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Abstract

The purpose of this study was to investigate whether intracellular distribution of Na*, K*-ATPase
a3 subunit, a receptor for cardiac glycosides including oleandrin, is differentially altered in cancer
versus normal cells and whether this altered distribution can be therapeutically targeted to inhibit
cancer cell survival. The cellular distribution of Na*, K*-ATPase a3 isoform was investigated in
paired normal and cancerous mucosa biopsy samples from patients with lung and colorectal
cancers by immunohistochemical staining. The effects of oleandrin on a3 subunit intracellular
distribution, cell death, proliferation, and EKR phosphorylation were examined in differentiated
and undifferentiated human colon cancer CaCO-2 cells. While Na*, K*-ATPase a3 isoform was
predominantly located near the cytoplasmic membrane in normal human colon and lung epithelia,
the expression of this subunit in their paired cancer epithelia was shifted to a peri-nuclear position
in both a qualitative and quantitative manner. Similarly, distribution of a3 isoform was also
shifted from a cytoplasmic membrane location in differentiated human colon cancer CaCO-2 cells
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to a peri-nuclear position in undifferentiated CaCO-2 cells. Intriguingly, oleandrin exerted
threefold stronger anti-proliferative activity in undifferentiated CaCO-2 cells (1C50, 8.25 nM) than
in differentiated CaCO-2 cells (1C50, >25 nM). Oleandrin (10 to 20 nM) caused an autophagic cell
death and altered ERK phosphorylation in undifferentiated but not in differentiated CaCO-2 cells.
These data demonstrate that the intracellular location of Na*, K*-ATPase a3 isoform is altered in
human cancer versus normal cells. These changes in a3 cellular location and abundance may
indicate a potential target of opportunity for cancer therapy.
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BACKGROUND

Cardiac glycosides are a class of compounds traditionally used to treat congestive heart
failure whose effectiveness relies on their ability to increase myocardial contractile force [1].
Oleandrin is a lipid soluble cardiac glycoside derived from Nerium oleander that has been
used for many years in Russia and China for this purpose. In addition to its use for treatment
of heart failure, preclinical, and retrospective patient data suggest that certain cardiac
glycosides, (e.qg., digoxin, digitoxin, ouabain, and oleandrin), may also reduce the growth of
various malignant diseases such as breast, lung, prostate, pancreatic cancers, and leukemia
[2-7]. Recent work from our laboratory and others showed that these compounds induce
selective cell death in certain human but neither murine tumor cells [8,9] or normal human
cells [10]. Oleandrin inhibits proliferation of human pancreatic cancer cells through
induction of autophagic cell death while inducing apoptosis in prostate cancer cells due to an
increase in intracellular Ca2* via inhibition of Na*, K*-ATPase [5,11]. Other investigators
have reported that cardiac glycoside drugs, such as digitoxin and oleandrin, inhibit
constitutive hypersecretion of the NF-xB-dependent pro-inflammatory cytokine I1L-8 from
cystic fibrosis (CF) lung epithelial cells [12] and suppress the TNF-a/NF-xB signaling
pathway by blocking TNF-a-dependent TNFR1/TRADD complex formation [13]. Hence,
there are many reported mechanisms that appear to be involved in oleandrin-mediated
inhibition of proliferation of human tumor cells.

Oleandrin, as well as other cardiac glycosides, has been shown to bind to and inhibit the
activity of Na*, K*-ATPase [14]. In line with this, a number of studies including our own
suggest that the strong sensitivity of human cancer cell lines to cardiac glycosides is most
likely related to the relative expression of particular Na*, K*-ATPase subunits in these cells
as opposed to nonmalignant human cells or those derived from rodent species [15-17]. In
support of this, a recent study has demonstrated that oleandrin binds to the plasma
membrane of human lymphoma U937 cells but does not bind to murine NIH3T3 cells [9].
Most recently, we have shown that the selective effect of oleandrin on growth inhibition of
human and mouse pancreatic cancer cells was associated with differential expression of the
various Na*, K*-ATPase a isoforms, especially a3 [17]. Additionally, Lin et al. reported
that oleandrin and ouabain induced apoptosis in human melanoma BRO cells while there
was no evidence of cell death observed in mouse melanoma B16 cells even at concentrations
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1,000-fold higher than that used for BRO cells. Partially purified Na*, K*-ATPase from
human BRO cells was inhibited at a concentration that was 1,000-fold less than that which
was required to inhibit mouse B16 enzyme to the same extent. They also demonstrated that
human BRO cells were found to express both the sensitive a3 isoform and the less sensitive
a-1 isoform of Na*, K*-ATPase while mouse B16 cells expressed only the a-1 iso-form.
These data again suggest that differential expression of Na*, K*-ATPase isoforms in BRO
and B16 cells as well as cellular drug uptake may be important determinants of tumor cell
sensitivity to oleandrin [15].

It is well established that Na*, K*-ATPase enzyme serves as a pharmacologic receptor for
cardiac glyco-sides. Recent findings suggest that, in addition to acting as an ion pump, Na*,
K*-ATPase is also engaged in the assembly of signal transduction complexes that transmit
signals to different intracellular compartments and in tight junction regulation of epithelial
cells [18,19]. Thus, the a-3 isoform of Na, K-ATPase may represent an important new target
in anticancer therapy [18,20,21].

Structurally, Na*, K*-ATPase exists as a heterodimer that contains catalytic a-subunits and
glycosylated B-subunits. The a-subunit has binding sites for ATP, Na*, K*, and cardiac
glycosides. Four different a isoforms (a1, a2, a3, and a4) and three different 8 isoforms (31,
B2, and 3) have been identified in mammalian cells. The expression of a isoforms is tissue-
type specific and varies among rodent and human tissues [22]. Variation in the expression of
these isoforms occurs in human cancers (e.g., renal, lung, hepatocellular, and colon) and
contrasts with corresponding normal tissues [23-26]. The binding affinity of cardiac
glycosides varies depending on the a isoforms present particularly in rodent tissues; the al
binding affinity is low while the a2 and a3 isoforms bind cardiac glycosides with an affinity
as much as 100-fold higher [27,28].

In contrast to our understanding of tissue distribution and cardiac glycoside binding capacity
of Na*, K*-ATPase isoforms, knowledge of the cellular distribution of these isoforms under
physiological and pathological conditions, such as cancer, is limited. The fact that Na*, K*-
ATPase is a transmembrane protein suggests that this enzyme is predominantly present in
the plasma membrane [29]. Adrenergic agonists increase the pump's affinity for Na* and
recruit sodium pump subunits to the basolateral plasma membrane from intra-cellular
endosomal compartments of lung alveolar epithelial cells [30,31]. The relative distribution
of the Na*, K*-ATPase subunits, especially a3, in malignant disease has only recently been
reported [32]. How the presence and intracellular distribution of this particular subunit of
Na*, K*-ATPase affects the anticancer activity of cardiac glycosides has yet to be
determined.

The purpose of the present study was to determine the difference in distribution of Nat, K*-
ATPase a3 subunits in human malignant and paired normal colon and lung tissues derived
from patient samples. In addition, the change in distribution of Na*, K*-ATPase a3 subunit
in malignant (undifferentiated) and well-differentiated human colon cells in culture was
explored along with the relative difference in sensitivity this makes when cells are exposed
to oleandrin. It was found that the a3 subunit of Na*, K*-ATPase was primarily located in
the cytoplasmic membrane in human normal colon or lung tissue while the location shifts to
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a peri-nuclear position in colon and lung tumor tissues. The transformation of human colon
cancer CaCO-2 cells to those which are well-differentiated reversed the shift back from peri-
nuclear to a cytoplasmic position. The lower sensitivity of differentiated as opposed to
undifferentiated cells due to oleandrin was also observed.

MATERIALS AND METHODS

Human Tissue Section

Surgically resected specimens of normal and malignant colorectal and lung tissues were
obtained from patients at The University of Texas M. D. Anderson Cancer Center through
the Tissue Procurement and Banking Facility. Samples were procured from both the tumor
area and adjacent normal-appearing mucosa. The UT/MD Anderson Cancer Center
Institutional Review Board approved these studies.

Cell Lines

Human colorectal cancer CaCO-2 cells were kindly provided by Dr. Imad Shureiqi at the
University of Texas M. D. Anderson Cancer Center. Human colorectal cancer HT29 cells
were purchased from American Type Culture Collection (Manassas, VA). Cells were
maintained in MEM medium supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA), 50 IU/ml penicillin and 50 pg/ml streptomycin, and 2 mM c-glutamine from
GIBCO (Grand Island, NY) at 37°C in 5% CO,. To induce spontaneous differentiation,
CaCO-2 cells (1 x 10°) were plated and grown for 14 d without passing the cells. Media was
replaced every other day. The differentiation of HT-29 cells was accomplished by treatment
with sodium butyrate (2.5 mM) for 72 h.

Antibodies and Reagents

Oleandrin was purchased from ChromaDex (Irvine, CA). DAPI (4’-6-diamidino-2-
phenylindole) was obtained from Molecular Probes-Invitrogen Corporation. Anti-Na*, K*-
ATPase a3 and anti—B-actin antibodies were purchased from Sigma Chemical Co. (St.
Louis, MO). Anti-ERK, anti-phosphorylated ERK (Thr292/Tyr204) and Pan-Cadherin
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-LC3
antibody was obtained from Cell Signaling (Billerica, MA).

Cell Proliferation

Undifferentiated wild-type and well-differentiated CaCO-2 cells were treated with a range of
concentrations of oleandrin (0.2-25 nM). After 48 h, cells were labeled with BrdU and
relative cell proliferation was determined with a BrdU Cell Proliferation Kit according to
manufacturer's instruction (Calbiochem-NovaBiochem Corp., San Diego, CA).

Cell Viability and DNA Staining

Cell viability was performed using the vital dye calcien AM (CAM) ester (Life
Technologies Corp., Carlsbad, CA) according the method published previously [33]. CAM
ester is plasma membrane permeable and non-fluorenscencet before activation by
nonspecific esterase within viable cells. The cleavage product CAM emits green
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fluorsecence that is retained by viable cells. When plasma membrane integrity is disrupted
in the latter stages of cell death, cells fail to effectively retain CAM. Cells were plated in 96-
cell plates and incubated with oleandrin (5-20 nM) for 24 h. Cells were then stained with
with CAM ester (1 uM), DAPI (300 nM), and Mitrotracker dye (100 nM) in HEPEs-
buffered saline for 15 min at 25°C. DNA dye uptake and cellular staining were assessed by
fluorescence microscopy using an IPlabs image-analysis system (Scanalytic, Inc., Fairfax,
VA) on an IX70 inverted microscope (Olympus, Melville, NY). Fluorescence was
quantitated using a Biolumin 960 plate reader.

Isolation of Cytosolic and Membrane Proteins

Cells (about 90% confluent) were washed with PBS followed with addition of 1 ml of NB
buffer and were then scrapped. After incubation on ice for 10 min, cells were transferred to a
Dounce homogenizer and homogenized using 50 strokes on ice; the contents were then
centrifuged at 800g for 5min. The supernatant was further centrifuged (8,000g for 10 min).
The supernatant was then collected and subjected to further centrifugation at 100,000g for
30 min. The cytosolic protein fraction was collected as supernatant. The pellet was air dried
and resus-pended in 50 pl of 9 M urea as membrane fraction protein. Aliquots of the total
cell extract, cytosolic and membrane proteins were used to determine the protein
concentrations and subjected to determination of a3 and Pan-Cadherin protein by Western
blotting.

Immunoblotting Analysis

Undifferentiated and differentiated CaCO-2 cells were treated in serum-free conditions with
10 and 20 nM oleandrin for 24 h. Cells were then washed with cold phosphate-buffered
saline (PBS) and scraped free using lysis buffer containing 20 mM MOPS, 2 mM EGTA, 5
mM EDTA, 30 mM NaF, 40 mM b-glycerophosphate, 20 mM sodium pyruvate, 0.5% triton
X-100, and 1 mM sodium orthovanadate with 1x protease inhibitor cocktail (Sigma, Inc., St.
Louis, MO). Lysates were then subjected to sonication for 3 min while on ice, incubated for
10 min and then centrifuged (14,000 rpm) for 10 min at 4°C. Protein levels were quantified
via the BioRad Dc protein assay (BioRad, Inc., Hercules, CA). Equal levels of protein (50
ug) were fractionated on precast gels (BioRad, Inc.) and then transferred on polyvinylidene
diflouride membranes. Following a 1- to 2-h incubation in 5% nonfat dry milk blocking
buffer prepared in tris-buffered saline with 0.1% Tween 20 (TBS-T), membranes were
probed with ERK, pERK, and LC-3 protein primary antibodies diluted 1:2,000 in blocking
buffer. For analysis of a3 and Pan-Cadherin proteins, membranes were probed with a3
(1:1,000) and Pan-Cadherin (1:200) protein primary antibodies diluted in blocking buffer.
Protein bands were visualized via chemiluminesence, using the ECL+ detection kit and
hyper-film (Amersham Biosciences, Piscataway, NJ). Equal loading of samples was
illustrated by Western blotting for 3-actin content.

Transmission Electron Microscopy

As oleandrin is known to induce noticeable auto-phagic cell death in human Panc-1 cells
[11], we determined whether oleandrin had an equal ability to produce autophagic cell death
in undifferentiated and differentiated CaCO-2 cells. To detect the induction of autophagy
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morphologically in oleandrin-treated cells, cellular structural alteration was examined by
transmission electron microscopy (TEM). Undifferentiated CaCO-2 cells were grown on
glass coverslips for 24 h prior to treatment with 20 nM oleandrin. Cells were then washed
with cold PBS and prepared for electron microscopy. This included fixation with a solution
of 3% glutaraldehde plus 2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.3 for 1 h.
Samples were then postfixed in 1% OsOy4 in the same buffer for 1 h and subsequently
subjected to electron microscopic analysis. Representative areas were chosen for ultra thin
sectioning and viewed with a JEM 1010 transmission electron microscope (JEOL, Peabody,
MA) at an accelerating voltage of 80 kV. Digital images were obtained with an AMT
imaging system (Advanced Microscopy Techniques, Danvers, MA).

Immunofluorescence Analysis

Undifferentiated or differentiated CaCO-2 cells were established as monolayers on laminin-
coated coverslips to perform immunofluorescence studies. Cells were treated with 20 nM
oleandrin for 24 h, then fixed in 1% paraformaldehyde prior to processing for
immunofluorescence studies. Coverslips were immunolabled with rabbit anti-a3 (Sigma-
Aldrich Corp., St. Louis, MO), and Alexa488 labeled secondary antibody (green; Molecular
Probes, Eugene, OR) followed by counterstaining to detect DNA with DAPI (blue). Nuclear
morphology, DNA dye uptake, and cellular staining were assessed by fluorescence using an
Olympus 1X-70 inverted microscope. Image acquisition was achieved using a Quantix
charged coupled device camera and IP Labs software (Scanalytics, Inc., Rockville, MD) on
a Macintosh computer (Apple, Cupertino, CA).

Immunohistochemical Staining of Human Tissues

Frozen sections from both the tumor area and the normal-appearing mucosa were cut, fixed
in acetone, and air dried. At the time of staining, the sections were incubated with 3%
hydrogen peroxidase in ethanol for 20 min to inactivate endogenous peroxides. Nonspecific
antibody binding sites were blocked using horse serum. Tissue sections were incubated
overnight in 1:500—anti-human Na*, K*-ATPase polyclonal antibody at 4°C. The next day,
the sections were washed and incubated with secondary antibody (mouse 1Gg, Vector
Laboratories, Inc., Burlingame, CA) and then processed similar to what was previously
described [34]. Immunohistochemistry (IHC) staining of colorectal cancer samples was
scored by a pathologist (S.R.H.) who is highly experienced in colorectal IHC. Staining was
uniformly shifted from plasma cell membrane to a cytoplasmic/nuclear distribution in all 31
colorectal cases examined. Lung IHC staining was scored in a bind manner by a pathologist
who is highly experienced in lung IHC studies (I.1.W.) in a manner similar to that described
previously [35,36]. Briefly, the cytoplasmic expression of the Na*, K*-ATPase a-3 subunit
was quantified by using a system in which values obtained were the result of multiplying
staining intensity scores (0, 1+, 2+, with 3+) by the percentage of stained epithelial cells (0—
100%).
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Differential Location of the a3 Subunit of Na*, K*-ATPase in Normal and Malignant Human
Lung and Colon Tissues

It has been reported that a3 subunits are primarily localized in the plasma membrane of
neurons [37], however, the relative location and distribution of a-3 in tumor tissues has yet
to be determined. Immunohistochemistry staining of frozen human normal colon and tumor
tissues showed that the Na*, K*-ATPase a3 subunit was in or near the plasma membrane of
normal colon epithelial cells in 31 of 31 examined cases. In contrast, a3 subunit-distribution
in tumor tissue was shifted to a cytoplasmic/nuclear distribution in 31 of 31 examined cases
(Figure 1A). A similar differential distribution was also observed in human normal and
tumor lung tissues. As shown in Figure 1B, quantitative analysis of the
immnuohistochemical staining of Na*, K*-ATPase a3 protein clearly suggested that levels
of a3 subunits in the cytoplasm were almost twofold higher than that in the nuclear location
in normal human lung tissues. In line with the a3 staining of normal colon and cancer
tissues, the extent of a3 subunit localized in or near nuclei was about threefold higher than
that in the cytoplasm of human lung tumor tissues (Figure 1 B).

Alteration of Location of a3 in Undifferentiated Colon Cancer CaCO-2 and HT-29 Cells and
Differentiated CaCO-2 and HT-29 Cells

In order to determine changes in relative a3 intracellular location with respect to
phenotypical changes of epithelial cells, we examined the location of this subunit in
undifferentiated human colon cancer CaCO-2 and HT-29 cells and the spontaneous
differentiated phenotype of CaCO-2 cells and differentiated HT-29 induced by sodium
butyrate. In undifferentiated cells, the a3 subunits were distributed in both cytosolic and
peri-nuclear positions as evidenced by the intensity of green fluorescence being stronger in
the peri-nuclear position [Figure 2A(a) and B(a)]. Intriguingly, the green fluorescence
staining of the a3 protein was shifted to a membrane position in well-differentiated CaCO-2
and HT-29 cells [Figure 2A(b) and B(b)]. To further confirm the intracellular distribution of
a3 subunits in differentiated and undifferentiated human colon cancer cells, cytosolic and
membrane proteins were isolated in undifferentiated and differentiated HT-29 cells and
expression of a3 was determined by Western blot analysis. While the total amount of a3
expression in both undifferentiated and differentiated HT-29 cells did not appear to be
different, the level of membranous a3 was relatively higher in differentiated HT-29 cells
compared to that of undifferentiated HT-29 cells (Supplementary Figure S1).

Differential Sensitivity of Undifferentiated and Differentiated CaCO-2 to Oleandrin

Treatment

When treated with a series of concentrations of oleandrin (0.2-25 nM), the undifferentiated
CaCO-2 cells were sensitive as evidenced by an 1Csq of 8.25 nM. In contrast, a maximum
growth inhibition of only 20% was reached in differentiated CaCO-2 cells even though they
were treated with oleandrin concentrations as high as 25 nM (Figure 3). These findings
demonstrate that wild-type CaCO-2 cells are more sensitive to oleandrin than are
differentiated CaCO-2 cells and further suggest that the change in sensitivity to this cardiac
glycoside may be associated with the shift in intracellular location of a3.
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To further confirm the differential anti-proliferative activity of oleandrin in undifferentiated
and differentiated CaCO-2 cells, we examined ultrastructural changes in these cells. As
shown in Figure 4A, oleandrin (20 nM) treated undifferentiated CaCO-2 cells exhibited a
large number of vacuoles (Figure 4A, ¢) and condensed mitochondria with typical
autophagosome bodies (Figure 4A, d) compared to that of vehicle treated undifferentiated
CaCO-2 cells (Figure 4A, a and b), respectively. In contrast, oleandrin failed to induce
autophagic cell death in differentiated CaCO-2 cells. In fact, the ultrastructure of both
control and oleandrin treated differentiated CaCO-2 cells was very similar with few
vacuoles or autophagosome bodies present (Figure 4B, a—d). The cell viability in oleandrin
treated undifferentiated CaCO-2 cells was further tested using DNA uptake dye DAPI and
CAM ester which stains viable cells. Cells treated with oleandrin (20 nM) showed a reduced
green fluorescence and relatively stronger DNA uptake of DAPI dye compared to control
cells, suggesting oleandrin was able to inhibit proliferation of CaCO-2 cells in a
concentration dependent manner (Supplementary Figure S2).

Regulation of LC-3 Proteins and ERK Pathways in Undifferentiated and Differentiated
CaCO-2 Cells

As long chain 3 (LC-3) protein is a hallmark associated with autophagic cell death, the
expression of this particular protein in both undifferentiated and differentiated CaCO-2 cells
was examined. Because we reported previously that increased phosphorylation of ERK
protein was associated with oleandrin induced autophagic cell death [11], we also examined
total ERK and phospho-ERK expression. Interestingly, while the expression of both LC-3 |
and Il proteins in undifferentiated CaCO-2 cells was increased by oleandrin treatment
(Figure 5A), LC3-I protein levels were only slightly increased by a similar concentration of
oleandrin in differentiated CaCO-2 cells (Figure 5B). Similarly, oleandrin treatment
increased phosphorylation of ERK in a concentration dependent manner in undifferentiated
CaCO-2 cells (Figure 5A, a and b). Surprisingly, both expression of total ERK and
phosphorylated ERK proteins remained unaltered by oleandrin treatment in differentiated
CaCO-2 cells (Figure 5B, a and b). These results again support the notion that elevated LC-3
protein and ERK phosphorylation might be involved in oleandrin induced autophagic cell
death in undifferentiated CaCO-2 cells.

DISCUSSION

Our group and others have observed that a wide number of human cancer cell lines are 100-
fold or greater more sensitive to oleandrin than are murine tumor cells, normal human
epithelial cells, peripheral blood mononuclear cells or neutrophils [8,10,15,17,38]. This
differential sensitivity of human and murine cancer cells to oleandrin treatment might be
linked to distinct expression of Na*, K*-ATPase a3 subunit in these cells. As a seven-
membrane transmembrane protein, Na*, K*-ATPase is typically reported to be located in the
plasma membrane [29]. The apparent differences in observed enzyme location between
normal and malignant tissue sections prompted us to determine if the differential binding
capability of human cancer cells to oleandrin was associated with a particular distribution of
the isoforms of Na*, K*-ATPase in normal and malignant cell phenotypes. Given that
translocation of membrane proteins sometimes plays an important role in their related
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biological function, understanding the location of Na*, K*-ATPase a3 subunit associated
with the differential inhibitory effect of oleandrin may be important in further defining the
critical role of this enzyme as a novel anticancer drug target.

The data in the present study demonstrate that normal as opposed to tumor colon and lung
tissues exhibited distinctly different distributions of the Na*, K*-ATPase a3 subunit by
immunohistochemical staining. The a3 subunit was predominantly located in the
cytoplasmic membrane in both normal colon and lung tissues, whereas distribution of this
subunit was shifted to a predominantly peri-nuclear position in tumor tissues. Intriguingly,
the spontaneous phenotypic change of human colon cancer CaCO-2 cells from
undifferentiated to differentiated condition to resemble normal intestinal epithelial cells [39]
reversed the position of Na*, K*-ATPase a3 subunit from the peri-nuclear position to the
cytoplasmic membrane. These data suggest that pheno-typical changes of cells or
pathological alteration of tissues may correlate with the location of this enzyme subunit
which, in turn, suggests a direct relation to the function of the enzyme. To explore this, the
effect of oleandrin on proliferation of undifferentiated and differentiated CaCO-2 cells was
examined. While proliferation of undifferentiated CaCO-2 cells was inhibited by as much as
70% when treated with 25 nM oleandrin, <20% inhibition of cell proliferation was observed
in well-differentiated CaCO-2 cells. In line with this, oleandrin-induced noticeable
autophagic cell death in undifferentiated CaCO-2 cells but only small auto-phagosome
bodies were observed in oleandrin treated differentiated CaCO-2 cells. The difference in
response of undifferentiated and differentiated CaCO-2 cells to oleandrin treatment was also
evidenced by a marked elevation of phospho-Erk in undifferentiated as opposed to
differentiated CaCO-2 cells. These results suggest an important role of the cellular location
of a3 in anticancer activity of oleandrin in human cancers.

The a subunit is a multispanning membrane protein that catalyzes ion transport and contains
binding sites for cations, ATP and cardiac glycosides [27,40]. The four a isoforms of Na*,
K*-ATPase, al, a2, a3, and a4, are each derived from separate genes. One obvious
difference amongst the isoforms is in their response to exposure to cardiac glyco-sides.
While the Na*, K*-ATPase al subunit has been considered as a “housekeeping” isoform
due to its ubiquitous cellular presence, the a2 and a3 iso-forms exhibit more distinct
patterns of distribution. The a3 subunit is found in high concentrations in neurons of the
central nervous system as well as in cardiac muscle tissues while a lower expression of this
particular subunit was observed in ovary, cartilage, and bone [37]. In addition, these Na™,
K*- ATPase isoforms have been also reported to be differentially distributed in subcellular
fractions. For example, al is universally distributed in the plasma membrane of rat
myocytes, however, the a3 subunit is distributed in the plasma membrane in reticular
patterns that parallel the underlying ER [41]. These different subcellular distribution patterns
suggest a potential association with the function of these a isoforms due to their differential
cardiac glycoside binding affinities. Even though emerging evidence has suggested a role of
Na*t, K*-ATPase in the development of various cancers, knowledge of the relative
subcellular distribution of this particular enzyme and its isoforms in tumor biology is very
limited. Mijatovic et al. [42] reported that the a1 isoform was elevated in lung cancer in
comparison to that of adjacent normal tissues. While the result of that study does not seem to
support the over-expression of a3 in lung tumor tissues compared to that of normal controls,
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the subcellular distribution of a3 in human lung normal or tumor tissues was not examined.
We report for the first time that the Na*, K*-ATPase a3 isoform is primarily located in the
plasma membrane of the normal colon or lung tissues but is altered to a cytosolic peri-
nuclear position in colon or lung tumor tissues. The observed changes in subcellular location
of a3 in human tissues are also substantiated by the fact that the a3 cellular distribution was
altered in human undifferentiated colon cancer CaCO-2 and HT29 cells upon being made to
undergo differentiation suggesting that the translocation of Na*, K*-ATPase a3 isoform
might be linked to the phenotypical changes of colon or lung tissues. Our finding is in a
good agreement with the very recent report by S. A. Rajasekaran who observed that Na*,
K*-ATPase a1/B1 was predominantly localized at the plasma membrane of porcine
proximal tubule-like kidney LLC-PK1 cells, whereas a distinct intracellular distribution
surrounding the nucleus was observed in TGF-f1 treated LLC-PK1 cells [43]. It was
suggested that the altered Na*, K*-ATPase location is an early event in the TGF-B1-
mediated induction of EMT and is associated with the progression of EMT in cancer and
fibrosis [43]. Whether the translocation of Na*, K*-ATPase a3 is essential for the
development of the colon or lung tumor certainly deserves further investigation.

CONCLUSION

In summary, we report a change in the location of Na*, K*-ATPase a3 isoform from a
cytoplasmic membrane position in normal control tissues to a peri-nuclear position in both
human colon and lung tumor tissues. The alteration of the a3 isoform position in normal
versus tumor cells was recapitulated in undifferentiated and differentiated human colon
CaCO-2 and HT29 cells. Given that a number of investigators have explored the antitumor
potential of cardiac glycosides, particularly its relationship to Na*, K*-ATPase, the present
data suggest both the relative level of expression of the a3 isoform as well as its cellular
distribution play important roles in oleandrin-induced anticancer effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CF cystic fibrosis

CAM calcien AM

PBS phosphate-buffered saline

TEM transmission electron microscopy
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LC-3 long chain 3
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Figure 1.
Differential distribution of Na*, K*-ATPase a-3 isoform in normal and malignant colon or

lung cancer tissues by immunohistochemical staining. (A) The distribution of Na*, K*-
ATPase a-3 isoform is expressed in or near the plasma membrane in normal tissue sections
while the majority of a-3 isoform staining in malignant tissue sections is found in a peri-
nuclear position. Left Panel: The IHC staining of Na*, K*-ATPase in normal and tumor
colon tissues were taken at a magnification of 100x ; Right Panel, the imaging was taken at
a magnification of 400x. (B) Na*, K*-ATPase a-3 expression distribution in paired normal
and non-small cell lung cancer tissues. Immunohistochemical staining for Na*, K*-ATPase
a-3 expression was scored in normal and pair lung tissue samples. Data are presented as
mean scores SEM (n £ 20 pair). *P < 0.05 tumor versus normal tissue.
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Figure2.
Distribution of Na*, K*-ATPase a3 isoform in the undifferentiated and differentiated

CaCO0-2 (A) and HT29 cells (B). Inserts, higher magnification of representative cells. Cells
were stained for the presence of a-3 (green) and nuclei (blue). A peri-nuclear location of -3
subunits is evident in A (a) and B (a) while a more diffuse cytoplasmic location of a-3 is
shown in A (b) and B (b).
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Figure 3.
Anti-proliferative effect of oleandrin in undifferentiated and differentiated CaCO-2 cells.

Cells were treated with a series of concentrations of oleandrin (0.2-25 nM) for 48 h and cell
proliferation was then determined by BrdU staining. Data are presented as mean + SD of
three separate experiments with *P < 0.05, **P < 0.01 denoting a significant difference in
response at those individual concentrations of undifferentiated and differentiated CaCO-2

cells.
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Figure4.
Autophagic cell death induced by oleandrin in undifferentiated and differentiated CaCO-2

cells. (A) Oleandrin inhibited cell proliferation through induction of autophagic cell death in
undifferentiated CaCO-2 cells. The white arrow (b) indicates mitochondria in the control
undifferentiated CaCO-2 cells, while the red arrow (d) points to condensed mitochondria in
the oleandrin treated undifferentiated CaCO-2 cells. The black arrow (‘d’) points to an
autophagosome formation in the oleandrin treated cells. (a) control CaCO-2 cells (5,000x);
(b) control CaCO-2 cells (20,000x); (c) oleandrin (20 nM) treated undifferentiated CaCO-2
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cells (5,000%); (d) oleandrin treated undifferentiated CaCO-2 cells (20,000x). (B) Oleandrin
treated differentiated CaCO-2 cells showed very limited inhibitory effect on cell
proliferation of these particular cells. (a) control differentiated CaCO-2 cells (5,000x); (b)
control differentiated CaCO-2 cells (20,000x); (c) oleandrin (20 nM) treated differentiated
CaCO0-2 cells (5,000x); (d) oleandrin treated differentiated CaCO-2 cells (20,000%). Neither
condensed mitochondria nor autophagosome bodies were observed in oleandrin treated
differentiated CaCO-2 cells compared to that of vehicle treated differentiated CaCO-2 cells.
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The effect of oleandrin on expression of long chain 3 (LC-3) protein and ERK as well as
pERK in undifferentiated (A) and differentiated (B) CaCO-2 cells. The expression of LC-3
protein (I and 11) and pERK was up regulated by oleandrin in undifferentiated but not
differentiated CaCO-2 cells. The data are representative of two separate experiments with

similar results.
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