Send Orders for Reprints to reprints@benthamscience.ae
CNS & Neurological Disorders - Drug Targets, 2015, 14, 1343-1349 1343

Ouabain-Induced Signaling and Cell Survival in SK-N-SH Neuroblastoma
Cells Differentiated by Retinoic Acid

Evgeny E. Akkuratov'?, Jian Wu'*, David Sowa', Zahoor A. Shah® and Lijun Liu™"'

'Department of Biochemistry and Cancer Biology, College of Medicine and Life Sciences, University
of Toledo, Toledo, OH, USA

Institute of Translational Biomedicine, St. Petersburg State University, St. Petersburg, 199034, Russia

’Department of Medicinal and Biological Chemistry, College of Pharmacy, University of Toledo,
Toledo, OH, USA

Center for Craniofacial Molecular Biology, University of Southern California, Los Angeles, CA, USA

Lijun Liun

Abstract: Ouabain stimulates activation of various signaling cascades such as protein kinase B (Akt)
and Extracellular-signaling-regulated kinase 1/2 (ERK 1/2) in various cell lines. Retinoic acid (RA) is commonly used to
induce neuroblastoma differentiation in cultures. Upon RA administration, human neuroblastoma cell line, SK-N-SH
demonstrated neurite extensions, which is an indicator of neuronal cell differentiation. Here we report that ouabain-
induced signaling is altered under the action of 1 uM RA in human neuroblastoma SK-N-SH cells. RA increased the
expression of pl10a subunit of phosphoinositide 3-kinase (PI3K), Akt and Bl subunit of Na’/K'-ATPase. Ouabain
activated Akt and ERK 1/2 in differentiated SK-N-SH cells; this effect was not observed in non-differentiated SK-N-SH
cells. Long-term incubation of non-differentiated SK-N-SH with 1 pM ouabain led to a decrease in the number of cells;
this effect was reduced in differentiated SK-N-SH cells. Taken together, these results suggest that ouabain leads to cell
death in neuroblastoma cells rather than neuronal cells due to the different response to ouabain manifested by activation of

Akt and ERK 1/2.
Highlights

e RA increases the expression of pl10a subunit of PI3K, Akt and 1 subunit of Na'/K"-ATPase

e Quabain induces activation of Akt and ERK 1/2 in differentiated SK-N-SH cells but not in non-differentiated cells

e 1 uM ouabain leads to a decrease in the number of cells in non-differentiated SK-N-SH

e Reduction of ouabain-induced cell death in differentiated SK-N-SH
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INTRODUCTION

Na'/K'-ATPase is the enzyme that transports two K" ions
into the cell and three Na' ions out of the cell against their
concentration gradients using the energy of one ATP
molecule [1]. Specific inhibitors of Na'/K'-ATPase belong
to the group of cardiotonic steroids (CTS), including
marinobufagenin, telocinobufagin, digoxin and ouabain [2].
Besides its ion pumping function, Na'/K'-ATPase can
function as a receptor to trigger intracellular signaling
processes when bound to CTS [3, 4]. Ouabain and other CTS
have been found in mammals [5-7] and can be endogenous
regulators of cellular processes in areas such as the brain [8-
10]. It has been shown that ouabain binding to Na'/K'-
ATPase induces Src activation [11]. This in turn leads to
Extracellular-signaling-regulated kinase 1/2 (ERK ')
activation through the epidermal growth factor receptor
(EGFR)-Ras-Raf-MAPK/ERK kinase (MEK) pathway [4,
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12]. Ouabain also activates phosphoinositide 3-kinase (PI3K)
that triggers downstream of protein kinase B (Akt) activation
[13-14]. Increased Akt activity enhances protein synthesis
and prevents apoptosis [15]. In the other hand, there is
extensive literature on ouabain-induced cell death by
enhanced calcium oscillations, increase in intracellular
reactive oxygen species (ROS), and Nuclear factor kB (NF-
kB) activation [16-20]. In neuronal cells, Na'/K'-ATPase
affects the functions of various proteins through direct
protein-protein interaction [21-23]. Difference in the Na'/K -
ATPase isoforms expressed in neurons determines varying
kinetic properties [24], different roles in restoring the
gradients of Na' and K' ions [25], and cell signaling
processes [26].

Neuroblastoma is an extracranial solid pediatric tumor
arising from the developing neural crest along its migratory
pathways [27] and contains several cell phenotypes,
including neuroblastic (N), non-neuronal substrate-adherent
(S), and intermediate (I) cell types [28]. Human
neuroblastoma SK-N-SH cells are derived from a human
bone marrow metastasis and can be used as a cell model
system for studying cell signaling processes. The action of
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all-trans Retinoic acid (RA) arrests the cell cycle and causes
differentiation along the neuronal lineage in N-type cells [29,
30]. In human neuroblastoma SH-SYS5Y cell line, which is a
thrice-cloned sub-line of SK-N-SH [31], ouabain-sensitive
activity of Na'/K'-ATPase is regulated by cAMP [32].
Treatment of SH-SYS5Y with ouabain (>1uM) causes a 50%
increase in ROS after 30 min. Four days incubation of SH-
SY5Y with ouabain at different concentration decreases cell
number (20% decrease for 10 nM ouabain, and 75%
decrease for 1 uM ouabain) [33]. It has also been shown that
in SH-SYS5Y cells, ouabain stimulates ERK 1/2 activation
through the a3, but not the al subunit of Na'/K'-ATPase
[34].

CTS have been shown to act as proapoptotic [35] as well
as antiapoptotic [36] agents depending on the cell type.
Studies on various CTS-triggered cell responses can be
useful in cancer therapy. Currently, CTS are being tested as
potential agents to trigger apoptosis in tumor cells [35, 37].
The aim of this study was to assess ouabain-induced
signaling in SK-N-SH neuroblastoma cells during the
differentiation mediated by RA.

MATERIALS AND METHODS
Materials

Chemicals of the highest purity and culture media were
purchased from Sigma and Invitrogen. Akt and
phosphorylated (Ser473) Akt anitbodies were purchased
from Cell Signaling Technology (Danvers, MA). Antibodies
against ERK 1/2, phosphorylated ERK 1/2, a2 subunit of
Na'/K'-ATPase, PI3K p110a, PI3K p110y, PI3K p85a, Src,
goat anti-mouse IgG-horseradish peroxidase, and goat anti-
rabbit IgG-horseradish peroxidase were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibody
against Na'/K'-ATPase al subunit (06F) was purchased
from Developmental Studies Hybridoma Bank (Iowa City,
IA). Na'/K'-ATPase a3 subunit antibodies (MA3-915) were
purchased from Pierce Biotechnology (Rockford, IL).

Cell Cultures

Human neuroblastoma SK-N-SH cells from ATCC were
grown in Eagle's Minimum Essential Medium (MEM)
supplemented with 2 mM L-glutamine (Sigma), 10% Fetal
Bovine Serum (Invitrogen), 1 mM sodium pyruvate,
penicillin (100 units/ml) and streptomycin (100 mg/ml), and
were maintained at 37°C in a saturated humid atmosphere
with 5% CO,. As they approached confluence, the cells were
sub-cultured following treatment with 0.25% Trypsin-
EDTA.

Differentiation by RA

All-trans RA was dissolved in DMSO and 10 mM stock
solution was kept at -20°C. For each experiment, RA was
diluted to the desired concentration directly in the culture
medium. Cells cultured in medium containing 0.01% DMSO
were used as control. Final concentration of 1 pM RA was
used for differentiation. RA treatment started on the second
day after plating. Cells were given fresh medium every 48 h.
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Cells were incubated with and without RA for 10 days
except as indicated elsewhere.

Western Blotting Analysis

Protein samples were subjected to 8 or 10% SDS-PAGE,
transferred to a Polyvinylidene fluoride (PVDF) membrane,
and probed with appropriate antibodies by standard
procedures. The immunoreactive bands were developed and
detected using enhanced chemiluminescence. For
quantitative comparisons, images were scanned with a
densitometer. Different dilutions of samples were subjected
to SDS-PAGE, and multiple exposures of the films were
used to ensure the quantitation within the linear range of the
assays.

Cell Proliferation Assay

Cell numbers were measured using a Z2 Coulter Particle
Count and Size Analyzer (Beckman Coulter, Inc.) as
described [38]. Briefly, cells were incubated with or without
ouabain for 3 days with same composition of culture media
after 7 days of RA or vehicle induction. Before the
measurement, the cells were rinsed with PBS twice to
remove the floating cells and then detached and separated by
0.25% trypsin-EDTA. After stopping the enzyme action by
addition of fetal bovine serum (FBS), the cells were
resuspended in PBS. The cell size distribution was analyzed
before the assay and the same range of diameter was set for
counting in both differentiated and non-differentiated cells.

Statistical Analysis

Values are reported as the mean + SE of the results of a
minimum of three experiments. Student’s t-test was used to
compare two groups. The significance was accepted at
p<0.05.

RESULTS
RA Induced Differential Changes in Neuroblastoma Cells

The results were consistent as reported in the literature
[29-30, 39] that human neuroblastoma SK-N-SH cells are
divided into several types (neuroblastic N-type cells,
substrate-adherent S-type cells and intermediate I-type cells).
Upon RA administration, neuroblastoma cells became
stretching, exhibited neurite extensions and acquire a
neuronal phenotype (Fig. 1A). The number of cells
dramatically decreased to less than 50% under the action of 1
uM RA (Fig 1B).

Proteins of our interest were compared when cells were
incubated for 12 days with or without 1 uM RA (Fig. 1C).
The o subunit of Na'/K'-ATPase in non-differentiated and
differentiated cells was represented by two isoforms: the
ubiquitous ol isoform and the nervous tissue specific a3
isoform. The amount of al and a3 subunits was not affected
by RA-induced differentiation. The a2 subunit, a specific
isoform for skeletal muscle, heart, and glial cells, was
detected in minor amount, which is consistent with previous
finding in SK-SYSY cells [34]. A significant increase in the
amount of Bl subunit of Na'/K'-ATPase was detected in
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Fig. (1). RA induced changes in SK-N-SH cells. A — Morphological changes after 10 days of RA incubation. Phase contrast microscopy.
Scale bar: 25pum. B - Cell number of non-differentiated (n/d) and 1 pM RA-induced differentiated (RA) SK-N-SH. Cells were rinsed
with PBS and treated with trypsin-EDTA. Cell numbers were analyzed by Z2 cell counter. The number of non-differentiated cells was set to
100%. The graph represents data from four independent experiments. ** p < 0.01 vs n/d. C — Changes in protein expression for non-
differentiated (n/d. white bars) and 1 pM RA-induced differentiated (RA black bars) SK-N-SH. Representative Western blots were
shown the levels of proteins of interest in non-differentiated (n/d), differentiated (RA) SK-N-SH, cardiac tissue from rat (heart) and nervous
tissue from rat (brain). Tubulin was used as a loading control. Lysates were analyzed by Western blotting (WB) with antibodies. The optical
density of the n/d was set to 100%. Comparisons were normalized to the tubulin signal. The graph represents data from three independent

experiments. * p <0.05 vs n/d, ** p <0.01 vs n/d.

differentiated cells compared to non-differentiated cells.
There were no significant changes in the amount of Src and
the mitogen-activated protein kinase, ERK 1/2 observed
between the two groups. Protein expression of Akt and the
p110a subunit of PI3K were augmented in differentiated SK-
N-SH cells compared to non-differentiated cells.

Ouabain Induced Short-Term Activation of Signaling
Cascades

Previously it has been shown that ouabain activates Akt
and ERK 1/2 in cardiac myocytes and fibroblasts [7, 12-14].
It has also been shown that in non-differentiated SK-N-AS
cells, ERK 1/2 is activated after 180 min of ouabain
exposure via the a3 subunit of Na'/K'-ATPase [33]. Short-
term activation of Akt and ERK 1/2 was detected in current
study. The ratio of phosphorylated form to total Akt and
ERK 1/2 was indicated as Akt and ERK 1/2 activation in
differentiated and non-differentiated SK-N-SH cells by
western blotting (Figs. 2, 3).

As shown in Fig. (2), in non-differentiated SK-N-SH
cells, activation of Akt and ERK 1/2 by ouabain was not
observed. Among the ouabain concentrations from 1 nM to
10 uM, the levels of phosphorylation of the two kinases

remained the same. Surprisingly, in differentiated SK-N-SH
cells, both Akt and ERK 1/2 were significant activated by 10
nM ouabain. This activation by ouabain was dose-dependent
(Fig. 3A). To determine the time course of ERK 1/2 and
Akt activation, 10 nM ouabain (the minimal concentration
caused a increase) was used (Figs. 2B, 3B). In differentiated
SK-N-SH cells, ERK 1/2 activation was increased by
ouabain and reached its peak after 10 min and remained the
same up to 30 minutes of incubation (Fig. 3B). Akt
activation reached its peak at 10 min and decreased after 30
minutes of incubation. The results obtained from the non-
differentiated cells were quite different. The levels of
phosphorylation of both ERK 1/2 and Akt were not increased
by ouabain, even it had a trend reduce after 15 min of
incubation (Fig. 2B). Thus, the data indicated that low doses
of ouabain led to the activation of ERK 1/2 and Akt in
differentiated SK-N-SH cells but not in non-differentiated
SK-N-SH cells.

Long-Term Incubation of SK-N-SH with Ouabain

Previously, it has been shown that in non-differentiated
SH-SYS5Y cells, 10 nM ouabain causes 20% of cell death,
while 1 uM ouabain causes 75% of cell death [34]. Long-
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Fig. (2). Effects of ouabain on activation of Akt and ERK 1/2 in non-differentiated SK-N-SH. A — Levels of phosphorylation of ERK
1/2 and Akt after 10 min incubation with different concentrations of ouabain. B — Time course of 10 nM ouabain incubation on levels
of phosphorylation of ERK 1/2 and Akt. The optical density of untreated cells was set as 100%. Data were presented as the ratio of p-

Akt/Akt and p-ERK/ERK signal respectively. The graph represents data from three independent experiments. * p < 0.05 vs no ouabain.
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Fig. (3). Akt and ERK 1/2 activation by ouabain in differentiated SK-N-SH. A — Levels of phosphorylation of ERK 1/2 and Akt after
10 min incubation with different concentrations of ouabain. B — Time course of 10 nM ouabain incubation on levels of
phosphorylation of ERK 1/2 and Akt. The optical density of untreated cells was set as 100%. Data were presented as the ratio of p-Akt/Akt
and p-ERK/ERK signal respectively. The graph represents data from three independent experiments. * p < 0.05 vs to no ouabain, ** p <0.01
vs no ouabain.

10 nM ouabain did not affect cell proliferation in both
groups, while 1 uM ouabain caused 60% of cell death in the
non-differentiated SK-N-SH cells but only 15% of cell death
in the differentiated cells. RA caused cell death during the

term effects of ouabain on cell proliferation were assessed in
both differentiated and non-differentiated SK-N-SH cells
(Fig. 4A).
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Fig. (4). Cell survival in non-differentiated (n/d) and RA-differentiated (RA) SK-N-SH after long-term ouabain incubation. Cells
were incubated with or without RA for 7 days and then were exposure to 10 nM or 1 pM ouabain for 3 days in non-differentiated and
differentiated SK-N-SH. Cells were detached and separated with trypsin-EDTA and analyzed by Z2 cell counter. A - Quantitative data on
cell numbers. The graph represents data from seven independent experiments. ** p < 0.01 vs no ouabain; # P<0.05 n/d vs RA under the

same treatment. B- Morphological changes. Scale bar: S0um.

differentiation. The amount of cell death was similar that 1
UM ouabain caused cell death in non-differentiated cells. We
also noticed that ouabain did not cause morphological
changes in differentiated SK-N-SH, but non-differentiated
neuroblastoma cells acquired a neuron-like phenotype with
longer cell bodies and more neurite processes (Fig. 4B).

DISCUSSION

The aim of this study was to exam ouabain-induced cell
signaling in differentiated cells and non-differentiated SK-N-
SH cells. Our study showed that both differentiated and non-
differentiated SK-N-SH cells contain the al and a3 subunits
of Na'/K'-ATPase and small amount of 02 subunits of
Na'/K'-ATPase. While the amount of a subunits does not
change with the differentiation, but a significant increase in
the amount of fully glycosylated Bl subunit of Na'/K'-
ATPase in differentiated SK-N-SH was observed. It has been
reported that B3 subunit of Na'/K'-ATPase is involved
during neuronal differentiation [40]. So far, there is no
evidence that 1 subunit of Na'/K'-ATPase is attributed to
ouabain-induced cell signaling. The B subunit is known to
participate in the incorporation of Na'/K'-ATPase a subunit
into the membrane [41]. Higher ratio of B to o subunit also
occurs in cardiomyocytes [44]. This might be a feature of
terminally differentiated cells.

Class IA PI3Ka is composed of catalytic subunit pl10a
and regulatory subunit p85 [42]. Previously, it has been
shown that the interaction between Na'/K'-ATPase and p85
subunit, stimulates ouabain-induced activation of PI3K in
cardiac myocytes [14]. It has been reported that PI3K/Akt is
required for RA to induce neurite outgrowth and expression
of neuronal markers [43]. We have shown that the amount of
the PI3K pl110a subunit and Akt increases in differentiated
cells, which might be contributed to RA-induced
differentiation.

We have found that only in differentiated SK-N-SH cells,
ouabain induced Akt and ERK 1/2 activation, the signaling

pathways have been demonstrated in many cell lines [7, 14].
It has been know that Akt activation promotes proliferation
and increases cell survival. Interestingly, RA induced
differentiation of SK-N-SH requires both ERK and Akt
signaling [43]. These selective signaling pathways by
ouabain might be beneficial to cancer therapy. Moreover, we
also have shown that long- term incubation of 1 uM ouabain
caused less cell death in differentiated SK-N-SH cells
compared to non-differentiated SK-N-SH cells. We have
tested that ICsy of ouabain on human al subunit of Na'/K'-
ATPase is approximately 1.6 pM (Liu L. unpublished data).
More than ICs, dose of ouabain causes inhibition of Na'/K -
ATPase and leads to cell death. It is reasonable to assume
that the increase of cell death by ouabain in non-
differentiated cells is due to significant inhibition of Na'/K'-
ATPase. It has been reported that ERK1/2 and Akt are
critically involved in the regulation of apoptosis [43]. In
differentiated cells, ouabain-induced activation of Akt and
ERK 1/2 might prevent partly ouabain-induced cell death.
Increased PI3Ka and Akt by RA may augment ouabain-
induced signaling. We also noted long-term exposure of non-
differentiated cells to 1 uM ouabain, the remaining cells
acquired a neuron-like phenotype (Fig. 4B). Thus, it seems
that ouabain has the potential to induce cell differentiation.
Ouabain caused most non-differentiated cell death, but
induced differentiation in the survivors. However, this
speculation requires further investigation.

Previously it has been suggested that ouabain can be an
endogenous hormone in mammals. For example, low
concentrations of ouabain have been found in the
cerebrospinal fluid [10]. Yet, the effects of CTS in neurons
and neuron-like cells have been poorly studied so far. It has
been suggested that the minor isoforms of the a subunit of
Na'/K'-ATPase (a2, a3) act as CTS signaling receptors in
excitable tissues, while the al subunit mainly executes the
ion pump function [26]. In non-differentiated SK-N-AS
cells, it has been previously reported that ouabain causes
ERK 1/2 activation after 3-hr incubation through a3 subunit
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of Na'/K'-ATPase [34]. In the present study, we do not
know which isoforms are responsible to ouabain- induced
signaling after RA treatment. The data obtained in this study
provide new insight into ouabain-induced signaling in human
neuroblastoma and can be useful for exploring novel CTS-
based cancer therapies.

LIST OF ABBREVIATIONS

CTS = CardioTonic Steroids

ERK = Extracellular-signaling-Regulated Kinase
PI3K = Phospholnositide 3-Kinase

RA = Retinoic Acid

CONFLICT OF INTEREST

The authors confirm that this article content has no
conflict of interest.

ACKNOWLEDGEMENTS

This work was supported by NIH grant HL036573 and
the institutional postdoctoral fellowship (Evgeny E.
Akkuratov) from St. Petersburg State University. We thank
Dr. Amir Askari and Dr. Alexander Boldyrev for their
support in this project. We thank Xiang Li for his assistance
with the manuscript preparation.

REFERENCES

[1] Skou JC, Esmann M. The Na, K-ATPase. Bioenerg Biomembr
1992; 24(3): 249-61.

[2] Akera T, Brody TM. The role of Na+, K+-ATPase in the inotropic
action of digitalis. Pharmacol Rev 1978; 29: 187-220.

[3] Peng M, Huang L, Xie Z, Huang WH, Askari A. Partial inhibition
of Na+/K+-ATPase by ouabain induces the Ca2 -dependent
expressions of early-response genes in cardiac myocytes. J Biol
Chem 1997; 271: 10372-8.

[4] Kometiani P, Li J, Gnudi L, Kahn BB, Askari A, Xie Z. Multiple
signal transduction pathways link Na/K-ATPase to growth-related
genes in cardiac myocytes. J Biol Chem 1998; 273: 15249-56.

[5] Hamlyn JM, Blaustein MP, Bova S, et al. Identification and
characterization of an ouabain-like compound from human plasma.
Proc Natl Acad Sci USA 1991; 88: 6259-63.

[6] Bagrov AY, Fedorova OV, Dmitrieva RI, ef al. Characterization of
a urinary bufodienolide Na+, K+-ATPase inhibitor in patients after
acute myocardial infarction. Hypertension 1998; 31(5): 1097-103.

[7] Komiyama Y, Dong XH, Nishimura N, et al. A novel endogenous
digitalis, telocinobufagin, exhibits elevated plasma levels in
patients with terminal renal failure. Clin Biochem 2005; 38(1): 36-
45.

[8] Schoner W. Endogenous cardiac glycosides, a new class of steroid
hormones. Eur J Biochem 2002; 269: 2440-8.

[9] Bagrov AY, Shapiro JI. Endogenous digitalis: pathophysiologic
roles and therapeutic applications. Nat Clin Pract Nephrol 2008;
4(7): 378-92.

[10] Dvela M, Rosen H, Ben-Ami HC, Lichtstein D. Endogenous
ouabain regulates cell viability. Am J Physiol Cell Physiol 20012;
302(2): C442-52.

[11] Tian J, Cai T, Yuan Z, et al. Binding of Src to Na+/K+-ATPase
forms a functional signaling complex. Mol Biol Cell 2006; 17(1):
317-26.

[12] Haas M, Askari A, Xie Z. Involvement of Src and epidermal
growth factor receptor in the signal-transducing function of Na/K-
ATPase. J Biol Chem 2000; 275: 27832-7.

[13] Zhou X, Jiang G, Zhao A, Bondeva T, Hirszel P, Balla T. Inhibiton
of Nat+/K+-ATPase activates PI3 kinase and inhibits apoptosis in
LLC-PKI1 cells. Biochem Biophys Res Commun 2001; 285: 46-51.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

Akkuratov et al.

Liu L, Zhao X, Pierre SV, Askari A. Association of PI3K-Akt
signaling pathway with digitalis-induced hypertrophy of cardiac
myocytes. Am J Physiol Cell Physiol 2007; 293: 1489-97.

Chen J, Somanath PR, Razorenova O, et al. Aktl regulates
pathological angiogenesis, vascular maturation and permeability in
vivo. Nat Med 2005; 11(11): 1188-96.

Xie Z, Kometiani P, Liu Li JJ, Shapiro JI, Askari A. Intracellular
reactive oxygen species mediate the linkage of Na/K-ATPase to
hypertrophy and its marker genes in cardiac myocytes. J Biol Chem
1999; 274: 19323-8.

Boldyrev A, Bulygina E, Yuneva M, Schoner W. Na/K-ATPase
regulates intracellular ROS level in cerebellum neurons. Ann NY
Acad Sci USA 2003; 986: 519-21.

Aizman O, Uhlen P, Lal M, Brismar H, Aperia A. Ouabain, a
steroid hormone that signals with slow calcium oscillations. Proc
Natl Acad Sci USA, 2001; 98: 13420-4.

Miyakawa-Naito A, Uhlen P, Lal M, er al. Cell signaling
microdomain with Na/K-ATPase and Inositol 1,4,5-trisphosphate
receptor generates calcium oscillations J Biol Chem 2003; 278:
50355-61.

Liu X, Spicarova Z, Rydholm S, Li J, Brismar H, Aperia A.
Ankyrin B modulates the function of Na, K-ATPase/inositol 1,4,5-
trisphosphate receptor signaling microdomain. J Biol Chem 2008;
283(17): 11461-8.

Sibarov DA, Bolshakov AE, Abushik PA, Krivoi II, Antonov SM.
Na+, K+-ATPase functionally interacts with the plasma membrane
Na+, Ca2+ exchanger to prevent Ca2+ overload and neuronal
apoptosis in excitotoxic stress. J Pharmacol Exp Ther 2012; 343(3):
596-607.

Zhang D, Hou Q, Wang M, et al. Na, K-ATPase activity regulates
AMPA receptor turnover through proteasome-mediated proteolysis.
J Neurosci 2009; 29(14): 4498-511.

Boldyrev A, Bulygina E, Gerassimova O, Lyapina L, Schoner W.
Functional relationship between Na+/K+-ATPase and NMDA-
receptors in rat cerebellum granule cells. Biochemistry 2004; 69(4):
429-34.

Sweadner KJ. Enzymatic properties of separated isozymes of the
Na, K-ATPase. Substrate affinities, kinetic cooperativity, and ion
transport stoichiometry. J Biol Chem 1985; 260(21): 11508-13.
Azarias G, Kruusmégi M, Connor S, et al. A Specific and Essential
Role for Na, K-ATPase a3 in Neurons Co-expressing al and a3. J
Biol Chem 2013; 288(4): 2734-43.

Karpova LV, Akkuratov EE, Bulygina ER, Boldyrev AA. Oubain-
Sensitive and Oubain-Resistant Isoforms of Na+, K+-ATPase in
Cerebellar  Granule Cells Regulate Activity of MAPK.
Biochemistry 2008; 2(2): 156-60.

Shimada H, Ambros IM, Dehner LP, Hata J, Joshi VV, Roald B.
Terminology and morphologic criteria of neuroblastic tumors:
recommendations by the International Neuroblastoma Pathology
Committee. Cancer 1999; 86(2): 349-63.

Ross RA, Biedler JL, Spengler BA. A role for distinct cell types in
determining malignancy in human neuroblastoma cell lines and
tumors. Cancer Lett 2003; 197: 35-9.

Sidell N, Altman A, Haussler MR, Seeger RC. Effects of retinoic
acid (RA) on the growth and phenotypic expression of several
human neuroblastoma cell lines. Exp Cell Res 1983; 148(1): 21-30.
Gaitonde SV, Qi W, Falsey RR, Sidell N, Martinez JD.
Morphologic conversion of a neuroblastoma-derived cell line by
E6-mediated p53 degradation. Cell Growth Differ 2001; 12: 19-27.
Ross RA, Spengler BA, Biedler JL. Coordinate morphological and
biochemical interconversion of human neuroblastoma cells. J Natl
Cancer Inst 1983; 71: 741-7.

Inada H, Shindo H, Tawata M, Onaya T. cAMP regulates nitric
oxide production and ouabain sensitive Na+, K+-ATPase activity
in SH-SYSY human neuroblastoma cells. Diabetologia 1998;
41(12): 1451-8.

Kulikov A, Eva A, Kirch U, Boldyrev A, Scheiner-Bobis G.
Ouabain activates signaling pathways associated with cell death in
human neuroblastoma. Biochim Biophys Acta 20007; 1768(7):
1691-702.

Karpova L, Eva A, Kirch U, Boldyrev A, Scheiner-Bobis G.
Sodium pump alphal and alpha3 subunit isoforms mediate distinct
responses to ouabain and are both essential for survival of human
neuroblastoma. FEBS J 2010; 277(8): 1853-60.



Ouabain-Induced Signaling and Cell Survival in SK-N-SH Neuroblastoma Cells

[33]

[36]

[37]

[38]

[39]

Takai N, Kira N, Ishii T, ef al. Bufalin, a traditional oriental
medicine, induces apoptosis in human cancer cells. Asian Pac J
Cancer Prev 2012; 13(1): 399-402.

LiJ, Zelenin S, Aperia A, Aizman O. Low doses of ouabain protect
from serum deprivation-triggered apoptosis and stimulate kidney
cell proliferation via activation of NF-kappaB. J Am Soc Nephrol
2006; 17(7): 1848-57.

Mijatovic T, Dufrasne F, Kiss R. Cardiotonic steroids-mediated
targeting of the Na(+)/K(+)-ATPase to combat chemoresistant
cancers. Curr Med Chem 2012; 19(5): 627-46.

Wu J, Akkuratov EE, Bai Y, Gaskill CM, Askari A, Liu L. Cell
signaling associated with Na(+)/K(+)-ATPase: activation of
phosphatidylinositide 3-kinase IA/Akt by ouabain is independent of
Src. Biochemistry 213; 52: 9059-67.

Nishida Y, Adati N, Ozawa R, Maeda A, Sakaki Y, Takeda T.
Identification and classification of genes regulated by
phosphatidylinositol 3-kinase- and TRKB-mediated signalling

CNS & Neurological Disorders - Drug Targets, 2015, Vol. 14, No. 10 1349

[40]

[41]
[42]

[43]

[44]

pathways during neuronal differentiation in two subtypes of the
human neuroblastoma cell line SH-SY5Y. BMC Res Notes 2008;
1: 95.

Messenger NJ, Warner AE. Primary neuronal differentiation in
Xenopus embryos is linked to the beta(3) subunit of the sodium
pump. Dev Biol 20000; 220(2): 168-82.

Geering K. The functional role of beta subunits in oligomeric P-
type ATPases. J Bioenerg Biomembr 2001; 33(5): 425-38.

Fruman DA. Regulatory subunits of class IA PI3K. Curr Top
Microbiol Immunol 2010; 346: 225-44.

Qiao J, Paul P, Lee S, ef al. PI3K/AKT and ERK regulate retinoic
acid-induced neuroblastoma cellular differentiation. Biochem
Biophys Res Commun 2012; 424(3): 421-6.

Liu L, Askari A. Beta-subunit of cardiac Na'-K'-ATPase the
concentration of the functional enzyme in caveolae. Am J Physiol
Cell Physiol 2006; 291(4): C569-78.

Received: February 7, 2015

PMID: 26295826

Revised: August 8, 2015

Accepted: August 16, 2015





