 Novus Bi-
ologicals) and anti-AC8 (1:200 ProteinTech). Images were visualized
in the same z-position by Leica TCS SP2 confocal microscope using a
63� objective. PCC was analyzed randomly from 3 area of each pic-
ture and not limited to the infarcted are, using LasX software (Leica).

Statistical analysis

Data are presented as the mean ± SD. Analysis of statistical signifi-
cance was performed with GraphPad Prism v.8.4.3 (GraphPad Soft-
ware), using Shapiro-Wilk as normality test. For normally distributed
variables we used the ordinary one-way ANOVA and performedmul-
tiples comparisons using t test without correction (Fisher’s least sig-
nificant difference test). We also used the Kruskal-Wallis non-para-
metric test with multiple comparisons corrected by Dunn’s Test for
non-normally distributed variables. For comparison between two
groups, the Mann-Whitney U test (or Student t test for the analysis
of Ca2+ determinations) was used. The outliers were removed based
on results of QuickCalcs, an online tool of GraphPad. Throughout
the manuscript *, **, *** and **** indicate p values of <0.05, <0.01,
<0.001, and <0.0001, respectively.
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