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Abstract

In the past, people have argued for and against the
theory of reciprocal regulation of the Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR) and
P-glycoprotein (Pgp). Data have indicated that this
may occur in vitro during drug-induced selection of
cells, and in vivo during development. Much of this
debate has been caused by a severe lack of
mechanistic details involved in such regulation. Our
past data indicate that certain Pgp modulators can
affect CFTR expression and function. The goal of this
study was to investigate the effects of trivalent arsenic
(arsenite), a known transcriptional activator of Pgp,
on CFTR expression. In vitro analyses in T-84 cells
that express basal levels of Pgp and CFTR were
conducted using a variety of molecular techniques.
Expressions of both genes were altered following
treatment with arsenite in a dose- and time-dependent
fashion. CFTR expression was suppressed almost
three-fold by arsenite, along with a concomitant
increase in P-glycoprotein expression. We also report

that a member of the MAPK-family, the ERK-mediated
signaling cascade is implicated in suppression of
CFTR expression following treatment with arsenite.
However, this particular pathway is not involved in
regulation of P-glycoprotein expression in T-84 cells
following treatment with arsenite. Thus, the regulatory
pathways that control functional expression of CFTR
and P-glycoprotein following arsenite treatment in T-
84 cells are distinct and independent.

Copyright © 2005 S. Karger AG, Basel

Introduction

P-glycoprotein (Pgp), product of the human MDR-
1 gene and the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) are members of the
ATP-binding cassette family of proteins (ABC proteins)
[1, 2]. CFTR forms a chloride channel that plays an
important role in regulating ion and water transport in
epithelial cells. Mutations to the CFTR gene cause
abnormal physiological conditions in several organs [3].
CF is the most common lethal genetic disease in
Caucasians, accounting for 1 in 3000 live births. Multidrug

© 2005 S. Karger AG, Basel
1015-8987/05/0163-0109$22.00/0

KARGER

Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

Accessible online at:
www.karger.com/journals/net

Joshua W. Hamilton, Ph.D.

Department of Pharmacology & Toxicology, Dartmouth Medical School
7650 Remsen, Room 514, Hanover, NH 03755-3835 (USA)

Tel.+1 603 650 1316, Fax +1 603 650 1129

E-Mail josh.hamilton@dartmouth.edu



resistance involving Pgp over-expression occurs in about
60% of all cancers [4]. Expression of this protein poses a
serious hurdle to cancer chemotherapy and is associated
with poor survival. Additionally, Pgp is hypothesized to
be involved in transporting toxins out of cells and provide
an overall protective role in the human body. Bacterial
homologues of this protein act as heavy metal transporters
[5]. Pgp activation by stress stimuli, such as heat shock,
differentiation agents, certain metals, like arsenic and
cadmium, and ultraviolet light have provided evidence for
this role [6, 7].

Past studies have argued for and against reciprocal
regulation of Pgp and CFTR [8-11]. However, the exact
mechanism by which this effect takes place is not well
understood. For example, prolonged selection of HT-29
cells in media containing Colchicine, a substrate of Pgp,
was shown to induce Pgp expression and inhibit CFTR
expression. In mice, a developmental pattern of reciprocal
expression was reported among different tissues at the
mRNA level. Additionally, some reports suggest that these
proteins may have overlapping functions [12, 13].

The environmental toxicant arsenic has found use
over the years both as a poison and a therapeutic agent
in cancer chemotherapy. Arsenic manifests itself in
organic compounds such as monomethylarsenic and
dimethylarsenic, or in inorganic compounds such as
arsenic trioxide and sodium arsenite [14]. Inorganic
arsenic is found in both trivalent (III) and pentavalent
(V) forms. Arsenite(I1I) is more toxic to most biological
systems, which may be related to greater cellular uptake
of this form compared to arsenite(V) [15]. Recent use of
arsenic as a therapeutic compound has taken advantage
of the potent capability of this agent to induce apoptosis
in leukemias [16].

Several studies indicate that arsenite induces Pgp
expression. This has been postulated to occur through
transcriptional activation of heat shock factor 1 (HSF-1)
and through Raf-1 and PKA-dependent pathways [17,
18]. However, the effect of arsenite on CFTR expression
has not been investigated. Based on our past research on
CFTR with regulators of Pgp, we postulated that this
compound would affect expression of CFTR. The goal
of the study was to test this hypothesis and if found valid,
elucidate the mechanism involved. This study demonstrates
that trivalent arsenite can suppress CFTR expression and
function in T-84 cells in a manner that is independent of
the regulatory pathway/s that alter Pgp expression by
the same compound.

Materials and Methods

Cell Culture and treatments

Human colon adenocarcinoma T-84 cells (American Type
Culture Collection, Manassas, VA) were maintained in DMEM/
F-12 media (Life Technology Inc., Rockville, MD) containing
L-glutamine supplemented with 10% Fetal Bovine Serum (FBS)
and antibiotics (Life Technologies, Rockville, MD). For
experimental purposes, cells were plated out at a concentration
of 500,000 cells/well on 6-well plates (Coster, Cambridge, MA)
and grown to confluence (3-4 days). All drugs were added to
cells in media containing serum. Vehicle (water) alone was added
to control cells under identical conditions. Most experiments
were performed using 25 uM arsenite (trivalent, sodium salt)
and cells were treated for 24 hr, unless otherwise specified in
figure legend/s. At this drug concentration, in the presence of
growth factors, arsenite was not cytotoxic. Viability was
routinely monitored using Trypan blue exclusion. All inhibitors
of the MAPK pathway were purchased from Calbiochem, La
Holla, CA and solubilized in dimethyl sulfoxide (DMSO). The
final concentration of DMSO in experiments was kept below
0.1%. Additional chemicals were purchased from Sigma
Chemical Co., St. Louis, MO.

Immunoblotting

Following drug treatment, cells were washed once with
cold PBS, and scraped in a small volume of lysis buffer (50 mM
Tris-HCI, pH 6.8, 150 mM NacCl, 1% NP-40) containing a protease
inhibitor cocktail (Roche Biochemicals, Indianapolis, IN).
Proteins were extracted from the samples by incubation on ice
(20 min) with intermediate vortexing and frozen at -70°C
following removal of insoluble materials by centrifugation.
Protein concentration of each sample was quantified by the
BCA assay (Pierce, Rockford, IL). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed
on 7% or 4-15% minigels using 50 pg of protein lysate per lane.
Proteins were separated and transferred to PVDF membrane
(Millipore, Bedford, MA) at 100 mA for 1 hour in Towbin’s
transfer buffer (25 mM Tris, 192 mM glycine, 10% methanol).
Following transfer, the blots were blocked and probed
sequentially; first with polyclonal A2 rabbit anti-CFTR antibody
[19] at a dilution of 1:1000 overnight at 4°C and then, with a
horseradish peroxidase-labeled anti-rabbit secondary
polyclonal antibody (Amersham, Piscataway, NJ). The antibody
was a generous gift of Dr. W. Skach (Oregon Health Sciences
Institute). The specificity of this antibody was established in a
prior study [20]. For some studies the highly specific,
monoclonal antibody to CFTR, M3A7 [21] was used. For
detection of Pgp, the monoclonal anti-Pgp antibody F4 was
used (Neomarkers, San Diego, CA) at a concentration of 1:1000
using a similar protocol. Membranes were washed 6X in PBST
(PBS + 0.3% Tween-20) at room temperature for 10 min each in
between. An anti-Vinculin antibody was used for loading
control at a 1:1000 dilution (Sigma) and used for normalization
through densitometry as described below. All antibodies
against Mitogen Activated Protein Kinase (MAPK) proteins
and the anti-PKA/PKC-phosphorylated substrate antibody
were purchased from Cell Signaling (Beverly, MA) and used
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following the manufacturer’s instructions. The blots were
developed by ECL+ substrate (Amersham) and exposed to film.

Fluorescent chloride efflux assay

Cells were grown to confluence in 24-well plates and
loaded with 10 mM N-(ethoxycarbonylmethyl)-6-
methoxyquinolinium bromide (MQAE, Molecular Probes,
Eugene, OR) overnight as described in detail previously [22].
Briefly, cells were incubated in a chloride-containing, nitrate-
free buffer for chloride concentration equilibration inside and
outside of the cells and background fluorescence was recorded
over 3 min. Following this, the buffer was changed to a chloride-
free, nitrate-containing buffer. Both buffers contained 200 pM
8-(4-chlorophenylthio)-adenosine 3', 5'-cyclic monophosphate
(CPT-cAMP) (Roche Biochemicals) to stimulate CFTR. In the
presence of chloride, MQAE is caged and the probe’s
fluorescence is quenched. Upon changing over to a chloride-
free, nitrate-containing buffer, a chloride gradient is established
which results in the rapid exchange of chloride for nitrate in the
cells. Over the first few minutes, the rate of increase in free
MQAE fluorescence is proportional to the number of chloride
channels at the membrane. A Cytofluor 2 plate-reader
(PerSeptive Biosystems, Framingham, MA) equipped with a
360 nm excitation/460 nm emission filter set was used to measure
MQAE fluorescence in the cells.

Calcein-AM Accumulation Assay

In order to assess Pgp function, cellular accumulation of
the fluorescent Pgp substrate Calcein-AM was measured. Cells
were seeded at 70% confluency and treated for 24 hr with
arsenite in 24-well plates. Following this, 20 uM Verapamil
(Sigma) was added to some cells for 30 min to block transport
of Calcein-AM. After treatment with Verapamil, all wells were
loaded with 0.25 ?M Calcein-AM (Molecular Probes) for 30
min. To measure accumulation of Calcein-AM, cells were
washed twice with PBS and analyzed using a fluorescent plate
reader using a FITC filter set (Cytofluor 2 plate-reader,
PerSeptive Biosystems). Five replicate measurements were
taken in each well and five separate wells were analyzed for
each treatment group. Cells alone, without the dye was used to
normalize for background fluorescence, which was typically
1000-fold lower than cells loaded with Calcein-AM.

Software

Densitometric quantification was carried out using Adobe
Photoshop (Adobe Software Inc., San Jose CA) and NIH Image
(National Institute of Health, Bethesda, MD) softwares on a
Lacie Silverscanner III (Lacie Limited, Beaverton, OR). All
statistical analysis was performed using Instat and Prism
software programs (Graphpad Software, San Diego, CA).

Results

In order to assess the role of arsenite in regulating
CFTR and Pgp expression, T-84 cells were treated with
increasing amounts of this agent over a 24 hr time course.
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Fig. 1. Effects of arsenite on CFTR and Pgp expression. (A) T-
84 cells were treated with increasing amounts of arsenite or
vehicle (water). Following incubation for 24 hr, total proteins
were isolated and immunoblotted using either the anti-Pgp
monoclonal antibody F4 or anti-CFTR antibody M3A7 and
digitized blots were analyzed by densitometry. Values reported
are Mean + S.E.M. expressed as % untreated control from 3
independent samples. (B) The effect of arsenite on Pgp and
CFTR expression over a 24 hr time-course was determined by
immunoblot analysis as above. Values reported are Mean +
S.E.M. expressed as % untreated control from 3 independent
samples. Asterisk/s denotes values that were statistically
significant (*, p <0.05; **, p <0.01, *** p <.0001, student’s t-
test).

Arsenite increased the expression of Pgp and decreased
the expression of CFTR proteins in a dose and time
dependent manner (Figure 1A, B) as determined by
immunoblot analyses. It is worth noting here that in most
experiments CFTR is either detected as a single broad
band comprising of several minor bands on 7.5% gels, or
as two well-separated and distinct bands on high-resolution
gradient gels (4-20%) in agreement with literature [21].

Arsenite Regulates CFTR and P-glycoprotein
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Fig. 2. Effects of arsenite on Pgp and CFTR function. (A)
Calcein-AM retention as a measure of Pgp function was
evaluated in T-84 cells following treatment with arsenite (black
bars) or vehicle (clear bars) for 24 hr. Five independent samples
were evaluated for each treatment group. Verapamil (VP) was
added to block Pgp function as described above. Mean + S.E.M.
has been reported for each group. Asterisks denote values
that were statistically significant (p < 0.01, student’s t-test)
from respective control groups. (B) Cpt-cAMP-stimulated
increase in MQAE fluorescence as an indicator of functional

The minor bands on 7.5% gels and the low molecular
weight band on gradient gels correspond to the immature,
partially glycosylated CFTR molecules at various stages
of intracellular processing. Arsenite induced Pgp
expression 5- to 6-fold and decreased CFTR expression
almost 3-fold compared to vehicle-treated T-84 cells. In
all subsequent experiments, cells were treated with 25
UM arsenite for 24 hr as this protocol produced the
maximum response in our model system without any
detectable cytotoxicity.

The effect of arsenite on Pgp was assessed in the
next experiment. Function of Pgp was monitored in T-84
cells using the fluorescent probe Calcein-AM. Pgp rapidly
extrudes this compound from cells. As demonstrated in
Figure 2A, treatment with arsenite significantly reduced
Calcein-AM retention in T-84 cells indicating functional
up-regulation of this protein molecule. Blocking Pgp with
Verapamil, a well-characterized antagonist, increased
Calcein-AM retention in arsenite-treated cells but not to
the level of control cells. This can be expected since
Verapamil does not block Pgp function completely. As
such, a very significant but partial restoration of Pgp
function was noted in this experiment. In a complementary

CFTR expression was measured in T-84 cells following treatment
with vehicle (squares) or arsenite (triangles). Five independent
samples were evaluated over 10 min in a 12-well plate and
corrected for background fluorescence. Values reported for each
point is the net change in fluorescence at that time point (F)
from the fluorescence at the beginning of the experiment (F).
Mean + S.E.M. has been reported for each time-point. Arrow
indicates the time when efflux was initiated. Asterisks denote
values that are significantly different between the two groups
as determined by student’s t-test (p < 0.05).

experiment, CFTR function was determined in T-84 cells
following treatment with arsenite using the chloride probe
MQAE. As depicted in Figure 2B, CFTR mediated
chloride efflux was significantly reduced in T-84 cells
following treatment with arsenite. Thus, these experiments
clearly demonstrate a reciprocal effect of arsenite on
CFTR and Pgp protein expression and function in T-84
cells.

From a mechanistic standpoint, we wanted to
determine whether arsenite-mediated regulation of CFTR
and Pgp was transcriptional in nature. Pre-treatment of
T-84 cells with DRB, a well-characterized transcriptional
inhibitor [23] completely blocked the effects of arsenite
on Pgp and CFTR protein expression (Figure 3). This
indicated that respective responses of the two genes to
arsenite were at the level of gene transcription. However,
involvement of altered protein turnover cannot be ruled
out completely. Several reports have implicated PKA as
the putative molecule involved in up-regulation of Pgp
expression following treatment with arsenite [24, 25].
Since both PKA and PKC regulate CFTR expression as
well [26, 27], their putative roles, if any, in mediating the
response to arsenite in T-84 cells were investigated. Pre-
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Fig. 3. Arsenite regulates CFTR and Pgp at the level of
transcription independent of PKA and PKC. Following pre-
treatment for 30 min with DRB (25 pg/ml), H-89 (0.5 uM) or GF
109203X (0.5 uM), cells were treated with arsenite (A) or vehicle
control (C). Twenty-four hr post-treatment, cells were lysed
and analyzed by immunoblotting using anti-CFTR or anti-Pgp
antibodies as described earlier. Vinculin levels were also

treatment of cells with the PKA specific inhibitor H89 or
the PKC inhibitor Bisindolylmaleimide 1 (GF 109203X)
had no effect on CFTR and Pgp expression (Figure 3A,
B, third and fourth panels). The concentration of PKA/
PKC inhibitors used in this study was 0.5 uM, a
concentration at which both inhibitors are reported to be
specific for their substrate enzymes, i.e. PKA [28, 29]
and PKC [30]. Furthermore, we also analyzed the level
of PKA and PKC substrate-phosphorylation as an
indicator of enzyme activity in T-84 cells after treatment
with 25 uM arsenite using an antibody that recognizes
phosphorylated PKA/PKC substrates in immunoblot
assays. As demonstrated in Figure 4, treatment with
arsenite did not induce significant phosphorylation of PK A
and PKC substrates. As a positive control, cells treated
with Calyculin-A were used and demonstrated a robust
response. Taken together, these studies indicated that

monitored as a loading control. The inhibitors were in the media
throughout the course of the experiment. (A) Effect of specific
inhibitors on CFTR. (B) Effect of specific inhibitors on Pgp. (C)
Densitometric analysis of CFTR expression following pre-
treatment with DRB. (D) Densitometric analysis of Pgp
expression following pre-treatment with DRB. Densitometric
values are Mean + S.D. expressed as % of control.

Fig. 4. Lack of phospho-
rylated PKA/PKC substra-
tes following treatment with
arsenite. Cells were treated
with arsenite (AS) or vehicle
control (CRL) for 30 min,
lysed and analyzed by
immunoblotting using an
anti-PKA-/PKC-phospho-
rylated substrate polyclonal
antibody (1:1000 dilution). A
sample from cells treated
with Calyculin-A was used
as a positive control (+).

AS CRL +
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Fig. 5. Effect of arsenite on MAPK phosphorylation. T-84
cells were grown to confluence and treated with 25 uM arsenite
or vehicle control as indicated for 30 min. Presence (+) or
absence (-) of each compound is indicated. SDS-PAGE was
performed with the samples and each MAPK was first detected
with an antibody that recognized the phosphorylated form of
each MAPK (top panels). The blot was then stripped and re-
probed with an antibody that recognized all forms of the same
enzyme (bottom panels). (A) Cells were treated as described

PKA/PKC enzymes are not important in the regulation
of CFTR and Pgp expression by arsenite in T-84 cells
under the treatment conditions used in this paper.
Treatment with arsenite has been reported to induce
the expression of Mitogen Activated Protein Kinase
(MAPK) family members in a several cell types [31].
These kinases represent terminal stages of signaling
cascades, initiated by various extra-cellular stimuli such
as growth factors, metals, and osmolar stress that result
in transcription factor activation and altered gene
expression. MAPKs are implicated in the regulation of
CFTR and Pgp in response to external stimuli [32, 33]. It
was therefore evaluated if MAPKs were activated in T-
84 cells following treatment with 25 pM arsenite. There
are three major sub-classes of MAPKs. These are p42/
p44 extracellular signal-related kinases (ERKSs), c-Jun N-
terminal protein kinase (JNK)/stress activated protein
kinase (SAPK), and p38 MAP kinase (p38). These
enzymes are regulated by phosphorylation and
dephosphorylation with considerable cross talk between
family members [34]. In T-84 cells, arsenite induced the
expression of both ERK (Figure 5A) and p38 (Figure
5B), but not SAPK (data not shown). The activation of
MAPKSs could be blocked by specific inhibitors of each
cascade as demonstrated in Figure 5A,B. Since SB202190

above or pre-treated with 20 uM ERK specific inhibitor UO126
for 30 min prior to arsenite-treatment. Total proteins were
immunoblotted using anti-ERK antibodies as described above.
Two independent samples for each treatment group are shown
(B) Cells were treated as described above or pre-treated with 20
uM p38 specific inhibitor SB202190 for 30 min prior to arsenite-
treatment. Total proteins were immunoblotted using anti-p38
antibodies as described above. Two independent samples for
each treatment group are shown.

inhibits p38 activity, not phosphorylation, only a partial
attenuation of the signal was observed, possibly due to
inhibition of any subsequent feedback-mediated
phosphorylation event. The failure of arsenite to induce
phosphorylation of SAPK is not unexpected since the
dose of arsenite used in our study did not cause overt
cytotoxicity and therefore possibly failed to induce a
stress-related response in these cells.

The effects of inhibiting ERK and p38 on CFTR
and Pgp were assessed using immunoblotting. As
demonstrated in Figure 6A, inhibition of ERK by UO126
blocked the suppression of CFTR by arsenite, whereas,
a negative control compound, U0124, had no influence
on this effect. By contrast, inhibition of p38 by SB202190
had no effect on suppression of CFTR by arsenite (Figure
6B). These studies clearly indicated that signaling through
the ERK pathway was important in the suppression of
CFTR expression by arsenite. Interestingly, neither
compound had any significant effect on enhanced
expression of Pgp. Additionally, pre-treatment of cells with
the anti-oxidant N-acetyl cysteine (NAC) had no effect
on expression of CFTR or Pgp (Figure 6C). Thus, reactive
oxygen species (ROS)-mediated signaling through the
NF«B [35] or SAPK pathway [36] was not involved in
this response. This observation agrees with lack of
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Fig. 6. Effects of MAPK inhibitors on CFTR and Pgp
expression. (A) Following pre-treatment of some experimental Arsenite P T
groups with 20 uM UO126 or UO124 for 30 min, cells were U0126 _ _ gy
treated with 25 pM arsenite or vehicle for 24 hr. Cells were UO124 _ _ - LoE o
lysed and equal amounts of total proteins were subjected to
SDS-PAGE. Pgp and CFTR levels were sequentially detected 250~
by immunoblotting as described earlier. Vinculin levels were CFTR
also monitored as loading control on the same blot. A 150~
representative blot from 3 independent experiments is shown 250—
and presence (+) or absence (-) of each compound is indicated. Pgp
(B) Following pre-treatment of some experimental groups with 150—
20 uM SB202190 or SB202474 for 30 min, cells were treated with
25 uM arsenite or vehicle for 24 hr. Cells were lysed and equal . Vinculin
amounts of total proteins were subjected to SDS-PAGE. Pgp .
and CFTR levels were sequentially detected by immunoblotting B
as described earlier. Vinculin levels were also monitored as a Arsenite - + - + -+
loading control. A representative blot is shown and presence SB202190 - - + + - -
(+) or absence (-) of each compound is indicated. (C) Some SB202474 - - - - + +
cells were pre-treated with 5 mM NAC overnight or vehicle. 250- i CFTR
Next morning, cells were treated with 25 pM arsenite or vehicle -
for 24 hr. Cells were lysed and equal amounts of total proteins 150-
were subjected to SDS-PAGE. Pgp and CFTR levels were 250—
detected by immunoblotting as described earlier. Vinculin levels - Pgp
were also monitored as a loading control. A representative blot 150—
is shown and presence (+) or absence (-) of each compound is
indicated. — Vinculin
C Pg CFT
Arsenite P - + - + R + _ +
Fig. 7. Summarized effects of various inhibitors on Pgp and NAC
CFTR expression. (A) Effects of various inhibitors on CFTR 250-
expression following treatment with arsenite. Densitometric 150—
values are Mean + S.D. expressed as % of matched control A .
from 3 independent samples. (B) Effects of various inhibitors Vinculin
on Pgp expression following treatment with arsenite.
Densitometric values are Mean + S.D. expressed as % of
matched control from 3 independent samples.
v
A B
140 e
120 | 600
3 100 - Tg 500 1
§ :: 1 § 400
e % X 300
1 T
0 - r T - - - 100 - T . T T T
& 49’;‘. o"mb o'a'b g\isg Qm"\u & 4\9'5\. 00,3? oo"m“ g\f‘@ @’"‘h
< = b & & C,,Q"Q & &
©
Inhibitors Inhibitors

Arsenite Regulates CFTR and P-glycoprotein

Cell Physiol Biochem 2005;16:109-118

115




phosphorylation of SAPK noted in our system following
treatment with arsenite as stated above. Taken together,
through these studies we conclude that transcriptional
down-regulation of CFTR expression by treatment with
arsenite in T-84 cells is mediated by ERK family of
MAPKSs independent of Pgp up-regulation (Figure 7).

Discussion

The aim of these studies was to determine whether
arsenite is capable of regulating expression of CFTR and
shed mechanistic insight into the process. The effects of
arsenite on Pgp have been reported in the past. However,
here for the first time, we report that CFTR expression is
suppressed by arsenite. Past studies that investigated
coordinated expression of these two genes had either
focused on long term effects of chemotherapeutic entities
on expression of CFTR and Pgp, or on developmental
patterns of expression in vivo. We used T-84 cells as our
model system for these studies. This model has the
advantage of endogenously expressing both CFTR and
Pgp. Thus, this model is perhaps more physiologically
relevant in understanding the effects of various stimuli
on Pgp and CFTR. Our data demonstrate that arsenite is
capable of reciprocally regulating CFTR and Pgp in T-84
cells at a non-cytotoxic dose (25 puM, 24 hr). This
regulation was both time- and dose-dependent (Figure
1). While maximum response was noted at the highest
dose of arsenite tested (25 uM), even a relatively low,
non-cytotoxic, environmentally relevant dose (5 uM),
elicited such a response in these cells. This pattern of
regulation, while transcriptional in nature (Figures 3),
ultimately resulted in increased functional expression of
Pgp and decreased functional expression of CFTR in T-
84 cells (Figure 2).

Past studies had indicated that the effects of arsenite
on Pgp expression were mediated in part by PKA and
Raf-1. CFTR is regulated by PKA and PKC as well.
Hence, we conducted studies to investigate if PKA and
PKC inhibitors were involved in arsenite-stimulated
regulation of CFTR and Pgp. Pre-incubation of T-84 cells
with the PKA inhibitor H-89 (0.5 uM), or the PKC
inhibitor GF 109203X (0.5 uM) had no effect on arsenite-
induced regulation of CFTR and Pgp (Figures 3, 7). Also,
elevated levels of phosphorylated PKA and PKC
substrates were not observed (Figure 4) in these cells,
indicating that PKA/PKC enzyme activities were not
significantly altered following treatment with 25 uM

arsenite. These pathways do not appear to be important
in mediating the effect of arsenite on CFTR and Pgp
expression in T-84 cells under our experimental conditions.

In agreement with past reports, certain members of
the MAPK family were found to be elevated in these
cells following treatment with arsenite (Figure 5).
Inhibition of ERK with the specific inhibitor UO126
blocked the down-regulation of CFTR in these cells
(Figures 6A, 7). By contrast, the p38 inhibitor SB202190
had no effect on down-regulation of CFTR (Figures 6B,
7). Pre-treatment of cells with NAC to block ROS
mediated signaling independently, or through the SAPK
pathway, had no effect on CFTR and Pgp (Figure 6C).
Interestingly, none of these treatments had any significant
effect on up-regulated expression of Pgp. Clearly,
divergent signaling events regulate the two genes in
response to arsenite in T-84 cells. In literature, reciprocal
regulation of these two genes is associated with rate of
proliferation and cellular differentiation with up-regulated
expression of Pgp noted in proliferating cells and higher
levels of CFTR reported in differentiated cells [9, 37].
Arsenite can have both proliferative and apoptotic effects
on cells in a dose-dependent fashion. For example, in rat
epithelial cells, low-dose arsenite increases proliferation
through activation of ERK whereas higher doses induce
apoptosis through the JNK pathway [38]. We saw no
evidence of JNK activation in our system but ERK
activation was noted (Figure 5). Furthermore, the ERK
pathway was found to be involved in suppression of
CFTR but not activation of Pgp (Figures 6, 7). While the
expression of these two genes following treatment with
arsenite can be pegged to molecular phenotypes, such
as, proliferation or differentiation, from a mechanistic
standpoint different pathways seem to be necessary. In
any event, these data clearly support the idea that Pgp is
an arsenite-inducible gene. Future studies will need to
focus on the identification of molecules upstream and
downstream of ERK involved in the regulation of CFTR
in these cells by treatment with arsenite. Additionally,
pathways involved in the induction of Pgp by arsenite in
T-84 cells remain to be discovered.

There are practical implications associated with these
studies. CFTR has been associated with the
pathophysiology of polycystic kidney disease [39, 40].
CFTR is a regulator of fluid volume in cysts and is over-
expressed in patients suffering from this disorder. Over-
stimulation of CFTR by bacterial enterotoxins is also
implicated in secretory diarrhea [41]. This disease is the
second leading cause of infant mortality in the developing
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world, causing 3 million deaths per year [42] in children

under the age of three. Thus, identification of

pharmacological agents and pathways that can regulate
CFTR expression may be useful in understanding and

treating these disorders.
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