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NHE3 (Na+/H+ exchanger 3) is essential for Na+ absorption in
the ileum and is expressed in a cell-specific manner in the apical
membrane of the intestinal epithelial cells. In the present study,
we report the stimulatory effect of PMA on the hNHE3 (human
NHE3) transcription. Pretreatment with actinomycin D or cyclo-
heximide blocked the up-regulation of the NHE3 mRNA by PMA,
indicating that the increased level of NHE3 mRNA expression
is regulated by transcriptional activation and is dependent on
de novo protein synthesis. 5′-Deletion of the promoter region
and transfection analysis in C2BBe1 cells revealed that the PMA
effect is mediated through a GC-rich DNA region between nt
−88 and −69. Gel mobility-shift assays demonstrated that in
nuclear extracts from C2BBe1 cells grown under the basal growth
conditions, Sp1 (stimulating protein-1) and Sp3 interact with this
GC-rich DNA region, while, in PMA-treated nuclear extracts,
PMA-induced EGR-1 (early growth response gene product 1)
transcription factor binds to the same site. Binding of EGR-1

diminished the Sp1 and Sp3 interactions with this promoter
region significantly. Co-transfection of Sp1 or Sp3 into SL2
cells activated the NHE3-reporter constructs, suggesting that Sp1
and Sp3 act as positive regulators of the NHE3 expression. In
addition, overexpression of EGR-1 was sufficient to transactivate
the NHE3-reporter gene activity, and knockdown of EGR-1
with gene-specific small interfering RNA resulted in inhibition
of the PMA-induced up-regulation of the endogenous NHE3
mRNA expression. Furthermore, the PKC (protein kinase C)
inhibitor chelerythrine chloride did not affect PMA-induced
NHE3 promoter activity, suggesting that PMA stimulation of the
hNHE3 gene expression may be PKC-independent.

Key words: C2BBe1 cells, early growth response gene product
1 (EGR-1), Na+/H+ exchanger, PMA, small interfering RNA,
stimulating protein-1 (Sp1).

INTRODUCTION

A total of nine isoforms of NHEs (Na+/H+ exchangers) (NHE1–
NHE9) have been identified to date. Functionally, these pro-
teins have been shown to be involved in pH homoeostasis, trans-
epithelial ion and water absorption, cell proliferation and
differentiation, as well as cell volume regulation [1–3]. The NHE1
is ubiquitously expressed and its protein product localized to the
basolateral membrane of polarized epithelial cells. The NHE2 and
NHE3 isoforms are localized to the apical surface of intestinal
and kidney epithelial cells and are involved in vectorial Na+

absorption (for reviews, see [4–6]). NHE1, NHE2 and NHE3 have
been the most characterized isoforms and shown to be expressed
in the mammalian intestine. The role for the two apical exchangers
seemingly involved in Na+ absorption is intriguing, but has not
yet been fully defined. Studies in the rat and rabbit have suggested
that the NHE2 isoform may be involved in basal Na+ transport,
while the NHE3 isoform may be the predominant sodium-
absorbing isoform responsive to regulatory signals. Although con-
siderable information on regulation of NHEs by protein kinases,
accessory factors and cytoskeleton has been published [7–9], until
recently very little information was available on transcriptional
regulation of the NHE isoforms, especially the NHE2 and NHE3
isoforms. Now, evidence is slowly emerging to indicate that
transcriptional regulation of these isoforms may play an important
role in intestinal physiology and pathophysiology. Earlier studies

extensively focused on transcriptional regulation of NHE1. For
example, chronic acidosis, hyperplastic agonists such as serum,
PDGF (platelet-derived growth factor) and fibroblast growth
factors have been shown to be involved in transcriptional regu-
lation of NHE1 [10–12]. Previous studies have shown a stimu-
latory effect for sodium butyrate in the NHE3 mRNA and protein
expression [13], and promoter activity [14]. Glucocorticoid
administration has been shown to increase the levels of mRNA
for NHE3 without changing the levels for NHE1 and NHE2 [15].

Our studies have focused on defining the factors that are invol-
ved in regulating the expression of the hNHE2 (human NHE2)
and hNHE3 genes [16,17]. We recently cloned the hNHE3 pro-
moter and analysed the promoter activity by utilizing the
luciferase reporter gene [17]. To gain further understanding of
the mechanisms involved in the transcriptional regulation of the
hNHE3 gene, we report in the present study the regulation of
the NHE3 promoter activity in control and PMA-stimulated
C2BBe1 cells.

EXPERIMENTAL

Materials

All chemicals including PMA, chelerythrine chloride, 4α-PMA,
actinomycin D and cycloheximide were purchased from Sigma
(St. Louis, MO, U.S.A.) or Fisher Scientific (Pittsburgh, PA,

Abbreviations used: ADA, adenosine deaminase; EGR-1, early growth response gene product 1; FBS, foetal bovine serum; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; GMSA, gel mobility-shift assay; NHE, Na+/H+ exchanger; hNHE, human NHE; PDGF, platelet-derived growth factor; PKC,
protein kinase C; RT, reverse transcriptase; siRNA, small interfering RNA; Sp1, stimulating protein-1.
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U.S.A.); restriction endonucleases and other modifying enzymes
were obtained from either New England Biolabs (Beverly, MA,
U.S.A.), Gibco BRL (Gaithersburg, MD, U.S.A.) or Promega
(Madison, WI, U.S.A.); polyclonal anti-human Sp1 (stimulating
protein-1), Sp2, Sp3 and EGR-1 (early growth response gene pro-
duct 1) antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA, U.S.A.); JM109 competent cells and the luciferase
assay system were from Promega. [γ -32P]ATP (3000 Ci/mmol)
was from Amersham (Arlington Heights, IL, U.S.A.).

Molecular techniques

DNA manipulations, including restriction-enzyme digestion,
ligation, plasmid isolation and transformation, were carried out
by standard methods [18].

RNA extraction and RT (reverse transcriptase)–PCR analysis

Total RNA was isolated by the RNazol (Tel-Test, Friendswood,
TX, U.S.A.) according to the manufacturer’s instructions. Semi-
quantitative RT–PCR was performed using 5 µg of total RNA,
which was reverse-transcribed in a 20 µl reaction mixture con-
taining 100 ng of oligo(dT) using a SuperScript II RT cDNA
synthesis kit (Invitrogen, Carlsbad, CA, U.S.A.) as recommended
by the supplier. After incubation for 60 min at 42 ◦C and 10 min
at 75 ◦C, reverse-transcription products were stored at −20 ◦C
until needed. PCR amplifications were performed with 2 µl
of the reverse-transcription products as templates and gene-
specific primers (forward primer, 5′-CAGACCTGGCTTCTGA-
ACCGC-3′, and reverse primer, 5′-CTCAGCCACGTAGCTGAT-
GGCATCC-3′) for hNHE3 gene [19]. As a control, GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) mRNA was co-
amplified to determine the accuracy of the amount of cDNA
in each sample. The amplification cycles were 17 cycles with
only hNHE3 primers, at which time GAPDH primers were
added to the reaction mixtures and amplification continued for an
additional 16 cycles. These numbers of cycles were determined
to be within the exponential range. PCR was performed in a
PerkinElmer/Cetus DNA cycler, with thermostable DNA poly-
merase rTth (Boehringer Mannheim, Indianapolis, IN, U.S.A.)
with an initial denaturation period of 90 s at 95 ◦C, followed by
amplification cycles at 94 ◦C 30 s, 56 ◦C 30 s and 68 ◦C 45 s with
a final elongation period for 4 min at 68 ◦C. One-tenth volume of
the PCR reactions was resolved on a 1.5% (w/v) agarose gel with
ethidium bromide staining and photographed.

Reporter plasmid construction

Plasmids used for functional analysis of the NHE3 promoter activ-
ity were generated using pGL2-Basic (Promega) that contains a
promoter-less luciferase reporter gene and have been described
previously [17]. Three 5′-deletion constructs of p − 95/+5, plas-
mids p − 88/+5, p − 76/+5 and p − 69/+5 were generated by
PCR amplifications using p − 319/+131 as a template and the
forward primers 5′-GAACCTCGAGCGGCGGGGGCGGGCA-
GGC-3, 5′-GAACCTCGAGGCAGGCTCCGCCCCGG-3′ and
5′-GAACTCGAGTCCGCCCCGGGGCGGGAG-3′ for del-
etions to positions −88, −76 and −69 respectively and a common
reverse primer 5′-GAACAAGCTTGTACCGGCTACAGTCCG-
3′. For subcloning purposes, the forward primers contained
nucleotide recognition site for restriction enzyme XhoI and the
reverse primer harboured a HindIII restriction site (shown in
boldface). After PCR amplifications, the amplicons were digested
with restriction enzymes XhoI and HindIII, gel-purified and
cloned in pGL2-Basic vector digested with the same enzymes.

The new clones were sequenced to rule out the presence of PCR-
introduced artefacts.

Cell culture and transfections

C2BBe1 cell line, a subclone of the Caco-2 cells, was cultured
and maintained as described in [16]. For transfection studies, cells
(1.5 × 105) were seeded into 12-well plates and co-transfected
the next day (80–90% confluent) with NHE3-reporter constructs
and pSV-βgal using LipofectamineTM-2000 reagent (Invitrogen).
The latter plasmid served as an internal control for transfection
efficiency. A total of 2.0 µg of DNA/well, at a ratio of 4:1 for
experimental versus pSV-βgal, was used for each transfection.
After cells were incubated for 4 h with the DNA/transfection
mixture, the media were replaced with complete media, and
48 h post-transfection, cell lysates were prepared and assayed for
luciferase and β-galactosidase activity using a kit from Promega.
Luciferase activity was assayed using TD 20/20 luminometer
(Promega) and normalized to β-galactosidase activity. For EGR-1
co-transfection experiments, C2BBe1 cells were transfected with
1 µg of p − 95/+5 or p − 319/+131 NHE3 promoter-reporter
constructs, 10 ng of pTK-RL (Promega) as an internal control
and 0.25–1.0 µg of pAC-hEGR-1 expression vector. The total
transfected DNA concentration was maintained constant with
an empty vector. The firefly luciferase activity was assayed
with a Dual Luciferase Assay system (Promega) in a TD 20/20
luminometer and normalized to Renilla luciferase activity. For
PMA treatments, after transfection cells were placed in serum-
reduced media [0.5% FBS (foetal bovine serum)] for 24 h prior
to addition of PMA (100 nM) for 16 h, and 48 h post-transfection,
cells were processed for enzymatic assays as described above.
Control cells were kept in the serum-reduced media for the
duration of the experiment. Addition of the vehicle (DMSO) at
concentrations carried over by the treatments (1:100000 dilution)
did not have an effect on untreated cells. EGR-1 expression
vector (pAC-hEGR-1) containing the human EGR-1 cDNA
was provided by Dr John Monroe (University of Pennsylvania,
Philadelphia, PA, U.S.A.). To investigate whether PKC (protein
kinase C) is involved in NHE3 activation in response to the PMA,
transfected cells were incubated in serum-reduced media for 24 h
prior to treatments and then pretreated with the PKC inhibitor
chelerythrine chloride (2 µM) for 60 min. After this period, the
cells were incubated in the presence or absence of PMA (100 nM)
along with the inhibitor for 16 h. As a control for PMA effect, the
transfected cells were also treated with an inactive PMA analogue,
4-α PMA (100 nM), for the same time as with PMA. At 48 h
after transfections, cells were processed as described above with
a single Luciferase Assay system (Promega). All transfection
experiments were performed in triplicate and repeated at least
three times.

siRNA (small interfering RNA) transfection

Gene silencing was performed using human EGR-1 sequence-
specific duplex siRNA (Santa Cruz Biotechnology) and a control
non-silencing siRNA (sense strand UUCUCCGAACGUGU-
CACGUdTdT and antisense strand ACGUGACACGUUCGG-
AGAAdTdT) from Qiagen. C2BBe1 cells were transfected in
suspension using a published method [20] with some modi-
fications. Briefly, for each transfection reaction in two separate
tubes, 28 nM siRNA or 2 µl of siLentFect reagent (Bio-Rad
Laboratories, Hercules, CA, U.S.A.) was mixed with 50 µl of
the serum-free medium Optimem (Invitrogen) and incubated for
5 min at room temperature (∼25 ◦C). After this time, the contents
of the two tubes were combined and allowed to form siRNA–
siLentFect complexes for 20 min at room temperature. Just
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before transfection, C2BBe1 cells (80–90% confluence) were
trypsinized, collected by slow centrifugation (3000 g) for 5 min,
washed with serum-free media twice, collected and resuspended
in Optimem. A 900 µl aliquot of the resuspended cells was
combined with the siRNA–siLentFect mix, plated in a 12-well
tissue culture dish at a density of 1.5 × 105 cells/cm2 and placed
in a 37 ◦C, 5% CO2 incubator for 4–5 h. After this time, the
media were replaced with normal growth media. At least 24 h
prior to PMA treatments, transfected cells were incubated in
serum-reduced media (0.5 % FBS) and supplemented with PMA
(100 nM) for 2, 4 and 6 h prior to harvesting the cells. Total pro-
teins and RNA were extracted 48 h post-transfection. The protein
concentrations were determined by Bradford assay (Bio-Rad),
and silencing efficiency of the EGR-1 siRNA was examined by
Western-blot analysis as described previously by us [21], using
anti-EGR-1 antibody (Santa Cruz Biotechnology). RT–PCR of
the total RNA was performed as described above.

Transfection of Drosophila SL2 cells

For these experiments, 0.5 or 1.0 µg of Sp1 or Sp3 expression
vectors (pPacSp1 and pPacSp3) was co-transfected along with
1.0 µg of the test plasmid, p − 95/+5 or p − 319/+131, into SL2
cells. The total amount of DNA was maintained at 2.5 µg in
each experiment by adjusting the empty vector, pPac0, concen-
tration. DNA was mixed with 5 µl of LipofectamineTM-2000
in serum-free media and incubated at room temperature for
20–30 min. The DNA/LipofectamineTM mixture was then added
to 6-well dishes containing 2×106 cells/well. After 4 h, the
DNA/LipofectamineTM mixture was removed and replaced by SL2
media [Schneider’s Drosophila medium supplemented with 10%
(v/v) heat-inactivated FBS (Invitrogen)]. The cells were lysed
in Reporter Lysis Buffer (Promega) 48 h post-transfection and
protein concentration was determined by Bradford assay (Bio-
Rad). The luciferase activity was measured and normalized to
total cellular proteins. These transfections were carried out in
duplicate and repeated at least three times. Expression vector
pPacSp1 and the empty vector pPac0 were provided by Dr R. Tjian
(University of California at Berkeley); pPacSp3 and pPacSp4
were provided by Dr G. Suske (Institute of Molecular Biology
and Tumor Research, Marburg, Germany).

GMSA (gel mobility-shift assay)

All oligonucleotides for GMSA were synthesized by Invitrogen,
Life Technologies. Complementary oligonucleotides were made
double-stranded by heating to 95 ◦C for 5 min and slow cooling
to 25 ◦C in TE buffer (10 mM Tris/HCl, pH 7.5, and 1 mM
EDTA, pH 8.0). The sequences of the top strand of the probes
containing EGR-1/Sp1 or Sp1 motif (shown in boldface) were
5′-TGCGCGGCGGGGGCGGGCAGGCTC-3′, 5′-GGCGTG-
CGCGGGCGGGGCGGGCGTGCC-3′ and 5′-GCGCTGTG-
CTCCCCACGCCCCAGGAA-3′, which spanned from nt −91
to −68, −148 to −122 and −270 to −245 respectively. The
probe was end-labelled with T4-polynucleotide kinase and [γ -
32P]ATP (Amersham) and purified using G-25 quick spin mini
columns (Boehringer Mannheim). Nuclear proteins were prepared
as previously described [16]. DNA–protein binding reactions
were performed in binding buffer [50 mM Tris/HCl, pH 7.5, 1 mM
MgCl2, 0.5 mM EDTA, 0.5 mM dithiothreitol, 50 mM NaCl,
1 µg/sample poly(dI-dC) · (dI-dC) and 5 % (v/v) glycerol] and
30000 c.p.m. of the probe. Reactions were initiated by addition
of the nuclear proteins (5 µg) to the probe and incubation for
20 min at room temperature prior to electrophoresis on a native
5% (w/v) polyacrylamide gel in 0.5 × TBE running buffer (1×
TBE is 45 mM Tris/borate/1 mM EDTA, pH 8.3). Gels were dried

Figure 1 hNHE3 mRNA expression is induced in response to PMA

Total RNA was prepared from C2BBe1 cells grown to confluence and serum-starved for 24 h
prior to treatment with PMA (100 nM) for 1, 2, 3, 4, 6, 16 and 24 h. For reverse-transcription
reactions, 5 µg of total RNA from all time points was reverse-transcribed using an oligo(dT)
as primer and SuperScript II. One-tenth of the reverse-transcription reaction products was
used for PCR amplifications utilizing the NHE3 and an internal control, GAPDH, gene-specific
primers. (A) RT–PCR of NHE3 induction by PMA. Duration of the PMA treatments is shown
on the top of the gel. (B) RT–PCR products of cells treated with PMA for 6 h or treated
with the transcription inhibitor actinomycin D (5 µM/ml) and the protein synthesis inhibitor
cycloheximide (CHX; 15 µg/ml) in the absence or presence of PMA as indicated. Cells were
pretreated with actinomycin D and cycloheximide for 30 and 60 min respectively prior to PMA
addition.

and visualized by autoradiography. In competition assays, the
unlabelled competitor oligonucleotides were added to the reaction
10 min before the addition of the labelled probe. Supershift assays
were performed by addition of 1 µl (2 µg/µl) of the appropriate
antibody (Santa Cruz Biotechnology) after the initial 20 min
incubation with the labelled probe, and then further incubation
for 30 min at room temperature.

Statistical analyses

Results are expressed as means +− S.D. Differences between group
means were analysed by Student’s t test. Differences were
considered significant at P < 0.05.

RESULTS

PMA treatment stimulates hNHE3 gene expression at the
transcriptional level

NHE3 is predominantly expressed at the apical membrane of the
epithelial intestinal cells. Acute PMA treatment has been reported
to decrease NHE activity of the NHE3 isoform [22,23]. To ex-
amine whether PMA affects the NHE3 mRNA expression, we
performed semi-quantitative RT–PCR experiments. C2BBe1 cells
were serum-starved for 24 h and then treated with 100 nM PMA
for various time periods as indicated on the top of Figure 1(A).
Total cell RNA was obtained from untreated and PMA-treated
cells and subjected to reverse transcription and subsequent PCR
amplification using hNHE3-specific primers. The results from this
experiment showed that NHE3 mRNA expression was relatively
low in untreated cells and mRNA levels increased gradually after
PMA treatment, reaching a maximum level after 6 h and gradually
decreased by 24 h.

To examine the mechanism by which PMA treatment leads
to increased NHE3 mRNA expression, C2BBe1 cells were
pretreated with the transcription inhibitor actinomycin D (5 µM/
ml) or the protein synthesis inhibitor cycloheximide (15 µg/ml),
and the cells were then incubated in the presence or absence
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of PMA. Total RNA was prepared and subsequently RT–PCR
analysis was performed. In the continuous presence of actino-
mycin D, PMA treatment (6 h) did not result in enhanced NHE3
mRNA levels, suggesting that the responsiveness to PMA is at the
transcriptional level and PMA does not increase the stability of
the NHE3 mRNA (Figure 1B). In addition, the lack of increased
NHE3 mRNA expression in the presence of cycloheximide
(Figure 1B) suggests that stimulation of NHE3 expression by
PMA is dependent on new protein synthesis. Therefore these
observations indicate that the up-regulation of the hNHE3 mRNA
expression by PMA is mediated at the transcriptional level and
requires de novo protein synthesis.

PMA induces the hNHE3 promoter activity

To examine the effect of PMA treatment on hNHE3 promoter
activity, we initially focused on characterization of the −1507/
+131 promoter region. C2BBe1 cells were transiently transfected
with p − 1507/+131 in which the NHE3 promoter region is fused
to the promoter-less luciferase gene in pGL2-Basic. After 24 h
serum starvation, the transfected cells were exposed to PMA
(100 nM) for different time periods. Exposure to PMA for 6
and 8 h showed a minor stimulatory effect on reporter gene
activity; however, after 16 and 24 h, luciferase activity increased
dramatically over that exhibited by pGL2-Basic. Therefore, in all
subsequent experiments, cells were treated with PMA for 16 h.
These results revealed that chronic exposure to PMA results in
increased NHE3 promoter activity and suggested that potential
cis-element(s) responsible for the PMA effect are present in this
DNA region.

Identification of the PMA-responsive region in the hNHE3 promoter

To identify specific DNA regions of the promoter that were
responsible for PMA-induced stimulation of the NHE3 promoter
activity, a series of 5′-truncated plasmids containing progressive
deletion in the full-length promoter construct, p − 3117/+131,
[17] were transiently transfected into C2BBe1 cells. Analysis
of the luciferase activity of the deletion constructs in control
and PMA-treated cells showed a 2–3-fold increase in promoter
activity after PMA treatment (Figure 2). Deletion to position
−1507 resulted in a 2-fold increase in basal reporter gene activity,
suggesting the presence of potential inhibitory elements in these
regions; however, removal of this region showed no effect on
PMA-induced promoter activity. Further deletion to position
−1005 did not show any changes on the reporter gene expression.
Additional removal of the promoter region to positions −319 and
−95 led to a 20 and 30% increase in promoter activity respec-
tively (Figure 2). These results indicated that PMA-responsive
element(s) is located within the shortest construct, −95/+131.

The EGR-1/Sp1 motif is essential for basal and PMA-induced NHE3
promoter expression

To map the location of the PMA-response element on the proximal
promoter region, we next analysed p − 95/+5 [17] and three
additional 5′-deletions of this construct, p − 88/+5, p − 76/+5
and p − 69/+5. We have shown previously that 5′-untranslated
region sequences from position +5 to +131 do not play a role in
NHE3 promoter activity, as deletion of this region in p − 95/+131
did not affect the reporter gene expression [17]. The nucleotide
sequence of the hNHE3 promoter region from bp −95 to +5
is shown in Figure 3(A), and the location of the potential cis-
elements is indicated. As shown in Figure 3(B), both p–95/+5 and
p − 88/+5 displayed high levels of the basal and PMA-stimulated
reporter activity, while p − 76/+5 and p − 69/+5 exhibited a 60
and 90% loss of basal promoter activity respectively and almost

Figure 2 Functional analysis of various 5′-deletion constructs in C2BBe1
cells in the presence and absence of PMA

(A) A schematic representation of the NHE3 proximal promoter region and the location of
the potential transcription-factor-binding sites are shown. (B) 5′-Deletion constructs were
transiently transfected into C2BBe1 cells. Cells were serum-starved in 0.5 % serum for 24 h
prior to addition of PMA (100 nM) for 16 h (PMA-induced NHE3 promoter activity) or kept
in serum-starvation media for the same duration (basal NHE3 promoter activity). Transfected
cells were harvested 48 h post-transfection and cell lysates were prepared as described in
the Experimental section. Luciferase activity was measured and normalized to β-galactosidase
activity as an internal control for variations in transfection efficiency and presented relative to the
normalized activity of the promoter-less pGL2-Basic. Error bars represent the S.E.M. (n = 3).
AP-2, activator protein-2; TFIID, transcription factor IID complex.

total elimination of the PMA-induced stimulation. Thus up-
regulation of the hNHE3 promoter activity in response to PMA
appears to be mediated, at least in part, through the GC-box at −88
to −69 promoter region. This region harbours an overlapping
binding site for EGR-1 and Sp1 (Figure 3A). Another sequence
similar to Sp1-binding site also overlaps with EGR-1 site at the
5′-end. Although this Sp1 site is truncated in p − 88/+5, the plas-
mid shows high promoter activity. Thus we speculate that
this sequence is not involved in interaction with Sp1/Sp3. A
cis-element composed of 11 nt, 5′-GCGGGGGCGGG-3, which
contains the overlapping EGR-1/Sp1 binding sites, resides at bp
−85 to −75 (Figure 3A). This motif has been shown to be
the target of PMA-response factors in a number of genes and
various cell types. Furthermore, we have recently shown [21] that
an overlapping EGR-1/Sp1 motif in the promoter of the hNHE2
gene mediates the stimulatory effect of PMA on the NHE2 gene
expression. The 11 nt EGR-1/Sp1 motif in the −85 to −75
position of the NHE3 promoter is 100% identical with the core
sequence of the hNHE2 PMA-response element and displays
similar DNA–protein interactions [21].

Basal and PMA-inducible nuclear proteins bind to the
hNHE3 promoter

We have recently reported that EGR-1 mRNA and protein ex-
pression are induced by PMA in C2BBe1 cells [21]. In addition,
we have shown that PMA-induced EGR-1 is involved in
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Figure 3 cis-element EGR-1/Sp1 constitutes a PMA-response motif

(A) The nucleotide sequence of the hNHE3 promoter region from bp −95 to +5 is shown and
the location of the potential cis-elements is indicated. (B) 5′-Deletion constructs harbouring
further deletion in the NHE3 proximal promoter region were transiently transfected into C2BBe1
cells, as indicated in the legend to Figure 2, and were similarly either treated with PMA or
not treated. After 48 h, the cell lysates were prepared and luciferase activities were determined.
Luciferase activity was corrected for transfection efficiency using β-galactosidase activity and
presented relative to the normalized activity of the pGL2-Basic vector. Results are presented as
the means +− S.E.M. (n = 3). *, Significantly different from the p − 88/+5 treated with PMA,
P < 0.05.

transcriptional up-regulation of the hNHE2 promoter. Thus, to
determine whether the PMA-dependent activation of the NHE3
gene is also mediated by similar mechanisms, we first carried
out a series of GMSAs. In these experiments, a double-stranded
oligonucleotide (−91 to −68) spanning the EGR-1/Sp1 motif
was utilized as an end-labelled probe and was incubated with
nuclear extracts from the control or PMA-treated cells. Four
specific DNA–protein complexes (C1–C4) were detected when
nuclear extracts from the control cells were incubated with the
probe (Figure 4, lane 1), whereas, in nuclear extracts from PMA-
treated cells, a single novel DNA–protein complex was present
(Figure 4, lane 9). The binding specificity of these complexes was
examined by competition experiments where excess unlabelled
specific probe or an unlabelled oligonucleotide carrying the
Sp1 consensus-binding sequence was used in these assays (Fig-
ure 4, lanes 2 and 3 respectively). In these experiments, Sp1
oligonucleotide competed out complexes C1, C2 and C4, sug-
gesting that the protein components of these complexes were Sp1-
related. The identities of the proteins present in these complexes
were established by supershift assays (Figure 4, lanes 5–8). An
anti-Sp1 antibody removed complex C1, identifying the protein
component of this complex as Sp1. An anti-Sp3 antibody blocked
the formation of both C2 and C4, revealing that Sp3 binding
to the probe formed complexes C2 and C4. Anti-EGR-1 antibody
did not affect any of the DNA–protein complexes. To examine the
possibility of the presence of EGR-1 in the PMA-induced DNA–
protein complex (Figure 4, lane 9), supershift experiments with
antibodies directed against Sp1, Sp3 or EGR-1 were performed
(Figure 4, lanes 11–13). Addition of anti-EGR-1 antibody to
nuclear proteins–probe mixture resulted in formation of a slow
migrating supershifted band and elimination of the intense DNA–
protein complex (Figure 4, lane 13). Removal of this intense band
resulted in re-appearance of two faint bands that co-migrate with
Sp1 and Sp3 complexes. Therefore these results demonstrate that
the PMA-induced complex interacting with the hNHE3 promoter
is the EGR-1 protein.

Figure 4 PMA-induced EGR-1 interacts with the downstream EGR-1/Sp1 motif

GMSA was performed using a double-stranded oligonucleotide (bp −91 to −68) as end-labelled probe and nuclear extracts from untreated or PMA-treated C2BBe1 cells. Nuclear extracts were
prepared from C2BBe1 cells at confluence. PMA-treated cells were grown in serum-reduced media at least for 24 h prior to addition of PMA (100 nM) for 2 h. A total of 5 µg of nuclear proteins
was combined with 30 000 c.p.m. of probe per reaction and, after 20 min incubation at room temperature, resolved on a 5 % non-denaturing polyacrylamide gel and visualized by autoradiography.
Competition experiments were performed in the presence of unlabelled probe (S), non-specific oligonucleotide (NS) and an oligonucleotide containing Sp1 consensus binding site (Sp1). Supershift
assays were performed with anti-Sp1, -Sp2, -Sp3 and -EGR-1 antibodies (2 µg) as indicated. SS denotes the supershifted bands. +and − signs indicate the presence or absence of reaction
components in the binding mixture (shown on the top). Protein components of DNA–protein complexes are shown on the right. C1, complex 1.
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Figure 5 Co-transfection of Drosophila SL2 cells with p − 95/+5 or p − 319/+131 and Sp1 and Sp3 expression vectors

SL2 cells were co-transfected with Sp1 (pPacSp1), Sp3 (pPacSp3) and Sp4 (pPacSp4) expression vectors individually or in combination as indicated in the bottom of the graph. Luciferase activity
was normalized to the total protein concentration of the cell lysates and expressed relative to the activity of p − 95/+5 co-transfected with the empty vector, pPac0. The values were obtained from
three independent experiments each performed in duplicate. The results shown are the means +− S.E.M. (n = 3).

Sp1 and Sp3 co-expression activate hNHE3 promoter in
Drosophila SL2 cells

The results of supershift experiments (Figure 4) indicated that at
basal growth conditions, transcription factors Sp1 and Sp3 bind
to the hNHE3 promoter at −91 to −68 bp promoter region. We
therefore investigated whether the Sp1 family of transcription
factors can functionally transactivate the hNHE3 promoter at the
basal conditions. Co-transfection experiments were performed
in Drosophila SL2 cells, which lack the endogenous Sp1
activity. The hNHE3 promoter-reporter construct p − 95/+5
or p − 319/+131 was used for co-transfection with pPacSp1,
pPacSp3 or pPacSp4 carrying the Sp1, Sp3 and Sp4 cDNA
respectively and the empty vector, pPac0, as a control. As shown
in Figure 5, co-transfection of p − 95/+5 with the empty vector
resulted in very low reporter gene activity, while the presence of
Sp1 expression vector led to approx. 4-fold increase in the reporter
gene activity at concentrations used. The Sp3 co-transfection, on
the other hand, led to approx. 10- and 15-fold increase in the
NHE3 promoter activity at 0.5 and 1.0 µg of Sp3 expression
vector respectively. Co-transfection of promoter construct p–
319/+131 with Sp1 alone resulted in 180- and 200-fold increase
in the reporter gene activity, and Sp3 led to 190- and 400-fold
increase at 0.5 and 1.0 µg of the expression vector respectively. In
contrast, Sp4 co-transfection had no effect on the NHE3 promoter
activity in SL2 cells. The presence of both Sp1 and Sp3 at an
equal concentration resulted in approx. 400-fold transactivation
over the empty vector. Therefore it appears that both these tran-
scription factors can act as activators of the NHE3 promoter
activity; however, the level of induction by Sp3 alone at a
higher concentration (1 µg) is 2–3-fold greater than that of Sp1,
while at lower concentrations of Sp1 and Sp3, both transcription
factors induce the promoter activity to the same levels. Therefore
the induction by Sp1 and Sp3 seems to be concentration-
dependent. Interestingly, the level of promoter activity in response
to ectopic expression of Sp1 or Sp3 in SL2 cells was dramatically
higher in p − 319/+131 than that of p − 95/+5. This was
unexpected, since our transient transfection assays in C2BBe1
cells (Figure 2) did not show a significant difference in the
promoter activity of p − 95/+5, p − 95/+131 and p − 319/+131.

Due to high GC content of the DNA sequences in the NHE3
promoter region, multiple GC-box elements are present in this
region. To examine whether transcription factors Sp1 and Sp3
could interact with the GC-boxes upstream from bp −95, DNA-
binding activity of nuclear proteins from untreated C2BBe1 cells
was tested with potential Sp1-binding sites located at bp −270

to −245 (Figure 6A, lane 1) and bp −148 to −122 (Figure 6A,
lanes 3–7). These results showed that both Sp1 and Sp3 interact
with Sp1-binding site at −148 to −122 and −270 to −245,
as determined by supershift experiments (Figure 6A, lanes 4–6,
supershift results for −270 to −245 not shown). Moreover, PMA-
induced EGR-1 in nuclear proteins from PMA-treated cells binds
to the probe spanning from −148 to −122 (Figure 6A, lanes 8–
13), but not to the Sp1 site at bp −270 to −245 (Figure 6A,
lane 2). The former probe contains an imperfect binding site for
EGR-1 and two binding sites for Sp1. All three binding sites
in this region overlap and are designated as upstream EGR-1/
Sp1. The interaction of Sp1, Sp3 and EGR-1 with the −148 to
−122 probe is shown by supershift assays (Figure 6A, lanes 11–
13). Interestingly, the binding kinetics of PMA-induced EGR-1
to the upstream EGR-1/Sp1 (bp −148 to −122) is different from
that of the downstream EGR-1/Sp1 (bp −91 to −68). This is
shown by the simultaneous binding of Sp1, Sp3 and EGR-1
transcription factors to −148 to −122 probe (Figure 6A, lane 8),
but not to the −91 to −68 probe (Figure 4, lanes 9–12). To
examine the mechanism of interaction of PMA-induced EGR-1
with the upstream EGR-1/Sp1 probe, we studied the DNA-
binding affinity of the EGR-1 in competition assays. In these
experiments, either PMA-treated nuclear proteins (Figure 6B,
lanes 1–4) were challenged with increasing concentrations
of unlabelled oligonucleotides carrying the EGR-1 consensus
sequence (Figure 6B, lanes 2–4), or nuclear proteins from the
control cells were combined with increasing concentrations of
PMA-treated nuclear proteins as a source of EGR-1 (Figure 6B,
lanes 6–9) and coupled with −148 to −122 end-labelled probe.
The results of these studies showed that neither inhibition of
EGR-1 interaction with the probe via excess unlabelled EGR-1
consensus sequence nor increasing concentration of PMA-
induced EGR-1 in binding reaction affects the formation of the
Sp1 and Sp3 DNA–protein complexes. Therefore these studies
suggest that EGR-1 and Sp1 family members bind to the upstream
EGR-1/Sp1 motif non-competitively.

EGR-1 overexpression leads to transactivation of the hNHE3
promoter activity

To assess directly whether EGR-1 could modulate the hNHE3
promoter expression in vivo, co-transfection experiments were
performed in C2BBe1 cells as described in the Experimental
section. Transfection of increasing concentrations of pAC-hEGR-
1 expression vector together with either p − 95/+5 or p − 319/
+131 NHE3 promoter-reporter constructs stimulated the NHE3
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Figure 6 Sp1, Sp3 and EGR-1 interact with the upstream EGR-1/Sp1 motif
simultaneously

(A) GMSAs were performed using 32P-end-labelled probes −270 to −245 (lanes 1 and 2),
−148 to −122 (lanes 3–13) with nuclear extracts prepared from the control (lanes 1 and 3–7)
and PMA-treated cells (lanes 2 and 8–13). PMA-treated cells were grown in serum-reduced
media at least for 24 h prior to addition of PMA (100 nM) for 2 h. The identity of the protein
components of the DNA–protein complexes was determined by a competition assay with an
unlabelled specific probe (lane 9) and a non-specific oligonucleotide (lane 10) and by supershift
assays with anti-Sp1, -Sp3 and -EGR-1 antibodies (lanes 11–13 respectively). DNA–protein
complexes were resolved on a 5 % native polyacrylamide gel and visualized by autoradiography.
(B) Competition assays for protein interactions were performed with−148 to−122 end-labelled
probe and PMA-treated nuclear proteins (lanes 1–4) in the presence of 50-, 100- and 200-fold
excess of EGR-1 consensus oligonucleotides (lanes 2–4 respectively) or the control nuclear
proteins (lanes 5–9) plus increasing amounts of PMA-treated nuclear extracts at 0.5, 1.0, 1.5
and 2.0 µg (lanes 6–9 respectively). The positions of the DNA–protein complexes are shown
on the right. SS denotes the supershifted bands. NS, non-specific competitor oligonucleotide
or non-specific protein–DNA complex; UT, untreated.

promoter activity in a dose-dependent manner. A 6-fold increase
was observed with transfection of 1.0 µg of EGR-1 expression
vector (results not shown). These observations, therefore,
demonstrate that up-regulation of NHE3 promoter activity in
response to the overexpression of EGR-1 may attribute to the
EGR-1-binding site at the position −85 to −75 alone, leading
to transcriptional activation of the hNHE3 promoter in both
constructs.

Knockdown of PMA-induced EGR-1 leads to down-regulation of
PMA-induced NHE3 mRNA expression

To confirm the involvement of EGR-1 in PMA-induced endo-
genous NHE3 mRNA expression, we investigated the effect of
EGR-1 knockdown by using EGR-1 siRNA duplex. C2BBe1 cells
were transfected with either a control non-silencing siRNA or
EGR-1-specific siRNA and subsequently treated with or without

Figure 7 EGR-1 siRNA suppresses the PMA-induced hNHE3 mRNA up-
regulation

C2BBe1 cells were transfected with a control siRNA or EGR-1-specific siRNA and treated with
PMA as described in the Experimental section. Total cell proteins (15 µg/lane) were resolved in
an SDS/10 % polyacrylamide gel, subsequently transferred on to Immobilon-P and sequentially
probed with antibodies specific to EGR-1 (A) and tubulin (B) as a control for the protein loading.
The effect of EGR-1 down-regulation on PMA-induced NHE3 mRNA expression was determined
by RT–PCR (C). Total RNA (3 µg) from the cells treated as above was subjected to reverse
transcription using oligo(dT) as primer. One-tenth of the reverse transcription product was
PCR-amplified as described in the Experimental section using NHE3-specific primers. Total
proteins and RNA from untransfected cells were also used as a control in Western blotting and
RT–PCR analysis.

PMA as described in the Experimental section. Untransfected
C2BBe1 cells were also used as a control. To examine the
silencing effect of EGR-1 siRNA, Western-blot analyses were
performed using EGR-1 antibody and total cell lysates from
untransfected, control siRNA- and EGR-1 siRNA-transfected
cells supplemented with or without PMA. We have shown
previously that in C2BBe1 cells, EGR-1 expression is maximal
at 2 h post-PMA treatment, and the protein level reduces to basal
level by 16 h [21]. As shown in Figure 7(A), in untransfected cells
and cells transfected with the control siRNA, EGR-1 was highly
expressed at 2 h and protein levels decreased equally at 4 and
6 h of PMA treatment. However, in cells transfected with EGR-1
siRNA, the EGR-1 level was reduced in all time points compared
with the controls (Figure 7A). As a control for protein loading,
the same membrane was subsequently stripped and probed with
tubulin antibody (Figure 7B). The effect of EGR-1 knockdown on
PMA-induced NHE3 mRNA expression was determined by RT–
PCR using total RNA from cells treated as described above for
Western-blot analysis. As presented in Figure 7(C), transfection of
C2BBe1 cells with the control siRNA did not show any inhibitory
effect on PMA-induced NHE3 mRNA, while transfection with
the EGR-1 siRNA led to transcriptional down-regulation of the
PMA-induced NHE3 mRNA expression. These results indicate
that the blockade of EGR-1 overexpression by small inhibitory
RNA prevents the PMA-stimulated endogenous NHE3 mRNA
expression and provides further evidence for the involvement of
EGR-1 in the PMA-induced up-regulation of the hNHE3 mRNA
expression.

PMA-induced hNHE3 promoter activity is largely independent of
PKC pathway

Activation of the PKC pathway in response to PMA plays a
major role in the stimulatory effect of PMA on the expression
of the target genes. To examine the contribution of PKC pathway
in the PMA-induced activity of the hNHE3 promoter, C2BBe1
cells were transiently transfected with the 5′-truncated NHE3
promoter-reporter constructs and treated with PMA (100 nM)
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Figure 8 PMA-induced hNHE3 promoter activity is PKC-independent

C2BBe1 cells were transiently transfected with 5′-truncated NHE3 promoter-reporter constructs and incubated in serum-reduced media at least 24 h prior to treatments. Cells were either not treated
or pretreated with the PKC inhibitor chelerythrine chloride (2 µM) for 60 min prior to the addition of PMA (100 nM). As control 4-α phorbol ester (100 nM) was used to serve as inactive PMA. After
16 h of PMA treatment, cells were harvested and luciferase activities were determined. Results are presented as the means +− S.E.M. (n = 3–5). *The treatment pair PMA and PMA+chelerythrine
chloride was analysed with unpaired t test and showed no significant differences.

in the presence or absence of the PKC inhibitor chelerythrine
chloride. Cells that were incubated simultaneously with PMA and
chelerythrine chloride were pretreated with the inhibitor (2 µM)
for 60 min prior to PMA addition. As a control for the specific
effects of PMA on promoter activity, cells were also treated with
4α-PMA, the inactive form of PMA (Figure 8). These results
revealed that the PKC inhibitor chelerythrine chloride had no
effect on the PMA-induced reporter gene activity, and there was
no stimulatory effect on the promoter in the presence of 4α-PMA.
Thus it appears that the PMA-induced stimulation of the NHE3
promoter activity is mediated through mechanisms dependent on
the mitogenic activity and protein kinases other than PKC.

DISCUSSION

In the present study, we utilized a combination of transient
transfection experiments, GMSAs and mutagenesis to identify
the cis-elements within the hNHE3 promoter region that confer
responsiveness to PMA. The expression of endogenous NHE3
mRNA was enhanced in the presence of PMA. The PMA stimu-
lation of hNHE3 gene expression was established to be acting
through the promoter and involves both transcriptional and
translational events. In promoter deletion analyses, removal of
the nucleotide sequences up to position −69 abolished both the
basal and PMA-induced gene expressions. The region between
bp −95 and −69 encompasses an 11 bp sequence motif, 5′-GC-
GGGGGCGGG-3′, that is identical with an overlapping EGR-1/
Sp1 binding sequence in the promoter region of the PMA-
responsive genes including the hNHE2 gene. By GMSAs, we
showed that under the basal growth conditions Sp1 family
members, and under PMA-stimulated conditions, EGR-1, bound
to the probe containing the EGR-1/Sp1 motif at bp −85 to −75.
Cano [24] and Kandasamy and Orlowski [25] have also noted
the presence of an overlapping EGR-1/Sp1 element in the rat
NHE3 promoter sequence. However, the role of this motif in
regulation of the rat NHE3 promoter has not been investigated.
We have shown previously that the nucleotide sequences at the
proximal promoter region of both the hNHE3 and rat NHE3
share a high degree of homology [17]. An examination of the
hNHE3 [17] and rat NHE3 [24,25] proximal promoter sequences
revealed that the EGR-1/Sp1 motif in the hNHE3 and rat NHE3
promoters is located at the same position with respect to an
atypical TATA sequence in these promoters. The high degree
of conservation of the nucleotide sequences at the first 100 bp

upstream from the transcription initiation site as well as a similar
location of the EGR-1/Sp1 binding sites in the hNHE3 and rat
NHE3 promoters underscores the importance of this motif in the
regulation of the NHE3 promoter expression. Interestingly,
the nucleotide sequences immediately upstream from the EGR-1/
Sp1 motif diverge in these species [17].

The Sp1 transcription factor has been characterized as a
ubiquitously expressed factor that regulates the basal transcription
activity; however, a number of studies have shown that Sp1
binding and transactivation can be modulated by a variety of
stimuli including growth factors and hormones. Sp1 is also
implicated in tissue-specific [26] and developmental regulation
of gene expression [27]. Sp1 family members display similar
modular structures comprising three highly conserved zinc finger
structures that are required for DNA binding, and as such exhibit
similar binding affinity to GC-boxes. Both Sp1 and Sp3 have
been reported to act as an activator or repressor of transcription,
depending on the promoter context [28,29]. In addition, Sp1 can
interact with Sp family members as well as other transcription
factors such as the CCAAT-box-binding protein NF-Y (nuclear
factor-Y) [30], Rb (retinoblastoma protein) [31] and NF-κB
(nuclear factor κB) [32]. In nuclear proteins from untreated
C2BBe1 cells, Sp1 and Sp3 bind to at least three positions, bp
−270 to −245, bp −148 to −122 and bp −91/−68, in the
hNHE3 promoter proximal region.

To confirm involvement of Sp1 family members in trans-
activation of the hNHE3 promoter, we performed co-transfection
experiments in SL2 cell line, which is devoid of the endogenous
Sp1 family members. The results of these experiments indicated
that while co-expression of the empty vector showed no effect
on hNHE3 promoter activity, both the Sp1 and Sp3 could act
as transcriptional activators of this promoter. Surprisingly, trans-
activation level in p − 319/+131 was dramatically higher than
that of p − 95/+5 in SL2 cells under the same experimental
conditions. This was in contrast with our observations in C2BBe1
cells, where p − 95/+5 and p − 95/+131 exhibited slightly higher
promoter activity than p − 319/+131 [17]. This discrepancy may
be explained by the presence of additional Sp1-binding sites in the
DNA region upstream from position −95, and by dose effect
where forced expression of high levels of Sp1 and Sp3 may re-
sult in binding of these factors to low-affinity binding sites or
formation of higher order complexes that might lead to a syn-
ergistic effect on transcription from this promoter. Alternatively,
SL2 cells may provide an activating cofactor that may act in
concert with Sp1 family members to activate yet another upstream
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cis-element on the promoter. Therefore it is possible that under
specific conditions, enhanced expression of Sp1 family members
might play a stimulatory role in the NHE3 promoter activity by
interacting with the upstream binding sites.

EGR-1 is induced by a number of diverse stimuli, including
mitogenic stimuli, signals for proliferation, development, injur-
ious insults and differentiation [33]. Competition between Sp1
and EGR-1 has been reported to result in both repression and
activation of target genes. Activation of tissue factor gene ex-
pression by PMA in HeLa cells or by shear stress in epithelial
or endothelial cells is mediated through induction of EGR-1
and subsequent displacement of Sp1 from the overlapping
EGR-1/Sp1 site [34,35]. Likewise, Khachigian et al. [36] have
demonstrated that upon cell injury, newly synthesized EGR-1
displaces the prebound Sp1 factor and occupies the overlapping
Sp1/EGR-1 binding site of the promoter, leading to induction
of the PDGF-B gene expression. On the other hand, a negative
regulatory role for competition between EGR-1 and Sp1 has
been reported for the ADA (adenosine deaminase) gene promoter,
where overexpression of EGR-1 resulted in displacement of Sp1
and repression of the ADA expression [37]. In the present study,
we have shown that the expression and DNA-binding affinity
of the Sp1 and Sp3 transcription factors in nuclear proteins from
the control and PMA-treated cells do not differ significantly
(Figure 6A). However, in the presence of PMA-induced EGR-1
transcription factor, Sp1 and Sp3 do not bind to the EGR-1/
Sp1 motif on −91 to −68 probe, but they interact with the
upstream EGR-1/Sp1 motif non-discriminately. These differences
in binding activity of two EGR-1/Sp1 motifs may explain the
results of our deletion analyses and EGR-1 co-transfection results
in C2BBe1 cells, which suggest that the upstream EGR-1/Sp1
motif does not play a major role in PMA-induced activation of
the NHE3 promoter.

The involvement of EGR-1 in NHE3 transcriptional regulation
was further confirmed by co-transfection studies with an EGR-
1 expression vector. We directly demonstrated that EGR-1
overexpression leads to a dose-dependent activation of the NHE3
promoter in transiently transfected C2BBe1 cells. Moreover, the
blockade of EGR-1 overexpression by EGR-1-specific small
inhibitory RNA blocked the endogenous PMA-induced NHE3
mRNA up-regulation. These findings established that the PMA-
induced up-regulation of the hNHE3 transcription is mediated via
EGR-1 transcription factor.

Several lines of evidence suggest that multiple, independent and
additive pathways may be involved in induction of EGR-1 gene
expression [38,39]. NHE3 promoter activity was significantly
increased by PMA treatment compared with the untreated cells.
This stimulatory effect was absent in the presence of 4α-PMA,
an inactive PMA analogue. PMA is a well-known inducer of the
PKC pathway activation; however, the presence of the PKC inhibi-
tor chelerythrine chloride in incubation media containing PMA
had no inhibitory effect on the NHE3-reporter gene activity,
suggesting that PMA stimulation of the hNHE3 is largely inde-
pendent of PKC activation. It is now well established that in
addition to PKC isoenzymes that bind to phorbol esters (conven-
tional and novel PKCs), phorbol ester tumour promoters also bind
to other receptors lacking kinase activity. Among these receptors
are Ras-GRP (Ras guanine nucleotide releasing protein) [40],
chimaerin family of receptors [41,42] and PKDs [43]. Whether
these receptors are involved in mediating the PMA effect on NHE3
expression is not known at this point and needs to be defined.
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