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Abstract: Na*, K*-ATPase is the only known receptor of cardiotonic steroids (CTS) whose interaction
with catalytic a-subunits leads to inhibition of this enzyme. As predicted, CTS affect numerous cellular
functions related to the maintenance of the transmembrane gradient of monovalent cations, such as
electrical membrane potential, cell volume, transepithelial movement of salt and osmotically-obliged
water, symport of Na* with inorganic phosphate, glucose, amino acids, nucleotides, etc. During the
last two decades, it was shown that side-by-side with these canonical Na*; /K*;-dependent cellular
responses, long-term exposure to CTS affects transcription, translation, tight junction, cell adhesion
and exhibits tissue-specific impact on cell survival and death. It was also shown that CTS trigger
diverse signaling cascades via conformational transitions of the Na* , K*-ATPase x-subunit that, in turn,
results in the activation of membrane-associated non-receptor tyrosine kinase Src, phosphatidylinositol
3-kinase and the inositol 1,4,5-triphosphate receptor. These findings allowed researchers to propose
that endogenous CTS might be considered as a novel class of steroid hormones. We focus our review
on the analysis of the relative impact Na*;, K*;-mediated and -independent pathways in cellular
responses evoked by CTS.

Keywords: cardiotonic steroids; Na* , K*-ATPase; transcription; translation; proliferation; adhesion;
cell death

1. Introduction

Data on the beneficial effect of extracts from the leaves of Digitalis purpurea and Digitalis lanata
in the treatment of heart failure published more that 200 years ago led to the isolation of digitoxin
and digoxin, i.e., the first members of plant-derived cardiotonic steroids (CTS) known as cardenolides.
Later on, other members of the CTS superfamily, bufadienolides, were isolated from amphibians.
All of these compounds share a common structure formed by a steroid nucleus with a lactone ring at
C-17 and a hydroxyl group at C-14. The five-membered and six-membered lactone rings are the most
essential feature of cardenolides and bufadienolides, respectively (Figure 1). In 1938, Wood and Moe
reported that treatment with cardenolides caused the accumulation of Na* and loss of K* in the canine
ventricular musculature [1]. Fifteen years later, Schatzmann demonstrated that in human erythrocytes,
these compounds inhibit energy-dependent accumulation of K*, and extrusion of Na*; [2]. Finally,
two years after the discovery of Mg?*-dependent (Na* K*)-stimulated adenosine triphosphatase
(Na* K*-ATPase) [3], Jens Skou reported that CTS completely suppressed the enzyme’s activity [4].
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During the last two decades, several cardenolides and bufadienolides identified in mammals (Figure 1)
were defined as endogenous CTS (for a review, see [5-9]).
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Figure 1. CTS identified in mammalian tissues.

As predicted, exposure to CTS affects numerous cellular functions related to Na* K*-ATPase
activity and the maintenance of the transmembrane gradient of monovalent cations, such as electrical
membrane potential (En), cell volume, transepithelial movement of salt and osmotically-obliged
water, Na*/H* and Na*(K*)/Ca?* exchange, symports of Na* with inorganic phosphate, glucose,
amino acids, nucleotides, etc. During the last two decades, it was shown that side-by-side with
the above-listed cellular responses, CTS affect diverse non-canonical signaling pathways involved
in the regulation of gene expression, membrane trafficking, cell adhesion, proliferation and death.
Based on these findings, several research teams proposed that endogenous CTS might be considered as
a novel class of steroid hormones [10-14]. Figure 2 shows that these cellular responses in CTS-treated
cells might be mediated by unknown signaling pathways triggered by elevated [Na*]; (pathway S1)
or attenuated [K*]; (pathway S2). These signals can be also evoked by conformational transition
of the Na* K*"-ATPase that, in turn, triggers intracellular signals independently of the dissipation
of transmembrane gradients of monovalent cations (pathway S3) or on the background of altered
intracellular milieu caused by Na*,K*-ATPase inhibition and elevation of the [Na*];/[K"] ratio
(pathway S4). Finally, signals might be also generated by the interaction of CTS with targets distinct to
the Na* K*-ATPase (pathway S5). We focus our review on the analysis of the relative contribution
of these signaling pathways in cellular responses triggered by CTS. Data on the physiological and
pathophysiological implications of endogenous CTS obtained in experiments with anti-CTS antibodies
and transgenic mice were out of the scope of our mini-review and subjected to detailed analysis
elsewhere [8,9,13,15-17].
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Figure 2. Intracellular signaling pathways triggered by CTS. 1, Na* K*-ATPase; 2, CTS target(s) distinct
from the Na* K*-ATPase x-subunit; S1-S5, downstream signaling pathways. Different shapes of CTS
targets (1 and 2) reflect their conformational transitions. For more details, see the text.

2. Na*,K*-ATPase as a CTS-Sensitive Ion Pump

Na* K*-ATPase is an integral plasma membrane protein consisting of «- and B-subunits and
detected in all types of animal cells. In accordance with the Albers—Post model, ATP hydrolysis by
the larger «-subunit (~110 kD) leads to phosphorylation of the Asp369 residue that provides E{-E,
conformational transition and electrogenic ion transport (3Na* vs. 2K*) at a baseline rate of 60-80
phosphorylation-dephosphorylation cycles per second. In addition to the ubiquitous «1-isoform,
three other Na*,K*-ATPase a-subunits were detected by screening c-DNA libraries. These isoforms are
expressed in a tissue-specific manner with high abundance in neuronal cells («3 and «2), astrocytes and
heart («2), skeletal muscle («3, «2), and testis («4). Four isoforms of 3-subunits encoding an ~35-kD
protein have been demonstrated in mammals. All of them are highly glycosylated and are obligatory
for the delivery, conformational stability and enzymatic activity. The 8-kD y-subunit detected in
highly-purified Na*,K*-ATPase from the kidney, as well as the other six members of the FEXYD family
sharing the Pro-Phe-X-Tyr-Asp motif also contribute to the enzyme activity regulation. For more
detalils, see [15,18,19].

The mechanism of Na* K*-ATPase inhibition by CTS was mainly explored with ouabain extracted
from Strophanthus gratus and possessing much higher water solubility compared to other cardenolides
and bufadienolides. The apparent affinity for ouabain is sharply increased in the absence of K*, and
in the presence of Na*; [20], thus indicating that CTS specifically bind to the phosphorylated E; state
of Na* K*-ATPase (Figure 3). Elegant studies performed by Lingrel and co-workers showed that at
least 10 amino acid residues in transmembrane segments H1, H5 and H7, as well as in extracellular
loops H1-H2, H5-H6 and H7-H8 «-subunit affect the affinity of Na*,K*-ATPase for ouabain [21].
Their crucial role in CTS binding was also confirmed by comparative analysis of Na* , K*-ATPase from
different species. Thus, it was shown that the ~1000-fold decreased affinity for ouabain detected in
the Na* K*-ATPase «1-subunit form rat and mouse (CTS-resistant x1R-Na* ,K*-ATPase) compared
to other mammalian species (CTS-sensitive «15-Na* , K*-ATPase) is caused by substitution of GIn111
and Asnl122 by uncharged amino acids, such as Arg and Asp. The same amino acid substitution
sharply decreased affinity for ouabain of x2- and «3-Na* ,K*-ATPase [22]. Crystal structures of the
Na* K*-ATPase and of its cardiac glycoside complex have been identified [16,17].
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Figure 3. Catalytic cycle-dependent binding of CTS with the Na*,K*-ATPase x-subunit.

3. Evidence for Na*;, K*;-Mediated Signaling

In this section, we briefly summarize the recent data on non-canonical CTS-induced cellular
responses mediated by inhibition of the Na*,K*-ATPase and elevation of the [Na*];/[K"]; ratio.
It should be noted that millemolar concentrations of CTS have been used in the part of experiments
considered in this section. Keeping in mind that the endogenous CTS in mammals are mostly found at
sub-nanomolar concentrations, the physiological significance of their actions detected in this range
should be interpreted with caution.

3.1. Inhibition of Apoptosis

Almost 20 years ago, we surprisingly found that in rat vascular smooth muscle cells (VSMC)
transfected with E1A-adenovirus (E1A-VSMC), ouabain sharply attenuated the development of
apoptosis triggered by growth factor withdrawal, staurosporine and inhibitors of serine-threonine
phosphatases [23]. The death of these cells was also suppressed by Na*,K*-ATPase inhibition in
K*-free medium, whereas dissipation of the transmembrane gradient of monovalent cations in high-K*
medium completely abolished the anti-apoptotic action of ouabain [23]. Because the protection by
ouabain was absent in K*-free, low-Na*™ medium, we concluded that the anti-apoptotic signal was
mediated by the gain of [Na*]; rather than by the loss of [K*]; [24,25] (Figure 2, pathway S1).

Additional experiments demonstrated that inhibitors of RNA and protein synthesis, such as
actinomycin D and cycloheximide, abolished the protective effect of ouabain [26]. Deploying a rat
multi-probe template set, we failed to detect differential expression of mRNA species encoding major
pro- and anti-apoptotic proteins, such as Bcl-2, Bcl-xL, Bcl-xS, Bax and caspases-1-3, in ouabain-treated
VSMC [27]. Keeping these negative data in mind, we adopted a proteomics approach to characterize
a set of [Na™];-sensitive genes. Several soluble proteins, including mortalin, whose expression is
triggered by ouabain, were identified by mass spectrometry [28]. Northern and Western blotting
confirmed the induction of mortalin expression in ouabain-treated VSMC and documented its
mitochondrial localization. We established that, similarly to ouabain, transfection with mortalin
delayed apoptosis in serum-deprived VSMC [28]. These experiments led us to the investigation of
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the mechanisms of the implications of the augmented [Na*];/[K*]; ratio in the regulation of gene
transcription and translation considered in the next two sections.

3.2. Transcription

Three decades ago, it was demonstrated that exposure to ouabain of several cell types
augments the expression of immediate response genes (IRG), such as c-Fos, c-Jun and Egr-1 [29-33].
Importantly, expression of c-Fos was noted at ouabain concentrations triggering inhibition of all
cloned Na* K*-ATPase, including rodent CTS-resistant «1R-Na* K*-ATPase [34]. A key role of
Na* K*-ATPase inhibition in gene expression has been proven in our studies using VSMC from
the rat aorta [35] and HeLa cells from the human kidney [36]. Side-by-side with ouabain, in both
cell types, c-Fos expression was triggered by Na* , K*-ATPase inhibition in K*-depleted medium and
correlated with the gain of [Na*] rather than the loss of [K*]; These data demonstrated that CTS affect
c-Fos expression via their interaction with Na* K*-ATPase rather than other potential targets, and this
signaling cascade is mediated by a rise in intracellular Na* concentration (Figure 2, pathway S1).

Considering this finding, we identified ubiquitous and tissue-specific [Na*];/[K*]i-sensitive
transcriptomes by comparative analysis of differentially-expressed genes in VSMC from the rat
aorta, HeLa cells and human umbilical vein endothelial cells (HUVEC) [37]. To augment [Na*];
and reduce [K"];, cells were treated for 3 h with ouabain or placed for the same time in the K*-free
medium. Employing Affymetrix-based technology, we detected changes in expression levels of 684,
737 and 1839 transcripts in HeLa, HUVEC and VSMC, respectively, that were highly correlated
between two treatments [37], thus demonstrating a key role of the Na*;/K*;-mediated mechanism of
excitation-transcription coupling.

Riganti and co-workers suggested that prolonged incubation with CTS may affect gene expression
via their interaction with steroid receptors distinct from the Na*,K*-ATPase «-subunit [13] (Figure 2,
pathway S5). Indeed, it was shown that 24-h exposure of Caco-2 cells to 1 uM digoxin increased
the content of multidrug resistance transporter MDR1 whose expression is controlled by a steroid
xenobiotic receptor [38]. Smith and co-workers reported that 1 tM marinobufagenin sharply decreased
the activity of the aldosterone-sensitive mineralocorticoid receptor [39]. Fujita-Sato et al. demonstrated
that digoxin suppresses interleukin IL-17 production via its binding to the retinoic acid-related orphan
nuclear receptor [40]. Keeping these data in mind, we compared dose-dependent actions of the
long-term application of ouabain and marinobufagenin on gene expression and intracellular Na* and
K* content [41]. The 96-h incubation of HUVEC with 3 nM ouabain or 30 nM marinobufagenin
resulted in elevation of the [Na*];/[K"]; ratio by ~14- and 3-fold and differential expression of
880 and 484 transcripts, respectively. We failed to detect any differentially-expressed transcripts
in 96-h incubation, with lower concentrations of ouabain and marinobufagenin having no action on
intracellular content of monovalent cations. Thus, our results show that transcriptomic changes in
CTS-treated HUVEC are triggered by elevation of the [Na*]; /[K*]; ratio (Figure 2, pathway S1/S2),
rather than by [Na*];/[K*];-independent signaling (pathway S3).

3.3. Translation

Since the initial observation of Lubin and Ennis [42], numerous laboratories demonstrated the
requirement of K* for protein synthesis, thus suggesting that side-by-side with transcription, CTS affect
translation (for a review, see [43,44]). Indeed, in human fibroblasts, sustained Na*/K*"-ATPase
inhibition suppresses protein synthesis without any impact on mRNA function, ATP content and
amino acid transport [45]. In reticulocytes, K*; depletion inhibits the elongation step of globin synthesis
without any impact on ribosome subunit assembly [46]. In these cells, elevation of [Na*]; diminishes
the efficiency of protein synthesis regulation by K*;, suggesting competition for the same binding site
within a hypothetical K*; sensor (Figure 2, pathway S2). As an alternative hypothesis, it might be
proposed that elevation of [Na*]; diminishes the transcription of elongation factors [47-49]. Indeed,
we found that 6-h incubation of HUVEC with ouabain resulted in three-fold attenuation of mRNA
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encoding eukaryotic translation initiation factor 5 (eIF5) [41] that plays an ubiquitous role in protein
synthesis by triggering GTP hydrolysis and mRNA translation [47,50].

It should be underlined that the effect of K*; loss on protein synthesis is cell type specific. Thus,
we did not see any significant effect on [*H]-leucine protein labelling after 24-h treatment of rat VSMC
with ouabain [51]. Three hypotheses could explain these data. First, the K*;-sensitive element of the
protein synthesis machinery is absent in VSMC. Second, K*;-insensitive transcription may be attributed
to a specific class of mRNAs containing special elements in their promoters. Consistent with this
hypothesis, Dever and co-workers reported that phosphorylation of the eukaryotic initiation factor 2
a-subunit (elF2a) attenuates translation of mRNA with the exception of mRNA encoding activating
transcription factor 4 (ATF4) and several other mRNAs with upstream open reading frames [52].
Third, attenuation of protein synthesis is masked by augmented transcription. Indeed, we discerned a
six-fold elevation of total RNA synthesis in RASMC treated with ouabain for 10 h [51], which could be
attributed to Na*;-mediated expression of c-Fos and other IRG considered in the previous section.

3.4. Tight Junctions and Cell Adhesion

Using chimerical constructs, it was shown that Na* ,K*-ATPase contributes to cell motility,
adhesion and tight junction formation due to the self-adhesive properties of the 3-subunit (for a review,
see [53-55]). Gupta and co-workers demonstrated that differences in dose-dependent attenuation of
attachment by ouabain of human and monkey cells expressing CTS-sensitive «1S-Na*,K*-ATPase,
vs. mouse and hamster cells, expressing CTS-resistant «1R-Na*,K*-ATPase, positively correlate
with differences in dose-dependent inhibition of 8Rb influx [56]. At high concentrations, ouabain
blocked tight junctions in Madin-Darby canine kidney (MDCK) [57], VSMC [58,59] and HeLa [58] cells
and sharply attenuated the adhesion of COS-7 [60] and human retinal pigment epithelial cells [61].
Importantly, disruption of tight junction and adhesion in cells expressing «1R- and «15-Na*, K*-ATPase
was noted at a ouabain concentration ~1000 and 1 puM, respectively [57-60,62], i.e., in the range of
full-scale inhibition of these enzyme. These actions of ouabain were abolished in Na*-free medium
and were mimicked by Na* K*-ATPase inhibition in K*-depleted medium [57,61-63]. These data
strongly suggest that maintenance of transmembrane gradients of Na* and K* is obligatory to establish
cell-to-cell communications and adhesion. The relative impact of the gain of Na*; and the loss of K,
as well as downstream intermediates of signal transduction remains a matter of speculation [64].

In contrast to the studies cited above, Larre and co-workers reported that three-day incubation
of MDCK cells with ouabain at concentrations 10-50 nM does not disturb [K*];, but increases the
hermeticity of the tight junctions measured by transepithelial electrical and increases gap junctional
communication between the cells [65,66] suggesting the implication of Na*; K*;-independent signaling
pathways [54,67]. Using pharmacological approaches, it was shown that these phenomena might
be mediated by an ~2-fold elevation of c¢-Src and ERK1/2 MAPK phosphorylation [68]. Thus,
additional experiments should be performed to examine the relative impact of Na*; K*;-mediated
and -independent signaling in the maintenance of tight junction and cell adhesion.

4. Evidence for Na*;, K*;-Independent Cellular Responses

4.1. Cell Proliferation

It was shown that at concentrations less than 10 nM, ouabain increased by 20-30% the proliferation
of cultured canine and human VSMC [69,70], HUVEC [70,71], proximal tubule cells from opossum
kidney [72] and human polycystic kidney cells [73] expressing «1S-Na* ,K*-ATPase. At concentrations
lower than 1000 nM, ouabain also augmented the growth of rat astrocytes [74], rat proximal tubule
cells [70] and rat VSMC [70] expressing CTS-resistant «1R-Na* ,K*-ATPase. In several investigations,
it was shown that at these concentrations, ouabain does not inhibit Na*,K*-ATPase [69,71-73,75],
suggesting the presence of a Na*j, K*j-independent mechanism of this phenomenon. It should be
noted, however, that the lack of impact of low concentrations of ouabain documented in these studies
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might be due to the sharp differences of incubation times selected for the estimation of the proliferative
effect of ouabain and its action on the Na* ,K*-ATPase activity. Indeed, to study the proliferation,
cells were incubated with ouabain for more than 24 h, whereas 15-30 min of incubation were used to
assess the rate of 8Rb influx and ATPase activity [69,71-73,75,76]. This comment becomes important
because of the slow actions of CTS at low concentrations on these parameters documented in human
lymphocytes [77] and HUVEC [78]. Indeed, in 6 h, half-maximal elevation of [Na*]; was detected at
100 nM ouabain, whereas in 24 and 48 h, the same increment was detected at ouabain concentrations
of 3 and 10 nM, respectively [78]. Side-by-side with the slow kinetics of interaction of ouabain with
al-Na* K*-ATPase observed in early studies [77], this phenomenon might be also caused by slow
elevation of [Na*]; and accumulation of Na*,K*-ATPase in the P-E;Najz conformation possessing
high affinity for CTS (Figure 3). The increment of [Na*]; might be caused by the interaction of
Na*,K*-ATPase with Na*/H* exchange and activation of this carrier detected in renal epithelial cells
treated with low concentrations of ouabain [79].

Keeping these comments in mind, we compared dose- and time-dependent actions of ouabain on
the proliferation and intracellular Na* and K* content in HUVEC. We observed that 48-72-h exposure
to low-dose ouabain increased cell growth of by 20-40%, whereas at concentrations higher than 30 nM,
ouabain decreased cell proliferation [78]. Importantly, unlike high concentrations, prolonged exposure
to 1 and 3 nM ouabain increased [K*]; and decreased [Na™];, resulting in attenuation of the [Na*];/[K*[;
ratio by 30-50%. We also found that low concentrations of ouabain increased rather than decreased
that rate of ¢Rb influx, suggesting that elevation of the [Na*]; /[K*]; ratio is caused by activation of the
Na*,K*-ATPase. This conclusion is consistent with numerous studies demonstrating Na* K*-ATPase
activation by low concentrations of CTS. Thus, it was shown that ouabain at a concentration less
than 10 nM decreases Na*; in guinea pig atria [80,81] and augmented Na*/K* pump-mediated ion
current in single cardiac myocytes from guinea pig, dog and human hearts [82]. In human erythrocytes,
activation of Rb uptake was observed at 0.1 nM ouabain [83], whereas in opossum and human
kidney proximal tubule cells, augmented 86Rb uptake was seen at ouabain concentrations of 10 nM
and 10 pM, respectively [72,79]. Activation by ouabain and other CTS was also documented in the
study of 8Rb uptake in hippocampal slice cultures [84].

Based on the analysis of the kinetics of [*H]-ouabain binding, Ghysel-Burton and Godfraid
proposed that activation and inhibition of the sodium pump by low and high concentrations of ouabain,
respectively, is caused by its interaction with two distinct binding sites within the same Na*,K*-ATPase
a-subunit [81]. However, the recent structural study failed to reveal the second CTS binding site
within the «-subunit [85]. In contrast, Gao and co-workers suggested that the activatory action of
ouabain is caused by its interaction with the «2- and «3-, but not with the x1-subunit [82]. It should
be noted that the «1-Na* K*-ATPase isoform is the only isoform detected in endothelial cells [86].
Moreover, we observed that low concentrations of ouabain activate purified x1-Na* ,K*-ATPase from
pig kidney [78]. In renal epithelial cells, activation of 3Rb uptake was caused by augmented delivery
of «1-Na* K*"-ATPase to the basolateral membrane [79]. Keeping in mind the data on Na*,K*-ATPase
functioning within the plasma membrane as «2[32-oligomer [87], it may be assumed that binding of
low concentrations of CTS with o131 activates the enzyme, whereas occupation of 232 at higher CTS
concentrations inhibits its activity. This hypothesis is currently being examined in our lab.

The data considered above strongly suggest that the activation of proliferation by low
concentrations of CTS is by attenuation of [Na*]; or/and elevation of [K*]; (Figure 4). This hypothesis is
consistent with early reports showing activation of this enzyme in cells treated with diverse proliferative
stimuli. Thus, for example, increased Na* K*-ATPase activity was documented in canine renal
epithelial cells subjected to serum-derived growth factors [88] and in murine macrophages exposed
to hemopoietic growth factors and interleukin-2 [89]. Activation of the Na* ,K*-ATPase and elevation
of intracellular K* content was observed during the proliferation of human lymphocytes [90]. More,
recently, Tian and co-workers demonstrated that si-RNA-mediated knockdown of a1-Na* ,K*-ATPase
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decreased baseline proliferation of LLC-PK1 cells and abolished the increment of cell growth triggered
by low concentrations of ouabain [91].

2K* 2K*
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3Na* 3
)/ [KF;
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ERK1/2

®4_ [Na*] e, _>@
crwsumva |

Figure 4. Hypothetical mechanisms underlying the distinct impact of cardiotonic steroids (CTS) on
survival of cells, expressing the CTS-sensitive («1S) and the CTS-resistant (x1R) Na* K*"-ATPase
subunits. In both cases, saturating levels of CTS strongly increase the [Na*]; /[K*]; ratio. In addition,
CTS trigger distinct conformational changes in «1S and 1R isoforms that, in turn, affect their

interactions with unknown protein partner(s) I and II. These subsequent signaling events lead to
activation of p38 and ERK1/2 MAPK and result in cell death (oncosis) and survival, respectively.

unyn

, transcriptomic changes and/or other unknown steps of intracellular triggered by elevation of the
[Na*];/[K*]; ratio. Modified from [92].

As shown above, sustained elevation of [Na*]; increased the expression of hundreds of ubiquitous
and cell type-specific genes via Ca*;-mediated and -independent mechanisms of excitation-transcription
coupling, whereas the loss of K*; inhibits translation at the elongation step without any impact
on ribosome subunit assembly. Recently, Ketchem et al. demonstrated that 15-min incubation of
human kidney proximal cells with 10 pM resulted in an ~2-fold elevation of Na* K*-ATPase-mediated
86Rb uptake and phosphorylation of EGFR, Src and ERK1/2. These effects were prevented by the
angiotensin II type 1 receptor (AT1R) blocker candesartan. The authors concluded that in renal proximal
tubule cells, ouabain stimulates Na* , K*-ATPase through an angiotensin/ AT1R/Src/ERK1/2-dependent
mechanism [93]. This signaling pathway is considered in more detail below. Its crosstalk with signals
triggered by Na*,K*-ATPase activation and attenuation of the [Na*];/[K"]; ratio in the proliferative
actions of low concentrations of CTS should be examined in forthcoming studies.

4.2. Membrane Trafficking

Using the pig renal proximal tubule cell line, LLC-PK1, Liu and co-workers reported that 12-h
preincubation with 100 nM ouabain decreases ouabain-sensitive 8°Rb uptake by 5-10-fold without
any significant impact on total enzyme activity suggesting internalization of the Na* K*-ATPase [94].
Later on, this conclusion was confirmed by the measurement of the content of membrane-bound
Na* K*-ATPase using the biotinylation assay [95]. Additional studies demonstrated that Na*,K*-ATPase
internalization occurs via the canonical clathrin-dependent pathway of endocytosis mediated by
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activation of phosphotidylinositol-3 kinase (PI3K) and non-receptor tyrosine kinase Src (for a review,
see [12]). It should be underlined that CTS-induced internalization is a cell type-specific phenomenon.
Thus, preincubation with ouabain did not trigger Na*,K*-pump internalization in MDCK cells [94,96].
Moreover, in human and rat endothelial cells, as well as in rat astrocytes, ouabain decreased rather than
increased endocytosis, measured as MTT uptake [97,98].

Yan and co-workers demonstrated that 1-h exposure of human renal HK-2 cells, LLC-PK1 and
LLC-PK1 transfected with ®1R-Na* K*-ATPase to 0.01, 0.1 and 10 uM ouabain, respectively, triggered
endocytosis of Na* K*-ATPase, as well as the renal-specific isoform on Na*/H* exchanger NHE3 [99].
Because 30-min exposure to the same concentrations of ouabain did not affect #Rb influx, the authors
assumed that internalization is mediated by Na*; K*;-independent signaling pathways. Augmented
endocytosis was also documented in human neuronal NT2 cells treated for 20 h with 20 nM bufalin.
However, unlike LLC-PK1 cells, accumulation of vesicles within bufalin-treated NT2 cells was a
result of inhibited recycling within the late endocytosis [100,101]. Importantly, 5-h exposure to
1 nM bufalin inhibited Na* K*-pump by 2-3-fold [101]. Thus, additional experiments should be
performed to estimate the relative contributions of Na*;, K*;-mediated and -independent signaling in
cell type-specific actions of CTS on membrane trafficking.

4.3. Triggering of Oncosis

Numerous studies demonstrated tissue- and species-dependent actions of CTS on cell survival.
Indeed, ouabain and other CTS, at concentrations that elicit full-scale inhibition of Nat,K*-ATPase and
inversion of the [Na*];/[K"]; ratio, did not affect the survival of rat VSMC [23,51], Jurkat cells [102],
NIH 3T3 mice fibroblasts [7], rat astrocytes [98] and rat aorta endothelial cells [92]. In contrast,
prolonged exposure to ouabain evokes massive death of MDCK cells [103], porcine and human
endothelial cells [24,104], as well as human astrocytes [92].

The death of ouabain-treated MDCK cells is represented by combined markers of “classic’
necrosis (modest cell swelling, negligible labelling with nucleotides in the presence of terminal
transferase, nuclei staining with cell-impermeable dyes, such as propidium iodide) and apoptosis
(nuclear condensation seen in cells stained with cell-permeable dyes, such as Hoechst 33342, chromatin
cleavage, caspase-3 activation) [103,105-107]). In accordance with cell volume behavior distinct from
shrinkage seen in cells undergoing classic apoptosis, we termed the mode of CTS-induced cell death as
“oncosis”, derived from the Greek word for swelling [25,27]. Surprisingly, unlike CTS, almost complete
Na/K pump inhibition and full-scale increase of the [Na*]; /[K*]; ratio evoked by K*-free medium did
not affect the survival of MDCK cells [105,108].

As mentioned above, disruption of the tight junction and attenuation of cell adhesion were
also noted at ouabain concentrations providing full-scale inhibition of the Na*, K"-pump. However,
unlike oncosis, these actions of ouabain were abolished in Na*-free medium and were mimicked by
Na* K*-ATPase inhibition in K*-depleted medium [57,61-64]. These results show that the mechanisms
of oncosis and the disruption of the tight junction by high concentrations of CTS are different.

Side-by-side with “classic” K*,-inhibited sites, bovine adrenocortical cells exhibit high-affinity
ouabain-binding sites in the presence of 20 mM K(lJ, i.e., under conditions when its binding with the

7

Na* K*-ATPase is negligible [109]. Smith and co-workers reported that marinobufagenin interferes
with the functions of mineralocorticoid receptors [39]. These data allowed us to propose that CTS
trigger oncosis by interaction with targets distinct from the Na*,K*-ATPase x-subunit (Figure 2,
pathway S5). To examine this hypothesis, we studied the dose-dependent effect of ouabain in K*-free
medium. A similar left-hand shift was noted in the dose-dependent action of ouabain on Na*,K* pump
activity, as well as the death of MDCK and porcine endothelial cells incubated in K*-free compared
to control K*-containing medium [24,105]. These data strongly suggest that CTS trigger oncosis
via interaction with the Na* K*-ATPase x-subunit rather than any other potential [K*],-insensitive
receptors. However, in contrast to the suppression of apoptosis in VSMC [23], the inhibition of
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Na*t K*-ATPase-mediated ion fluxes and elevation of the [Na'];/[K"]; ratio are not sufficient for
triggering the cell death machinery.

The data considered above are consistent with two alternative mechanisms. First, oncosis occurs
via Na*; K*;-independent signaling triggered by interactions of CTS with the Na* , K*-ATPase (Figure 2,
pathway S3). Second, propagation of the death signal triggered by interactions of CTS with the
Na* K*-ATPase occurs on the background of the elevated [Na*]; /[K*]; ratio (Figure 2, pathway S4).
To further examine these hypotheses, we transfected MDCK cells expressing «15-Na*, K"-ATPase
with rodent CTS-resistant «1R-Na*t,K*-ATPase [110]. Six-hour treatment of «1R-cells with 1000 uM
ouabain produced a similar increment of the [Na*];/[K*]; ratio detected in mock-transfected cells
treated with 3 uM ouabain. However, in contrast to the massive death of mock-transfected cells
exposed to 3 uM ouabain, «1R-cells survived after 24-h incubation with 1000 uM ouabain. Then,
we compared dose-dependent actions of ouabain on intracellular Na* and K* content, cell survival and
mitogen-activated protein kinases (MAPK) in human and rat vascular smooth muscle cells (HASMC
and RASMC) and human and rat endothelial cells (HUVEC and RAEC) [92]. Six-hour exposure of
HASMC and HUVEC to 3 uM ouabain dramatically increased the intracellular [Na*]/[K*] ratio to
the same extent as in RASMC and RAEC treated with 3000 uM ouabain. In contrast to human cells,
we did not detect any effect of the 3000-5000 uM ouabain on the survival of rat cells, as well as
smooth muscle cells from mouse aorta (MASMC). In HUVEC, ouabain led to phosphorylation of p38
MAPK, whereas in RAEC, it stimulated phosphorylation of ERK1/2. Importantly, unlike the wild-type
«1R/R mouse, ouabain triggered death of smooth muscle cells from «1%/S mouse expressing human
«1S-Nat K*-ATPase [92].

Overall, our results demonstrate that the drastic differences in cytotoxic action of ouabain on
human and rodent cells are caused by unique features of 15/ x1R-Na* K*-ATPase, rather than by
any downstream CTS-sensitive/-resistant components of the cell death machinery. They also suggest
that elevation of the [Na*];/[K*]; ratio contributes to the transduction of death signaling triggered by
the interaction of CTS with «1S-Na* ,K*-ATPase. We proposed that CTS trigger distinct conformation
transitions of «1S- and «1R-Na* K*-ATPase, resulting in their interaction with hypothetical adaptor
proteins I and II, respectively (Figure 4). In the case of rodent cells, ouabain is not toxic, possibly because
the signaling cascade triggered by its interaction with «1R-Na* K*-ATPase leads to cytoprotective
activation of ERK1/2. This is in contrast to activation of p38 MAPK seen in ouabain-treated
HUVEC [92] and MDCK cells [111] expressing «1S-Na* K*-ATPase. Sustained elevation of the
[Na*];/[K*]; ratio is obligatory for the signal transduction (Figure 2, pathway S4) via differential
expression of hundreds of ubiquitous and cell-type specific genes, including potent regulators of cell
differentiation, proliferation and death [37].

One critical implication of the present findings is related to development of anti-cancer therapies
based on CTS. Epidemiological observations identified decreased occurrence of leukemia, as well
as breast, prostate and lung cancer in the patients with heart failure, who were treated with
Digitalis [112-114]. Therefore, numerous studies screened for the novel anticancer CTS compounds,
using rodents injected with human malignant cells (for a review, see [115-117]). The data considered
above show that such an approach can be highly problematic since low concentrations of CTS may
trigger undesirable cell death in human, but not rodent tissues.

4.4. Different CTS Trigger Distinct Cellular Responses

Another piece of evidence for Na*j K*;-independent signaling is based on data showing that
different CTS evoke distinct in vitro and in vivo responses. Thus, for example, bufalin, but not
ouabain evoked differentiation of human leukemia cells, whereas marinobufagenin, but not ouabain
and digoxin increased the constriction of uterine vessels [13,118]. We observed that unlike ouabain,
the complete Na*,K*-ATPase inhibition by marinobufagenin and marinobufotoxin does not trigger
oncosis of MDCK cells [119]. In contrast to ouabain, chronic treatment with digoxin did not raise blood
pressure and even diminished the hypertensive action of ouabain in rats [120-122]. Administration
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of antibodies against marinobufagenin, but not ouabain, lowered blood pressure in rats with
salt-sensitive hypertension [123,124] and chronic renal failure [125]. Administration of ouabain delayed
the development of digoxin-induced arrhythmia and cardiac fibrillation in anaesthetized guinea
pigs [126]. Zulian and co-workers found that in vivo administration of ouabain, but not digoxin,
leads to augmented phosphorylation of Src and attenuated phosphorylation of ERK1/2. They also
found that digoxin completely abolished the increment of the expression of Na*/Ca®* exchanger
NCX1 and receptor operated channel TRPC6 triggered by 72-h exposure of mesenteric artery smooth
muscle cells to 100 nM ouabain [127].

Assuming that Na* K*-ATPase is the only receptor for CTS, the possible mechanism of their
diversity may lie in (i) their different affinity for different Na*,K*-ATPase isoform or/and (ii) different
conformation transition of a-Na* K*-ATPase triggered by distinct CTS that, in turn, triggers diverse
downstream signals. Karlish and co-workers examined the first hypothesis utilizing the o131-,
o231 and «3p1-isoform of human Na* K*-ATPase expressed in yeast [128]. They demonstrated that
apparent affinity of these isoforms for cardiac glycosides differs by less than three-fold, whereas
their affinity for marinobufagenin is decreased compared to ouabain by 100-200-fold. More recently,
this research team synthesized CTS derivatives whose selectivity for a2- vs. al-isoform is increased by
seven-fold [129,130]. The second hypothesis is consistent with our recent data obtained by isothermal
titration microcalorimetry of purified alp1-isozyme from duck salt glands [131]. These data indicate
that the locations of ouabain and marinobufagenin within the Na*,K*-ATPase al-subunit are different:
ouabain is completely submersed in the split formed by transmembrane segments M1, M2, M5 and
M6, whereas marinobufagenin only partially penetrates within this area of the enzyme (Figure 5).
Using the same experimental approach, we found that unlike ouabain, E1-E2P conformational
transition does not significantly affect the apparent affinity of the purified Na*,K*-ATPase for
marinobufagenin [131]. Viewed collectively, these data indicate different actions of ouabain and
marinobufagenin on Na* K*-ATPase conformation that, in turn, may leads to the activation of different
signaling and cellular responses.

B

Figure 5. Location of ouabain (green) and marinobufagenin (blue) in the structure of Na*,K*-ATPase.
(A) M1, M2, M5 and M6 are transmembrane segments of the Na* , K"-ATPase «1-subunit contributing
to CTS binding; (B) amino acid residues of the Na* K*-ATPase «1-subunit involved in the complex
formation are indicated. The structural elements of the Na* , K*-ATPase in complexes with ouabain and
marinobufagenin are shown in grey and pink, respectively. Modified from [129].

5. Search for Intracellular Na* and K* Sensors

According to the generally accepted paradigm, Na*;/K*;-sensitive mechanism of excitation-

2+]; and activation of several Ca?*-sensitive

transcription coupling might be driven by elevation of [Ca
pathways, a phenomenon termed excitation-transcription coupling [132-134]. Numerous research teams
reported that dissipation of the transmembrane gradient of monovalent cations typically leads to increases
in [Ca®*]; via activation of the Na*/Ca2" exchanger and/or voltage-gated Ca?* channels. Elevation

of [Ca%*];, in turn, leads to its interaction with calmodulin and other Ca%*; sensors and activation of
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Ca?* response elements detected within promoters in hundreds of genes (for a comprehensive review,
see [135-137]). Thus, for example, sharp elevation of cyclooxygenase 2 (COX-2) mRNA content seen in
ouabain-treated human lung fibroblasts was completely abolished by Na*/Ca?* exchanger inhibitor
KB-R4943 [138].

In early studies, we found that 2-h exposure of rat VSMC to saturated concentrations of ouabain
resulted in a 10- and four-fold increment of c-Fos and c-Jun [35]. Because the c-Fos promoter contains
the Ca?*+cAMP response element (CRE) [136,139], its augmented expression in ouabain-treated cells
might be mediated by the [Ca?*]; increment caused by depolarization and opening of voltage-gated
Ca?* channels. Indeed, VSMC depolarization in high-K* medium leads to activation of c-Fos
expression as observed in ouabain-treated cells. However, unlike high-K* medium, c-Fos expression in
ouabain-treated cells is not affected by inhibition of L-type Ca?* channels with nicardipine. Moreover,
we observed that augmented c-Fos expression evoked by ouabain was preserved in Ca?*-free medium
and in the presence of extracellular (EGTA) and intracellular (BAPTA) Ca?* chelators [35]. Importantly,
unlike rat VSMC, the increment of cFos expression triggered by 45-min exposure of neonatal rat cardiac
myocytes to 100 uM ouabain was completely abolished by EGTA and BAPTA [30], suggesting the cell
type-specific mechanism of Ca?*;-mediated signaling.

In the next experiments, we examine transcriptomic changes in rat VSMC, HeLa and HUVEC
treated with ouabain in Ca?-free media supplemented with extracellular and intracellular Ca?*
chelators. Surprisingly, this procedure elevated rather than decreased the number of ubiquitous
and cell-type-specific Na*;/K*;-sensitive genes [37]. Among the ubiquitous Na*;/K*;-sensitive
genes whose expression was regulated independently of the presence of Ca?* chelators by more
than three-fold, we discovered several transcription factors (Fos, Jun, Hes1, Nfkbia), interleukin-6,
the protein phosphatase 1 regulatory subunit, dual specificity phosphatase (Dusp§), Cox-2 and cyclin
L1, whereas the expression of metallopeptidase Adamts1, adrenomedullin, Dups1, Dusp10 and Dusp16
was detected exclusively in Ca?*-depleted cells. These data allowed us to conclude that both canonical
Ca?*;-mediated and novel Ca?*;-independent mechanisms contribute to transcriptomic changes
evoked by the elevation of the [Na*];/[K*]; ratio in CTS-treated cells.

To further explore the role of Ca®* in the expression of Na*;/K*;-sensitive genes, we compared
transcriptomes of VSMC subjected to Na®,K*-ATPase inhibition and treated with extra- and
intra-cellular Ca2* chelators [140]. We found a highly significant (p < 10712) positive (R% > 0.51)
correlation between levels of expression of 2071 transcripts whose expression was affected by both
stimuli. Among genes whose expression in Ca?*-depleted cells was augmented by more than
seven-fold, we noted cyclic AMP-dependent transcription factor Atf3, early growth response protein
Egr1 and nuclear receptor subfamily 4, group A member Nr4al. Importantly, Ca?* depletion resulted
in elevation of [Na*]; and attenuation of [K*]; by ~3- and two-fold, respectively. Consistent with
previous reports [141-143], the elevated [Na*]; /[K*]; ratio seen in Ca2+—depleted cells was caused by
augmented permeability of the plasma membrane for monovalent cations triggered by the presence of
extracellular Ca?* chelator EGTA [140]. Thus, novel experimental approaches should be developed to
examine the relative impact of Ca**-mediated- and -independent signaling in overall transcriptomic
changes triggered by the augmented [Na*]; /[K*]; ratio.

It is generally accepted that transcription is under the control of proteins interacting with
specific response elements within 5'- and 3'-untranslated region (UTR). Thus, for example, c-Fos
5-UTR contains serum response element (SRE) and Ca”*+cAMP response element (CRE) activated
by [Ca?*]; increments in the cytoplasm and nucleus, respectively [144]. We proposed that similar
to Ca?*;-mediated-signaling elevation of [Na*]; may affect gene expression via the interaction of an
unknown Na™j-sensor with a hypothetical Na* response element (NaRE) located within promoters of
c-Fos and other ubiquitous [Na*]; /[K*];-sensitive genes (Figure 6). Positive results with this approach
could identify NaRE binding protein (NaREBP) by mating yeast transformed with NaRE of the c-Fos
5'-UTR. However, with the construct containing CRE and all other known transcription elements
of the c-Fos promoter, we failed to detect any significant elevation of luciferase expression in HeLa
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cells subjected to 6-h inhibition of Na*/K"-ATPase that contrasted with massive accumulation of
endogenous c-Fos mRNA and immunoreactive protein in ouabain-treated HeLa cells [36].

Several hypotheses could be proposed to explain negative results obtained in this study: (i) NaRE
is located within introns or/and the c-Fos 3'-UTR; (ii) the [Na*];/[K*]; ratio elevation affects gene
expression via epigenetic modification of the DNA, histones or nucleosome remodeling, i.e., regulatory
mechanism having a major impact on diverse cellular functions [144]; importantly, the epigenetic
mechanism of gene expression does not contribute to the regulation of L-luc transcription in the
plasmid employed in our experiments [36]; (iii) increasing evidence indicates that gene activation
or silencing is under the complex control of three-dimensional (3D) positioning of genetic materials
and chromatin in the nuclear space (for review, see [145]). It may be proposed that the augmented
[Na*];/[K*]; ratio affects gene transcription by changing the 3D organization of the DNA-chromatin
complex. These hypotheses should be verified in forthcoming studies.
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Figure 6. Possible mechanisms of the implication of intracellular Na*, K* and CaZ* in
excitation-transcription and excitation-translation coupling. CaM, calmodulin and other intracellular
Ca?* sensors; CaRE, Ca2*-sensitive response elements; KS and NaS, intracellular K* and Na* sensors,
respectively; NaRE, Na*-sensitive response elements. For more details, see the text.

6. Search for Na*; K*;-Independent Signaling Pathways

It is well documented that the Na* K*-ATPase a-subunit interacts with dozens of proteins involved
in the regulation of intracellular retention (Akt kinase substrate AS160), clustering within the plasma
membrane (caveolin, adducing, cofilin), proteasomal degradation (3-subunit of the coating protein
COP-1), Na*,-sensitive Na* channel Nay, salt-inducible kinase SIK1, etc. (for a review, see [146]).
Data considered above show that elevation of the [Na*];/K*]; ratio per se is not sufficient to explain
oncosis triggered by long-term exposure of cells expressing «1S-Na* K*-ATPase to high concentrations
of CTS. Xie and Askari were probably the first to propose an implication of Na*; K*;-independent
signals in the regulation of cell function by CTS [10]. Studies examining this hypothesis are briefly
considered below.
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6.1. Src-Kinase-Mediated Signaling

In a series of elegant studies, Xie and co-workers documented that ouabain evokes the activation
of the membrane-associated non-receptor tyrosine kinase Src. Activated Src leads to phosphorylation
of epidermal growth factor receptor (EGFR) and other receptor tyrosine kinases (RTK) that, in turn,
activate diverse downstream intermediates of the signaling cascade, including phospholipase C
(PLC-y), G-protein Ras and mitogen-activated protein kinases (MAPK) [12] (Figure 7). The first
evidence supporting this signaling pathway came from data showing dose- and time-dependent
tyrosine phosphorylation in several types of CTS-treated cells. Thus, in cardiac myocytes, A7r5, HeLa
and L929 cells” exposure to ouabain resulted in rapid activation of Src, its interaction with EGFR and
tyrosine phosphorylation of several proteins that was abolished in the presence of Src kinase inhibitors
(PP2 and herbimycin A) and inhibitor of RTK AG1478 [147,148]. Importantly, using transfected pig
renal epithelial cells (PY-17), it was shown that ouabain activates Src and ERK MAPK in cells expressing
ol-, but not «2-Na*,K*-ATPase [149].
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Figure 7. Signaling pathways involved in activation of Akt and MAPK by CTS. NKA, Na* K*-ATPase;
RTK, receptor tyrosine kinases. Phosphorylation of serine/threonine and tyrosine residues is shown in
blue and red, respectively. For more details, see the text.

Later on Liang and co-workers demonstrated that the rupture of caveolae by cholesterol or
caveolin-1 depletion resulted in attenuation of Src-mediated signaling triggered by ouabain and
activation of ouabain-sensitive 8°Rb influx, suggesting the presence within caveolae of non-pumping
pools of the Na* K*-ATPase involved in the triggering of Na*; K*;-independent signals [150]. Detailed
mapping of the x1-Na* ,K*-ATPase nucleotide binding domain led to the identification of a 20-amino
acid peptide (Ser-415 to GIn-434, NaKtide) that inhibits Scr with ICsy of 70 nM. The positively-charged
NaKtide derivatives penetrated LLC-PK1 cells and blocked ouabain-induced activation of Src and
ERK MAPK [151]. The same research team transfected «1-Na*,K*-ATPase knockdown PY-17 cells
with expression vectors of wild-type enzyme and «l carrying mutations in the NaKtide region.
They selected mutants restoring ouabain-sensitive Na*, K*-ATPase and found that A420P and A425P
mutants were incapable of interacting with Src and provide ouabain-dependent regulation of Src
activity [152]. More recently, the same research team reported that the single Pro224 mutation
within rat a1-Na*, K"-ATPase inhibits Src-mediated signaling pathway without any impact on the
dose-dependent inhibition by ouabain of Na*,K*-ATPase activity and the rate of *Rb uptake [153].

Since the initial observation, it has been proposed that the signaling cascade triggered by the
interaction of the Na*, K*-ATPase with Src is independent of any changes in intracellular Na*, K* and
Ca?* concentrations [10,12]. Indeed, initial publications reported augmented tyrosine phosphorylation
of EGFR and several other proteins at ouabain concentrations having no significant action on 8¢Rb influx
and intracellular Na* content [69,75,154]. Recently, it was shown that in the murine spermatogenic



Molecules 2017, 22, 635 15 of 27

cell line GC-2 abundant with a4-Na* K*-ATPase, an ~2-fold elevation of phosphorylation of ERK1/2,
as well as transcription factors GREB and ATF-1 was detected in 30-min exposure to 10~!! M ouabain,
suggesting Na*1,K*-independent signaling [155]. Unlike a4-Na* ,K*-ATPase, CTS do not affect Src
activity in a1-Na*,K*-ATPase knockdown pig kidney cells PY-17 expressing the a3-isoform of this
enzyme [156]. Using FRET technology, Tian et al. found that in LLC-PK1 cells, ouabain triggers
dissociation of the Src kinase domain from the «1-Na* K*-ATPase nucleotide binding domain resulting
in tyrosine phosphorylation and activation of this enzyme [157]. More recently, however, Gable et al.
reported that attenuation of Src phosphorylation by ouabain seen in cell-free systems is primary
due to the ATP-sparing effect and cannot be considered as evidence for CTS-induced interaction of
Na* K*-ATPase and Src [158].

In contrast to the above-cited studies, several research teams reported that CTS trigger
Src-mediated signaling at concentrations inhibiting the Na* ,K*-ATPase [148,157,159-162]. Moreover,
the augmented tyrosine phosphorylation seen in CTS-treated cells was mimicked by Na* ,K*-ATPase
inhibition in K*-depleted medium [147]. Later on, using purified Na* K*-ATPase, it was shown
that its interaction with Src measured by Src phosphorylation is suppressed by elevation of K* and
attenuation of Na*. These data indicated that side-by-side with CTS, any other stimuli triggering
the Eq to E, conformational transition are sufficient to release the kinase domain and activate the
associated Src [163]. Indeed, CTS was more effective in inhibiting Src activity in the 1279A mutant
of a1-Na* K*-ATPAse keeping the pump in E; state than either wild-type or the F286A mutant with
increased E, state [164]. Viewed collectively, these data strongly suggest that at least in several cell
types, an elevated [Na*]; /K*]; ratio contributes to the triggering / progression of Src-mediated signaling
in CTS-treated cells (Figure 2, pathway S4).

6.2. PI3K-Akt-Mediated Signaling

Liu et al. reported that in cultured neonatal rat cardiac myocytes, 50 tM ouabain activates protein
kinase B, also known as Akt, i.e., a serine/threonine-specific protein kinase that plays a key role in
multiple cellular processes including cell proliferation, apoptosis, transcription and cell migration.
They also found that ouabain causes a transient increase of phosphatidylinositol-3,4,5-triphosphate
(PIP3) content and leads to co-immunoprecipitation of the p85 subunit of class IA PI3K and
Na* K*-ATPase x-subunit that was abolished in the presence of phosphatidylinositol 3-kinase (PI3K)
inhibitors [165]. To examine the role of Src in the triggering of PI3K/ Akt signaling, Wu and co-workers
employed mouse fibroblasts lacing Src (SYF cells) and control Src*** cells. They found that ouabain
triggers accumulation of PIP3, activation of Akt and PI3K1A, as well as co-immunoprecipitation
of the p85 subunit of PI3KIA and Na*,K*-ATPase in both types of cells and was insensitive to the
presence of Src inhibitor PP2. These results allowed hypothesizing that activation of Akt is triggered
by CTS-induced interaction of a proline-rich domain of the «-subunit of Na* K*-ATPase with the SH3
domain of the p85 subunit of PI3KIA (Figure 7) [161].

Similar to Src-mediated signaling, activation of PI3K and Akt was significantly reduced in
cardiomyocytes isolated from caveolin-1 knockout mice, suggesting that this signaling pathway
mainly occurs within caveolae [166]. Wu and co-workers reported that ouabain did not induce PIP2
accumulation and Akt activation in cardiomyocytes isolated from transgenic mouse deficient in p85
PI3KIA (p85-KO) [167]. Moreover, early ouabain treatment attenuated cardiac hypertrophy and fibrosis
in mice subjected to transverse aortic constriction. Importantly, the action of ouabain was absent in
p85-KO mice, thus suggesting that side-by-side with the positive inotropic effect, the treatment with
Digitalis prevents pathological cardiac hypertrophy and heart failure through activation of PI3KIA [167].
Our recent study demonstrated that anti-fibrotic action of cardiac glycosides documented by the
suppression of myofibroblast differentiation in TGF-p-treated human lung fibroblasts is mediated by
dissipation of transmembrane gradients of monovalent cations [138,168]. To the best of our knowledge,
the role of Nat,K*-ATPase inhibition and the elevated [Na't];/K*]; ratio in PI3K/Akt-mediated
signaling triggered by CTS has not been explored yet.
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6.3. Ca?*;-Oscillations

In 2001, Aperia and co-workers reported that the addition of 50-250 uM ouabain causing
partial Na*,K*-ATPase inhibition increased the amplitude of low-frequency [Ca%*]; oscillation in
rat proximal tubule cells, which were abolished in Ca?*-free medium and by L-type Ca?* channel
blocker nifedipine [169]. Later on, [CaZ*]; oscillations were detected in human aortic endothelial cells
exposed to low concentrations of ouabain [71]. It is well-documented that [Ca?*]; oscillations trigger the
frequency-specific activation of transcription factors [170,171]. Indeed, blockage of [Ca?*]; oscillations
abolished ouabain-induced activation of NF-kB and CREB documented by their transportation into the
nucleus and phosphorylation, respectively [76,169]. In human COS-7 cells [Ca?*];, these oscillations
were found in the presence of 100 nM ouabain causing a 10% inhibition of the rate of 86Rb influx [71,172].
The same oscillations were also detected in the presence of 100 nM digoxin and marinobufagenin [173].

Numerous studies demonstrated that [Ca?*]; oscillations occur as an interplay between plasma
membrane channels providing Ca?* influx, Ca?* pumps of the plasma membrane and endoplasmic
reticulum, as well as Ca* release from endoplasmic reticulum triggered by activation of ryanodine
or inositol-1,4,5-triphosphate receptors (InsP3R) (for a review, see [174]). Miyakawa-Naito and
co-workers reported that [CaZ*]; oscillations seen in ouabain-treated cells are caused by conformation
transition of the Na* , K*-ATPase x-subunit and its interaction with InsP3R (Figure 8). Indeed, activation
of the IP3R was independent of the activation of phospholipase C and the release of inositol
1,4,5-trisphosphate [175]. This mechanism has been also confirmed by the fluorescence resonance
energy transfer (FRET) technique, showing the presence of the Na* K*-ATPase-InsP;R signaling
microdomain [175], by identification of the InsP3R-binding motif in the N-terminus of Na*,K*-ATPase
oa-subunits [172] and by inhibition of ouabain-induced [Ca?*]; oscillations in cells overexpressing
a peptide corresponding to the InsP3R-binding fragment of the Na*,K*-ATPase N-terminus [172].
Ankyrin by binding with N-terminus of Na* K*-ATPase «-subunit and InsP3R acts as a stabilizing
scaffolding protein providing the implication of the cytoskeleton network in the regulation of this

signaling pathway [176].
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Figure 8. Ca®*; oscillations triggered by CTS via the interaction of the Na*,K*-ATPase (NKA) with the
inositol 1,4,5-triphosphate receptor (IP3R). Side-by-side with IP3R, oscillations of [Ca?*]; are under the
control of channels providing CaZ* influx (CaCh) and CaZ*-ATPases localized in the plasma membrane
(PMCA) and endoplasmic reticulum (SERCA). Representative Ca?*; oscillations documented in 6 h of
exposure of rat cortical neurons to 1 uM ouabain [74] are shown within the insert. CYT, cytoplasm;
ER, endoplasmic reticulum.

Importantly, unlike modest ouabain concentrations, full Na* K*-ATPase inhibition with 2 mM
ouabain did not cause [Ca%*]; oscillations, but led to sustained increase in [CaZ*];. It was also shown
that attenuation of [K*], from 4.0 down to 0.5 mM resulted in the same elevation of [Na*]; as in
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the presence of 250 uM ouabain. However, in contrast to ouabain, lowering [K*], abolished rather
than increased [CaZ*]; oscillation [169]. Based on these observation, the authors proposed that [CaZt);
oscillations seen in ouabain-treated cells are not a primary result of Na*,K*-ATPase inhibition. It should
be noted, however, that lowering [K*], may inhibit the L-type Ca®* channel via plasma membrane
hyperpolarization, thus contributing to regulation of [Ca%*); oscillations independently of partial
Na* K*-ATPase inhibition. To test the role of Ey, in [Ca2*]; oscillations, Desfrere and co-workers
employed rat cerebral cortical neurons. In these cells, [Ca®*]; oscillations were detected in the presence
of 1 uM ouabain. At this concentration, ouabain inhibited 8Rb influx by 25% and did not affect Ep,
estimated by whole cell patch-clamp recording [76]. It should be mentioned that E, was recording
during 2-5 min, whereas [CaZ*]; oscillations were seen in 6 h of ouabain addition. Thus, additional
approaches should be developed to examine the role of the dissipation of the transmembrane gradient
of monovalent cations and altered electrical membrane potential in [Ca®*]; oscillation evoked by
CTS-induced interaction of the Na*,K*-ATPase with the InsP3 receptor.

7. Conclusions and Unresolved Issues

The data considered in our mini-review show that several non-canonical cellular responses such
as gene transcription and translation, disruption of tight junction, cell adhesion and inhibition of
apoptosis in cells expressing «1R-Na* , K*-ATPase were observed in the presence of high concentrations
of CTS, as well as in K*-free medium. These observations strongly suggest that these cellular responses
are mediated by elevation of the [Na*];/[K*]; ratio (Figure 9). Importantly, elevation of the [Na*];/[K*];
ratio might be triggered under diverse physiological and pathophysiological conditions, including
sustained excitation of neuronal cells [177], skeletal muscle exercising [178] and hypoxia [179]. What is
the molecular origin of [Na*]; and [K*]; sensors distinct from known membrane-bound transporters
involved in the regulation of these cellular responses?
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Figure 9. Non-canonical cellular responses triggered by high doses of CTS. Elevation of the
[Na*];/[K*]; ratio triggered by inhibition of the Na* K*-ATPase (NKA) by CTS or K*-free medium
affect transcription and translation via unknown [Na*]; and/or [K*]; sensors S1 and S2, respectively,

that, in turn, leads to inhibition of apoptosis in rodent cells expressing «1R-Na*, K*-ATPase. In epithelial
cells, elevation of the [Na*];/[K*]; ratio attenuates tight junction and cell adhesion via monovalent ion
sensors S3 and 54, respectively. Interaction of CTS with the Na* , K*-ATPase also leads to conformation
transition and interaction with diverse adaptor proteins (AP), including Src, PI3K and InsP3R. In cells
expressing a1S-Na* K*-ATPase, it results in the activation of p38 MAPK and the oncotic mode of cell
death. Unlike the suppression of apoptosis, K*-free medium does not trigger oncosis, suggesting that
the increased [Na™*]; /[K*]; ratio contributes to this signaling pathway via the hypothetical sensor S5.
The role of Na™; K*;j-independent signals in cellular responses triggered via adaptor proteins (AP) and
unknown intermediates (?) should be examined further.
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Side-by-side with Na*;/K*;-mediated responses, CTS trigger cell type-specific signaling cascades
via conformational transitions of the Na* , K*-ATPase x-subunit and its interaction with Src, PI3K and
InsP3R (Figures 7 and 8). Recent studies demonstrated the CTS-specific pattern of conformational
transitions of the purified Na* ,K*-ATPase [131]. Does this phenomenon contribute to the distinct
impact of glycosides and bufadienolides on Src-, PI3K- and InsP3R-mediated signaling and downstream
cellular responses?

Unlike inhibition of apoptosis in cells expressing «1R-Na* K*"-ATPase, oncosis detected in several
types of cells expressing «1S-Na* ,K*-ATPase is triggered by high concentrations of CTS, but not by
Na* K*-ATPase inhibition in K*-free medium. What is the molecular origin of Na*; K*;-mediated
and -independent signal(s) contributing to this mode of cell death (Figure 9)? What is the molecular
mechanism of Na*,K*-ATPase activation and attenuation of the [Na*];/[K"]; ratio seen in several
types of cells treated with low concentrations of CTS? What is the relative impact of signals triggered
by the decreased [Na*];/[K*]; ratio and Src-, PI3K- and IP3R-mediated pathways in augmented
proliferation and membrane trafficking demonstrated in cells treated with low concentrations of CTS?
What is relative impact of Na*; K*;-mediated and -independent signaling triggered by endogenous
CTS in baseline conditions and under their augmented production seen in hypertension and other
volume-expanded disorders [8,9,44,180]? These questions will be addressed in forthcoming studies.
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Abbreviations
monkey kidney tissue cell line transformated with a mutant
COSs-7 . . . .
strain of SV40 coding for the wild-type T-antigen
CTS cardiotonic steroids
E1A-adenovirus adenovirus early region 1A
GC-2 murine spermatogenic cell line
HASMC human aortic smooth muscle cells
KB-R4943 inhibitor of the Na*/Ca?* exchanger
LLC-PK1 kidney proximal tubule cell line
MASMC mesenteric artery smooth muscle cells
NHE3 sodium-hydrogen exchanger 3
NT2 human neuron-committed teratocarcinoma cell line
RASMC rat aortic smooth muscle cells
«1R-Nat K*-ATPase CTS-resistant «1-Nat,K*-ATPase
«1S-Na* K*-ATPase CTS-sensitive «1-Na* , K*-ATPase
References

1. Wood, E.H.; Moe, G K. Studies on the Effect of Digitalis Glycosides on Potassium Ion Loss from the Heart.
Am. J. Physiol. 1938, 123, 219-220.

2. Schatzmann, H.]. Herzglykoside Als Hennstoffe fur Den Aktiven Kalium- und Natriumtransport Durch Die
Erythrocytenmembran. Helv. Physiol. Pharmacol. Acta 1953, 11, 346-354. [PubMed]

3. Skou, ]J.C. The Influence of Some Cations on an Adenosine Triphosphatase From Peripheral Nerves.
Biochim. Biophys. Acta 1957, 23, 394-401. [CrossRef]

4. Skou, ].C. Further Investigation on a Mg?* + Na*-Activated Adenosinetriphosphatase Possibly Related to
the Active Transport of Na*™ and K* Across the Nerve Cell Membrane. Biochim. Biophys. Acta 1960, 42, 6-23.
[CrossRef]

5. Krenn, L.; Kopp, B. Bufadienolides from Animal and Plant Sources. Phytochemistry 1998, 48, 1-29. [CrossRef]

6.  Dmitrieva, R.IL; Doris, P.A. Cardiotonic Steroids: Potential Endogenous Sodium Pump Ligands with Diverse
Function. Exp. Biol. Med. 2002, 227, 561-569.


http://www.ncbi.nlm.nih.gov/pubmed/13142506
http://dx.doi.org/10.1016/0006-3002(57)90343-8
http://dx.doi.org/10.1016/0006-3002(60)90746-0
http://dx.doi.org/10.1016/S0031-9422(97)00426-3

Molecules 2017, 22, 635 19 of 27

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

Orlov, S.N.; Akimova, O.A.; Hamet, P. Cardiotonic Steroids: Novel Mechanisms of Na*;-Mediated and
-Independent Signaling Involved in the Regulation of Gene Expression, Proliferation and Cell Death.
Curr. Hypertens. Rev. 2005, 1, 243-257. [CrossRef]

Schoner, W.; Scheiner-Bobis, G. Endogenous and Exogenous Cardiac Glycosides: Their Role in Hypertension,
Salt Metabolism, and Cell Growth. Am. J. Physiol. Cell Physiol. 2007, 293, C509-C536. [CrossRef] [PubMed]
Bagrov, A.Y.; Shapiro, J.I.; Fedorova, O.V. Endogenous Cardiotonic Steroids: Physiology, Pharmacology,
and Novel Therapeutic Targets. Pharmacol. Rev. 2009, 61, 9-38. [CrossRef] [PubMed]

Xie, Z.; Askari, A. Na* /K*"-ATPase As a Signal Transducer. Eur. ]. Biochem. 2002, 269, 2434-2439. [CrossRef]
[PubMed]

Aperia, A. New Roles for an Old Na,K-ATPase Emerges As an Interesting Drug Target. J. Intern. Med. 2007,
261,44-52. [CrossRef] [PubMed]

Liu, ].; Xie, Z. The Sodium Pump and Cardiotonic Steroids-Induced Signal Transduction Protein Kinases and
Calcium-Signaling Microdomain in Regulation of Transporter Traficking. Biochim. Biophys. Acta 2010, 1802,
1237-1245. [CrossRef] [PubMed]

Riganti, C.; Campia, I.; Kopecka, ].; Gazzano, E.; Doublier, S.; Aldieri, E.; Bosia, A.; Ghigo, D. Pleiotropic
Effects of Cardioactive Glycosides. Curr. Med. Chem. 2011, 18, 872-885. [CrossRef] [PubMed]

Aperia, A.; Akkuratov, E.E.; Fontana, ].M.; Brismar, H. Na* K*-ATPase, a New Class of Plasma Membrane
Receptor. Am. J. Physiol. Cell Physiol. 2016, 310, C491-C495. [CrossRef] [PubMed]

Scheiner-Bobis, G. The Sodium Pump. Its Molecular Properties and Mechanics of Ion Transport. Eur. J. Biochem.
2002, 269, 2424-2433. [CrossRef] [PubMed]

Laursen, M.; Gregersen, J.L.; Yatime, L.; Nissen, P.; Fedosova, N.U. Structures and Characterization of
Digoxin- and Bufalin-Bound Na* K*-ATPase Compared With the Ouabain-Bound Complex. Proc. Natl.
Acad. Sci. USA 2015, 112, 1755-1760. [CrossRef] [PubMed]

Gregersen, ].L.; Mattle, D.; Fedosova, N.U.; Nissen, P.; Reinhard, L. Isolation, Crystallization and Crystal
Structure Determination of Bovine Kidney Na(*),K(*)-ATPase. Acta Crystallogr. F Struct. Biol. Commun. 2016,
72,282-287. [CrossRef] [PubMed]

Chow, D.C.; Forte, ].G. Functional Significance of the B-Subunit for Heterodimeric P-Type ATPase. ]. Exp. Biol.
1995, 198, 1-17. [PubMed]

Therien, A.G.; Blostein, R. Mechanisms of Sodium Pump Regulation. Am. J. Physiol. 2000, 279, C541-C566.
Matsui, H.; Schwartz, A. Mechanism of Cardiac Glycoside Inhibition of the (Na*-K*)-Dependent ATPase
from Cardiac Tissue. Biochim. Biophys. Acta 1968, 151, 655-663. [CrossRef]

Lingrel, ].B.; Croyle, M.L.; Woo, A.L.; Arguello, ].M. Ligand Binding Sites of Na,K-ATPase. Acta Physiol. Scand.
1998, 163 (Suppl. 643), 69-77.

Lingrel, J.B. The Physiological Significance of the Cardiotonic Steroid/Ouabain-Binding Site of the
Na,K-ATPase. Annu. Rev. Physiol. 2010, 72, 395-412. [CrossRef] [PubMed]

Orlov, S.N.; Thorin-Trescases, N.; Kotelevtsev, S.V.; Tremblay, J.; Hamet, P. Inversion of the Intracellular
Na* /K" Ratio Blocks Apoptosis in Vascular Smooth Muscle at a Site Upstream of Caspase-3. J. Biol. Chem.
1999, 274, 16545-16552. [CrossRef] [PubMed]

Orlov, S.N.; Thorin-Trescases, N.; Pchejetski, D.; Taurin, S.; Farhat, N.; Tremblay, J.; Thorin, E.; Hamet, P.
Na*/K* Pump and Endothelial Cell Survival: [Na*];/[K*];-Independent Necrosis Triggered by Ouabain,
and Protection Against Apoptosis Mediated by Elevation of [Na*];. Pflugers Arch. 2004, 448, 335-345.
[CrossRef] [PubMed]

Orlov, S.N.; Hamet, P. The Death of Cardiotinic Steroid-Treated Cells: Evidence of Na*; K*;-Independent
H*;-Sensitive Signaling. Acta Physiol. (Oxf.) 2006, 187, 231-240. [CrossRef] [PubMed]

Orlov, S.N.; Taurin, S.; Thorin-Trescases, N.; Dulin, N.O.; Tremblay, J.; Hamet, P. Inversion of the
Intracellular Na*/K* Ratio Blocks Apoptosis in Vascular Smooth Muscle Cells by Induction of RNA
Synthesis. Hypertension 2000, 35, 1062-1068. [CrossRef] [PubMed]

Orlov, S.N.; Hamet, P. Apoptosis vs. Oncosis: Role of Cell Volume and Intracellular Monovalent Cations.
Adv. Exp. Med. Biol. 2004, 559, 219-233. [PubMed]

Taurin, S.; Seyrantepe, V.; Orlov, S.N.; Tremblay, T.-L.; Thibaut, P; Bennett, M.R.; Hamet, P.; Pshezhetsky, A.V.
Proteome Analysis and Functional Expression Identify Mortalin As an Anti-Apoptotic Gene Induced by
Elevation of [Na*];/[K"]; Ratio in Cultured Vascular Smooth Muscle Cells. Circ. Res. 2002, 91, 915-922.
[CrossRef] [PubMed]


http://dx.doi.org/10.2174/157340205774574559
http://dx.doi.org/10.1152/ajpcell.00098.2007
http://www.ncbi.nlm.nih.gov/pubmed/17494630
http://dx.doi.org/10.1124/pr.108.000711
http://www.ncbi.nlm.nih.gov/pubmed/19325075
http://dx.doi.org/10.1046/j.1432-1033.2002.02910.x
http://www.ncbi.nlm.nih.gov/pubmed/12027880
http://dx.doi.org/10.1111/j.1365-2796.2006.01745.x
http://www.ncbi.nlm.nih.gov/pubmed/17222167
http://dx.doi.org/10.1016/j.bbadis.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20144708
http://dx.doi.org/10.2174/092986711794927685
http://www.ncbi.nlm.nih.gov/pubmed/21182478
http://dx.doi.org/10.1152/ajpcell.00359.2015
http://www.ncbi.nlm.nih.gov/pubmed/26791490
http://dx.doi.org/10.1046/j.1432-1033.2002.02909.x
http://www.ncbi.nlm.nih.gov/pubmed/12027879
http://dx.doi.org/10.1073/pnas.1422997112
http://www.ncbi.nlm.nih.gov/pubmed/25624492
http://dx.doi.org/10.1107/S2053230X1600279X
http://www.ncbi.nlm.nih.gov/pubmed/27050261
http://www.ncbi.nlm.nih.gov/pubmed/7891030
http://dx.doi.org/10.1016/0005-2744(68)90013-2
http://dx.doi.org/10.1146/annurev-physiol-021909-135725
http://www.ncbi.nlm.nih.gov/pubmed/20148682
http://dx.doi.org/10.1074/jbc.274.23.16545
http://www.ncbi.nlm.nih.gov/pubmed/10347219
http://dx.doi.org/10.1007/s00424-004-1262-9
http://www.ncbi.nlm.nih.gov/pubmed/15069561
http://dx.doi.org/10.1111/j.1748-1716.2006.01546.x
http://www.ncbi.nlm.nih.gov/pubmed/16734760
http://dx.doi.org/10.1161/01.HYP.35.5.1062
http://www.ncbi.nlm.nih.gov/pubmed/10818065
http://www.ncbi.nlm.nih.gov/pubmed/18727243
http://dx.doi.org/10.1161/01.RES.0000043020.45534.3E
http://www.ncbi.nlm.nih.gov/pubmed/12433836

Molecules 2017, 22, 635 20 of 27

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Nakagawa, Y.; Rivera, V.; Larner, A.C. A Role for Na/K-ATPase in the Control of Human C-Fos and C-Jun
Transcription. J. Biol. Chem. 1992, 267, 8785-8788. [PubMed]

Peng, M.; Huang, L.; Xie, Z.; Huang, W.-H.; Askari, A. Partial Inhibition of Na*/K*-ATPase by Ouabain
Induces the Ca2+—Dependent Expression of Early-Response Genes in Cardiac Myocytes. . Biol. Chem. 1996,
271,10372-10378. [PubMed]

Ando, K.; Omi, N.; Shimosawa, T.; Takanashi, K.; Fujita, T. Effect of Ouabain on the Growth and DNA
Synthesis of PC12 Cells. J. Cardiovasc. Pharmacol. 2000, 37, 233-238. [CrossRef]

Numazawa, S.; Inoue, N.; Nakuta, H.; Sugiyama, T.; Fujino, E.; Shinoki, M.; Yoshida, T.; Kuroiwa, Y.
A Cardiac Steroid Bufalin-Induced Differentiation of THP- Cells. Involvement of Na*, K*-ATPase Inhibition
in the Early Changes on Proto-Oncogene Expression. Biochem. Pharmacol. 1996, 52, 321-329. [CrossRef]
Golomb, E.; Hill, M.R.; Brown, R.B.; Keiser, H.R. Ouabain Enhanced the Mitogenic Effect of Serum in Vascular
Smooth Muscle Cells. Am. J. Hypertens. 1994, 7, 69-74. [CrossRef] [PubMed]

Taurin, S.; Hamet, P.; Orlov, S.N. Na/K Pump and Intracellular Monovalent Cations: Novel Mechanism of
Excitation-Transcription Coupling Involved in Inhibition of Apoptosis. Mol. Biol. 2003, 37, 371-381. [CrossRef]
Taurin, S.; Dulin, N.O.; Pchejetski, D.; Grygorczyk, R.; Tremblay, J.; Hamet, P.; Orlov, S.N. C-Fos Expression
in Ouabain-Treated Vascular Smooth Muscle Cells From Rat Aorta: Evidence for an Intracellular-Sodium-
Mediated, Calcium-Independent Mechanism. J. Physiol. 2002, 543, 835-847. [CrossRef] [PubMed]

Haloui, M.; Taurin, S.; Akimova, O.A.; Guo, D.-F; Tremblay, J.; Dulin, N.O.; Hamet, P.; Orlov, S.N.
Na*;-Induced C-Fos Expression Is Not Mediated by Activation of the 5'-Promoter Containing Known
Transcriptional Elements. FEBS J. 2007, 274, 3257-3267. [CrossRef] [PubMed]

Koltsova, S.V.; Trushina, Y.; Haloui, M.; Akimova, O.A.; Tremblay, ]J.; Hamet, P; Orlov, S.N.
Ubiquitous [Na™];/[K*];-Sensitive Transcriptome in Mammalian Cells: Evidence for Ca2+i—Independent
Excitation-Transcription Coupling. PLoS ONE 2012, 7, e38032. [CrossRef] [PubMed]

Takara, K.; Takagi, K.; Tsujimoto, M.; Ohnishi, N.; Yokoyama, T. Dogoxin Up-Regulates Multidrug
Resistance Transporter (MDR1) MRNA and Simultaneously Down-Regulates Xenobiotic Receptor MRNA.
Biochem. Biophys. Res. Commun. 2003, 306, 116-120. [CrossRef]

Smith, C.L.; He, Q.; Huang, L.; Foster, E.; Puschett, J.B. Marinobufagenin Interferes With the Function of the
Mineralocorticid Receptor. Biochem. Biophys. Res. Commun. 2007, 356, 930-934. [CrossRef] [PubMed]
Fujita-Sato, S.; Ito, S.; Isobe, T.; Ohyama, T.; Wakabayashi, K.; Morishita, K.; Ando, O.; Isono, F. Structural
Basis of Digoxin That Antagonizes RORgamma t Receptor Activity and Suppresses Th17 Cell Differentiation
and Interleukin (IL)-17 Production. J. Biol. Chem. 2011, 286, 31409-31417. [CrossRef] [PubMed]
Klimanova, E.A.; Tverskoi, A.M.; Koltsova, S.V.; Sidorenko, S.V.; Lopina, O.D.; Tremblay, J.; Hamet, P;
Kapilevich, L.V.; Orlov, S.N. Time- and Dose-Dependent Actions of Cardiotonic Steroids on Transcriptome
and Intracellular Content of Na* and K*: A Comparative Analysis. Nat. Sci. Rep. 2017, 7, 45403. [CrossRef]
[PubMed]

Lubin, M.; Ennis, H.L. On the Role of Intracellular Potassium in Protein Synthesis. Biochim. Biophys. Acta
1964, 80, 614-631. [CrossRef]

Orlov, S.N.; Hamet, P. Intracellular Monovalent Ions As Second Messengers. |. Membr. Biol. 2006, 210,
161-172. [CrossRef] [PubMed]

Orlov, S.N.; Hamet, P. Salt and Gene Expression: Evidence for Na*; K*;-Mediated Signaling Pathways.
Pflugers Arch. Eur. ]. Physiol. 2015, 467, 489-498. [CrossRef] [PubMed]

Ledbetter, M.L.S.; Lubin, M. Control of Protein Synthesis in Human Fibroblasts by Intracellular Potassium.
Exp. Cell Res. 1977, 105, 223-236. [CrossRef]

Cahn, F,; Lubin, M. Inhibition of Elongation Steps of Protein Synthesis at Reduced Potassium Concentrations
in Reticulocytes and Reticulocyte Lysate. J. Biol. Chem. 1978, 253, 7798-7803. [PubMed]

Jennings, M.D.; Pavitt, G.D. eIF5 Is a Dual Function GAP and GDI for Eukariotic Translational Control.
Small GTPases 2010, 1, 118-123. [CrossRef] [PubMed]

Cao, J; He, L,; Lin, G;; Hu, C; Dong, R.;; Zhang, J.; Zhu, H.; Hu, Y.; Wagner, C.R,; He, Q.; et al.
Cap-Dependent Translation Initiation Factor,EIF4E, Is the Target for Ouabain-Mediated Inhibition of HIF-1a.
Biochem. Pharmacol. 2014, 89, 20-30. [CrossRef] [PubMed]

Klann, E; Dever, T.E. Biochemical Mechanisms for Translation Regulation in Synaptic Plasticity.
Nat. Rev. Neurosci. 2004, 5, 931-942. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/1374380
http://www.ncbi.nlm.nih.gov/pubmed/8626609
http://dx.doi.org/10.1097/00005344-200103000-00001
http://dx.doi.org/10.1016/0006-2952(96)00210-9
http://dx.doi.org/10.1093/ajh/7.1.69
http://www.ncbi.nlm.nih.gov/pubmed/8136113
http://dx.doi.org/10.1023/A:1024266722564
http://dx.doi.org/10.1113/jphysiol.2002.023259
http://www.ncbi.nlm.nih.gov/pubmed/12231642
http://dx.doi.org/10.1111/j.1742-4658.2007.05885.x
http://www.ncbi.nlm.nih.gov/pubmed/17565602
http://dx.doi.org/10.1371/journal.pone.0038032
http://www.ncbi.nlm.nih.gov/pubmed/22666440
http://dx.doi.org/10.1016/S0006-291X(03)00922-7
http://dx.doi.org/10.1016/j.bbrc.2007.03.085
http://www.ncbi.nlm.nih.gov/pubmed/17399682
http://dx.doi.org/10.1074/jbc.M111.254003
http://www.ncbi.nlm.nih.gov/pubmed/21733845
http://dx.doi.org/10.1038/srep45403
http://www.ncbi.nlm.nih.gov/pubmed/28345607
http://dx.doi.org/10.1016/0926-6550(64)90306-8
http://dx.doi.org/10.1007/s00232-006-0857-9
http://www.ncbi.nlm.nih.gov/pubmed/16909338
http://dx.doi.org/10.1007/s00424-014-1650-8
http://www.ncbi.nlm.nih.gov/pubmed/25479826
http://dx.doi.org/10.1016/0014-4827(77)90120-3
http://www.ncbi.nlm.nih.gov/pubmed/701288
http://dx.doi.org/10.4161/sgtp.1.2.13783
http://www.ncbi.nlm.nih.gov/pubmed/21686265
http://dx.doi.org/10.1016/j.bcp.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24345331
http://dx.doi.org/10.1038/nrn1557
http://www.ncbi.nlm.nih.gov/pubmed/15550948

Molecules 2017, 22, 635 21 of 27

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Das, S.; Maitra, U. Mutational Analysis of Mammalian Translation Initiation Factor 5 (EIF5): Role of
Interaction between b Subunit of EIF2 and EIF5 in EIF5 Function in Vitro and in Vivo. Mol. Cell Biol. 2000, 20,
3942-3950. [CrossRef] [PubMed]

Orlov, S.N.; Taurin, S.; Tremblay, J.; Hamet, P. Inhibition of Na* K* Pump Affects Nucleic Acid Synthesis and
Smooth Muscle Cell Proliferation Via Elevation of the [Na*]; /[K*]; Ratio: Possible Implication in Vascular
Remodeling. J. Hypertens. 2001, 19, 1559-1565. [CrossRef] [PubMed]

Dever, T.E. Gene-Specific Regulation by General Translation Factors. Cell 2002, 108, 545-556. [CrossRef]
Krupinski, T.; Beitel, G.J. Unexpected Role of the Na* , K*-ATPase and Othe Ion Transporters in Cell Junctions
and Tubulogenesis. Physiology 2016, 24, 192-201. [CrossRef] [PubMed]

Cereijido, M.; Contreras, R.G.; Shoshani, L.; Larre, I. The Na*™-K*-ATPase As Self-Adhesion Molecule and
Hormone Receptor. Am. J. Physiol. Cell Physiol. 2012, 302, C473-C481. [CrossRef] [PubMed]

Vagin, O.; Dada, L.A.; Tokhtaeva, E.; Sachs, G. The Na-K-ATPase Albl Heterodimer As Cell Adhesion
Molecule in Epithelia. Am. J. Physiol. Cell Physiol. 2012, 302, C1271-C1281. [CrossRef] [PubMed]

Gupta, R.S.; Chora, A.; Stetsko, D.K. Cellular Basis for the Species Differences in Sensitivity to Cardiac
Glycosides (Digitalis). J. Cell. Physiol. 1986, 127, 197-206. [CrossRef] [PubMed]

Rajasekaran, S.A.; Palmer, L.G.; Moon, S.Y.; Soler, A.P; Apodaca, G.L.; Harper, J.E; Zheng, Y,;
Rajasekaran, A K. Na,K-ATPase Activity Is Required for Formation of Tight Junctions, Desmosomes,
and Induction of Polarity in Epithelial Cells. Mol. Biol. Cell 2001, 12, 3717-3732. [CrossRef] [PubMed]
Martin, PE.; Hill, N.S.; Kristensen, B.; Errington, R.J.; Griffith, TM. Ouabain Exerts Buphasic Effects on
Connexin Functionality and Expression in Vascular Smooth Muscle Cells. Br. J. Pharmacol. 2003, 140, 1261-1271.
[CrossRef] [PubMed]

Matchkov, V.V.; Gustafsson, H.; Rahman, A.; Briggs Boedtkier, D.M.; Gorintin, S.; Hansen, A.K,;
Bouzinova, E.V.; Praetorius, H.A.; Aalkjaer, C.; Nilsson, J. Interaction Between Na* /K*-Pump and Na*/ Ca?*-
Exchanger Modulates Intercellular Communication. Circ. Res. 2007, 100, 1026-1035. [CrossRef] [PubMed]
Belusa, R.; Aizman, O.; Andersson, R M.; Aperia, A. Changes in Na*-K*-ATPase Activity Influence Cell
Attachment to Fibronectin. Am. J. Physiol. Cell Physiol. 2001, 282, C302—-C309. [CrossRef] [PubMed]
Rajasekaran, S.A.; Hu, J.; Gopal, J.; Gallemore, R.; Ryazantsev, S.; Bok, D.; Rajasekaran, A.K. Na,K-ATPase
Inhibition Alters Tight Junction Structure and Permeability in Human Retinal Pigment Epithelial Cells. Am. J.
Physiol. Cell Physiol. 2003, 284, C1497-C1507. [CrossRef] [PubMed]

Violette, M.1.; Madan, P.; Watson, A.J. Na* /K*-ATPase Regulates Tight Junction Formation and Function
During Mouse Preimplantation Development. Dev. Biol. 2006, 289, 406-419. [CrossRef] [PubMed]

Lee, J.-M.; Grabb, M.C.; Zipfel, G.J.; Choi, D.W. Brain Tissue Responses to Ischemia. J. Clin. Investig. 2000,
106, 723-731. [CrossRef] [PubMed]

Rajasekaran, A.K.; Rajasekaran, S.A. Role of Na-K-ATPase in the Assembly of Tight Junctions. Am. J. Physiol.
Ren. Physiol. 2003, 285, F388-F396. [CrossRef] [PubMed]

Larre, I; Ponce, A.; Fiorentino, R.; Shoshani, L.; Contreras, R.G.; Cereijido, M. Contacts and Cooperation
Between Cells Depend on the Hormone Ouabain. Proc. Natl. Acad. Sci. USA 2006, 103, 10911-10916. [CrossRef]
[PubMed]

Larre, 1.; Lazaro, A.; Contreras, R.G.; Balda, M.S.; Matter, K.; Flores-Maldonado, C.; Ponce, A.;
Flores-Benitez, D.; Rincon-Hereida, R.; Padilla-Benavides, T.; et al. Ouabain Modulates Epithelial Cell
Tight Junction. Proc. Natl. Acad. Sci. USA 2010, 107, 11387-11392. [CrossRef] [PubMed]

Ponce, A.; Larre, I; Castillo, A.; Garcia-Villegas, R.; Romero, A.; Flores-Maldonado, C.; Martinez-Rendon, J.;
Contreras, R.G.; Cereijido, M. Ouabain Increases Gap Junctional Communication in Epithelial Cells.
Cell Physiol. Biochem. 2014, 34, 2081-2090. [CrossRef] [PubMed]

Larre, I.; Ponce, A.; Franco, M.; Cereijido, M. The Emergence of the Concept of Tight Junctions and
Physiological Regulation by Ouabain. Semin. Cell Dev. Biol. 2014, 36, 149-156. [CrossRef] [PubMed]
Aydemir-Koksoy, A.; Abramowitz, J.; Allen, ].C. Ouabain-Induced Signaling and Vascular Smooth Muscle
Cell Proliferation. J. Biol. Chem. 2001, 276, 46605-46611. [CrossRef] [PubMed]

Abramowitz, J.; Dai, C.; Hirschi, K.K.; Dmitrieva, R.I.; Doris, P.A.; Liu, L.; Allen, J.C. Ouabain- and
Marinobufagenin-Induced Proliferation of Human Umbilical Vein Smooth Muscle Cells and a Rat Vascular
Smooth Muscle Cell Line, A7r5. Circulation 2003, 108, 1049-1054. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/MCB.20.11.3942-3950.2000
http://www.ncbi.nlm.nih.gov/pubmed/10805737
http://dx.doi.org/10.1097/00004872-200109000-00007
http://www.ncbi.nlm.nih.gov/pubmed/11564975
http://dx.doi.org/10.1016/S0092-8674(02)00642-6
http://dx.doi.org/10.1152/physiol.00008.2009
http://www.ncbi.nlm.nih.gov/pubmed/19509129
http://dx.doi.org/10.1152/ajpcell.00083.2011
http://www.ncbi.nlm.nih.gov/pubmed/22049208
http://dx.doi.org/10.1152/ajpcell.00456.2011
http://www.ncbi.nlm.nih.gov/pubmed/22277755
http://dx.doi.org/10.1002/jcp.1041270202
http://www.ncbi.nlm.nih.gov/pubmed/3009493
http://dx.doi.org/10.1091/mbc.12.12.3717
http://www.ncbi.nlm.nih.gov/pubmed/11739775
http://dx.doi.org/10.1038/sj.bjp.0705556
http://www.ncbi.nlm.nih.gov/pubmed/14645140
http://dx.doi.org/10.1161/01.RES.0000262659.09293.56
http://www.ncbi.nlm.nih.gov/pubmed/17347477
http://dx.doi.org/10.1152/ajpcell.00117.2001
http://www.ncbi.nlm.nih.gov/pubmed/11788341
http://dx.doi.org/10.1152/ajpcell.00355.2002
http://www.ncbi.nlm.nih.gov/pubmed/12570983
http://dx.doi.org/10.1016/j.ydbio.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16356488
http://dx.doi.org/10.1172/JCI11003
http://www.ncbi.nlm.nih.gov/pubmed/10995780
http://dx.doi.org/10.1152/ajprenal.00439.2002
http://www.ncbi.nlm.nih.gov/pubmed/12890662
http://dx.doi.org/10.1073/pnas.0604496103
http://www.ncbi.nlm.nih.gov/pubmed/16835298
http://dx.doi.org/10.1073/pnas.1000500107
http://www.ncbi.nlm.nih.gov/pubmed/20534449
http://dx.doi.org/10.1159/000366403
http://www.ncbi.nlm.nih.gov/pubmed/25562156
http://dx.doi.org/10.1016/j.semcdb.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25242280
http://dx.doi.org/10.1074/jbc.M106178200
http://www.ncbi.nlm.nih.gov/pubmed/11579090
http://dx.doi.org/10.1161/01.CIR.0000101919.00548.86
http://www.ncbi.nlm.nih.gov/pubmed/14638550

Molecules 2017, 22, 635 22 of 27

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Saunders, R.; Scheiner-Bobis, G. Ouabain Stimulates Endothelin Release and Expression in Human
Endothelial Cells Without Inhibiting the Sodium Pump. Eur. J. Biochem. 2004, 271, 1054-1062. [CrossRef]
[PubMed]

Khundmiri, S.J.; Metzler, M.A.; Ameen, M.; Amin, V.; Rane, M.].; Delamere, N.A. Ouabain Induces Cell
Proliferation Through Calcium Dependent Phosphorylation of Akt (Protein Kinase B) in Opossum Kidney
Proximal Tubule Cells. Am. J. Physiol. Cell Physiol. 2006, 291, 1247-1257. [CrossRef] [PubMed]

Nguyen, A.N.; Wallace, D.P; Blanco, G. Ouabain Binds With High Affinity to the Na* K*-ATPase in Human
Polycysric Kidney Cells and Induces Extracellular Signal-Regulated Kinase Activation and Cell Proliferation.
J. Am. Soc. Nephrol. 2007, 18, 46-57. [CrossRef] [PubMed]

Murata, Y.; Matsuda, T.; Tamada, K.; Hosoi, R.; Asano, S.; Takuma, K.; Tanaka, K.; Baba, A. Ouabain-Induced
Cell Proliferation in Cultured Rat Astrocytes. Jpn. J. Pharmacol. 1996, 72, 347-353. [CrossRef] [PubMed]
Dmitrieva, R.I.; Doris, PA. Ouabain Is a Potent Promoter of Growth and Activator of ERK1/2 in
Ouabain-Resistant Rat Renal Epithelial Cells. J. Biol. Chem. 2004, 278, 28160-28166. [CrossRef] [PubMed]
Desfrere, L.; Karlsson, M.; Hiyoshi, H.; Malmersjo, S.; Nanou, E.; Estrada, M.; Miyakawa, A.; Laercrantz, H.;
El Manira, A.; Lal, M.; et al. Na,K-ATPase Signal Transduction Triggers CREB Activation and Dendritic
Growth. Proc. Natl. Acad. Sci. USA 2009, 106, 2212-2217. [CrossRef] [PubMed]

Segel, G.B.; Lichtman, M.A. The Apparent Discrepancy of Ouabain Inhibition of Cation Transport and
Lymphocyte Proliferation Is Explained by Time-Dependecy of Ouabain Binding. J. Cell Physiol. 1980, 104,
21-26. [CrossRef] [PubMed]

Tverskoi, A.M.; Sidorenko, S.V.; Klimanova, E.A.; Akimova, O.A.; Smolyaninova, L.V.; Lopina, O.D.;
Orlov, S.N. Effects of Ouabain on Proliferation of Human Endothelial Cells Correlate With Na* , K*-ATPase
Activity and Intracellular Ratio of Na* and K*. Biochemistry (Mosc.) 2016, 81, 876-883. [CrossRef] [PubMed]
Khundmiri, S.J.; Salyer, S.A.; Farmer, B.; Qipshifze-Kelm, N.; Murray, R.D.; Clark, B.J.; Xie, Z.; Pressley, T.A.;
Lederer, E.D. Structural Determinants for Te Ouabain-Stimulated Increase in Na-K ATPase Activity.
Biochim. Biophys. Acta 2014, 1843, 1089-1102. [CrossRef] [PubMed]

Li, J.; 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,
17,1848-1857. [CrossRef] [PubMed]

Ghysel-Burton, J.; Godfraind, T. Stimulation and Inhibition of the Sodium Pump by Cardiotonic Steroids
in Relation to Their Binding Sites and Ionotropic Effect. Br. J. Pharmacol. 1979, 66, 175-184. [CrossRef]
[PubMed]

Gao, J.; Wymore, R.S.; Wang, Y.; Gaudette, G.R.; Krukenkamp, L.B.; Cohen, L.S.; Mathias, R.T. Isoform-Specific
Stimulation of Cardiac Na/K Pumps by Nanomolar Concentrations of Glycosides. J. Gen. Physiol. 2002, 119,
297-312. [CrossRef] [PubMed]

Balzan, S.; D'Urso, G.; Nicolini, G.; Forini, F; Pellegrino, M.; Montali, U. Erythrocyte Sodium Pump
Stimulation by Ouabain and an Endogenous Ouabain-Like Factor. Cell Biochem. Funct. 2007, 25, 297-303.
[CrossRef] [PubMed]

Oselkin, M.; Tian, D.; Bergold, P.J. Low-Dose Cardiotonic Steroids Increase Sodium-Potassium ATPase
Activity That Protects Hippocampal Slice Cultures From Experimental Ischemia. Neurosci. Lett. 2010, 473,
67-71. [CrossRef] [PubMed]

Laursen, M., Yatime, L., Nissen, P; Fedosova, N.U. Crystal Structure of the High-Affinity
Na*,K*-ATPase-Ouabain Complex With Mg?* Boung in Cation Binding Site. Proc. Natl. Acad. Sci. USA 2013,
110, 10958-10963. [CrossRef] [PubMed]

Pierre, S.; Compe, E.; Grillasca, J.P,; Plannells, R.; Sampol, ].; Pressley, T.A.; Maixent, ].M. RP-PCR Detection
of Na,K-ATPase Subunit Isoforms in Human Unbilical Vein Endothelial Cells (HUVEC): Evidence for the
Presence of Al and B3. Cell. Mol. Biol. 2001, 47, 319-324. [PubMed]

Askari, A. Na*, K*-ATPase: On the Number of the ATP Sites of the Functional Unit. J. Bioenerg. Biomembr.
1987, 19, 359-374. [CrossRef] [PubMed]

Reznik, V.M.; Villela, J.; Mendoza, S.A. Serum-Stimulates Na* Entry and the Na-K Pump in Quiescent
Cultures of Epithelial Cells (MDCK). J. Cell Physiol. 1983, 117, 211-214. [CrossRef] [PubMed]

Vairo, G.; Hamilton, J.A. Activation and Proliferation Signals in Murine Macrophases: Stimulation of
Na* K*-ATPase Activity by Hemopoietic Growth Factors and Other Agents. J. Cell Physiol. 1988, 134, 13-24.
[CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1432-1033.2004.04012.x
http://www.ncbi.nlm.nih.gov/pubmed/15009217
http://dx.doi.org/10.1152/ajpcell.00593.2005
http://www.ncbi.nlm.nih.gov/pubmed/16807298
http://dx.doi.org/10.1681/ASN.2006010086
http://www.ncbi.nlm.nih.gov/pubmed/17151336
http://dx.doi.org/10.1254/jjp.72.347
http://www.ncbi.nlm.nih.gov/pubmed/9015743
http://dx.doi.org/10.1074/jbc.M303768200
http://www.ncbi.nlm.nih.gov/pubmed/12736249
http://dx.doi.org/10.1073/pnas.0809253106
http://www.ncbi.nlm.nih.gov/pubmed/19164762
http://dx.doi.org/10.1002/jcp.1041040104
http://www.ncbi.nlm.nih.gov/pubmed/7440642
http://dx.doi.org/10.1134/S0006297916080083
http://www.ncbi.nlm.nih.gov/pubmed/27677555
http://dx.doi.org/10.1016/j.bbamcr.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24566089
http://dx.doi.org/10.1681/ASN.2005080894
http://www.ncbi.nlm.nih.gov/pubmed/16707566
http://dx.doi.org/10.1111/j.1476-5381.1979.tb13662.x
http://www.ncbi.nlm.nih.gov/pubmed/465868
http://dx.doi.org/10.1085/jgp.20028501
http://www.ncbi.nlm.nih.gov/pubmed/11929882
http://dx.doi.org/10.1002/cbf.1387
http://www.ncbi.nlm.nih.gov/pubmed/17191274
http://dx.doi.org/10.1016/j.neulet.2009.10.021
http://www.ncbi.nlm.nih.gov/pubmed/19822191
http://dx.doi.org/10.1073/pnas.1222308110
http://www.ncbi.nlm.nih.gov/pubmed/23776223
http://www.ncbi.nlm.nih.gov/pubmed/11355007
http://dx.doi.org/10.1007/BF00768539
http://www.ncbi.nlm.nih.gov/pubmed/3040699
http://dx.doi.org/10.1002/jcp.1041170212
http://www.ncbi.nlm.nih.gov/pubmed/6313703
http://dx.doi.org/10.1002/jcp.1041340103
http://www.ncbi.nlm.nih.gov/pubmed/2447103

Molecules 2017, 22, 635 23 of 27

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Marakhova, LI; Vereninov, A.A.; Toropova, EV.; Vinogradova, T.A. Na K,-ATPase Pump in Activated Human
Lymphocytes: On the Mechanisms of Rapid and Long-Term Increase in K Influxes During the Initiation of
Phytohemagglutinin-Induced Proliferation. Biochim. Biophys. Acta 1998, 1368, 61-72. [CrossRef]

Tian, J.; Li, X.; Liang, M.; Liu, L.; Xie, ].X.; Ye, Q.; Kometiani, P,; Tillekeratne, M.; Jin, R.; Xie, Z. Changes
in Sodium Pump Expression Dictate the Effects of Ouabain on Cell Growth. ]. Biol. Chem. 2009, 284,
14921-14929. [CrossRef] [PubMed]

Akimova, O.A.; Tverskoi, A.M.; Smolyaninova, L.V.; Mongin, A.A.; Lopina, O.D.; La, J.; Dulin, N.O,;
Orlov, S.N. Critical Role of the A1-Na* K*-ATPase Subunit in Insensitivity of Rodent Cells to Cytotoxic
Action of Ouabain. Apoptosis 2015, 20, 1200-1210. [CrossRef] [PubMed]

Ketchem, C.J.; Conner, C.D.; Murray, R.D.; DuPlessis, M.; Lederer, E.D.; Wilkey, D.; Merchant, M.;
Khundmiri, S.J. Low Dose Ouabain Stimulates Na-K-ATPase Al Subunit Association With Angiotensin II
Type 1 Receptor in Renal Proximal Tubele Cells. Biochim. Biophys. Acta 2016, 1863, 2624-2636. [CrossRef]
[PubMed]

Liu, ].; Periyasamy, S.M.; Gunning, W.; Fedorova, O.V.; Bagrov, A.Y.; Malhotra, D.; Xie, Z.; Shapiro, ].I. Effects
of Cardiac Glycosides on Sodium Pump Expression and Function in LLC-PK1 and MDCK Cells. Kidney Int.
2002, 62, 2118-2125. [CrossRef] [PubMed]

Liu, J.; Kesiry, R.; Periyasamy, S.M.; Malhotra, D.; Xie, Z.; Shapiro, ]J.I. Ouabain-Induced Endocytosis of
Plasmalemmal Na/K-ATPase in LLC-PK1 Cells by Clathrin-Dependent Mechanism. Kidney Int. 2004, 66,
227-241. [CrossRef] [PubMed]

Akimova, O.A.; Hamet, P; Orlov, S.N. [Na*]; /[K*];-Independent Death of Ouabain-Treated Renal Epithelial
Cells Is Not Mediated by Na*, K*-ATPase Internalization and De Novo Gene Expression. Pflugers Arch. 2008,
455,711-719. [CrossRef] [PubMed]

Trevisi, L.; Pighin, I.; Bazzan, S.; Luciani, S. Inhibition of 3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium
Bromide (MTT) Endocytosis by Ouabain in Human Endothelial Cells. FEBS Lett. 2006, 580, 2769-2773.
[CrossRef] [PubMed]

Akimova, O.A.; Mongin, A.A.; Hamet, P; Orlov, S.N. The Rapid Decline of MTT Reduction Is Not a Marker
of Death Signaling in Ouabain-Treated Cells. Cell. Mol. Biol. 2006, 52, 71-77. [PubMed]

Yan, Y.; Haller, S.; Shapiro, A.; Malhotra, N.; Tian, J.; Xie, Z.; Malhotra, D.; Shapiro, J.I.; Liu, J.
Ouabain-Stimulated Trafficking Regulation of the Na/K-ATPase and NHE3 in Renal Proximal Tubule
Cells. Mol. Cell. Biochem. 2012, 367, 175-183. [CrossRef] [PubMed]

Rosen, H.; Glukmann, V.; Feldman, T.; Fridman, E.; Lichtstein, D. Cardiac Steroids Induce Changes in
Recyling of the Plasma Membrane in Human NT2 Cells. Mol. Biol. Cell 2004, 15, 1044-1054. [CrossRef]
[PubMed]

Feldman, T.; Glukmann, V.; Medvenev, E.; Shpolansky, U.; Galili, D.; Lichtstein, D.; Rosen, H. Role of
Endosomal Na*-K*-ATPase and Cardiac Steroids in the Regulation of Endocytosis. Am. J. Physiol. Cell Physiol.
2007, 293, C885-C896. [CrossRef] [PubMed]

Panayiotidis, M.L; Franco, R.; Bortner, C.D.; Cidlowski, J.A. Ouabain-Induced Perturbations in Intracellular
Ionic Homeostasis Regulate Death Receptor-Mediated Apoptosis. Apoptosis 2010, 15, 834-849. [CrossRef]
[PubMed]

Contreras, R.G.; Shoshani, L.; Flores-Maldonado, C.; Lazaro, A.; Cereijido, M. Relationship between
Na'* K*-ATPase and Cell Attachment. J. Cell Sci. 1999, 112, 4223-4232. [PubMed]

Qiu, J.; Gao, H.-Q.; Zhou, R.-H.; Zhang, X.-H.; Wang, X.-P,; You, B.-A.; Cheng, M. Proteomics Analysis of the
Proliferative Effect of Low-Dose Ouabain on Human Endothelial Cells. Biol. Pharm. Bull. 2007, 30, 247-253.
[CrossRef] [PubMed]

Pchejetski, D.; Taurin, S.; der Sarkissian, S.; Lopina, O.D.; Pshezhetsky, A.V.; Tremblay, J.; DeBlois, D.;
Hamet, P; Orlov, S.N. Inhibition of Na* K*-ATPase by Ouabain Triggers Epithelial Cell Death Independently
of Inversion of the [Na*];/[K*]; Ratio. Biochem. Biophys. Res. Commun. 2003, 301, 735-744. [CrossRef]
Platonova, A.; Koltsova, S.V.; Maksimov, G.V.; Grygorczyk, R.; Orlov, S.N. The Death of Ouabain-Treated
Renal Epithelial C11-MDCK Cells Is Not Mediated by Swelling-Induced Plasma Membrane Rupture.
J. Membr. Biol. 2011, 241, 145-154. [CrossRef] [PubMed]

Chueh, S.-C; Guh, J.-H.; Chen, J.; Lai, M.-K,; Teng, C.-M. Dual Effect of Ouabain on the Regulation of
Proliferation and Apoptosis in Human Prostatic Smooth Muscle Cells. J. Urol. 2001, 166, 347-353. [CrossRef]


http://dx.doi.org/10.1016/S0005-2736(97)00164-8
http://dx.doi.org/10.1074/jbc.M808355200
http://www.ncbi.nlm.nih.gov/pubmed/19329430
http://dx.doi.org/10.1007/s10495-015-1144-y
http://www.ncbi.nlm.nih.gov/pubmed/26067145
http://dx.doi.org/10.1016/j.bbamcr.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27496272
http://dx.doi.org/10.1046/j.1523-1755.2002.00672.x
http://www.ncbi.nlm.nih.gov/pubmed/12427136
http://dx.doi.org/10.1111/j.1523-1755.2004.00723.x
http://www.ncbi.nlm.nih.gov/pubmed/15200429
http://dx.doi.org/10.1007/s00424-007-0283-6
http://www.ncbi.nlm.nih.gov/pubmed/17622553
http://dx.doi.org/10.1016/j.febslet.2006.04.040
http://www.ncbi.nlm.nih.gov/pubmed/16647703
http://www.ncbi.nlm.nih.gov/pubmed/17535739
http://dx.doi.org/10.1007/s11010-012-1331-x
http://www.ncbi.nlm.nih.gov/pubmed/22618525
http://dx.doi.org/10.1091/mbc.E03-06-0391
http://www.ncbi.nlm.nih.gov/pubmed/14718569
http://dx.doi.org/10.1152/ajpcell.00602.2006
http://www.ncbi.nlm.nih.gov/pubmed/17553933
http://dx.doi.org/10.1007/s10495-010-0494-8
http://www.ncbi.nlm.nih.gov/pubmed/20422450
http://www.ncbi.nlm.nih.gov/pubmed/10564641
http://dx.doi.org/10.1248/bpb.30.247
http://www.ncbi.nlm.nih.gov/pubmed/17268060
http://dx.doi.org/10.1016/S0006-291X(02)03002-4
http://dx.doi.org/10.1007/s00232-011-9371-9
http://www.ncbi.nlm.nih.gov/pubmed/21584679
http://dx.doi.org/10.1016/S0022-5347(05)66157-5

Molecules 2017, 22, 635 24 of 27

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Contreras, R.G.; Flores-Maldonado, C.; Lazaro, A.; Shoshani, L.; Flores-Benitez, D.; Larre, I.; Cereijido, M.
Ouabain Binding to Na*,K*-ATPase Relaxes Cell Attachment and Sends a Specific Signal (NACos) to the
Nucleus. J. Membr. Biol. 2004, 198, 147-158. [CrossRef] [PubMed]

Ward, S.C.; Hamilton, B.P.; Hamlyn, ].M. Novel Receptors for Ouabain: Studies in Adrenocortical Cells and
Membranes. Hypertension 2002, 39, 536-542. [CrossRef] [PubMed]

Akimova, O.A.; Tremblay, J.; van Huysse, ] W.; Hamet, P.; Orlov, S.N. Cardiotonic Steroid-Resistant
A1l-Na* K*-ATPase Rescues Renal Epithelial Cells From the Cytotoxic Action of Ouabain: Evidence for a
Na*; K*;-Independent Mechanism. Apoptosis 2010, 15, 55-62. [CrossRef] [PubMed]

Akimova, O.A.; Lopina, O.D.; Rubtsov, A.M.; Gekle, M.; Tremblay, J.; Hamet, P.; Orlov, S.N. Death of
Ouabain-Treated Renal Epithelial Cells: Evidence for P38 MAPK-Mediated Na*;/K*;-Independent Signaling.
Apoptosis 2009, 14, 1266-1273. [CrossRef] [PubMed]

Goldin, A.C.; Safa, A.R. Digitalis and Cancer. Lancet 2015, 8386, 1134. [CrossRef]

Haux, J.; Kiepp, O.; Spigset, O.; Tretli, S. Digitoxin Medication and Cancer: Case Control and Inernal Dose
Response Studies. BMC Cancer 2001, 1, 11. [CrossRef]

Platz, E.A.; Yegnasubramanian, S.; Liu, J].O.; Chong, C.R,; Shim, J.S.; Kenfield, S.A.; Stampfler, M.].;
Willett, W.C.; Giovannucci, E.; Nelson, W.G. A Novel Two-Stage, Transdisciplinary Study Identifies Digoxin
As a Possible Drug for Prostate Cancer Treatment. Cancer Discov. 2011, 1, 68-77. [CrossRef] [PubMed]
Newman, R.A.; Yang, P; Pawlus, A.D.; Block, K.I. Cardiac Glycosides As Novel Cancer Therapeutic Agents.
Mol. Interv. 2008, 8, 36—49. [CrossRef] [PubMed]

Mijatovic, T.; van Quaquebeke, E.; Delest, B.; Debeir, O.; Darro, F.; Kiss, R. Cardiotonic Steroids on the Road
to Anti-Cancer Therapy. Biochim. Biophys. Acta 2007, 1776, 32-57. [CrossRef] [PubMed]

Weidemann, H. Na/K-ATPase, Endogenous Digitalis-Like Compounds and Cancer Development—A
Hypothesis. Front. Biosci. 2005, 10, 2165-2176. [CrossRef] [PubMed]

Dvela, M.; Rosen, H.; Feldmann, T.; Nesher, M.; Lichtstein, D. Diverse Bilogical Responses of Different
Cardiotonic Steroids. Pathophysiology 2007, 14, 159-166. [CrossRef] [PubMed]

Akimova, O.A.; Bagrov, A.Y; Lopina, O.D.; Kamernitsky, A.V.; Tremblay, J.; Hamet, P.; Orlov, S.N. Cardiotonic
Steroids Differentially Affect Intracellular Na*™ and [Na*];/[K*];-Independent Signaling in C7-MDCK Cells.
J. Biol. Chem. 2005, 280, 832-839. [CrossRef] [PubMed]

Huang, B.S.; Kudlac, M.; Kurnarathason, R.; Leenen, FH. Digoxin Prevents Ouabain and High Salt
Intake-Induced Hypertension in Rats With Sinoaortic Denervation. Hypertension 1999, 34, 733-738. [CrossRef]
[PubMed]

Kimura, K.,; Manunta, P.; Hamilton, B.P.; Hamlyn, ].M. Different Effects of in Vivo Ouabain and Digoxin on
Renal Artery Function and Blood Pressure in the Rat. Hypertens. Res. 2000, 23, S67-576. [CrossRef] [PubMed]
Manunta, P.; Hamilton, J.; Rogowski, A.C.; Hamilton, B.P.; Hamlyn, ].M. Chronic Hypertension Induced
by Ouabain but Not Digoxin in the Rat: Antihypertensive Effect of Dogoxin and Digitoxin. Hypertens. Res.
2000, 23, S77-S85. [CrossRef] [PubMed]

Fedorova, O.V.; Talan, M.L; Agalakova, N.I; Lakatta, E.G.; Bagrov, A.Y. Endogenous Ligand of A1l Sodium
Pump, Marinobufagenin, Is a Novel Mediator of Sodium Chloride-Dependent Hypertension. Circulation
2002, 105, 1122-1127. [CrossRef] [PubMed]

Fedorova, O.V.; Kolodkin, N.I.; Agalakova, N.I,; Namikas, A.R.; Bzhelyansky, A.; St-Louis, J.; Lakatta, E.G.;
Bagrov, A.Y. Antibody to Marinobufagenin Lowers Blood Pressure in Pregnant Rats on High NaCl Intake.
J. Hypertens. 2005, 23, 835-842. [CrossRef] [PubMed]

Periyasamy, S.M.; Liu, J.; Tanta, F; Kabak, B.; Wakefield, B.; Malhotra, D.; Kennedy, D.J.; Nadoor, A.;
Fedorova, O.V,; Gunning, W.; et al. Salt Loading Induced Redistribution of the Plasmalemmal Na/K-ATPase
in Proximal Tubule. Kidney Int. 2005, 67, 1868-1877. [CrossRef] [PubMed]

Nesher, M.; Shpolansky, U.; Viola, N.; Dvela, M.; Buzaglo, N.; Cohen Ben-Ami, H.; Rosen, H.; Lichtstein, D.
Ouabain Attenuates Cardiotoxicity Induced by Other Cardiac Steroids. Br. J. Pharmacol. 2010, 160, 346-354.
[CrossRef] [PubMed]

Zulian, A.; Linder, C.I; Pulina, M.V.; Baryshnikov, S.G.; Papparella, I.; Hamlyn, ].M.; Golovina, V.A.
Activation of C-Src Underlies the Differential Effects of Ouabain and Digoxin on Ca?* Signaling in Arterial
Smooth Muscle Cells. Am. J. Physiol. Cell Physiol. 2013, 304, C324-C333. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00232-004-0670-2
http://www.ncbi.nlm.nih.gov/pubmed/15216416
http://dx.doi.org/10.1161/hy0202.103048
http://www.ncbi.nlm.nih.gov/pubmed/11882604
http://dx.doi.org/10.1007/s10495-009-0429-4
http://www.ncbi.nlm.nih.gov/pubmed/19949978
http://dx.doi.org/10.1007/s10495-009-0404-0
http://www.ncbi.nlm.nih.gov/pubmed/19784777
http://dx.doi.org/10.1016/S0140-6736(84)92556-X
http://dx.doi.org/10.1186/1471-2407-1-11
http://dx.doi.org/10.1158/2159-8274.CD-10-0020
http://www.ncbi.nlm.nih.gov/pubmed/22140654
http://dx.doi.org/10.1124/mi.8.1.8
http://www.ncbi.nlm.nih.gov/pubmed/18332483
http://dx.doi.org/10.1016/j.bbcan.2007.06.002
http://www.ncbi.nlm.nih.gov/pubmed/17706876
http://dx.doi.org/10.2741/1688
http://www.ncbi.nlm.nih.gov/pubmed/15970485
http://dx.doi.org/10.1016/j.pathophys.2007.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17964766
http://dx.doi.org/10.1074/jbc.M411011200
http://www.ncbi.nlm.nih.gov/pubmed/15494417
http://dx.doi.org/10.1161/01.HYP.34.4.733
http://www.ncbi.nlm.nih.gov/pubmed/10523351
http://dx.doi.org/10.1291/hypres.23.Supplement_S67
http://www.ncbi.nlm.nih.gov/pubmed/11016823
http://dx.doi.org/10.1291/hypres.23.Supplement_S77
http://www.ncbi.nlm.nih.gov/pubmed/11016824
http://dx.doi.org/10.1161/hc0902.104710
http://www.ncbi.nlm.nih.gov/pubmed/11877366
http://dx.doi.org/10.1097/01.hjh.0000163153.27954.33
http://www.ncbi.nlm.nih.gov/pubmed/15775789
http://dx.doi.org/10.1111/j.1523-1755.2005.00285.x
http://www.ncbi.nlm.nih.gov/pubmed/15840034
http://dx.doi.org/10.1111/j.1476-5381.2010.00701.x
http://www.ncbi.nlm.nih.gov/pubmed/20423344
http://dx.doi.org/10.1152/ajpcell.00337.2012
http://www.ncbi.nlm.nih.gov/pubmed/23195071

Molecules 2017, 22, 635 25 of 27

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Katz, A,; Lifshitz, Y.; Bab-Dinitz, E.; Kapri-Pardes, E.; Goldshleger, R.; Tal, D.M.; Karlish, S.J.D. Selectivity of
Digitalis Glycosides for Isoforms of Human Na,K-ATPase. |. Biol. Chem. 2010, 285, 19582-19592. [CrossRef]
[PubMed]

Katz, A.; Tal, D.M.; Heller, D.; Habeck, M.; Ben Zeev, E.; Rabah, B.; Bar Kana, Y.; Marcovich, A.L.;
Karlish, S.J.D. Digoxin Derivatives With Selectivity for the A2b3 Isoform of Na,K-ATPase Potently Reduce
Intraocular Pressure. Proc. Natl. Acad. Sci. USA 2015, 112, 13723-13728. [CrossRef] [PubMed]

Cherniavsky Lev, M.; Karlish, S.J.D.; Garty, H. Cardiac Glycosides Induced Toxicity in Human Cells
Expressing Al-, A2, or A3-Isoforms of Na-K-ATPase. Am. ]. Physiol. Cell Physiol. 2015, 309, C126—C135.
[CrossRef] [PubMed]

Klimanova, E.A.; Petrushenko, 1.Y.; Mitkevich, V.A.; Anashkina, A.A.; Orlov, S.N.; Makarov, A.A.;
Lopina, O.D. Binding of Ouabain and Marinobufagenin Leads to Different Structural Changes in
Na,K-ATPase and Depends on the Enzyme Conformation. FEBS Lett. 2015, 589, 2668-2674. [CrossRef]
[PubMed]

Santana, L.F. NFAT-Dependent Excitation-Transcription Coupling in Heart. Circ. Res. 2008, 103, 681-683.
[CrossRef] [PubMed]

Gundersen, K. Excitation-Transcription Coupling in Skeletal Muscle: the Molecular Pathways of Exercise.
Biol. Rev. 2011, 86, 564—600. [CrossRef] [PubMed]

Ma, H.; Groth, R.D.; Wheeler, D.G.; Barrett, C.F; Tsien, R.W. Excitation-Transcription Coupling in
Sympathetic Neurons and the Molecular Mechanism of Its Initiation. Neurosci. Res. 2011, 70, 2-8. [CrossRef]
[PubMed]

Coulon, V.; Blanchard, J.-M. Flux Calciques Et Expression Genigue. Med. Sci. 2001, 17, 969-978.
Hardingham, G.E.; Chawla, S.; Johnson, C.M.; Bading, H. Distinct Functions of Nuclear and Cytoplasmic
Calcium in the Control of Gene Expression. Nature 1997, 385, 260-265. [CrossRef] [PubMed]

Alonso, M.T.; Garcia-Sancho, J. Nuclear Ca%* Signalling. Cell Calcium 2011, 49, 280-289. [CrossRef] [PubMed]
La, J.; Reed, E.B.; Koltsova, S.V.; Akimova, O.A.; Hamanaka, R.B.; Mutlu, R.B.; Orlov, S.N.; Dulin, N.O.
Regulation of Myofibroblast Differentiation by Cardiac Glycosides. Am. . Physiol. Lung Cell. Mol. Physiol.
2016, 310, L815-1.823. [CrossRef] [PubMed]

Landsberg, ].W.; Yuan, X.J. Calcium and TRP Channels in Pulmonary Vascular Smooth Muscle Cell
Proliferation. News Physiol. Sci. 2004, 19, 44-50. [CrossRef] [PubMed]

Koltsova, S.V.; Tremblay, ].; Hamet, P.; Orlov, S.N. Transcriptomic Changes in Ca2+-Dep1eted Cells: Role of
Elevated Intracellular [Na*]/[K*] Ratio. Cell Calcium 2015, 58, 317-324. [CrossRef] [PubMed]
Suarez-Kurtz, G.; Katz, G.M. Currents Carried by Sodium Ions Through Transient Calcium Channels in
Clonal GH3 Pituitary Cells. Pflugers Arch. 1987, 410, 345-347. [CrossRef] [PubMed]

Orlov, S.N.; Aksentsev, S.L.; Kotelevtsev, S.V. Extracellular Calcium Is Required for the Maintenance of
Plasma Membrane Integrity in Nucleated Cells. Cell Calcium 2005, 38, 53-57. [CrossRef] [PubMed]
Gonzales, A.L.; Earley, S. Endogenous Cytosolic Ca>* Buffering Is Necessary for TRPM4 Activity in Cerebral
Artery Smooth Muscle Cells. Cell Calcium 2012, 51, 82-93. [CrossRef] [PubMed]

Graff, J.; Kim, D.; Dobbin, M.M.; Tsai, L.-H. Epigenetic Regulation of Gene Expression in Physiological and
Pathological Brain Processes. Physiol. Rev. 2011, 91, 603-649. [CrossRef] [PubMed]

Lanctot, C.; Cheutin, T.; Cremer, M.; Cavalli, G.; Cremer, T. Dynamic Genome Architecture in the Nuclear
Space: Regulation of Gene Expression in Three Dimensions. Nat. Rev. Genet. 2007, 8, 104-115. [CrossRef]
[PubMed]

Reinhard, L.; Tidow, H.; Clausen, M.].; Nissen, P. Na*,K*-ATPase As a Docking Station: Protein-Protein
Complexes of the Na* , K*ATPase. Cell. Mol. Life Sci. 2013, 70, 205-222. [CrossRef] [PubMed]

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, 27832-27837. [CrossRef] [PubMed]
Haas, M.; Wang, H.; Tian, J.; Xie, Z. Src-Mediated Inter-Receptor Cross-Talk Between the Na* K*-ATPase and
Epidermal Growth Factor Receptor Relays the Signal From Ouabain to Mitogen-Activated Protein Kinases.
J. Biol. Chem. 2002, 277, 18694-18702. [CrossRef] [PubMed]

Xie, J.; Ye, Q.; Cui, X.; Madan, N.; Yi, Q.; Pierre, S.V; Xie, Z. Expression of Rat Na-K-ATPase A2 Enables Ion
Pumping but Not Ouabain-Induced Signaling in Al-Deficient Porcine Renal Epithelial Cells. Am. J. Physiol.
Cell Physiol. 2015, 309, C373—-C382. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.M110.119248
http://www.ncbi.nlm.nih.gov/pubmed/20388710
http://dx.doi.org/10.1073/pnas.1514569112
http://www.ncbi.nlm.nih.gov/pubmed/26483500
http://dx.doi.org/10.1152/ajpcell.00089.2015
http://www.ncbi.nlm.nih.gov/pubmed/25994790
http://dx.doi.org/10.1016/j.febslet.2015.08.011
http://www.ncbi.nlm.nih.gov/pubmed/26297827
http://dx.doi.org/10.1161/CIRCRESAHA.108.185090
http://www.ncbi.nlm.nih.gov/pubmed/18818410
http://dx.doi.org/10.1111/j.1469-185X.2010.00161.x
http://www.ncbi.nlm.nih.gov/pubmed/21040371
http://dx.doi.org/10.1016/j.neures.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21352861
http://dx.doi.org/10.1038/385260a0
http://www.ncbi.nlm.nih.gov/pubmed/9000075
http://dx.doi.org/10.1016/j.ceca.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21146212
http://dx.doi.org/10.1152/ajplung.00322.2015
http://www.ncbi.nlm.nih.gov/pubmed/26851261
http://dx.doi.org/10.1152/nips.01457.2003
http://www.ncbi.nlm.nih.gov/pubmed/15016901
http://dx.doi.org/10.1016/j.ceca.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26183762
http://dx.doi.org/10.1007/BF00580289
http://www.ncbi.nlm.nih.gov/pubmed/2446260
http://dx.doi.org/10.1016/j.ceca.2005.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15936814
http://dx.doi.org/10.1016/j.ceca.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22153976
http://dx.doi.org/10.1152/physrev.00012.2010
http://www.ncbi.nlm.nih.gov/pubmed/21527733
http://dx.doi.org/10.1038/nrg2041
http://www.ncbi.nlm.nih.gov/pubmed/17230197
http://dx.doi.org/10.1007/s00018-012-1039-9
http://www.ncbi.nlm.nih.gov/pubmed/22695678
http://dx.doi.org/10.1074/jbc.M002951200
http://www.ncbi.nlm.nih.gov/pubmed/10874030
http://dx.doi.org/10.1074/jbc.M111357200
http://www.ncbi.nlm.nih.gov/pubmed/11907028
http://dx.doi.org/10.1152/ajpcell.00103.2015
http://www.ncbi.nlm.nih.gov/pubmed/26108663

Molecules 2017, 22, 635 26 of 27

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Liang, M.; Tian, J.; Liu, L; Pierre, S.; Liu, J.; Shapiro, J.; Xie, Z.-J. Identification of a Pool of Non-Pumping
Na/K-ATPase. . Biol. Chem. 2007, 282, 10585-10593. [CrossRef] [PubMed]

Li, Z.; Cai, T; Tian, J.; Xie, ].X.; Zhao, X.; Liu, L.; Shapiro, J.; Xie, Z. NaKtide, a Na/K-ATPase-Derived Peptide
Src Inhibitor, Antagonizes Ouabain-Activated Signal Transduction in Cultured Cells. J. Biol. Chem. 2009, 284,
21066-21076. [CrossRef] [PubMed]

Lai, F; Madan, N.; Ye, Q.; Duan, Q.; Li, Z.; Wang, S.; Si, S.; Xie, Z. Identification of Mutant A1 Na/K-ATPase
That Pumps but Is Defective in Signal Transduction. J. Biol. Chem. 2013, 288, 13295-13304. [CrossRef] [PubMed]
Yan, Y.; Shapiro, A.P; Mopidevi, B.R,; Chaudhry, M.A.; Maxwell, K.; Haller, S.T.; Drummond, C.A;
Kennedy, D.J.; Tian, J.; Malhotra, D.; et al. Protein Carbonylation of an Amino Acid Residue of the
Na/K-ATPase Al Subunit Determines Na/K-ATPase Signaling and Sodium Transport in Renal Proximal
Tubular Cells. J. Am. Heart Assoc. 2016, 5, e003675. [CrossRef] [PubMed]

Liu, J.; Tian, J.; Haas, M.; Shapiro, J.I.; Askari, A.; Xie, Z. Ouabain Interaction With Cardiac Na*/K*-ATPase
Initiates Signal Cascade Independent of Changes in Intracellular Na* and Ca%* Concentrations. J. Biol. Chem.
2000, 275, 27838-27844. [PubMed]

Upmanyu, N.; Dietze, R.; Kirch, U.; Scheiner-Bobis, G. Ouabain Interactions With the A4 Isoform of the
Sodium Pump Trigger Non-Classical Steroid Hormone Signaling and Integrin Expression in Spermatogenic
Cells. Biochim. Biophys. Acta 2016, 1863, 2809-2819. [CrossRef] [PubMed]

Madan, N.; Xu, Y.;; Duan, Q.; Banerjee, M.; Larre, I.; Pierre, S.V.; Xie, Z. Src-Independent ERK Signaling
Through the A3 Isoform of Na/K-ATPase. Am. J. Physiol. Cell Physiol. 2017, 312, C222—C232. [CrossRef]
[PubMed]

Tian, J.; Cai, T.; Yuan, Z.; Wang, H.; Liu, L.; Haas, M.; Maksimova, E.; Huang, X.-Y.; Xie, Z.-]. Binding of
Src to Na*, K*-ATPase Forms a Functional Signaling Complex. Mol. Biol. Cell 2006, 17, 317-326. [CrossRef]
[PubMed]

Gable, M.E.; Abdallah, S.L.; Najjar, S.M.; Liu, L.; Askari, A. Digitalis-Induced Cell Signaling by the Sodium
Pump: on the Regulation of Src and Na* ,K*-ATPase. Biochem. Biophys. Res. Commun. 2014, 446, 1151-1154.
[CrossRef] [PubMed]

Tian, J.; Gong, X.; Xie, Z. Signal-Transducing Function of Na* K*-ATPase Is Essential for Ouabain’s Effect on
[Ca2*]; in Rat Cardiac Myocytes. Am. ]. Physiol. 2001, 281, H1899-H1907.

Kulikov, A.; Eva, A.; Kirch, U.; Boldyrev, A.; Scheiner-Bobis, G. Ouabain Activates Signaling Patthways
Associated With Cell Death in Human Neuroblastoma. Biochim. Biophys. Acta 2007, 1768, 1691-1702.
[CrossRef] [PubMed]

Wu, J.; Akkuratov, E.E.; Bai, Y.; Gaskill, C.M.; 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 2013, 52, 9059-9067. [CrossRef] [PubMed]

Liu, L.; Abramowitz, J.; Askari, A.; Allen, J.C. Role of Caveolae in Ouabain-Induced Proliferation of Cultured
Vascular Smooth Muscle Cells of the Synthetic Phenotype. Am. |. Physiol. Heart Circ. Physiol. 2004, 287,
H2173-H2182. [CrossRef] [PubMed]

Ye, Q.; Li, Z,; Tian, J.; Xie, ].X.; Liu, L.; Xie, Z. Identification of a Potential Receptor That Couples Ion Transport
to Protein Kinase Activity. J. Biol. Chem. 2011, 286, 6225-6232. [CrossRef] [PubMed]

Ye, Q.; Lai, F; Banerjee, M.; Duan, Q.; Li, Z.; Si, S.; Xie, Z. Expresion of Mutant A1 Na/K-ATPase Defective in
Conformational Transition Attenuates Src-Mediated Signal Transduction. J. Biol. Chemn. 2013, 288, 5803-5814.
[CrossRef] [PubMed]

Liu, L.; Zhao, X.; Pierre, S.V.; Askari, A. Association of PI3K-Akt Signaling Pathway With Digitalis-Induced
Hypertrophy of Cardiac Myocytes. Am. . Physiol. Cell Physiol. 2007, 293, C1489-C1497. [CrossRef] [PubMed]
Bai, Y.; Wu, J.; Li, D.; Morgan, E.E.; Liu, J.; Zhao, X.; Walsh, A.; Saikumar, J.; Tinkel, J.; Joe, B.; et al.
Differential Roles of Caveolin-1 in Ouabain-Induced Na* /K*-ATPase Cardiac Signaling and Contractility.
Physiol. Genom. 2016, 48, 739-748. [CrossRef] [PubMed]

Wu, J; Li, D.; Du, L.; Baldawi, M.; Gable, M.E.; Askari, A.; Liu, L. Ouabain Prevents Pathological Cardiac
Hypertrophy and Heart Failure Through Activation of Phosphoinositide 3-Kinase a in Mouse. Cell Biosci.
2015, 5, 64. [CrossRef] [PubMed]

La, J.; Reed, E.; Smolyaninova, L.V.; Akimova, O.A.; Orlov, S.N.; Dulin, N.O. Downregulation of TGF-Beta
Receptor-2 Expression and Signaling Through Inhibition of Na/K-ATPase. PLoS ONE 2016, 11, e0168363.
[CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.M609181200
http://www.ncbi.nlm.nih.gov/pubmed/17296611
http://dx.doi.org/10.1074/jbc.M109.013821
http://www.ncbi.nlm.nih.gov/pubmed/19506077
http://dx.doi.org/10.1074/jbc.M113.467381
http://www.ncbi.nlm.nih.gov/pubmed/23532853
http://dx.doi.org/10.1161/JAHA.116.003675
http://www.ncbi.nlm.nih.gov/pubmed/27613772
http://www.ncbi.nlm.nih.gov/pubmed/10874029
http://dx.doi.org/10.1016/j.bbamcr.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27599714
http://dx.doi.org/10.1152/ajpcell.00199.2016
http://www.ncbi.nlm.nih.gov/pubmed/27903584
http://dx.doi.org/10.1091/mbc.E05-08-0735
http://www.ncbi.nlm.nih.gov/pubmed/16267270
http://dx.doi.org/10.1016/j.bbrc.2014.03.071
http://www.ncbi.nlm.nih.gov/pubmed/24667596
http://dx.doi.org/10.1016/j.bbamem.2007.04.012
http://www.ncbi.nlm.nih.gov/pubmed/17524349
http://dx.doi.org/10.1021/bi4011804
http://www.ncbi.nlm.nih.gov/pubmed/24266852
http://dx.doi.org/10.1152/ajpheart.00352.2004
http://www.ncbi.nlm.nih.gov/pubmed/15256370
http://dx.doi.org/10.1074/jbc.M110.202051
http://www.ncbi.nlm.nih.gov/pubmed/21189264
http://dx.doi.org/10.1074/jbc.M112.442608
http://www.ncbi.nlm.nih.gov/pubmed/23288841
http://dx.doi.org/10.1152/ajpcell.00158.2007
http://www.ncbi.nlm.nih.gov/pubmed/17728397
http://dx.doi.org/10.1152/physiolgenomics.00042.2016
http://www.ncbi.nlm.nih.gov/pubmed/27519543
http://dx.doi.org/10.1186/s13578-015-0053-7
http://www.ncbi.nlm.nih.gov/pubmed/26587223
http://dx.doi.org/10.1371/journal.pone.0168363
http://www.ncbi.nlm.nih.gov/pubmed/28006004

Molecules 2017, 22, 635 27 of 27

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

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, 13420-13424. [CrossRef] [PubMed]

Dolmetsch, R.E.; Xu, K.; Lewis, R.S. Calcium Oscillations Increase the Efficiency and Specificity of Gene
Expression. Nature 1998, 392, 933-936. [PubMed]

Lonze, B.E. Function and Regulation of CREB Family Transciption Factors in the Nervous System. Neuron
2002, 35, 605-623. [CrossRef]

Zhang, S.; Maimersjo, S.; Li, J.; Ando, H.; Aizman, O.; Uhien, P.; Mikoshiba, K.; Aperia, A. Distinct Role of
the N-Terminal Tail of the Na,K-ATPase Catalytic Subunit As a Signal Transducer. . Biol. Chem. 2006, 281,
21954-21962. [CrossRef] [PubMed]

Fontana, ].M.; Burlaka, I.; Khodus, G.; Brismar, H.; Aperia, A. Calcium Oscillations Triggered by Cardiotonic
Steroids. FEBS J. 2013, 280, 5450-5455. [CrossRef] [PubMed]

Berridge, M.J. Unlocking the Secrets of Cell Signaling. Annu. Rev. Physiol. 2016, 67, 1-21. [CrossRef] [PubMed]
Miakawa-Naito, A.; Uhlen, P; Lal, M.; Aizman, O.; Mikoshiba, K.; Brismar, H.; Zelenin, S.; Aperia, A.
Cell Signaling Microdomain With Na K-ATPase and Inositol 1,4,5-Triphosphate Receptor Generates Calcium
Oscillations. J. Biol. Chem. 2003, 278, 50355-50361. [CrossRef] [PubMed]

Liu, X.; Spicarova, X.; Rydholm, S.; Li, J.; Brismar, H.; Aperia, A. Ankyrin B Modulates the Function
of Na,K-ATPase/Inositol 1,4,5-Triphosphate Receptor Signaling Microdomain. J. Biol. Chem. 2008, 283,
11461-11468. [CrossRef] [PubMed]

Lamy, C.M,; Sallin, O.; Loussert, C.; Chatton, J.-Y. Sodium Sensing in Neurones With a Dendrimer-Based
Nanoprobe. ACS Nano 2012, 6, 1176-1187. [CrossRef] [PubMed]

Kapilevich, L.V.; Kironenko, T.A.; Zaharova, A.N.; Kotelevtsev, Y.V.; Dulin, N.O.; Orlov, S.N. Skeletal Muscle
as an Endicrine Organ: Role of [Na*]; /[K*];-Mediated Excitation-Transcription Coupling. Genes Dis. 2015, 2,
328-336. [CrossRef] [PubMed]

Koltsova, S.V.; Shilov, B.; Burulina, J.G.; Akimova, O.A.; Haloui, M.; Kapilevich, L.V.; Gusakova, S.V,;
Tremblay, J.; Hamet, P; Orlov, S.N. Transcriptomic Changes Triggered by Hypoxia: Evidence for
HIF-1a-Independent, [Na*]; /[K*];-Mediated Excitation-Transcription Coupling. PLoS ONE 2014, 9, e110597.
[CrossRef] [PubMed]

Orlov, S.N.; Mongin, A.A. Salt Sensing Mechanisms in Blood Pressure Regulation and Hypertension. Am. J.
Physiol. Heart Circ. Physiol. 2007, 293, H2039-H2053. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.221315298
http://www.ncbi.nlm.nih.gov/pubmed/11687608
http://www.ncbi.nlm.nih.gov/pubmed/9582075
http://dx.doi.org/10.1016/S0896-6273(02)00828-0
http://dx.doi.org/10.1074/jbc.M601578200
http://www.ncbi.nlm.nih.gov/pubmed/16723354
http://dx.doi.org/10.1111/febs.12448
http://www.ncbi.nlm.nih.gov/pubmed/23890276
http://dx.doi.org/10.1146/annurev.physiol.67.040103.152647
http://www.ncbi.nlm.nih.gov/pubmed/15709950
http://dx.doi.org/10.1074/jbc.M305378200
http://www.ncbi.nlm.nih.gov/pubmed/12947118
http://dx.doi.org/10.1074/jbc.M706942200
http://www.ncbi.nlm.nih.gov/pubmed/18303017
http://dx.doi.org/10.1021/nn203822t
http://www.ncbi.nlm.nih.gov/pubmed/22288942
http://dx.doi.org/10.1016/j.gendis.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27610402
http://dx.doi.org/10.1371/journal.pone.0110597
http://www.ncbi.nlm.nih.gov/pubmed/25375852
http://dx.doi.org/10.1152/ajpheart.00325.2007
http://www.ncbi.nlm.nih.gov/pubmed/17693546
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Na+,K+-ATPase as a CTS-Sensitive Ion Pump 
	Evidence for Na+i,K+i-Mediated Signaling 
	Inhibition of Apoptosis 
	Transcription 
	Translation 
	Tight Junctions and Cell Adhesion 

	Evidence for Na+i,K+i-Independent Cellular Responses 
	Cell Proliferation 
	Membrane Trafficking 
	Triggering of Oncosis 
	Different CTS Trigger Distinct Cellular Responses 

	Search for Intracellular Na+ and K+ Sensors 
	Search for Na+i,K+i-Independent Signaling Pathways 
	Src-Kinase-Mediated Signaling 
	PI3K-Akt-Mediated Signaling 
	Ca2+i-Oscillations 

	Conclusions and Unresolved Issues 

