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a b s t r a c t

The proto-oncogene Akt is a potent inhibitor of apoptosis, and it is activated in many human cancers. A
number of recent studies have highlighted the importance of the inositol 1,4,5-trisphosphate (IP3) recep-
tor (IP3R) in mediating calcium (Ca2+) transfer from the endoplasmic reticulum (ER) to the mitochondria
in several models of apoptosis. Akt is a serine-threonine kinase and recent data indicate the IP3R as a tar-
get of its phosphorylation activity.

Here we show that HeLa cells, overexpressing the constitutively active myristoylated/palmitylated
AKT1 (m/p-AKT1), were found to have a reduced Ca2+ release from ER after stimulation with agonist cou-
pled to the generation of IP3. In turn, this affected cytosolic and mitochondria Ca2+ response after Ca2+

release from the ER induced either by agonist stimulation or by apoptotic stimuli releasing Ca2+ from
intracellular stores.

Most importantly, this alteration of ER Ca2+ content and release, reduces significantly cellular sensitiv-
ity to Ca2+ mediated proapoptotic stimulation. These results reveal a primary role of Akt in shaping intra-
cellular Ca2+ homeostasis, that may underlie its protective role against some proapoptotic stimuli.

� 2008 Elsevier Inc. All rights reserved.
Protein kinase B or Akt, is a serine/threonine kinase, which in
mammals comprises three highly homologous members known
as PKB alpha (Akt1), PKB beta (Akt2), and PKB gamma (Akt3) [1].

Forced membrane localization of Akt through its myristoyla-
tion/palmitylation is sufficient for maximal phosphorylation of
key aminoacids and in turn for its full activation. The activity of
this plasma membrane targeted Akt chimera (m/p-AKT1) is 60-fold
higher compared with the unstimulated wild-type enzyme [2] and
it is widely utilized in studying the effects of Akt in several signal
transduction pathways [3–6].

Key roles for this enzyme can be found in cellular processes
such as glucose metabolism, cell proliferation, apoptosis, transcrip-
tion and cell migration [7,8] . Akt functions to promote cell survival
through several pathways [8–10]. The precise mechanisms by
which Akt prevents apoptosis are not completely understood.

Akt is a growth-factor-regulated protein kinase that phosphor-
ylates in vitro and in vivo the IP3Rs, thanks to the presence of a
consensus substrate motif that is conserved in all three IP3R iso-
forms [11]. The IP3R is involved in Ca2+ mobilization from intracel-
lular stores, where channel activity is largely under the control of
ll rights reserved.
the IP3 binding. IP3R is involved in fundamental processes such
as fertilization, meiosis, and mitosis and it has been reported that
several proteins interact with IP3Rs [12]. Some of these have a
modulatory role. Indeed, in addition to Akt mentioned above, the
IP3R is also a substrate for several other protein kinases including
calmodulin dependent protein kinase II [13], protein kinase C
[14,15] and MAP kinases. As mentioned before, the main role of
the IP3R is releasing Ca2+ into the cytoplasm and to other effector
systems (such as mitochondria). Ca2+ is recognized to be a funda-
mental second messenger involved in fertilization, proliferation,
muscle contraction and secretion [16,17]. As a second messenger,
Ca2+ exerts its role inside the cell, where its concentration is highly
controlled. The extent of Ca2+ signal is also a key determinant of
the intrinsic apoptotic pathway, thus controlling cell fate under
physiological and pathological conditions [18].

There is general agreement in the literature that Ca2+ efflux
from the ER and Ca2+ accumulation into the mitochondria are
linked to the effects of various apoptotic stimuli [18].

The task of this work was to evaluate the effect of the overex-
pression of a constitutively active AKT1 on subcellular Ca2+ homeo-
stasis in transiently transfected HeLa cells, i.e. the same cell model
in which the effects of Bcl-2 and Bax on Ca2+ signaling were
previously detected and analyzed [19–21]. We then analyzed the
effects of Akt overexpression on the cytosolic Ca2+ signal elicited
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by apoptotic stimuli such as oxidative stress and arachidonic acid,
as they act through mitochondrial Ca2+ overload and activation of
the intrinsic apoptotic pathway following to Ca2+ release from
the ER.

Altogether our data suggest that the alteration of Ca2+ fluxes
through the IP3R is a key component of the protective action of
Akt against apoptosis induced by stimuli acting in a Ca2+-sensitive
manner.
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Fig. 1. Modifications of ER Ca2+ kinetic releases by overexpression of Akt in HeLa
Materials and methods

Cell culture and transfection. HeLa cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum in 75-cm2 Falcon flasks. For the aequorin
experiments, the cells were seeded onto 13-mm glass coverslips
and allowed to grow to 75% confluence.

At this stage, transfection with 4 lg of total DNA (3 lg of the
indicated expression plasmids and 1 lg of aequorin) was carried
out as described previously [22]. All measurements were per-
formed 36 h after transfection.

Aequorin measurement. All measurements were carried out as
previously described [22]. Briefly, for the experiments with cytAEQ
and mtAEQmut, cells were incubated with 5 lM coelenterazine for
1–2 h in Dulbecco’s modified Eagle’s medium supplemented with
1% fetal calf serum. To reconstitute erAEQmut with high efficiency,
the luminal Ca2+ concentration ([Ca2+]) of the ER ([Ca2+]er) first had
to be reduced. This was achieved by incubating cells for 1 h at 4 �C
in Krebs–Ringer buffer (KRB) supplemented with 5 lM coelenter-
azine, 5 lM Ca2+ ionophore ionomycin, and 600 lM EGTA. After
this incubation, cells were extensively washed with KRB supple-
mented with 2% bovine serum albumin and then transferred to
the perfusion chamber.

Fura-2/AM measurements. Cytosolic free Ca2+ concentration
([Ca2+]c) was evaluated using fluorescent Ca2+ indicator Fura-2/
AM (Molecular Probes, Inc.). Briefly, cells were incubated in med-
ium supplemented with 2.5 lM Fura-2/AM for 30 min, washed
with KRB to remove extracellular probe, supplied with preheated
KRB (supplemented with 1 mM CaCl2), and placed in a thermo-
stated incubation chamber at 37 �C on the stage of an inverted
fluorescence microscope (Zeiss Axiovert 200). Dynamic video
imaging was performed using MetaFluor software (Universal Imag-
ing Corp.). [Ca2+]c was calculated as previously described [23].

Apoptotic counts. Cells were seeded on 24 mm coverslips and
co-transfected 1:1 ratio with m/p-AKT1 and mtGFP, mtGFP as con-
trol. On a fluorescent field picture, took before apoptotic stimulus,
was recorded the number of GFP-positive cells and the same was
done after treatment with arachidonic acid and hydrogen peroxide.
Fifty different fields per condition were analyzed and a mean per
condition was extracted. Ratio between the mean after and before
treatment is shown in figure.

Caspase-3 assay. Cells were centrifuged (1000g for 5 min) and
washed once in phosphate-buffered saline. The enzcheck� cas-
pase-3 assay kit # 2 by Molecular Probes was used for determina-
tion of caspase-3 activity. Lysate (20 lg), resuspended in a final
volume of 100 ll, was assayed using Wallac 1420 Victor3 multi-
task plate reader (Perkin Elmer, Inc.).
cells. (A) Effects of m/p-AKT1 on the ER Ca2+ concentration ([Ca2+]er) in control and
in m/p-AKT1-overexpressing HeLa cells. (B) Reduced ER Ca2+ release in m/p-AKT1-
overexpressing cells when stimulated with 100 lM histamine. To induce Ca2+

release from ER, the cells were challenged with an agonist that, trough interaction
with G protein coupled receptors, evokes a rapid discharge from inositol 1,4,5-
phosphate receptors (IP3Rs). The bars in the graph show the extent of the reduction
in the mean rate of Ca2+ released induced by overexpressing m/p-AKT1 after cell
stimulation, both for the first 50 s (upper graph) and for the maximum rate (lower
graph). (C) HeLa cells were transfected with m/p-AKT1 or mock transfected in
control cells. Western blot analysis shows that overexpression of constitutively
active Akt does not affect the expression of different types of IP3 receptors.
Results

Akt drastically reduces ER Ca2+ release, while leaving ER Ca2+ levels
unaffected

We measured the ER [Ca2+] ([Ca2+]er) in HeLa cells transfected
with ER-targeted aequorin (erAEQmut) [22]. In these experiments,
the ER Ca2+ store was first depleted of Ca2+, during the phase of
aequorin reconstitution, performed in Ca2+-free medium (as de-
scribed in Materials and methods section). When Ca2+ was added
back to the KRB perfusion medium, [Ca2+]er rose from <10 lM to
a plateau value of �400 lM, as previously reported [24,25]. No sig-
nificant difference was observed between m/p-AKT1 overexpress-
ing and control cells (348 ± 20.08 lM and 357.16 ± 19.68 lM,
n = 21; p > 0.1) (Fig. 1A).

We then investigated the ER response to histamine, which acts on
Gq-coupled plasma membrane receptors and causes the production
of IP3, thus releasing Ca2+ from the ER through the IP3Rs, followed by
sustained influx from the extracellular medium through plasma
membrane Ca2+ channels (Fig. 1B). When the [Ca2+] in the lumen of
the ER reached a plateau value, the cells were treated with hista-
mine. As expected, a decreases in the [Ca2+] of the ER compartment
was observed both in control and m/p-AKT1 expressing cells
(Fig. 1B), but the decrease of [Ca2+] in control cells was extremely lar-
ger and faster (Vmax: 23.03 ± 2.02 lM/s vs 3.87 ± 0.5 lM/s; mean of
first 50 s of Ca2+ released: 3.67 ± 0.2 lM/s vs 1.56 ± 0.1 lM/s,
n = 21), thus reflecting a more rapid flow through the IP3-gated
channels, in controls compared to m/p-AKT1 expressing cells. Then
we investigated if m/p-AKT1 overexpression could affect the IP3Rs
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expression level: as shown in Fig. 1C this was not the case. Indeed,
both type 1 and type 3 IP3R, are expressed at comparable levels in
m/p-AKT1 transfected and control cells.

Thus, we conclude that m/p-AKT1 is able to inhibit agonist-in-
duced ER Ca2+ release into the cytoplasm.

Cytosolic and mitochondrial Ca2+ response to agonist stimulation is
strongly impaired in m/p-AKT1 expressing cells

The effect of m/p-AKT1 expression on the cytosolic Ca2+ signal
elicited by agonist stimulation was investigated using cytosolic
aequorin. Both in control and m/p-AKT1-transfected cells, hista-
mine stimulation causes a rapid rise in cytoplasmic Ca2+ concentra-
tion ([Ca2+]c), followed by a gradually declining sustained plateau. In
m/p-AKT1-transfected cells, the [Ca2+]c increases evoked by stimu-
lation with histamine are significantly smaller than in controls
(peak amplitude 1.07 ± 0.03 vs 2.72 ± 0.04 lM; n = 14) (Fig. 2A).

Then we evaluated whether m/p-AKT1 could affect Ca2+ han-
dling in mitochondria, an important site for decoding cellular
Ca2+ signals and in particular Ca2+ signals regulating apoptosis.
Both in control and m/p-AKT1-transfected cells, histamine stimu-
lation caused a large, rapid rise in mitochondrial Ca2+ concentra-
tion ([Ca2+]m), that returned to almost basal levels in approx
1 min. However, in m/p-AKT1-transfected cells, the [Ca2+]m in-
creases evoked by stimulation with histamine were drastically
smaller than in controls (peak amplitude 76.82 ± 3.4 lM control,
22.84 ± 2.2 lM m/p-AKT1, n = 18) (Fig. 2B).

Taken together these data show that m/p-AKT1 globally affects
cellular Ca2+ signaling probably acting on the ER Ca2+ release
machinery.

Akt overexpression protects against Ca2+-mediated cell death

Mitochondrial Ca2+ uptake has been shown to be a fundamental
factor in the activation of the intrinsic apoptotic pathway and in
sensitizing the response to several apoptotic stimuli [19,20,26–
28]. Reduction of mitochondrial Ca2+ accumulation by m/p-AKT1
thus might result in diminished cellular sensitivity to Ca2+-medi-
ated apoptosis. Therefore, we applied oxidative stress and arachi-
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Fig. 2. Alteration of cytosolic and mitochondrial Ca2+ homeostasis in Akt-over-
expressing cells. (A) Cytosolic Ca2+ homeostasis in control and m/p-AKT1-over-
expressing HeLa cells. Where indicated, the cells were stimulated with 100 lM
histamine. (B) Mitochondrial Ca2+ homeostasis in control and m/p-AKT1-over-
expressing HeLa cells. Where indicated, the cells were stimulated with 100 lM
histamine.
donic acid to induce apoptosis in HeLa cells, as they act through
mitochondrial Ca2+ overload and ensuing activation of the intrinsic
apoptotic pathway. HeLa cells were transiently transfected with
mitochondrially targeted GFP alone (control) or in combination
with m/p-AKT1 (m/p-AKT1), and 36 h after transfection the cells
were treated with (1 mM) H2O2 or (80 lM) arachidonic acid. After
3 h incubation with the apoptotic stimulus of interest, and elimina-
tion of dead cells we observed a substantial increase in the propor-
tion of m/p-AKT1-expressing cells after treatment (H2O2:
25.4 ± 5.11% increase in m/p-AKT1/mtGFP-overexpressing cells,
n = 11; arachidonic acid: 19.67 ± 6.04% increase in m/p-AKT1/
mtGFP-overexpressing cells, n = 9. p < 0.05) (Fig. 3A). In this exper-
imental setup positive changes in the percentage of surviving
transfected cells indicates protection against the apoptotic stimu-
lus by the overexpressed protein, while reduction provides evi-
dence for its proapoptotic effect, thus Akt protected a significant
number of cells from H2O2 and arachidonic acid. These data were
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Fig. 3. Effect of Akt on cell death induced by Ca2+-dependent apoptotic stimuli. (A)
HeLa cells were co-transfected with mtGFP and m/p-AKT1 or mtGFP alone in
control cells. At 36 h post-transfection, cells were treated with arachidonic acid
(80 lM) and H2O2 (1 mM) for 4 h. The data show the change of percentage of GFP
fluorescent cells among the whole cell population (determined by phase contrast
microscopy), averaging values obtained by analyzing more than 50 fields. (B) HeLa
cells were transfected and treated at the same manner of (A), and then aliquots of
cells were centrifuged and lysates were assayed for caspase-3 activity as described
in Materials and methods. The upper panel shows representative traces of a
singular experiment. The data are the mean of different angular coefficients ± SE. of
five independent experiments; the bars in the graph (lower panel) show the change
of percentage of caspase-3 activation compared to untreated cells.
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confirmed by the direct measurement of caspase activity in H2O2

and arachidonic acid treated cells, showing a marked reduction
of caspase-3 activity in m/p-AKT1 overexpressing cells (Fig. 3B).
These results provided evidence that the m/p-AKT1-induced
reduction of ER Ca2+ release increases the threshold for Ca2+-med-
iated apoptosis.

Akt inhibits [Ca2+]c increases induced by H2O2 and arachidonic acid

Apoptosis induced by H2O2 and arachidonic acid is triggered, or
enhanced, by the release of Ca2+ from ER [29,30]. Thus, we investi-
gated whether m/p-AKT1, acting on IP3Rs, had a direct effect on
cytosolic apoptotic Ca2+ signals triggered by these apoptotic stim-
uli. Given that aequorin is not accurate enough to reveal small in-
creases of [Ca2+], i.e. those expected in the cytosol after apoptotic
stimulation, the [Ca2+]c was measured with the fluorescent indica-
tor Fura-2/AM [23]. In these experiments, in order to identify m/p-
AKT1-overexpressing cells in single cell imaging experiments, the
cells were co-transfected with mtGFP [31]. GFP-positive cells were
distinguished from controls by the typical fluorescence emitted
upon illumination with blue light. As shown in Fig. 4, treatment
with 1 mM H2O2 (Fig. 4A) or 80 lM arachidonic acid (Fig. 4B)
caused a [Ca2+]c elevation, that gradually increased with time
(Fig. 4). The simplest explanation for these results is that, as well
as in the case of ceramide treatment [20], also these apoptotic
stimuli caused a progressive release of Ca2+ from intracellular
stores, thereby directly causing a [Ca2+]c rise and activating capaci-
tative Ca2+ influx, that in turn is responsible for maintaining a long-
lasting [Ca2+]c plateau. Interestingly, in m/p-AKT1-transfected
cells, the [Ca2+]c increases evoked by stimulation with H2O2 and
arachidonic acid were significantly smaller than in controls.

Discussion

Virtually in all eukaryotic cells the dynamic regulation of [Ca2+]c

is fundamental for cell life [32,33]. In distinction to the other mes-
sengers, several organelles diffused throughout the cell can seques-
ter Ca2+ and, in response to appropriate signals, release it back into
the cytoplasm. Intracellular Ca2+ stores play an essential role in
completing this regulation. The most important intracellular Ca2+

store is represented by the ER in non-muscle cells, and by its spe-
cialized counterpart, the sarcoplasmic reticulum, in muscle cells
[34]. The Ca2+ channels responsible for the rapid release of Ca2+

from the ER in response to extracellular stimuli are the families
of IP3Rs [12]. Coordinated activation of these receptors is responsi-
ble for the generation of elementary and global (oscillating or per-
sistent) Ca2+ signals observed in the cytosol [35–37].

Strong evidence has been also accumulated supporting a central
role of Ca2+ in the regulation of cell death [38]. Recently it has been
recognized, that modification of the ER Ca2+ pool may itself be in-
volved in the initiation and regulation of the apoptotic process. As
to ER Ca2+ release, it has been shown that owing to the efficient
Ca2+ signal transmission between ER and mitochondria, ER Ca2+ re-
lease via IP3R play a pivotal role in transmitting apoptotic Ca2+ sig-
nals into mitochondria [39,40] and can sensitize to ceramide-
induced apoptosis [28,41]. The involvement of IP3Rs in sensitisat-
ion to apoptotic stimuli has been shown also by transgenic and
anti-sense techniques. Thus, IP3R-deficient lymphocytes are resis-
tant to a large panel of apoptosis inducers [42] and anti-sense oli-
gonucleotide-mediated downregulation of IP3R decreases the cell
death of glucocorticoid-treated T cells [43] and NGF-depleted neu-
rons [39]. Akt has been found associated to ER membranes [44] and
IP3Rs can be phosphorylated by the well known apoptotic inhibitor
Akt kinase [11].

The data presented here show that overexpression of m/p-AKT1
did not change the steady-state [Ca2+]er level. In contrast, after
stimulation with histamine we observed a dramatic reduction in
the speed of Ca2+ release, without any changes of the IP3R expres-
sion levels. Thus we can conclude that Akt was regulating IP3R
activity. This modulation of IP3R activity resulted in an inhibition
of agonist-induced Ca2+ release as we can observed measuring
the cytosolic and mitochondrial Ca2+ responses.

More interestingly for an antiapoptotic protein such as Akt, its
overexpression significantly blunted the [Ca2+]c increases induced
by H2O2 and arachidonic acid. This apoptotic protocol was chosen
because shown to act through Ca2+ and, in our hands, Akt was highly
efficient in protecting cells from death induced by these stimuli.

At this stage we can not ascribe the alterations of ER Ca2+ re-
lease to a direct Akt-dependent phosphorylation of the IP3R. In-
deed, in a recent work, Joseph and colleagues reported as the
Ca2+ flux properties of IP3R mutants in their Akt substrate motif
did not reveal any modification of channel function under agonist
stimulation [11]. A possibility is that m/p-AKT1 phosphorylates
other proteins interacting with the IP3Rs and in turn the phosphor-
ylation state of these proteins regulates the IP3-mediated Ca2+

channel activity of IP3Rs. However, and probably more interest-
ingly for a pro-survival protein, the Akt-dependent IP3R phosphor-
ylation appears functional to suppress the activation of cell death
program triggered by apoptotic stimuli [11]. In agreement with
this observation, our data clearly demonstrated that the overex-
pression of m/p-AKT1 chimera is efficient in reducing significantly
the apoptotic Ca2+ signals induced by H2O2 and arachidonic acid.
Thus, these observations may provide one mechanism of Akt to re-
strain the apoptotic effects of Ca2+.

Acknowledgments

This work was supported by the Italian Association for Cancer
Research, Telethon, local funds from the University of Ferrara, the
Italian University Ministry, the PRRIITT program of the Emilia
Romagna Region, the Italian Space Agency, NIH (Grant
#1P01AG025532-01A1) and the United Mitochondrial Disease
Foundation (UMDF).



S. Marchi et al. / Biochemical and Biophysical Research Communications 375 (2008) 501–505 505
References

[1] G. Song, G. Ouyang, S. Bao, The activation of Akt/PKB signaling pathway and
cell survival, J. Cell. Mol. Med. 9 (2005) 59–71.

[2] M. Andjelkovic, D.R. Alessi, R. Meier, A. Fernandez, N.J. Lamb, M. Frech, P. Cron,
P. Cohen, J.M. Lucocq, B.A. Hemmings, Role of translocation in the activation
and function of protein kinase B, J. Biol. Chem. 272 (1997) 31515–31524.

[3] J.D. Carpten, A.L. Faber, C. Horn, G.P. Donoho, S.L. Briggs, C.M. Robbins, G.
Hostetter, S. Boguslawski, T.Y. Moses, S. Savage, M. Uhlik, A. Lin, J. Du, Y.W.
Qian, D.J. Zeckner, G. Tucker-Kellogg, J. Touchman, K. Patel, S. Mousses, M.
Bittner, R. Schevitz, M.H. Lai, K.L. Blanchard, J.E. Thomas, A transforming
mutation in the pleckstrin homology domain of AKT1 in cancer, Nature 448
(2007) 439–444.

[4] S.G. Kennedy, E.S. Kandel, T.K. Cross, N. Hay, Akt/Protein kinase B inhibits cell
death by preventing the release of cytochrome c from mitochondria, Mol. Cell.
Biol. 19 (1999) 5800–5810.

[5] T.L. Cha, B.P. Zhou, W. Xia, Y. Wu, C.C. Yang, C.T. Chen, B. Ping, A.P. Otte, M.C.
Hung, Akt-mediated phosphorylation of EZH2 suppresses methylation of
lysine 27 in histone H3, Science 310 (2005) 306–310.

[6] S. Zimmermann, K. Moelling, Phosphorylation and regulation of Raf by Akt
(protein kinase B), Science 286 (1999) 1741–1744.

[7] E.L. Whiteman, H. Cho, M.J. Birnbaum, Role of Akt/protein kinase B in
metabolism, Trends Endocrinol. Metab. 13 (2002) 444–451.

[8] B.D. Manning, L.C. Cantley, AKT/PKB signaling: navigating downstream, Cell
129 (2007) 1261–1274.

[9] L.C. Cantley, The phosphoinositide 3-kinase pathway, Science 296 (2002)
1655–1657.

[10] T.F. Franke, D.R. Kaplan, L.C. Cantley, PI3K: downstream AKTion blocks
apoptosis, Cell 88 (1997) 435–437.

[11] M.T. Khan, L. Wagner, D.I. Yule, C. Bhanumathy, S.K. Joseph, Akt kinase
phosphorylation of inositol 1,4,5-trisphosphate receptors, J. Biol. Chem. 281
(2006) 3731–3737.

[12] K. Mikoshiba, The IP3 receptor/Ca2+ channel and its cellular function, Biochem.
Soc. Symp. 74 (2007) 9–22.

[13] D.J. Bare, C.S. Kettlun, M. Liang, D.M. Bers, G.A. Mignery, Cardiac type 2 inositol
1,4,5-trisphosphate receptor: interaction and modulation by calcium/
calmodulin-dependent protein kinase II, J. Biol. Chem. 280 (2005) 15912–
15920.

[14] E. Vermassen, R.A. Fissore, K.N. Nadif, V. Vanderheyden, G. Callewaert, L.
Missiaen, J.B. Parys, H. De Smedt, Regulation of the phosphorylation of the
inositol 1,4,5-trisphosphate receptor by protein kinase C, Biochem. Biophys.
Res. Commun. 319 (2004) 888–893.

[15] P. Pinton, S. Leo, M.R. Wieckowski, G. Di Benedetto, R. Rizzuto, Long-term
modulation of mitochondrial Ca2+ signals by protein kinase C isozymes, J. Cell
Biol. 165 (2004) 223–232.

[16] M.J. Berridge, M.D. Bootman, H.L. Roderick, Calcium signalling: dynamics,
homeostasis and remodelling, Nat. Rev. Mol. Cell Biol. 4 (2003) 517–529.

[17] D.E. Clapham, Calcium signaling, Cell 131 (2007) 1047–1058.
[18] P. Pinton, R. Rizzuto, Bcl-2 and Ca2+ homeostasis in the endoplasmic reticulum,

Cell Death Differ. 13 (2006) 1409–1418.
[19] M. Chami, A. Prandini, M. Campanella, P. Pinton, G. Szabadkai, J.C. Reed, R.

Rizzuto, Bcl-2 and Bax exert opposing effects on Ca2+ signalling, which do not
depend on their putative pore-forming region, J. Biol. Chem. 279 (2004)
54581–54589.

[20] P. Pinton, D. Ferrari, E. Rapizzi, F.D. Di Virgilio, T. Pozzan, R. Rizzuto, The Ca2+

concentration of the endoplasmic reticulum is a key determinant of ceramide-
induced apoptosis: significance for the molecular mechanism of Bcl-2 action,
EMBO J. 20 (2001) 2690–2701.

[21] P. Pinton, D. Ferrari, P. Magalhaes, K. Schulze-Osthoff, F. Di Virgilio, T. Pozzan,
R. Rizzuto, Reduced loading of intracellular Ca(2+) stores and downregulation
of capacitative Ca(2+) influx in Bcl-2-overexpressing cells, J. Cell Biol. 148
(2000) 857–862.
[22] P. Pinton, A. Rimessi, A. Romagnoli, A. Prandini, R. Rizzuto, Biosensors for the
detection of calcium and pH, Methods Cell Biol. 80 (2007) 297–325.

[23] G. Grynkiewicz, M. Poenie, R.Y. Tsien, A new generation of Ca2+ indicators with
greatly improved fluorescence properties, J. Biol. Chem. 260 (1985) 3440–
3450.

[24] P. Pinton, T. Pozzan, R. Rizzuto, The Golgi apparatus is an inositol 1,4,5-
trisphosphate-sensitive Ca2+ store, with functional properties distinct from
those of the endoplasmic reticulum, EMBO J. 17 (1998) 5298–5308.

[25] M.J. Barrero, M. Montero, J. Alvarez, Dynamics of [Ca2+] in the endoplasmic
reticulum and cytoplasm of intact HeLa cells. A comparative study, J. Biol.
Chem. 272 (1997) 27694–27699.

[26] P. Pinton, A. Rimessi, S. Marchi, F. Orsini, E. Migliaccio, M. Giorgio, C.
Contursi, S. Minucci, F. Mantovani, M.R. Wieckowski, G. Del Sal, P.G.
Pelicci, R. Rizzuto, Protein kinase C beta and prolyl isomerase 1 regulate
mitochondrial effects of the life-span determinant p66Shc, Science 315
(2007) 659–663.

[27] M. Campanella, A.S. de Jong, K.W. Lanke, W.J. Melchers, P.H. Willems, P. Pinton,
R. Rizzuto, F.J. van Kuppeveld, The coxsackievirus 2B protein suppresses
apoptotic host cell responses by manipulating intracellular Ca2+ homeostasis,
J. Biol. Chem. 279 (2004) 18440–18450.

[28] G. Hajnoczky, G. Csordas, M. Madesh, P. Pacher, Control of apoptosis by IP(3)
and ryanodine receptor driven calcium signals, Cell Calcium 28 (2000) 349–
363.

[29] N. Fleming, L. Mellow, Arachidonic acid stimulates intracellular calcium
mobilization and regulates protein synthesis, ATP levels, and mucin secretion
in submandibular gland cells, J. Dent. Res. 74 (1995) 1295–1302.

[30] Y. Zheng, X. Shen, H2O2 directly activates inositol 1,4,5-trisphosphate
receptors in endothelial cells, Redox. Rep. 10 (2005) 29–36.

[31] F. De Giorgi, M. Brini, C. Bastianutto, R. Marsault, M. Montero, P. Pizzo, R. Rossi,
R. Rizzuto, Targeting aequorin and green fluorescent protein to intracellular
organelles, Gene 173 (1996) 113–117.

[32] M.J. Berridge, P. Lipp, M.D. Bootman, The versatility and universality of calcium
signalling, Nat. Rev. Mol. Cell Biol. 1 (2000) 11–21.

[33] D.E. Clapham, Calcium signaling, Cell 80 (1995) 259–268.
[34] R. Rizzuto, T. Pozzan, Microdomains of intracellular Ca2+: molecular

determinants and functional consequences, Physiol. Rev. 86 (2006) 369–408.
[35] J.D. Johnson, J.P. Chang, Function- and agonist-specific Ca2+ signalling: the

requirement for and mechanism of spatial and temporal complexity in Ca2+

signals, Biochem. Cell Biol. 78 (2000) 217–240.
[36] M.D. Bootman, P. Lipp, M.J. Berridge, The organisation and functions of local

Ca(2+) signals, J. Cell Sci. 114 (2001) 2213–2222.
[37] H.L. Roderick, M.D. Bootman, Redoxing calcium from the ER, Cell 120 (2005) 4–

5.
[38] C. Giorgi, A. Romagnoli, P. Pinton, R. Rizzuto, Ca2+ signaling, mitochondria and

cell death, Curr. Mol. Med. 8 (2008) 119–130.
[39] S. Blackshaw, A. Sawa, A.H. Sharp, C.A. Ross, S.H. Snyder, A.A. Khan, Type 3

inositol 1,4,5-trisphosphate receptor modulates cell death, FASEB J. 14 (2000)
1375–1379.

[40] C.C. Mendes, D.A. Gomes, M. Thompson, N.C. Souto, T.S. Goes, A.M. Goes, M.A.
Rodrigues, M.V. Gomez, M.H. Nathanson, M.F. Leite, The type III inositol 1,4,5-
trisphosphate receptor preferentially transmits apoptotic Ca2+ signals into
mitochondria, J. Biol. Chem. 280 (2005) 40892–40900.

[41] G. Szalai, R. Krishnamurthy, G. Hajnoczky, Apoptosis driven by IP(3)-linked
mitochondrial calcium signals, EMBO J. 18 (1999) 6349–6361.

[42] T. Jayaraman, A.R. Marks, T cells deficient in inositol 1,4,5-trisphosphate
receptor are resistant to apoptosis, Mol. Cell. Biol. 17 (1997) 3005–3012.

[43] A.A. Khan, M.J. Soloski, A.H. Sharp, G. Schilling, D.M. Sabatini, S.H. Li, C.A. Ross,
S.H. Snyder, Lymphocyte apoptosis: mediation by increased type 3 inositol
1,4,5-trisphosphate receptor, Science 273 (1996) 503–507.

[44] M.R. Calera, C. Martinez, H. Liu, A.K. Jack, M.J. Birnbaum, P.F. Pilch, Insulin
increases the association of Akt-2 with Glut4-containing vesicles, J. Biol. Chem.
273 (1998) 7201–7204.


	Akt kinase reducing endoplasmic reticulum Ca2+ release protects cells from Ca2+-dependent apoptotic stimuli
	Materials and Methodsmethods
	Results
	Akt drastically reduces ER Ca2+ release, while leaving ER Ca2+ levels unaffected
	Cytosolic and mitochondrial Ca2+ response to agonist stimulation is strongly impaired in m/p-AKT1 expressing cells
	Akt overexpression protects against Ca2+-mediated cell death
	Akt inhibits [Ca2+]c increases induced by H2O2 and arachidonic acid

	Discussion
	AcknowledgementsAcknowledgments
	References


