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Summary
In this work we demonstrate a differentiation-induced up-regulation of the expression of plasma
membrane Ca2+ATPase (PMCA) isoforms being present in various gastric/colon cancer cell types.
We found PMCA1b as the major isoform in non-differentiated cancer cell lines, whereas the
expression level of PMCA4b was significantly lower. Cell differentiation initiated with short chain
fatty acids (SCFAs) and trichostatin A, or spontaneous differentiation of post-confluent cell cultures
resulted in a marked induction of PMCA4b expression, while only moderately increased PMCA1b
levels. Up-regulation of PMCA4b expression was demonstrated both at the protein and mRNA levels,
and closely correlated with the induction of established differentiation markers. In contrast, the
expression level of the Na+/K+-ATPase or that of the sarco/endoplasmic reticulum Ca2+ATPase 2
protein did not change significantly under these conditions. In membrane vesicles obtained from
SCFA-treated gastric/colon cancer cells a marked increase in the PMCA-dependent Ca2+ transport
activity was observed, indicating a general increase of PMCA function during the differentiation of
these cancer cells.

Because various PMCA isoforms display distinct functional characteristics, we suggest that up-
regulated PMCA expression, together with a major switch in PMCA isoform pattern may
significantly contribute to the differentiation of gastric/colon cancer cells. The analysis of PMCA
expression may provide a new diagnostic tool for monitoring the tumor phenotype.
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1. Introduction
Plasma membrane Ca2+ATPases (PMCAs) play an important role in the regulation of cellular
Ca2+ signaling and the control of cell activation (for review see [1]). Binding of various ligands
to their receptors in the plasma membrane leads to the intracellular production of D-myo-
inositol-1,4,5-tris-phosphate (IP3) and consequent release of Ca2+ from the endoplasmic
reticulum (ER). Ca2+ release from the ER and ensuing Ca2+ influx from the extracellular space
through store-operated Ca2+ channels lead to increased cytosolic Ca2+ concentration and to
the activation of various Ca2+ - and/or Ca2+-calmodulin-dependent enzymes [2,3]. As PMCAs
transport Ca2+ ions from the cytosol into the extracellular space, by decreasing cytosolic free
Ca2+ level these enzymes are essential for the control of the magnitude of Ca2+ transients, and
for the termination of a Ca2+-dependent cell activation event. PMCA activity also determines
the cytosolic Ca2+ concentration of a cell at the resting state. As PMCAs are themselves
activated by the Ca2+-calmodulin complex, PMCA activity is involved in the control of cellular
Ca2+ oscillations, as well [4,5].

Mammalian PMCAs are encoded by four genes (PMCA1-4 or ATP2B1-4), and tissue- and
development-specific alternative splicing of the primary transcripts of these genes generates a
multitude of PMCA isoforms. PMCA1 and PMCA4 are expressed in virtually all tissues,
whereas PMCA2 and PMCA3 are primarily found in some specialized tissue/cell types [6-8].
Okunade et al. [9] studied the relative importance of PMCA1 and PMCA4. They developed
and analyzed mice carrying null mutations in these PMCA genes and proposed the major
housekeeping role for PMCA1, but not for PMCA4. Thus, it appears that the PMCA1 isoform
fulfills housekeeping roles essential for cellular Ca2+ signaling and/or homeostasis, whereas
other PMCA isoforms serve specialized, tissue- or cell type-specific functions.

The PMCA variants identified so far in normal gastric and colon tissues are encoded by the
PMCA1 and PMCA4 genes. The presence of PMCA2 and PMCA3 gene products has not been
detected in these tissue types, even by the most sensitive techniques (for details see [8]).
PMCA4 codes for the full-length PMCA4b isoform and the C-terminally truncated PMCA4a
splice variant. Biochemically, PMCA4b is characterized by: i) low basal activity in the absence
of calmodulin; ii) slow activation by the Ca2+-calmodulin complex and iii) slow inactivation
of the calmodulin-activated pump [10-12]. For PMCA1 biochemical data are limited due to
the difficulties encountered during the cloning and expression of its cDNA [13,14]. The affinity
of PMCA1 for calmodulin appeared to be similar to that of PMCA4, but it has higher affinity
for ATP and a higher susceptibility to degradation by calpain [15]. Further studies are required
to understand why cells co-express PMCA1 and PMCA4, and how these pumps contribute to
the cellular Ca2+ signaling and homeostasis.

The intestinal/colonic epithelium is in a constant state of renewal. Cells proliferate and become
differentiated as they migrate from the base of the crypts towards the surface. Alterations of
the tightly regulated balance between the highly proliferative/less differentiated and the non-
proliferative/highly differentiated states may lead to hyperplasia, benign (polyps) or malignant
tumors. The pivotal role of Ca2+ in the pathophysiology of intestinal/colonic epithelium is well
documented (for review see [16]). Increasing cytosolic free Ca2+ concentration has been
observed during the ontogeny of intestinal epithelium [17], moreover, the differentiation-
inducing effect of increased cytosolic Ca2+ levels has also been published [18]. In addition,
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the regulation of colonic epithelial cell proliferation and differentiation by the extracellular
Ca2+ concentration predicts a chemopreventive action of Ca2+ on colon tumorigenesis
[18-20]. Whereas data in the literature suggest a cross-talk between Ca2+ homeostasis and the
control of epithelial differentiation, the exact mechanisms of action of Ca2+ and proteins
involved in Ca2+ homeostasis in colon carcinogenesis remain to be clarified.

Formerly, we observed that the Ca2+ homeostasis of the ER is remodeled during the
differentiation of gastric and colon carcinoma cells, and showed that, although normal colonic
epithelium expresses the sarco/endoplasmic reticulum Ca2+ATPase 3 (SERCA3) proteins
abundantly, the expression of these enzymes is strongly decreased in colon cancer cells.
SERCA3 expression could be induced by short chain fatty acids (SCFAs) that are physiological
differentiation inducers present in the gut lumen due to fermentation of dietary fibers by the
colonic flora. In addition to the modulated SERCA expression pattern detected during the drug-
induced differentiation of various gastric/colon adenocarcinoma cell lines, enhanced SERCA3
expression accompanied also the spontaneous differentiation of several colon cancer cell lines
in post-confluent cultures without any drug treatment [21,22].

Gene expression can be controlled through deacetylation of histones. A class of agents, the
histone deacetylase (HDAC) inhibitors inhibit that process and are accepted to be potent
differentiation inducers [23]. Treatment of tumor cells with HDAC inhibitors therefore can
contribute to the re-expression of suppressed genes and can accelerate cell differentiation
[24], and these agents are promising drugs that are currently in early phase of clinical trials
[25,26]. In our present study, we used SCFA-type, as well as structurally unrelated HDAC
inhibitors to induce cancer cell differentiation.

As the biochemical activity, as well as the transcriptional regulation of various proteins
involved in cellular Ca2+ homeostasis (pumps, channels and Ca2+ binding proteins) are
modulated by Ca2+, these proteins function in a tightly interconnected manner. To further
characterize this homeostatic matrix, in the present work we investigated the expression pattern
and the function of plasma membrane Ca2+ATPases in various gastric and colon cancer cell
lines, and studied the effect of cell differentiation on their expression and activity. Implication
of PMCAs in the differentiation of various tissue/cell types has already been published
[27-33]. Our studies, focused on gastric/colon carcinomas, indicate that the major PMCA
isoform expressed in these cancer cell lines is PMCA1b, whereas PMCA4b is expressed only
at a reduced level. Differentiation induction resulted in markedly enhanced PMCA4b
expression, whereas PMCA1b expression was only slightly increased. These data provide
further evidence for the essential housekeeping function of PMCA1, but not PMCA4, and
show, for the first time, that PMCA gene expression is regulated in an isoform-dependent
manner during the differentiation of gastric/colon cancer cells. Changes in the relative
abundance of PMCA1 and PMCA4 detected during the differentiation of gastric and colon
adenocarcinoma cell lines towards a more mature phenotype correlate well with previous data
on the co-existence of PMCA1 and 4 mRNAs in normal gastric/colon tissues (reviewed in
[8]). Our observations taken together with earlier data on SERCA expression indicate that the
expression of several key enzymes involved in cellular Ca2+ homeostasis (i.e.: SERCA-, as
well as PMCA-type Ca2+ pumps) is anomalous in malignant cells. This points at a more general
defect of the Ca2+ homeostasis of these cells, reflected by the loss of the expression of proteins
involved in Ca2+-dependent functions of normally differentiated cells.

2. Materials and methods
2.1. Cell Culture

The epithelial HeLa, the kidney fibroblast-like COS-7, the gastric carcinoma KATO-III, as
well as the DLD-1, HT-29, LS-174T and Caco-2 colon carcinoma cell lines were obtained
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from the ATCC (Manassas, VA, USA). All cell lines, exept HT-29 cells, were cultured
according to the instructions of the ATCC with the modifications that the RPMI-1640-based
media contained Glutamax-I (alanyl-glutamine) in addition to 2 mM L-glutamine, and that
media were supplemented with 100 units/ml penicillin and 100 μg/ml streptomycin (GibcoBRL
Life Technologies Ltd, Paisley, UK). HT-29 cells were cultured in DMEM (High Glucose,
GibcoBRL Life Technologies Ltd, Paisley, UK) supplemented with 10% heat-inactivated fetal
calf serum, 100 units/ml penicillin and 100 μg/ml streptomycin. All cell lines were maintained
at 37°C in a humidified atmosphere containing 5% CO2.

2.2. Induction of Cell Differentiation
Exponentially growing cells were trypsinized and seeded into 21 cm2 cell culture Petri dishes
at a density of 4-8 × 104 cells/cm2 for the DLD-1, HT-29 and LS-174T cell lines, and at 0.5-1
× 104 cells/cm2 for Caco-2 cells. When cells reached 50-70% confluency as determined by
microscopic examination (day 1-3 post-plating, depending on the rate of growth), medium was
renewed and drugs were added from concentrated stock solutions. To avoid the attachment and
for uniformity of cultures, KATO-III cells that grow in a semiadherent manner in cell culture
flasks were seeded for treatments into 58 cm2 sterile bacteriological Petri dishes at an initial
density of 1-2 × 105 cells/ml.

For drug-induced cell differentiation, short chain fatty acids (butyric acid and valeric acid;
purchased from Sigma-Aldrich Kft., Hungary) were neutralized by dissolving in 7.5% sodium
bicarbonate solution at a concentration of 0.9 M, sterile filtered and kept at −20°C. Trichostatin
A (obtained from Sigma-Aldrich Kft., Hungary) was added to the cell cultures from
concentrated stock solutions made in dimethyl sulfoxide (DMSO). The final concentration of
DMSO vehicle did not exceed 0.1%, was included in control experiments and did not interfere
with the assays. Untreated control cells were harvested in the exponential phase of non-
confluent growth.

The human Caco-2 colon adenocarcinoma cell line spontaneously undergoes differentiation in
post-confluent cultures. After reaching confluency, the initially rapidly growing cells stop to
proliferate and display structural, biochemical and functional characteristics close to a mature
enterocytic phenotype [34]. Post-confluent Caco-2 cell cultures were re-fed by renewal of
medium every two days.

2.3. Gel Electrophoresis, Electrotransfer and Immunostaining
After drug treatments as indicated in Figures for the KATO-III, DLD-1, HT-29 and LS-174T
cell lines, or at different stages of post-confluency for the Caco-2 cell line, the cells were quickly
washed twice with 0.15 M NaCl, precipitated with ice-cold 6% trichloroacetic acid (TCA)
overnight at 4°C and centrifuged for 15 min at 12000 × g at 4°C. The TCA-precipitated total
cellular protein pellets were then dissolved in modified Läemmli-type sample buffer containing
90 mM Tris-HCl, pH 7.9, 2% SDS, 10% glycerol, 5 mM EDTA, 125 mg/ml urea, 100 mM
dithiothreitol (DTT), 0.02% bromophenol blue [35], and supplemented before use with 0.1
mM phenylmethyl-sulfonyl-fluoride (PMSF) and 10 μg/ml leupeptin. The protein
concentration of the samples was determined by the modified Lowry method using bovine
serum albumin (BSA) as standard. Total cell lysates were electrophoresed on 6%, 7.5% or 9%
Läemmli-type SDS-polyacrylamide gels and electrotransferred onto polyvinylidene fluoride
(PVDF)-membranes (Bio-Rad, Richmond, CA, USA). Transfer of proteins onto PVDF-
membranes was controlled occasionally by AmidoBlack staining. Saturation of membrane
sheets and immunostaining were performed as described in our earlier works [36]. 1:2000
dilution of the pan-anti-PMCA (5F10) and the anti-SERCA2 (IID8), 1:1000 dilution of the
anti-PMCA4 (JA9) and 1:1500 dilution of the anti-PMCA4b (JA3) monoclonal antibodies
(ascites) were used. The IID8 antibody [37] was from Affinity BioReagents, Neshanic Station,
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NJ, USA. The 5F10, JA9 and JA3 antibodies were obtained as described earlier [38,39]. For
the detection of SERCA3 expression, the purified PL/IM430 monoclonal antibody [40] was
used at a final concentration of about 1-2 μg/ml. Immunostaining for the detection of Na+/
K+-ATPase, carcinoembryonic antigen (CEA) and of dipeptidyl-peptidase IV (DPP-IV) was
performed using the anti-Na+/K+-ATPase, clone no.: XVIF9-G10 (BIOMOL), the anti-CEA,
clone no.: C6G9 (Sigma-Aldrich) and the anti-DPP-IV, clone no.: HBB 3/775/42 monoclonal
antibodies at 1:1000, 1:1500 and 1:800 dilutions, respectively [22,41]. Antibody binding on
PVDF-membranes was detected using the enhanced chemiluminescence (ECL) Western-blot
reagents from Amersham International, UK. The luminograms were scanned using a Bio-Rad
Gel Doc densitometer.

2.4. Quantitative Evaluation of the Differentiation-induced Changes in PMCA Expression
To estimate the fold increases in PMCA1b and PMCA4b protein expression during in vitro
differentiation induction performed on the various gastric/colon carcinoma cell lines, the
following protocol was established. Increasing amounts (2-60 μg) of total cellular protein from
untreated and Na+-valerate- or Na+-butyrate-treated KATO-III and DLD-1 cells, or from pre-
confluent and day 22 post-confluent Caco-2 cells were analyzed by Western-blotting using
either the 5F10 pan-anti-PMCA (for PMCA1b), or the PMCA4b-specific JA3 monoclonal
antibodies. Luminograms were scanned and quantitative evaluation was performed separately
for both the PMCA1b and PMCA4b isoforms using the Bio-Rad Gel Doc densitometer and
the Quantity One version 4.4 software. We determined sample points where luminescent signal
intensities for treated and untreated control cells were equal. The ratios of corresponding loaded
total protein quantities were used to calculate fold increase values for the expression of
PMCA1b and 4b isoforms in the samples of the differentiated cells.

2.5. Isolation of Mixed Microsomal Membranes
Microsomal membranes from control, 3 mM Na+-valerate- or 3 mM Na+-butyrate-treated
KATO-III cells were prepared as described in [42] for HL-60 cells. Isolation of microsomal
membranes from control, 3 mM Na+-valerate- or 2 mM Na+-butyrate-treated DLD-1 cells, as
well as from COS-7 cells transiently transfected with human PMCA4a cDNA according to the
procedure published in [43], was performed as described by Enyedi et al. [44] with the
following modifications: cells were washed with ice-cold phosphate-buffered saline (PBS)
solution, then harvested in the same medium containing 0.1 mM PMSF, 6 μg/ml aprotinin, 2.2
μg/ml leupeptin and 1 mM EGTA, pH 7.4. Cells were sedimented and then resuspended in an
ice-cold hypotonic solution containing 10 mM Tris-HCl, pH 7.4, 1 mM MgCl2, 0.5 mM EGTA,
4 μg/ml aprotinin, 2 μg/ml leupeptin and 4 mM DTT. After lysis, homogenization and two
centrifugation steps (for 30 min at 2000 × g at 4°C, then for 60 min at 105 × g at 4°C) the final
pellet (the 105 × g membrane fraction) was resuspended in a solution of 0.25 M sucrose, 0.15
M KCl, 10 mM Tris-HCl, pH 7.4, 2 mM DTT, 20 μM CaCl2, and the membrane suspension
was stored in liquid N2.

2.6. Ca2+ Transport Assay
Ca2+ uptake by microsomal membrane vesicles prepared from control, Na+-valerate- or Na+-
butyrate-treated KATO-III and DLD-1 cells was carried out as described previously [45,46]
in a reaction mixture containing 100 mM KCl, 25 mM N-tris-(hydroxymethyl) methyl-2-
aminoethanesulfonic acid-triethanolamine (TES-TEA), pH 7.2, 7 mM MgCl2, 40 mM
KH2PO4/K2HPO4, pH 7.2, 200 nM thapsigargin (to block SERCA-driven Ca2+ uptake), 4
μg/ml oligomycin (to block mitochondrial ATP synthesis), 100 μM CaCl2 (labeled
with 45Ca2+, 45 GBq/mmol, Amersham International, UK) and 90 μM EGTA to obtain 8.1
μM free Ca2+ concentration. The free Ca2+ was calculated with MaxChelator
(http://www.stanford.edu/~cpatton/maxc.html). Calmodulin at 20 μg/ml (1174 nM)
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concentration was also added to the reaction mixture to obtain maximal PMCA-driven Ca2+

uptake. Ca2+ uptake was initiated by the addition of 5 mM ATP and measured for 5 min. The
concentration of the microsomal membrane proteins during the transport measurements was
200 μg/ml for KATO-III, and 100 μg/ml for the DLD-1 cells, respectively. The reaction was
terminated by rapid filtration of the microsomes using Millipore membrane filters (0.45 μm
pore size) and counting was performed as described in [47].

2.7. RNA Isolation and Reverse Transcription
Following the appropriate treatments, cells were lysed in Trizol reagent (GibcoBRL Life
Technologies Ltd, Paisley, UK) and total cellular RNA was isolated according to the
manufacturer’s protocol. Total cDNA was prepared by reverse transcription with random
hexamers using 1μg of total RNA (denatured for 10 min at 65°C) in a reaction volume of 20
μl with 200 units of Moloney murine leukemia virus (MMLV) reverse transcriptase (Promega,
Madison, WA) in the buffer supplied, 40 units of RNase inhibitor, 0.5 mM dNTP and 100 ng
of random hexamer primers (obtained from Promega, Madison, WA) at 25°C for 10 min, 37°
C for 45 min and 95°C for 5 min.

2.8. Relative mRNA Quantification
1 μl of total cDNA was amplified using the LightCycler FastStart DNA Master SYBR Green
I kit (Roche, Mannheim, Germany) with 2 mM MgCl2, 0.5 μM amplification primers for the
PMCA4b (forward: 5’-ccgtatccagactcagatcaaa-3’; reverse: 5’-gaaagccttgtcaggattttcc-3’) and
0.2 μM amplification primers for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene (forward: 5’-gaaggtgaaggtcggagtca-3’; reverse: 5’-gacaagcttcccgttctcag-3’). The PCR
program consisted of an initial denaturation step at 95°C for 10 min, followed by 45 cycles of
denaturation at 95°C for 10 sec, annealing at 60°C for 10 sec and extension at 72°C for 30 sec.
Detection of SYBR Green fluorescence (F1 fluorescence) was performed at 60°C in each cycle.
For relative mRNA quantification, the second derivative maximum function of the LightCycler
software (Roche, Mannheim, Germany) was used. Fluorescence curves were analyzed and
crossing thresholds (crossing point, CP, the cycle number at which the fluorescence signal rises
above background) were determined for each sample. The relative PMCA4b (target) and
GAPDH (reference or housekeeping) mRNA quantities were calculated by comparing the
actual CP values to standard curves. To obtain standard curves, 5× serial dilutions of a total
cellular cDNA sample were prepared, amplified for the target and control genes, and CP values
were plotted as a function of the relative concentrations of the serially diluted cDNA samples.
To obtain normalized PMCA4b mRNA quantities in the differently treated samples, ratios of
the relative mRNA concentration values for PMCA4b and GAPDH were calculated. The
GAPDH CP value fluctuations never exceeded 1 cycle throughout our experiments.

2.9. Statistical Analysis
Data in this work correspond to three or more independent experiments and are presented either
as a representative experiment or the mean ± S.D. as specified in the Figure captions. Statistical
significance was determined by Student’s t-test.

3. Results
3.1. PMCA Expression Pattern in Gastric and Colon Cancer Cell Lines

Plasma membrane Ca2+ATPase isoforms (PMCAs) were identified and their expression levels
were studied in gastric (KATO-III) and various colon (DLD-1, Caco-2, LS-174T and HT-29)
cancer cell lines. We analyzed total cellular proteins of exponentially growing cells for overall
PMCA (Fig. 1, upper panel), PMCA4 (Fig. 1, lower panel) and PMCA4b (Fig. 1, middle
panel) expression. It has been reported that the mRNA of PMCA1b, 4b and 4a isoforms are
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expressed in gastric/colon tissues (for review see [8]). Therefore, a mixture of PMCA isoforms
was used to mark the position of these proteins. For Western-blot analysis of the PMCA isoform
pattern and to estimate the relative expression level of the PMCA isoforms in various cancer
cell lines, first we used the pan-anti-PMCA 5F10 antibody (Fig. 1, upper panel). As published
earlier, the region of the 5F10 epitope (residues 719-738) is highly conserved in all PMCA
isoforms [48], thus this antibody probably recognizes all PMCAs with the same affinity.
Although PMCA1b is the major PMCA isoform expressed at comparable levels in the gastric/
colon cancer cell lines, expression of PMCA4b was also detected at a lower level, as shown in
Fig. 1. However, expression of the PMCA4a protein could not be seen in any of the cancer cell
lines probed with the pan-PMCA4-specific JA9 antibody (Fig. 1, lower panel). As the presence
of PMCA2 and 3 isoforms has not been reported in normal gastric/colonic epithelium, we did
not extend our studies to these PMCA pumps.

3.2. PMCA4b Expression Markedly Increases during Short Chain Fatty Acid-induced
Differentiation of Gastric/Colon Cancer Cell Lines

The malignant phenotype is associated with inhibition of cell differentiation, and
pharmacologically induced differentiation of the malignant cells constitutes the basis of several
experimental, as well as clinically accepted routine anticancer therapeutic protocols [49,50].

We treated the KATO-III, DLD-1, HT-29 and LS-174T cancer cell lines with short chain fatty
acids (SCFAs), Na+-valerate or Na+-butyrate. These are well-known differentiation-inducing
agents [51] and butyrate is physiologically present in the gut lumen. Fig. 2 presents a
concentration dependence of changes in PMCA expression pattern during Na+-valerate or
Na+-butyrate treatments of the four cell types. Fig. 3 shows a time course of PMCA expression
during valerate- or butyrate-induced differentiation of the KATO-III, DLD-1 and LS-174T
cells. SCFA treatments led to a marked up-regulation of PMCA4b expression and to a less
pronounced induction of PMCA1b expression in a concentration-dependent manner, in the low
millimolar range of the SCFAs (Fig. 2A-D). In parallel, the expression of the SERCA2
housekeeping endoplasmic reticulum Ca2+ATPase isoform slightly decreased, or did not
change significantly, depending on treatments and cell types. In KATO-III cells (Fig. 2A)
differentiation was monitored by the induction of SERCA3 (endomembrane-associated
Ca2+ATPase) expression [22]. In DLD-1, HT-29 and LS-174T colon cancer cells (Fig. 2B-
D) the differentiation was confirmed by the enhanced expression of carcinoembrionic antigen
(CEA) and/or the dipeptidyl-peptidase IV (DPP-IV) enzyme (data not shown). CEA expression
increased at lower concentrations of SCFA than PMCA expression probably due to different
mechanisms involved in the regulation of the expression of the two genes.

Next, we followed changes in the expression of PMCAs in the presence of 3 mM Na+-valerate
(left panels) or 3 mM Na+-butyrate (right panels) for up to 3-5 days depending on cell types.
Total cellular lysates were analyzed for overall PMCA, PMCA4b and the plasma membrane
marker Na+/K+-ATPase expression (Fig. 3A-C). Induction of PMCA4b expression could be
detected as early as day 0.5-1. PMCA4b expression reached a plateau-phase after 1-2 days of
SCFA treatment in the mucus-secreting LS-174T cells and after 4-5 days of SCFA treatment
in gastric KATO-III and enterocytic DLD-1 cells. A concomitant, but less pronounced up-
regulation of PMCA1b expression was also detected, however, the expression of the Na+/K+-
ATPase did not change significantly or rather slightly decreased during SCFA treatment.

In order to evaluate the SCFA-induced up-regulation of PMCA expression in KATO-III and
DLD-1 cell lines (Table 1), different quantities of total cellular proteins were loaded onto the
SDS-polyacrylamide gel from cells cultured in the absence or in the presence of Na+-valerate
or Na+-butyrate (see details in the “Materials and methods”). Western-blot analysis revealed
an about 5-9 times increase in PMCA4b expression, significantly higher than that of PMCA1b
(about 1.5-3 times) during SCFA-induced cell differentiation in both cell lines.
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3.3. PMCA4b mRNA Expression Is Highly Up-regulated during SCFA-induced Cell
Differentiation

Fig. 4A shows that after 4 days treatment the relative quantities of PMCA4b transcripts,
normalized to the GAPDH mRNA, increased 10- and 14-fold in KATO-III cells in response
to the differentiation-inducing agents 3 mM Na+-valerate or 3 mM Na+-butyrate, respectively.
SCFA-induced differentiation of DLD-1 cells resulted in a 15-25-fold increase in the
normalized PMCA4b mRNA quantities after a 5 days treatment (Fig. 4B). Data obtained for
PMCA4b transcripts are in good correlation with the increased PMCA4b protein levels
detected in SCFA-treated KATO-III and DLD-1 cells (Figs. 2 and 3).

3.4. Modulation of PMCA-driven Ca2+ Transport Function by SCFA-induced Cell
Differentiation

To study whether the modulated PMCA expression during SCFA-induced cell differentiation
could have functional consequences on cellular Ca2+ transport, we investigated PMCA-driven
active Ca2+ transport into microsomal membrane vesicles obtained either from KATO-III
gastric (Fig. 5A), or from DLD-1 colonic epithelial cells (Fig. 5B) treated for 5 days with
Na+-valerate or Na+-butyrate. Microsomal membrane vesicles from untreated KATO-III or
DLD-1 cells were used for control measurements. Maximal PMCA-driven Ca2+ transport
activities were measured at saturating Ca2+ (8.1 μM free Ca2+) and calmodulin (1174 nM)
concentrations in the presence of thapsigargin that blocks Ca2+ transport driven by SERCAs.
A 2- and a 3-fold increase in the PMCA-driven vesicular Ca2+ transport activity were detected
in 3 mM Na+-valerate- and in 3 mM Na+-butyrate-treated KATO-III cells, respectively. In
DLD-1 cells treated with either 3 mM valerate or 2 mM butyrate, an approximately 2-fold
increase in PMCA-driven vesicular Ca2+ transport activity could be detected. These data show
that differentiation induction modulates not only PMCA gene expression, but also PMCA
activity in various gastric/colon cancer cell lines.

3.5. Growth Inhibition per se Does Not Result in Induction of PMCA Expression in KATO-III
Cells

As shown in Fig. 6A, Na+-butyrate possessed higher growth arrest inducing potency for KATO-
III cells than did Na+-valerate (about 77% growth inhibition at 3 mM Na+-butyrate and about
51% growth inhibition at 3 mM Na+-valerate at day 3 of treatments). When the cells were
cultured for 3 days without SCFAs in serum-free culture medium containing 0.5% bovine
serum albumin (BSA), an approximately 54% growth inhibition could be detected, very similar
to that observed at 3 days with 3 mM Na+-valerate treatment. In Fig. 6B we show that growth
inhibition induced by serum withdrawal did not affect PMCA expression. This indicates that
the increased PMCA4b expression was specifically induced by SCFAs.

3.6. Enhanced PMCA4b Expression during Trichostatin A-induced Differentiation of Gastric/
Colon Cancer Cell Lines

We tested, if the induction of PMCA expression occurred also when the differentiation of
various gastric/colon cancer cell lines was induced with highly specific HDAC inhibitors
structurally different from the SCFAs. We treated the KATO-III, DLD-1 and LS-174T cancer
cell lines with trichostatin A, a well characterized HDAC inhibitor [52], and investigated the
changes in the PMCA expression pattern. In Fig. 7 the concentration dependence, while in Fig.
8 the time course of changes in PMCA expression are presented. As shown in Fig. 7A-C,
trichostatin A induced up-regulation of PMCA4b expression in a concentration-dependent
manner in the 10-400 nanomolar range depending on cell types. The expression of PMCA1b
increased only slightly. In parallel experiments the enhancement in PMCA4b expression
appeared to be more pronounced when the cells were cultured in the presence of 3 mM Na+-
butyrate than during treatments with the most effective concentrations of trichostatin A (Fig.
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7). As shown in Fig. 8A-C, induction of PMCA4b expression could be detected as early as day
0.5-1, and it reached a plateau-phase after 1-2 days when the cells were treated with 250-300
nM trichostatin A. PMCA1b expression did not change significantly and the expression of the
Na+/K+-ATPase decreased slightly during these treatments.

3.7. Induction of PMCA Expression during Spontaneous Differentiation of Caco-2 Cells in
Post-confluent Cultures

Finally, we analyzed differentiation-induced changes in the PMCA expression pattern in a
model system that differs substantially from those described above. The Caco-2 human colon
adenocarcinoma cell line undergoes spontaneous differentiation and acquires a mature
polarized enterocytic phenotype when cultured in post-confluent cultures without any
additional treatment [34,53]. Caco-2 cells constitute a widely used model of enterocytic
differentiation and function. The cells were allowed to reach confluency and cultured further
for more than 3 weeks. Cells were harvested at different time points and lysed for both Western-
blot (Fig. 9A-B), and real-time PCR analysis (Fig. 9C). The expression of PMCA isoforms and
of the Na+/K+-ATPase, as well as that of two established markers of enterocytic differentiation,
CEA and DPP-IV [41,53,54] was monitored. As shown in Fig. 9A, a marked and gradual
induction of PMCA4b expression could be detected that reached a plateau-phase after
approximately 3 weeks of post-confluency. This PMCA4b induction followed a time course
very similar to that of DPP-IV, an enzyme located in the apical plasma membrane of the
enterocytes. However, a less pronounced increase appeared in the PMCA1b expression.
Interestingly, this change in PMCA1b expression was manifested in the early phase of post-
confluency and did not change significantly in the later period of differentiation. The
differentiation of Caco-2 cells was also reflected by the marked enhancement in CEA
expression. The differentiation induction resulted in a slight decrease in the expression of the
plasma membrane marker Na+/K+-ATPase. Only a very small increase in the SERCA2
expression, but a significant induction in the expression of the SERCA3 proteins could be
detected in accordance with our earlier results in [22] (data not shown). When PMCA4b protein
expression was quantified at 3 weeks of post-confluency (for details see “Materials and
methods”), an approximately 8-fold increase was obtained (Fig. 9B) as compared to the
PMCA4b expression in pre-confluent Caco-2 cells. In parallel, only an approximately 3-fold
increase in the PMCA1b expression could be detected. As shown in Fig. 9C, when
differentiation of Caco-2 cells was induced in post-confluent cultures, the relative quantities
of PMCA4b mRNA gradually increased after the cell culture achieved confluency. In this
setting, a pre-confluent cell culture was used as control, and samples were collected at days 3,
7, 15 and 31 after confluency. At day 3 a small (1.7-fold), and at days 7 and 15, gradually larger
(5- and 9-fold) increases in quantities of PMCA4b mRNA were detected with a plateau-like
effect, i.e. no further increase was measured at day 31. The PMCA4b mRNA content of the
differentiating Caco-2 cells reached the plateau-phase approximately 1 week earlier (after 2
weeks of post-confluency) than the PMCA4b protein (after 3 weeks of post-confluency, Fig.
9A). The dissimilarity observed in the kinetics of the induction of PMCA4b mRNA and the
PMCA4b protein could be partly due to the higher sensitivity of the real-time PCR when
compared to that of the Western-blotting. In addition, the turnover rates of the mRNA and the
corresponding protein may differ, as well. We conclude that up-regulation of PMCA4b
expression due to spontaneous differentiation of Caco-2 cells is manifested both at the mRNA
and protein levels as it has also been shown in our earlier work for the SERCA3 gene in this
adenocarcinoma cell line [22].

4. Discussion
In this work we report for the first time on differentiation-induced modulation of the plasma
membrane Ca2+ transport ATPase (PMCA) expression pattern in various colon and gastric
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carcinoma cells. We show that the dominant PMCA isoform expressed in gastric/colon
adenocarcinoma cell lines is PMCA1b, and that PMCA4b is also expressed but at a strongly
suppressed level. Differentiation induced by various treatments such as histone deacetylase
inhibition or during post-confluent growth resulted in the preferential induction of PMCA4b
expression in a wide selection of cancer cell lines.

PMCAs are considered as key molecular components of cellular Ca2+ homeostasis and
signaling, and consequently of various cell functions. By extruding Ca2+ from the cytosol into
the extracellular space, these transport proteins shape the Ca2+ signals and thus participate in
the fine-tuning of the Ca2+-dependent cellular responses. The nearly 30 members of this
Ca2+ ATPase family, with their developmentally regulated and tissue/cell type-specific
expression pattern fulfill a wide range of important cell biological functions [1,8,55-57].
Among the mammalian PMCAs encoded by four genes, PMCA1 and PMCA4 are expressed
in virtually all tissue/cell types [8]. However, Okunade and co-workers proposed an essential
housekeeping role for the PMCA1, but not for PMCA4 [9]. This is based on the fact, that the
PMCA4 null mutant mice did not exhibit embryonic lethality and appeared outwardly normal.
In contrast to PMCA4 ablation, loss of both copies of the PMCA1 gene caused embryonic
lethality. One can conclude that cells equipped with PMCA1 as the only PMCA pump preserve
their viability, whereas PMCA4 alone is not sufficient for cell survival.

The PMCA variants detected so far at the mRNA level in normal gastrointestinal tissues are
encoded by the PMCA1 and PMCA4 genes (for review see [8]). The relative abundance of the
PMCA1 and PMCA4 mRNAs along the gastrointestinal tract is known to depend on location
along the tract: PMCA1 is predominant in the mucosa of the small intestine and is the most
abundant in duodenum, while PMCA4 is predominant in colon [58,59]. Therefore, the present
work does not analyze the relative expression of the various PMCA isoforms in normal gastric/
colonic mucosa. However, we could demonstrate the presence of PMCA1b and PMCA4b
mRNAs in samples of normal colonic crypts, as well as that of the PMCA1b and PMCA4b
proteins in normal colon tissue sections in accordance with the literature (data not shown). In
a former publication, distribution of the Ca2+ATPase activity and the correlated ATP-
dependent Ca2+ transport activity was examined along the villus-crypt axis in basolateral
membrane preparations of rat duodenum [60]. The Ca2+ATPase and ATP-dependent Ca2+

transport activities were low in the young, undifferentiated cells in the crypt base, while these
activity values increased progressively towards the villus tip where terminally differentiated
epithelial cells are located. In that paper, however, the authors did not specify the molecular
identity of the corresponding Ca2+-transport ATPase(s).

Among the consequences of the in vitro differentiation of the adenocarcinoma cell lines of
gastric (KATO-III), colon enterocytic (DLD-1, HT-29 and Caco-2) or colon mucus-secreting
phenotypes (LS-174T) we observed marked increases of PMCA4b expression both at mRNA
and protein levels (Figs. 2-4, 7-9 and Table 1). However, differentiation induction of these
cancer cells was accompanied by slighter modifications in PMCA1b expression.
Differentiation-induced changes in PMCA protein expression resulted also in a marked
increase in PMCA-driven Ca2+ transport activity of membrane vesicles obtained from SCFA-
treated gastric/colon cancer cells, as compared to untreated control cells (Fig. 5). Following
various differentiation-inducing treatments, the level of PMCA4b protein expression became
nearly as high as that of the PMCA1b protein (see butyrate-treated KATO-III cells in Figs. 3
and 7 or butyrate-treated LS-174T cells in Figs. 2 and 3), as estimated by Western-blotting
using the pan-anti-PMCA 5F10 antibody. Butyrate-treatments were somewhat more effective
for induction of PMCA4b expression than valerate-treatments in all examined adenocarcinoma
cell lines (Figs. 2-4 and 6, Table 1). Differentiation induction with trichostatin A resulted in a
less pronounced PMCA4b induction than treatments with Na+-butyrate (Fig. 7) or Na+-valerate
(data not shown), probably due to differences in either the stability of these differentiation-
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inducing agents in the culture media, or the mechanism of their actions in the cells. Indeed,
trichostatin A is known to modulate gene expression through inhibition of HDACs [52] while
the mechanism of action of Na+-butyrate and Na+-valerate is more complex, and includes not
only HDAC inhibition [51], but also interactions with other intracellular targets, such as serine-
threonine protein phosphatases [61] or serine-threonine protein kinases [62].

Comparative biochemical analysis of various native and transfected PMCA isoforms indicates
that a major distinctive characteristic of the PMCA4b isoform resides in the slow activation
kinetics of the enzyme by the Ca2+/calmodulin complex and in the equally slow dissociation
of calmodulin from the enzyme. PMCA4b thus displays delayed calmodulin-dependent
activation (at rising Ca2+ concentrations) and slow inactivation (at decreasing Ca2+

concentrations) [10-12,43]. PMCA4b may therefore confer specific kinetic characteristics to
a Ca2+ transient. Because of the difficulties encountered during the cloning and expression of
PMCA1 cDNA [13,14], biochemical data are fairly limited for this PMCA pump. Thus, it is
currently difficult to hypothesize how PMCA1 shapes the Ca2+ transients during signaling
events. Very recently, Liu and co-workers presented data for the distinct roles of PMCA1 and
PMCA4 isoforms in the Ca2+ homeostasis of bladder smooth muscle from wild-type and
various PMCA gene-ablated mice [63]. They proposed that PMCA1 is involved in overall
Ca2+ clearance, while PMCA4 plays an essential role in cytosolic Ca2+ increase and the
contractile response to carbachol receptor-mediated signal transduction pathway.

As reviewed by Lipskaia and Lompré [64], alterations in temporal kinetics of Ca2+ signaling
can control cell growth and proliferation. Changes of Ca2+ signaling and handling control also
muscle development [65], neuronal precursor differentiation [66,67], osteoblast growth and
differentiation [68]. Increasing cytosolic free Ca2+ concentration has been observed during the
ontogeny of intestinal epithelium [17], moreover, gradual modulation of cellular Ca2+ handling
during the maturation of epithelial cells has also been observed ex vivo in isolated normal
colonic crypts [69]. Higher resting cytosolic Ca2+ levels and diminished ER Ca2+ content were
reported in butyrate-treated gastric cancer cells (KATO-III) when compared to less
differentiated untreated control cells [22]. Because of the wide scale of proteins involved in
cellular Ca2+ handling, it is impossible to assign the differentiation-induced changes observed
in cellular Ca2+ signaling to a single protein species, such as for example a PMCA isoenzyme.
However, the modulation of the expression pattern of various Ca2+ATPases, as shown for
PMCA4b in the present work, may be relevant in this context.

The participation of several PMCA isoforms including PMCA4b in noncovalent multi-protein
complexes is now well documented, and numerous interacting partners have been identified
[70-80]. Several of these interactions result in the modulation by PMCA of the function or
activity of the interacting partners and appear to be specific when compared to other PMCA
isoforms. PMCA4 has also been observed to display a polarized expression pattern in kidney
epithelial cells [81], and to communicate with mitochondria located in close proximity to the
plasma membrane [82]. Finally, PMCA4 has recently been published to be specifically
associated with lipid rafts in synaptic plasma membranes [83], whereas the PMCA1, 2 and 3
proteins were found in other membrane domains. Taken together these observations show, that
despite their shared basic biochemical activity (i.e.: Ca2+/calmodulin-dependent Ca2+

extrusion), various PMCA isoforms may also be involved in distinct cell type-specific
functions via participating in functionally integrated multi-protein complexes. Variations of
the interacting partners in these complexes provide a further level of complexity in the
physiological functions of the PMCA isoenzymes. Such a functional specialization of PMCAs
may be, among others, the basis of the existence of the tissue-type dependent expression of
various PMCA isoforms and, as shown in this work, of the preferential induction of PMCA4b
expression that leads to a major switch in PMCA isoform pattern during cell differentiation in
gastric/colon carcinomas.
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Modulations of PMCA expression have been observed during neuronal [27,28] and retinal
[29] maturation, in myogenic [30], megakaryoblastoid [31], osteoblast-like [32] and
trophoblast-like [33] differentiation models, as well as in cornea [84], in lactating mammary
tissue [85] and oral and breast cancer [86,87]. In addition, marked induction of the expression
of the SERCA3 endoplasmic reticulum Ca2+ATPases has been shown earlier during
megakaryocytopoiesis [88], during cell differentiation in various leukemia [21,42] and gastric/
colon cancer cells ([21,22,89]. When taken together with data shown on PMCA expression in
our present work, these observations indicate that the remodeling of cellular Ca2+ homeostasis
during differentiation is a phenomenon that concerns Ca2+ sequestration in the ER, as well as
Ca2+ extrusion across the plasma membrane. This points at an integrative regulation of the
remodeling of cellular Ca2+ homeostasis during differentiation, and suggests that the defects
observed in the Ca2+ homeostasis of cancer cells (such as deficient expression of SERCA3 and
PMCA4b isoenzymes) are part of a more general anomaly, probably linked to the
differentiation blockage observed in malignant cells. These results extend further previous
observations reported on rearrangements of the intracellular Ca2+ homeostasis of the androgen-
dependent LNCaP prostate cancer cell line [90] and during the neuroendocrine-differentiation
of prostate cancer cells [91], as well.

It has been previously described that pharmacological modulation of Ca2+ homeostasis by
SERCA inhibitors or Ca2+ ionophores can affect cell survival, proliferation and apoptosis in
various cell types [92,93]. Furthermore, such treatments can induce or enhance cell
differentiation in Friend erythroleukemia cells [94], in myeloid leukemia [95] and colon cancer
[89]. This indicates that modulation of cellular Ca2+ homeostasis during differentiation is not
a simple passive consequence of the differentiation process. Rather, a cross-talk exists between
Ca2+ signaling and various cellular signaling systems that control cell survival, proliferation,
differentiation and apoptosis. An additional argument in support of this idea is the involvement
of various PMCA isoforms both in cell proliferation [64,96,97] and apoptosis [9,76,98,99].
Suppressed proliferation of breast cancer MCF-7 cells or induced apoptosis in vascular smooth
muscle cells via antisense-mediated PMCA inhibition were published earlier [97,99].

In summary, although the precise identification of isoform-specific PMCA functions during
differentiation requires further work, our observations clearly demonstrate differentiation-
induced and isoform-specific changes in PMCA gene expression in gastric/colon cancer cells.
We conclude that PMCA expression is deficient in colon and gastric carcinoma, and that the
modulation of PMCA expression and function constitutes an integral part of the cellular
signaling network set in motion during differentiation. Thus, the analysis of PMCA expression
may be a useful new diagnostic tool for monitoring the tumor phenotype. As it is well
documented that deregulation of Ca2+ homeostasis and signaling is associated with the
pathophysiology of numerous tissue types, such as intestinal/colonic epithelium, among the
mechanisms involved in cellular Ca2+ handling, PMCA isoenzymes together with SERCA
proteins (for review see [21]) may serve as potential targets for the pharmacological modulation
of carcinogenesis.
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Abbreviations
PMCA  

plasma membrane Ca2+ATPase

SERCA  
sarco/endoplasmic reticulum Ca2+ATPase

ER  
endoplasmic reticulum

5F10  
pan-anti-PMCA monoclonal antibody

JA9  
anti-PMCA4 monoclonal antibody

JA3  
anti-PMCA4b monoclonal antibody

PL/IM 430  
pan-anti-SERCA3 monoclonal antibody

IID8  
pan-anti-SERCA2 monoclonal antibody

CEA  
carcinoembryonic antigen

DPP-IV  
dipeptidyl-peptidase IV

SCFA  
short chain fatty acid

HDAC  
histone deacetylase

GAPDH  
glyceraldehyde-3-phosphate dehydrogenase

BSA  
bovine serum albumin

RT  
reverse transcriptase

CP  
crossing point

TCA  
trichloroacetic acid

PMSF  
phenylmethyl-sulfonyl-fluoride

TES-TEA  
N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid-triethanolamine
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PVDF  
polyvinylidene fluoride

ECL®  
enhanced chemiluminescence
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Fig. 1.
Expression of PMCA-type Ca2+ pumps in gastric and colon cancer cell lines. Equal amounts
(30 μg/lane) of total cellular proteins from various gastric (KATO-III) and colon (DLD-1,
Caco-2, LS-174T and HT-29) cancer cell lines were loaded for SDS-PAGE, electroblotted and
immunostained for: overall PMCA expression using the 5F10 (upper panel); PMCA4b
expression using the JA3 (middle panel) and for PMCA4 (4a and 4b) expression using the JA9
(lower panel) monoclonal antibodies. 5 μg of microsomal membrane protein from the epithelial
HeLa cells was mixed with 25 ng of microsomal membrane protein from COS-7 cells
transfected with the PMCA4a cDNA. This mixed sample was loaded onto the gel to mark the
position of the PMCA1b, 4a and 4b isoforms within a single sample.
PMCA1b is the major PMCA isoform in the gastric/colon cancer cell lines. The expression of
PMCA4b, but not that of the PMCA4a protein could also be detected in these cells at a lower
level.
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Fig. 2.
SCFA-induced modulation of PMCA expression in various gastric/colon cancer cell lines:
concentration dependence.
KATO-III (A), DLD-1 (B), HT-29 (C) and LS-174T (D) cells were cultured in the presence of
various concentrations of Na+-valerate or Na+-butyrate, as indicated on the panels. Total
cellular protein lysates were prepared from all treatments at day 3 for KATO-III, DLD-1 and
HT-29, and at day 2 for LS-174T cells. Equal amounts of cellular proteins (from 20 to 50 μg/
lane, depending on the cell lines and the antibody used for immunostaining) were loaded onto
the SDS-polyacrylamide gels, electroblotted and immunostained for overall PMCA (5F10) and
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PMCA4b (JA3) expressions. The expression of the ubiquitous SERCA2 pump, and that of
various established differentiation markers (CEA and/or SERCA3) were monitored in parallel.
Treatment of the four cancer cell lines with these differentiation-inducing SCFAs led to the
marked up-regulation of PMCA4b expression and to a less pronounced induction of PMCA1b
expression.
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Fig. 3.
SCFA-induced modulation of PMCA expression in various gastric/colon cancer cell lines: time
course.
KATO-III (A), DLD-1 (B) and LS-174T (C) cells were cultured in the presence of 3 mM
Na+-valerate or Na+-butyrate, as indicated on the panels. Total cellular lysates were prepared
from all treatments at the indicated time points and equal amounts of cellular proteins (from
20 to 30 μg/lane, depending on the cell lines and the antibody used for immunostaining) were
analyzed for overall PMCA (5F10), PMCA4b (JA3) and for Na+/K+-ATPase expressions.
Induction of PMCA4b expression could be detected as early as day 0.5-1, and reached a plateau-
phase after 1-2 days of SCFA-treatment in LS-174T cells, and after 4-5 days of SCFA-treatment
in KATO-III and DLD-1 cells.

Ribiczey et al. Page 23

Cell Calcium. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Up-regulated PMCA4b mRNA expression in SCFA-treated KATO-III and DLD-1 cells.
KATO-III gastric (A) and DLD-1 colon (B) cancer cells were treated with 3 mM Na+-valerate
or 3 mM Na+-butyrate for 4 or 5 days, respectively. Untreated cells were used as controls.
Real-time PCR analysis was conducted by using DNA templates obtained following reverse
transcription of mRNAs from SCFA-treated and untreated cells, and PMCA4b-specific
oligonucleotide primers. As internal control, GAPDH was also amplified from the same RNA
preparations. Normalized PMCA4b mRNA/GAPDH mRNA ratios were calculated by using
crossing point values and separate calibration curves for the two amplicons.
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The bars in panels (A) and (B) represent the means ± S.D. of three independent determinations
of a representative experiment. Statistical significance is denoted by **p<0.01.
The SCFA-induced differentiation resulted in strong induction of PMCA4b mRNA expression
in both cell lines.
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Fig. 5.
Up-modulated PMCA-driven Ca2+ transport activities of microsomal membranes from SCFA-
treated KATO-III and DLD-1 cells.
KATO-III cells (A) were treated for 5 days with 3 mM Na+-valerate or 3 mM Na+-butyrate.
DLD-1 cells (B) were treated for 5 days with 3 mM Na+-valerate or 2 mM Na+-butyrate.
Untreated cells were used as controls. Maximal PMCA-driven Ca2+ transport activities were
determined for each microsomal membrane preparation at saturating Ca2+ (8.1 μM free
Ca2+) and calmodulin (1174 nM) concentrations.
The bars in panels (A) and (B) represent the means ± S.D. of 6-9 determinations from three
independent experiments. Statistical significance is denoted by **p<0.01.
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SCFA-induced differentiation resulted in up-regulated PMCA-driven Ca2+ transport in both
cell lines.
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Fig. 6.
PMCA4b induction by SCFAs is not linked to their growth inhibitory effect. KATO-III cells,
at an initial density of 1 × 105 cells/ml, were cultured in control conditions, or in the presence
of 1mM, 2mM or 3 mM Na+-valerate or 3 mM Na+-butyrate, or were cultured without SCFAs
in serum-free culture medium containing 0.5% bovine serum albumin (BSA).
A, Cell densities detected at day 3. The bars represent the means ± S.D. of 2-3 determinations
from at least two independent experiments. Statistical significance is denoted by when *p<0.05
or **p<0.01. At 1 mM and 2 mM Na+-valerate treatments we had only 2 determinations being
not sufficient to calculate the statistical significance.
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B, Western-blotting of total cellular lysates prepared from all treatments at day 3. Equal
amounts of cellular proteins were analyzed for overall PMCA (5F10), PMCA4b (JA3) and
Na+/K+-ATPase expressions.
Growth inhibition induced by serum withdrawal was without any effect on PMCA expression,
whereas PMCA4b induction could be obtained by various SCFAs with or without growth
inhibition.
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Fig. 7.
Trichostatin A-induced modulation of PMCA expression in various gastric/colon cancer cell
lines: concentration dependence.
KATO-III (A), DLD-1 (B) and LS-174T (C) cells were treated with various concentrations of
trichostatin A or 3 mM Na+-butyrate as indicated on the panels. Total cellular lysates were
prepared from all treatments at day 3 for KATO-III, at day 4 for DLD-1 and at day 2 for
LS-174T cells. Equal amounts of cellular proteins (from 20 to 30 μg/lane, depending on cell
types and the antibody used for immunostaining) were analyzed for overall PMCA (5F10) and
PMCA4b (JA3) expressions.
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Treatment of the three cancer cell lines with the HDAC inhibitor trichostatin A led to a marked
up-regulation of PMCA4b expression.
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Fig. 8.
Trichostatin A-induced modulation of PMCA expression in various gastric/colon cancer cell
lines: time course.
KATO-III (A), DLD-1 (B) and LS-174T (C) cells were treated with the indicated concentrations
of trichostatin A for 4 days (KATO-III and DLD-1 cells) or for 3 days (LS-174T cells). Total
cellular lysates were prepared at the indicated time points and equal amounts of cellular proteins
(from 20 to 30 μg/lane, depending on cell types and the antibody used for immunostaining)
were analyzed for overall PMCA (5F10), PMCA4b (JA3) and Na+/K+-ATPase expressions.
The time course of the trichostatin A-induced up-regulation of PMCA4b expression reached
a plateau-phase at days 1-2 for KATO-III and LS-174T cells and at days 2-3 for DLD-1 cells.

Ribiczey et al. Page 32

Cell Calcium. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
Modulated PMCA expression in differentiating Caco-2 colon cancer cells. Caco-2 cells were
allowed to reach confluency and cultured in post-confluency for more than 3 weeks. Cells were
harvested at different time points and lysed for both Western-blot analysis (A and B) and real-
time PCR analysis (C).
A, Western-blot analysis of the expression of PMCA isoforms by using the pan-anti-PMCA
(5F10) and the PMCA4b-specific (JA3) monoclonal antibodies. The expression of Na+/K+-
ATPase and two established markers of enterocytic differentiation (DPP-IV and CEA) were
monitored in parallel. Equal amounts of total cellular protein harvested at the indicated time
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points were loaded onto SDS-polyacrylamide gels (from 20 μg to 50 μg, depending on the
antibody used for immunostaining).
B, The bars represent the fold increases of the PMCA1b and PMCA4b protein expressions in
differentiated Caco-2 cells at day 22 of post-confluency (means ± S.D. of n ≥15 from at least
two independent experiments). The expression levels of PMCA1b and 4b in pre-confluent
cultures of Caco-2 cells were used as control values for quantifications.
C, Real-time PCR analysis was conducted with PMCA4b-specific primers using: equal
amounts of total cDNA templates obtained following reverse transcription of mRNAs from
pre-confluent Caco-2 cells or from cells cultured in post-confluency for the time points
indicated. As internal control, GAPDH was simultaneously amplified from the same cDNA
templates. Normalized PMCA4b/GAPDH mRNA ratios were calculated by using crossing
point values and separate calibration curves for the two amplicons, and plotted as a function
of time elapsed from confluency. Day 0 is when confluency is reached.
The data in this panel represent the means ± S.D. of at least three separate determinations of
a representative experiment. Statistical significance is denoted by when *p<0.05 or **p<0.01.
Strong induction of PMCA4b expression was observed both at the protein and mRNA levels
during culturing Caco-2 cells in post-confluent conditions that allows differentiation of cells
toward an enterocytic phenotype.
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Table 1
SCFA-induced modulation of PMCA1b and PMCA4b expressions in KATO-III gastric and DLD-1 colon cancer cells:
quantitative evaluation

Cell line Treatment PMCA1b expression (fold
increase)

PMCA4b expression (fold
increase)

KATO-III 3 mM Na+-valerate (day 5) 1.7 ± 0.6 (n=10) 5.7 ± 1.9 (n=18)
3 mM Na+-butyrate (day 4) 2.1 ± 0.5 (n=15) 8.5 ± 1.7 (n=10)

DLD-1 3 mM Na+-valerate (day 5) 2.9 ± 1.0 (n=16) 5.4 ± 0.6 (n=21)
3 mM Na+-butyrate (day 6) n.d.* 6.0 ± 1.0 (n=16)

KATO-III and DLD-1 cells were cultured in the absence or in the presence of 3 mM Na+-valerate or Na+-butyrate for the times indicated in the Table.
Cells were TCA-precipitated and Western-blot analysis of the samples followed by the evaluation of the luminograms was performed as described in the
“Materials and methods”. The data represent the fold increases of the PMCA1b and PMCA4b expressions at protein level in the differently treated,
differentiated cells (means ± S.D. of n ≥10 from at least two independent treatments). The expression levels of the PMCA1b and 4b proteins in untreated
cells were used as control values for quantifications.

*
Data are not shown because of the negligible changes in the PMCA1b expression due to 6 days 3 mM Na+-butyrate treatment of DLD-1 cells.

Cell Calcium. Author manuscript; available in PMC 2008 December 1.


