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Here we show that ouabain-induced cell growth regulation is
intrinsically coupled to changes in the cellular amount of Na/K-
ATPase via the phosphoinositide 3-kinase (PI3K)/Akt/mamma-
lian target of rapamycin (mTOR) pathway. Ouabain increases
the endocytosis and degradation of Na/K-ATPase in LLC-PK1,
human breast (BT20), and prostate (DU145) cancer cells. How-
ever, ouabain stimulates the PI3K/Akt/mTOR pathway and
consequently up-regulates the expression of Na/K-ATPase in
LLC-PK1 but not BT20 and DU145 cells. This up-regulation is
sufficient to replete theplasmamembranepool ofNa/K-ATPase
and to stimulate cell proliferation in LLC-PK1 cells. On the
other hand, ouabain causes a gradual depletion ofNa/K-ATPase
and an increased expression of cell cycle inhibitor p21cip, which
consequently inhibits cell proliferation in BT20 and DU145
cells. Consistently, we observe that small interfering RNA-me-
diated knockdown of Na/K-ATPase is sufficient to induce the
expression of p21cip and slow the proliferation of LLC-PK1 cells.
Moreover, this knockdown converts the growth stimulatory
effect of ouabain to growth inhibition in LLC-PK1 cells. Mech-
anistically, both Src and caveolin-1 are required for ouabain-
induced activation of Akt and up-regulation of Na/K-ATPase.
Furthermore, inhibition of the PI3K/Akt/mTOR pathway by
rapamycin completely blocks ouabain-induced expression of
Na/K-ATPase and converts ouabain-induced growth stimula-
tion to growth inhibition in LLC-PK1 cells. Taken together, we
conclude that changes in the expressionofNa/K-ATPasedictate
the growth regulatory effects of ouabain on cells.

The Na/K-ATPase, a member of P-type ATPase family, was
discovered as an energy transducing ion pump. It transports
Na� and K� across the cell membrane and maintains ion
homeostasis in animal cells (1, 2). Recent studies indicate that
the Na/K-ATPase is also an important receptor that can trans-
duce ligand binding into the activation of protein kinase cas-
cades (3). Specifically, the Na/K-ATPase interacts with Src,
which provides at least two important cellular regulations (4, 5).
First, association with Na/K-ATPase keeps Src in an inactive
state. Thus, the Na/K-ATPase serves as a native negative Src
regulator (4). Second, this interaction forms a functional recep-

tor complex for cardiotonic steroids (CTS)3 (3), a group of well
characterized ligands of the Na/K-ATPase. Cardiotonic ste-
roids include cardenolides (e.g. ouabain) and bufadienolides
(e.g. marinobufagenin) (6). Although CTS are known cardiac
drugs, some of them have now been identified as endogenous
steroid hormones (6–8). Binding of CTS to the receptor com-
plex activates the Na/K-ATPase-associated Src. Subsequently,
the activated Src transactivates other tyrosine kinases, and
together they recruit and further phosphorylatemultiplemem-
brane and soluble proteins, which results in the activation of
protein kinase cascades and the generation of second messen-
gers (3, 4, 6). Ultimately, this chain of signaling events would
alter cellular functions and cell growth in a cell-specificmanner
(5, 9–12). For instance, we and others have demonstrated that
ouabain-induced activation of ERKandPI3K/Akt/mTORpath-
ways are responsible for cell growth stimulation in transformed
cell lines, in primary cultures, as well as in vivo (13–18).
It has also been recognized for a long time that CTS inhibit

cell growth in many cancer cells (19–24). Of particular signifi-
cance are studies that indicate the beneficial effects of CTS
therapy in women with breast cancer (25–29). Consistently,
recent in vitro and in vivo studies have identified several new
CTS compounds that exhibit anti-cancer activities (30–32).
Oleandrin, for example, is in clinical trials in the United States
as an anti-cancer remedy for human cancers (31, 33). Although
ouabain inhibits the pumping function of the Na/K-ATPase, it is
important to note that the growth inhibitory effect of ouabain can
occur at doses that neither cause significant changes in intracellu-
larNa� andK� nor affect cell viability. Rather,much like its effect
on cell growth stimulation, ouabain induces cell growth inhibition
through the activation of protein kinases and the generation of
second messengers (19–23, 34). For example, a recent report
showed that these nontoxic concentrations of ouabain stimulated
Src, resulting in activation of the epidermal growth factor recep-
tor/ERK pathway and induction of the expression of cell cycle
inhibitor p21cip and cell growth arrest (34). Thus, it becomes
important to understand the molecular mechanisms that govern
different fates of cells in response to CTS stimulation.
Prior studies have demonstrated that CTS induce endocyto-

sis of the Na/K-ATPase and regulate its cellular expression via
receptor-mediated signal transduction (35, 36). Because the
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Na/K-ATPase has both pumping and signaling functions, it is
conceivable that changes in the amount of cellular Na/K-
ATPase could have significant consequences on cell growth.
Therefore, we have conducted the following experiments to
reveal the role of cellularNa/K-ATPase in ouabain-induced cell
growth regulation.

EXPERIMENTAL PROCEDURES

Materials—Cell culture media, fetal bovine serum, and tryp-
sin were purchased from Invitrogen; Optitran nitrocellulose
membranewas from Schleicher & Schuell; the ECL Supersignal
kit was purchased from Pierce; and the monoclonal anti-�1
antibody (�6F) was obtained from the Developmental Studies
Hybridoma Bank at the University of Iowa. The anti-�2 anti-
body was from Millipore (Billerica, MA), and the anti-�3 was
from Affinity Bioreagents (Golden, CO). The anti-p21cip anti-
body, anti-Src monoclonal antibody, and all the secondary
horseradish peroxidase-conjugated antibodies were fromSanta
Cruz (Santa Cruz, CA). The polyclonal anti-Akt and anti-pAkt
at Ser473 antibodies were from Cell Signaling (Danvers, MA).
The MTT assay kit was purchased from American Type Cul-
ture Collection (Manassas, VA). [3H]Ouabain was from
PerkinElmer Life Sciences.
Cell Culture—The pig kidney epithelia cells (LLC-PK1 cells),

human breast cancer cells (BT-20 cells and MDA-MB-435s),
and human prostate cancer cells (DU145 cells) were obtained
from American Type Culture Collection and maintained in
Dulbecco’s modified Eagle’s medium or RPMI 1640 medium
(forDU145 cells) in the presence of 10% fetal bovine serum, 100
units/ml penicillin, and 100 �g/ml streptomycin in a 5% CO2
humidified incubator (37). The Na/K-ATPase knockdown
(A4–11 and PY-17), rat �1-rescued PY-17 cells (AAC-19), and
caveolin-1 knockdown (C2-9) cells were derived from LLC-
PK1 cells and cultured in Dulbecco’s modified Eagle’s medium
as described (38). To eliminate the confounding effect of
growth factors in the serum, the cells were serum-starved for
24 h before experiments unless otherwise indicated.
Western Blot Analysis—The cells were washed with phos-

phate-buffered saline and solubilized in ice-cold radioimmune
precipitation assay buffer containing 1% Nonidet P-40, 1%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phen-
ylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1 mM
NaF, 10 �g/ml aprotinin, 10 �g/ml leupeptin, and 50 mM Tris-
HCl, pH 7.4, as previously described (37). The cell lysates were
then centrifuged at 14,000 rpm, and the supernatantswere used
for protein assay and subjected to Western blot analysis. The
samples were separated on SDS-PAGE (50 �g/lane) and trans-
ferred to a cellulose membrane. The membranes were blocked
with 4% nonfat dried milk in TBS-T (10 mM Tris-HCl, 150 mM
NaCl, 0.05%Tween 20, pH 8.0) for 1 h at room temperature and
probed with specific antibodies. The protein signals were
detected using an ECL kit and quantified using a Bio-Rad
GS-670 imaging densitometer.
MTT Assay for Measuring Cell Proliferation—The cells were

subcultured in 96-well plates at the density of 10,000 cells/well.
After 12 h of serum starvation, the cells were exposed to differ-
ent concentrations of ouabain for 24 h. Ten �l of MTT reagent
was added to each well for 90 min. The formazan crystal was

dissolved with detergent, and the OD value was measured at
570 nm as instructed by the manufacturer.
Cell Growth Curve and Cell Cycle Measurement—The cells

were subcultured in 12-well plates at 50,000/well for 24 h,
serum-starved for 24 h, and then treated with different concen-
trations of ouabain for indicated time periods. At each indi-
cated time point, three wells of control or treated cells were
trypsinized and counted. For cell cycle measurement, the cells
were trypsinized and resuspended in citrate buffer (8.55%
sucrose, 1.18% sodium citrate, 5% Me2SO, pH 7.6) and stained
with propidium iodide as described by Konski et al. (39). The
stained cells were then analyzed by flow cytometry.
[3H]Ouabain Binding—Tomeasure the effects of ouabain on

cell surface expression of Na/K-ATPase, serum-starved cells
were cultured in 12-well plates and treated with ouabain for
72 h.Afterward, the cellswerewashedwith serum-freemedium
and subjected to [3H]ouabain binding assay as described (40).
Briefly, the cells were incubated in K�-free Krebs solution (137
mMNaCl, 2.8 mM CaCl2, 0.6 mM NaH2PO4, 1.2 mMMgSO4, 10
mM dextrose, 15 mM Tris, pH 7.4) for 15 min and then exposed
to 100 nM [3H]ouabain for 30 min at 37 °C in the presence of 20
�M monensin. At the end of incubation, the cells were washed
three times with ice-cold K�-free Krebs solution, solubilized in
0.1 M NaOH-0.2% SDS, and counted in a scintillation counter
for [3H]ouabain. Nonspecific binding was measured in the
presence of 5 mM unlabeled ouabain and subtracted from total
binding. Parallel plates were used for counting cell numbers.
[3H]Ouabain binding data were calculated as binding sites/cell.
Confocal Imaging and Immunocytochemistry—LLC-PK1,

BT20, andDU145 cells were serum-starved for 24 h and treated
with ouabain (10 nM) for 6 h on coverslips. The cells were fixed
with ice-cold methanol for 15 min and blocked with Signal
Enhancer from Invitrogen. A monoclonal anti-Na/K-ATPase
�1 antibody was then added and incubated overnight at 4 °C.
After three washes, a secondary Alexa 488-conjugated anti-
mouse antibody was added and incubated for 2 h at room tem-
perature. The coverslip was washed, mounted, and imaged
using a Leica confocal microscope as described (5).
Quantitative RT-PCR—The cells were seeded in 6-cm dishes

and serum-starved for 24 h after the confluence reached 90%.
The cells were then treated with 10 nM ouabain for 24 h. Total
RNA was extracted using TRIzol and subjected to quantitative
RT-PCR analysis. The assays were performed on the AB 7500
real timePCR systemwith the following protocol: 1 cycle (6min
at 95 °C), 40 cycles (30 s at 95 °C, 30 s at 52 °C, 30 s at 72 °C, and
1 min at 85 °C), followed by a dissociation stage to ensure a
single product. The reactions are in a total volume of 25 �l,
including 1.25 �l of Sybr Green (Invitrogen), 0.125 �l of DNA
polymerase (Denville), 2.5 �l of dNTP (Invitrogen), 10 ng of
cDNA. Primer pairs were used at 5 �M concentration, and the
sequences are: human GAPDH, 5�-GGGAAGGTGAAGGTC-
GGAGT and 3�-TCCACTTTACCAGAGTTAAAAGCAG;
human Na/K-ATPase �1, 5�-TGTCCAGAATTGCAG and 3�-
TGCCCGCTTAAGAATAGGTAGGT (41); pig GAPDH, 5�-
ATGCTGGTGCTGAGTTCGTGG and 3�-AGATGATGAC-
CCTTTTGGCTCC (42); and pig Na/K-ATPase �1, 5�-ATCT-
CTGCTTCGTTGGGCTCATCT and 3�-AATGGCTTTGGC-
TGTGATGGGATG. The relative Na/K-ATPase �1 gene
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expression was calculated by comparative threshold (CT)
method (��CT). To normalize the difference amounts of
cDNA, GAPDH was used as an internal control.
Statistics—The data are presented as the means � S.E. and

compared using Student’s t test. Significance was accepted at
p � 0.05.

RESULTS

Ouabain Regulates Cell Growth and Na/K-ATPase Expres-
sion in a Cell-specific Manner—It is known that ouabain can
either stimulate or inhibit cell proliferation in a cell-specific
manner (16, 20, 34, 43–46). To understand the molecular
mechanism of these opposing effects, we first compared the
effects of ouabain on cell growth in two human epithelia-de-
rived cancer cell lines (BT20 and DU145) and a pig kidney epi-

thelial cell line (LLC-PK1). As
shown in Fig. 1A, MTT assays indi-
cated that ouabain at 1–50 nM stim-
ulated cell proliferation in LLC-PK1
cells. These findings are consistent
with the observed effects of ouabain
on other renal epithelial cells (47,
48). In contrast, we failed to detect
any stimulatory effect of ouabain on
either breast cancer BT20 or pros-
tate cancer DU145 cells. Moreover,
10–50 nM ouabain caused a signifi-
cant inhibition of cell proliferation
in these cells (Fig. 1A). To further
confirm these observations, we
counted cell numbers in the pres-
ence or absence of ouabain as a
function of time. As depicted in Fig.
1B, ouabain increased the number
of LLC-PK1 cells in a time-depend-
ent manner, confirming that oua-
bain stimulates the proliferation of
these cells. On the contrary, the
same treatment significantly inhib-
its the proliferation of BT20 cells
and DU145 cells. These findings are
in accordance with what has been
reported in the literature (22, 34).
Because ouabain inhibited cell pro-
liferation by stimulating the expres-
sion of cell cycle inhibitor p21cip in
human breast cancer MDA-MB-
435s cells (34), we measured the
effects of ouabain on p21cip
expression. As depicted in Fig. 1C,
whereas 10 nM ouabain stimulated
the expression of cell cycle inhibi-
tor p21cip in BT20 and DU145
cells, it failed to do so in LLC-PK1
cells.
Because the Na/K-ATPase is the

receptor for ouabain, we next tested
whether ouabain affects the expres-

sion of Na/K-ATPase. Western blot analyses indicated that all
three cell lines expressed a ouabain-sensitive �1 isoform of
Na/K-ATPase. Under the same experimental conditions, the
expression of �2 or �3 isoform was undetectable (data not
shown). Interestingly, the effects of ouabain on �1 expression
were also cell-specific. Although ouabain caused induction of
�1 expression in LLC-PK1 cells after either 24 h or 72 h expo-
sure, it reduced the cellular amount of �1 in both BT20 and
DU145 cells (Fig. 2A). Because ouabain also inhibited the pro-
liferation of MDA-MB-435s cells (34), we measured the effects
of ouabain on �1 expression after these cells were exposed to 5
nM ouabain for 24 h. A significant reduction in �1 expression
was detected (82 � 2% of control, n � 3, p � 0.05). Thus,
ouabain-induced changes in �1 expression were clearly corre-
lated with its effects on cell proliferation.

FIGURE 1. Effects of ouabain on cell growth in different cells. A, LLC-PK1 cells, BT20 cells, and DU145 cells
were subcultured in 96-well plates (10,000 cells/well) and serum-starved. After exposure to different concen-
trations of ouabain for 24 h, the cells were subjected to MTT assay as described under “Experimental Proce-
dures.” The values are mean � S.E. The quantification data are from three independent experiments. *, p �
0.05. B, the above three cell lines were subcultured in 12-well plates (50,000 cells/well) and serum-starved. After
ouabain treatment, three wells of control (Con) and ouabain-treated cells were trypsinized and counted at
indicated time points. The same experiments were repeated four times. C, LLC-PK1, BT20, and DU145 cells were
serum-starved overnight and treated with ouabain for 24 h. Equal amount of cell lysates were assayed for p21cip

using Western blot.
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It is known that the �1 subunit plays an important role not
only in the formation of a functional Na/K-ATPase but also
in the formation of tight junctions and in the suppression of

tumor cell growth (49–51). Thus,
we assessed whether ouabain
affects �1 expression in LLC-PK1
and cancer cell lines. The cells
were treated with 10 nM ouabain for
24 h, and the amount of �1 was
measured in the cell lysates by
Western blot. As depicted in Fig. 2B,
ouabain caused amodest increase in
�1 expression in LLC-PK1 but not
BT-20 cells.
To assess the functional conse-

quence of these changes in �1
expression, we measured the num-
ber of active Na/K-ATPase in the
plasma membrane. The cells were
exposed to different concentrations
of ouabain for 72 h and then sub-
jected to [3H]ouabain binding. It is
important to note that this assay
measured the number of functional
Na/K-ATPase that was not occu-
pied by 5 or 10 nM ouabain after 72 h
treatment. As depicted in Fig. 2C,
ouabain up to 10 nM barely changed
the number of active Na/K-ATPase
in LLC-PK1 cells, indicating that the
ouabain-induced up-regulation of
�1 is just sufficient to replete the
plasma membrane pool of active
Na/K-ATPase. In contrast, ouabain
caused a significant decrease in the
number of active plasmamembrane
Na/K-ATPase in both BT20 and
DU145 cells (Fig. 2C). Taken
together, the data suggest that the
decrease in the plasma membrane
Na/K-ATPase may be involved in

the ouabain-induced growth inhibition in cancer cells.
Reduction of the Na/K-ATPase Slows Cell Proliferation and

Enables Ouabain to Inhibit Cell Proliferation in LLC-PK1 Cells—
LLC-PK1 cells and the two cancer cell lines are derived from
different organs and species. To further test the proposal that a
decrease in cellular Na/K-ATPase is involved in ouabain-in-
duced inhibition of cell proliferation,wemeasured the effects of
a graded knockdown of the Na/K-ATPase on cell proliferation
in LLC-PK1 cells. The generation of the knockdown cell lines
has been previously reported (4, 52). A4–11 and PY-17 cells
expressed about 40 and 10% of the Na/K-ATPase in compari-
son with the control vector-transfected LLC-PK1 (P-11) cells,
respectively (4). As shown in Fig. 3, P-11 cells behaved similarly
to the parent LLC-PK1 cells in response to ouabain stimulation.
Ouabain, at concentrations from 1 to 10 nM, stimulated cell
proliferation. In contrast, A4–11 and PY-17 cells behaved like
BT20 and DU145 cells. No growth stimulation was detected.
Instead, reduction of Na/K-ATPase expression by small inter-
fering RNA-mediated mechanism sensitized these cells to oua-
bain-induced cell growth inhibition (Fig. 3). For example, 10 nM

FIGURE 2. Effects of ouabain on Na/K-ATPase expression in different cells. A, LLC-PK1, BT20, and DU145
cells were treated with different concentrations of ouabain for either 24 or 72 h. Equal protein amount of cell
lysates were analyzed for Na/K-ATPase �1 expression. The upper panel shows representative Western blots of
24 h treatment, and the lower panel shows quantitative data from four or five independent experiments
presented in the bar graphs. B, LLC-PK1 and BT20 cells were treated with 10 nM ouabain for 24 h, and the cell
lysates (50 �g/lane) were assayed for Na/K-ATPase �1 using Western blot. C, LLC-PK1, BT20, and DU145 cells
were exposed to different concentrations of ouabain for 72 h and then subjected to [3H]ouabain binding assays
as described under “Experimental Procedures.” *, p � 0.05; **, p � 0.01. Con, control; Oua, ouabain.

FIGURE 3. Effects of Na/K-ATPase knockdown on ouabain-induced cell
growth regulation. The control (P-11) and Na/K-ATPase knockdown cells
(A4–11 and PY-17) were treated with different concentrations of ouabain for 24 h
and subjected to MTT assays. n � 10–15 measurements. *, p � 0.05; **, p � 0.01.
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ouabain caused more than a 80% reduction in cell proliferation
in PY-17 cells in comparison with that in P-11 cells. Moreover,
the growth inhibitory effects of ouabain were clearly correlated
with the cellular amount of Na/K-ATPase.
To test whether this growth inhibitory effect of ouabain

applies to other cardiotonic steroids, wemeasured the effects of
digoxin, digitoxin, andmarinobufagenin on cell proliferation in
PY-17 cells. We observed that these compounds caused a
growth inhibition similar to that of ouabain (data not shown).
To further examine the consequences of Na/K-ATPase

reduction in cell growth regulation, we compared the cell pro-
liferation curves of stable cell lines P-11 and PY-17 as well as
AAC-19, a rat �1-rescued PY-17 cell line (4, 52). As shown in
Fig. 4A, PY-17 cells proliferated much slower than P-11 cells,
whereas reintroduction of rat Na/K-ATPase �1 restored cell
growth in AAC-19 cells.
Because ouabain stimulated the expression of p21cip and

inhibited cell proliferation in human cancer cells (Fig. 1) (34),
we tested whether knockdown of cellular Na/K-ATPase affects
the expression of this cell cycle inhibitor. As expected, the
expression of p21cipwas quite low in the control P-11 cells (Fig.
4B). Knockdown of the Na/K-ATPase caused a significant
induction of this cell cycle inhibitor in PY-17 cells. Moreover,
rescuing PY-17 cells by knocking in rat �1 was sufficient to
reduce the expression of p21cip in AAC-19 cells. Consistently,
we also detected more G0/G1 cells in PY-17 cells than that in
both P-11 and AAC-19 cells (Fig. 4C).
Ouabain Has No Effect on �1 mRNA—To probe the molec-

ular mechanism of ouabain-induced cell-specific regulation of
�1, we first measured �1 mRNA using a quantitative RT-PCR
after the cells were treated with 10 nM ouabain. As depicted in
Fig. 5, ouabain had no effect on the levels of �1 mRNA in LLC-
PK1, BT20, and DU145 cells. Thus, the ouabain-induced
changes in the�1 protein are likely via translational/post-trans-
lational mechanisms.
Ouabain Stimulates Endocytosis and Degradation of

Na/K-ATPase—We showed that ouabain stimulated Na/K-
ATPase endocytosis in LLC-PK1 cells (35). If ouabain also stim-
ulates the endocytosis in BT20 and DU145 cells, this could
result in an increased degradation of Na/K-ATPase and a
decrease in the �1 protein in these cells. To test this postula-
tion, the cells were exposed to 10 nM ouabain and then immu-
nostained for �1. As expected, most of �1 resided in the plasma
membrane in BT20 and DU145 cells as in LLC-PK1 cells (Fig.
6A). After 6 h of ouabain exposure, many �1-positive vesicles
were accumulated in BT20 and DU145 cells.
To determine whether ouabain-induced endocytosis also

leads to increased degradation of Na/K-ATPase, LLC-PK1 cells
and BT-20 cells were pretreated with cycloheximide, a protein
synthesis inhibitor, for 1 h, and then exposed to 10 nM ouabain
for 6, 16, and 24 h. As depicted in Fig. 6 (B and C), ouabain
treatment produced more degradation of the �1 subunit
in both BT-20 and LLC-PK1 cells.
Ouabain Activates Akt in LLC-PK1 but Not BT-20 and

DU145 Cells—We and others have demonstrated that ouabain
stimulates the PI3K/Akt/mTOR pathway. It is known that acti-
vation of mTOR could increase the translation of many
mRNAs. Because ouabain did not increase �1 mRNA in LLC-

PK1 cells, we tested whether ouabain-induced up-regulation of
�1 is sensitive to inhibitors of PI3K and mTOR. As depicted in
Fig. 7A, pretreatment of cells with either PI3K inhibitor
LY294002 or mTOR inhibitor rapamycin completely abolished
ouabain-induced up-regulation of �1 subunit. Interestingly,
both LY294002 and rapamycin reduced the basal expression of
�1.Moreover, in the presence of rapamycin, ouabain treatment
actually resulted in a further decrease in the expression of �1.
This is not surprising, because rapamycin could theoretically

FIGURE 4. Effects of Na/K-ATPase knockdown on cell growth. A, P-11, PY-17,
and AAC-19 cells were subcultured in 12-well plates (50,000 cells/well), and three
wells of each were trypsinized and counted at the indicated time points. The data
were from three independent experiments. B, P-11, PY-17, and AAC-19 cells were
lysed in radioimmune precipitation assay buffer and analyzed by Western blot
using an anti-p21cip antibody. A representative Western blot and the quantifica-
tion data are shown. *, p � 0.05 compared with P11 cells. C, cell cycle distribution
was measured as described under “Experimental Procedures.” The same experi-
ments were repeated three times.
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block ouabain-induced �1 expression but not ouabain-induced
�1 endocytosis and degradation.

To test whether activation of the Akt/mTOR pathway is
involved in ouabain-induced cell-specific regulation of �1
expression, we subsequently measured the effect of ouabain on
Akt in three different cell lines. As shown in Fig. 7 (B and C),
whereas ouabain stimulated Akt phosphorylation in LLC-PK1
cells, it failed to do so in both BT20 andDU145 cells. To be sure
that the Akt pathway is intact in cancer cells, we exposed
DU145 cells to IGF and measured for Akt activation. As shown
in Fig. 7C, IGF caused a remarkable stimulation of Akt in
DU145 cells. Consistently, when the same experiments were
repeated in PY-17 cells, ouabain showed no effect on Akt phos-
phorylation (data not shown).
Rapamycin Sensitizes LLC-PK1 Cells to Ouabain-induced

Cell Growth Inhibition—The above data indicate that activa-
tion of PI3K/Akt/mTOR is required
for ouabain to increase the expres-
sion of�1. Because repletion of�1 is
essential for ouabain-induced cell
growth stimulation, we reasoned
that inhibition of mTOR by rapa-
mycin would convert ouabain-in-
duced cell growth into growth inhi-
bition in LLC-PK1 cells. Indeed, as
shown in Fig. 7D, the addition of
rapamycin was sufficient to block
ouabain-induced cell proliferation
in LLC-PK1 cells. Moreover, it
also sensitized the cell to ouabain-
induced cell growth inhibition.
For example, 10 nM ouabain was
sufficient to cause significant inhi-
bition of cell proliferation in LLC-
PK1 cells pretreated with the
inhibitor.
Involvement of Src andCaveolin-1—

We have shown that the Na/K-
ATPase signals through caveolae by
forming a receptor complex with
Src. To further understand the
molecular mechanism of ouabain-
induced up-regulation of �1, we
first addressed the role of Src. SYF
cells (in which the Src family
kinases Src, Yes, and Fin were
knocked out) were exposed to oua-
bain for 24 h. Because these cells
were frommice and express a oua-
bain-resistant Na/K-ATPase, 0.5
and 1.0 �M ouabain were used in
the experiments. As depicted in
Fig. 8A, knock-out of Src com-
pletely blocked ouabain-induced �1
expression. Consistently, when SYF
cells were rescued by c-Src, ouabain
was able to cause a 3-fold induction
of �1 expression.

FIGURE 5. Effects of ouabain on �1 mRNA levels. LLC-PK1, BT20, and DU145
cells were treated with 10 nM ouabain for 24 h. Total RNA was extracted and
RT-PCR was performed to probe the �1 mRNA as described under “Experi-
mental Procedures”. Data were from four independent experiments. oua,
ouabain; con, control.

FIGURE 6. Ouabain increases endocytosis and degradation of the Na/K-ATPase. A, LLC-PK1 cells, BT20 cells,
and DU145 cells were treated with 10 nM ouabain (Oua) for 6 h and fixed with cold methanol. Na/K-ATPase �1
was immunostained and visualized using a Leica confocal microscope. The red arrows indicate the Na/K-
ATPase �1-positive vesicles. B and C, LLC-PK1 or BT20 cells were serum-starved for 24 h, exposed to 10 �g/ml
cycloheximide (CHX) for 1 h, and then treated with 10 nM ouabain for different times as indicated. The cell
lysates were subjected to Western blot analyses of Na/K-ATPase �1. Tubulin was used as an internal control. A
representative Western blot, and the quantitative data from four experiments are shown. *, p � 0.05. Con,
control.
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To test the involvement of caveolin-1 and caveolae, we uti-
lized caveolin-1-specific small interfering RNA and established
a caveolin-1 knockdown LLC-PK1 cell line (C2-9 cells) that
expressed about 20% of caveolin-1 in comparison with the par-
ent LLC-PK1 cells (36). As shown in Fig. 8B, knockdown of
caveolin-1 completely abolished ouabain-induced increases in
�1 expression. Consistently, ouabain failed to stimulate Akt in
these cells (Fig. 8C). Moreover, knockdown of caveolin-1 not
only abolished ouabain-induced cell proliferation but also
sensitized the cells to ouabain-induced cell growth inhibi-
tion (Fig. 8D).

DISCUSSION

We have made the following major observations in this
report. First, the stimulatory or inhibitory effect of ouabain on
cell proliferation depends on whether ouabain can activate the
Akt/mTOR pathway and replete cellular Na/K-ATPase against
ouabain-induced endocytosis and subsequent degradation of
the enzyme. Second, inhibition of the Akt/mTOR pathway by
rapamycin increases ouabain-induced depletion of Na/K-
ATPase and sensitizes cells to ouabain-induced growth inhibi-
tion. Finally, reduction of cellular Na/K-ATPase by means
other than ouabain can also stimulate the expression of cell
cycle inhibitor p21cip, resulting in cell growth inhibition.

Although ouabain exhibited both stimulatory and inhibitory
effects on cell proliferation in a cell-specific manner, the acti-
vation of proximal signaling events (e.g., Src and ERK) has been
recorded in both types of cells (34). Thus, the ouabain-activated
downstream events must significantly diverge in cells whose
growth response to ouabain went in opposite directions. In
accordance, we observed that ouabain stimulated the Akt/
mTOR pathway, resulting in translational up-regulation of
Na/K-ATPase and stimulation of cell proliferation in LLC-PK1
cells. In contrast, ouabain failed to activate the Akt/mTOR
pathway and replete the Na/K-ATPase in human cancer cells
such as BT20 and DU145 cells as well as in the Na/K-ATPase
knockdown cells (Fig. 7). Interestingly, ouabain-induced acti-
vation of the PI3K/Akt/mTOR pathway has been reported in
several cell lines and primary cultures (13, 15, 35). Consistently,
this activation appears to be required for ouabain to stimulate
growth in these cells (13).
It is important to note that our experiments were conducted

in serum-free cultures. Because serum is required for promot-
ing and maintaining normal cell growth, the observed ouabain
effects on cell signaling and growth might be due to serum
starvation-induced changes in cell cycle. Thus, future studies
will be required to resolvewhether ouabain affects cell signaling
and growth differently when cells are in normal logarithmic
growth with serum.
In many types of cells, binding of ouabain and other car-

diotonic steroids to theNa/K-ATPase is known to induce endo-
cytosis and degradation of the enzyme (35, 53–55). Function-
ally, ouabain-induced endocytosis, even by low concentrations
of ouabain, could lead to a significant reduction of the Na/K-
ATPase over time if it is not compensated by up-regulation of
�1 expression (Fig. 2). In principle, this down-regulation may
be sufficient to account for ouabain-induced cell growth arrest
(34). Consistently, we found that blocking ouabain-induced

FIGURE 7. Ouabain up-regulates Na/K-ATPase expression and cell growth
through activation of the PI3K/Akt/mTOR pathway. A, LLC-PK1 cells were pre-
treated with 10 nM rapamycin (Rap) or 50 �M LY294002 for 30 min. Ouabain (Oua,
10 nM) was then added into the medium for an additional 24 h. The cell lysates
were analyzed for Na/K-ATPase �1 using Western blot. The data were from four
separate experiments. *, p � 0.05 in comparison with control. B, LLC-PK1 and
BT20 cells were incubated with ouabain for 15 min, and the cell lysates were
analyzed for phosphorylated Akt (pAkt). The values are means � S.E. of three
experiments. *, p � 0.05. C, DU145 cells were serum-starved and treated with
ouabain or 10 nM IGF for 15 min. The pAkt was probed by Western blot, and a
representative Western blot from three repeats is shown. D, LLC-PK1 cells were
pretreated with 10 nM rapamycin for 30 min and then incubated with ouabain for
an additional 24 h. The cell growth was then measured using MTT assays. The
quantitative data were from three to five independent experiments. *, p � 0.05 in
comparison with the control (Con).
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repletion of the Na/K-ATPase by rapamycin sensitized these
cells to ouabain-induced cell growth inhibition. Moreover, we
observed that knockdown of the Na/K-ATPase by small inter-
fering RNA was equally effective in stimulating the expression
of p21cip and inhibiting cell proliferation in LLC-PK1 cells.
Taken together, it is clear that the amount of cellular Na/K-
ATPase is important for cell growth control.
Needless to say, themolecularmechanism that prevents oua-

bain from stimulating the PI3K/Akt/mTOR pathway in BT20
and DU145 cells remains to be revealed. Nevertheless, it is
important to discuss the potential role of caveolin-1, the Na/K-
ATPase, and caveolae in this regulation. It is known that caveo-
lae compartmentalize signaling events (56). Specifically, dis-
ruption of caveolae by depletion of either caveolin-1 or
cholesterol can significantly alter insulin/IGF-induced activa-
tion of PI3K/Akt/mTOR pathways (57, 58). Interestingly,
expression of caveolin-1 and/or Na/K-ATPase is significantly
reduced inmany cancer cell lines. Specifically, the expression of
caveolin-1 is almost absent in BT20 cells, whereas expression of
the Na/K-ATPase is significantly reduced in DU145 cells.
Because both caveolin-1 and Na/K-ATPase are important for
the formation of caveolae (59), it is possible that reduction of
either caveolin-1 or the Na/K-ATPase may contribute to the
uncoupling of ouabain binding to the activation of PI3K/Akt/
mTOR pathway in these cells. Consistently, as shown in Fig. 8,
we found that knockdown of caveolin-1 indeed abolished oua-
bain-induced activation of Akt. Similarly, ouabain also failed to
stimulate Akt in the Na/K-ATPase knockdown PY-17 cells.
A large increase in intracellular Na� is known to stimulate

transcription of �l mRNA (60–62). This occurs when cells are
exposed to low extracellular K� or ouabain concentrations that
produce more than 50% inhibition of the Na/K-ATPase (60–
62). Apparently, this is unlikely the molecular mechanism by
which 1–10 nM ouabain increased expression of the Na/K-
ATPase in LLC-PK1 cells. First, ouabain at such low concentra-
tions does not increase the cellular Na� concentration in LLC-
PK1 cells even after 24 h of exposure because of coordinated
down-regulation of both Na/K-ATPase and Na/H exchange in
these cells (35, 63). Second, the ouabain-induced up-regulation
is different from that of lowK� because no change in�1mRNA
was detected (64). Finally, it is known that activation of the
PI3K/Akt/mTOR pathway can stimulate the translation of
many mRNAs. Consistently, we found that inhibition of the
PI3K/Akt/mTOR pathway by either LY294002 or rapamycin
was sufficient to block ouabain-induced up-regulation of the
Na/K-ATPase.
Epidemiological studies in the late 1970s and early 1980s

indicated the potential benefits of using digitalis drugs in
patients with breast cancer (26, 27). Phase I and II clinical trials
are underway in the United States and in Europe to test several
new digitalis compounds as anti-cancer drugs. Taking the lib-
erty of extrapolating in vitro to in vivo conditions, our new
findings suggest that expression of the Na/K-ATPase may be
used to assess the effectiveness of digitalis therapy on certain
cancers or individual patients. Moreover, they suggest the
potential use of rapamycin in the digitalis therapy of cancer. To
this end, it is of interest to note that rapamycin is currently in
clinical trials as an anti-cancer agent. It remains to be tested

FIGURE 8. Involvement of Src and caveolin-1 in ouabain-induced growth
regulation. A, SYF cells and SYF-Src cells were treated with different concen-
trations of ouabain (Oua) for 72 h and measured for �1 expression. A repre-
sentative Western blot and quantitative data from four separate experiments
are shown. B, P-11 and C2-9 cells were treated with different concentrations
of ouabain for 72 h and probed for �1 expression. A representative Western
blot and quantitative data from four separate experiments are shown. C, C2-9
cells were treated with different concentrations of ouabain for 15 min and
probed for pAkt. A representative Western blot of three independent exper-
iments is shown. D, P-11 and C2-9 cells were exposed to different concentra-
tions of ouabain, and cell growth was measured by MTT assays. Fetal bovine
serum was used as a positive control. The data are from five separate experi-
ments. *, p � 0.05 in comparison with untreated control (Con) cells.
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whether rapamycin-induced down-regulation of the Na/K-
ATPase contributes to its effectiveness as an anti-cancer drug.
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