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In cystic fibrosis (CF), epithelial cells are unable to normally up-regulate apical membrane Ci~ secretion in
response to agents which increase cyclic AMP, but they do increase C1™ secretion in response to increases in
intracellutar Ca®*. Since intracellular divalent cations regulate the expression of mary geunes, we hypothesized
that mobilization of intraceliular Ca* and/or other divalent cations might modulate not only Ca’* -dependent
Ci~ channels but alse cystic fibrosis transmembrane conductance regulator (CFTR) gene expression. To
evaluate this concept, HT-29 human colon carcinoma cells were cultured under various conditions designed to
manipulate intracellular divalent cation concentrations and CFTR gene expression was guantified at the levels
of transcription, mRNA accumulation, mRNA halfdife, and protein. Exposure to the divalent cation
ionophores A23187 and ionomycin (agents which increase intracellular divalent cation concentrations) caused
dose- and time-dependeat reductions of CFTR mRNA Jevels, which could be blocked by the use of Ca®™-and
Mg *-free media. lonophere-induced CFTR gene modulation was also observed with T84 humar colon
carcinoma cells and freshly isolated normat buman bronchial epithelial cells. Incubation of HT-29 cells with
thapsigargin, an agent that releases Ca®" from iptraceliular stores, or in medium contgaining increased
extracellular concentrations of Ca®™ or Mg?* also caused down-regulation of CFTR mRNA levels, Transcrip-
tion run-on analysis showed that, parailel with the decrease in CFTR mRNA levels, A23187 reduced the rate
of iranscription of the CFTR gene, while CFTR mRNA transcript half-life was unaffected. Consistent with the
down-regulation of CFTR gene expression, CFTR protein levels 2lso decreased after exposure (o A23187. Thus,
despite the independence of Ca**-dependent CI™ channels and cyclic AMP-dependent CFTR-refated CI”
chanpels in epithelial cells, increases in intracellular divalent cation concentrations down-regulate the
expression of the CFTR gene at the teanscriptional level, with consequent decreases in CFIR mRNA and

protein,

Cystic fibrosis {CF), one of the most common fatat hered-
itary disorders in Caucasians, is caused by mutations of the
cystic fibrosis transmembrane conductance regulator
{CFTR) gene, a 250-kb, 27-exon gene on chromosome 7 {7
20, 28, 41). The translation product of CFTR mRNA is 2
1,480-residue polypeptide with a predicted molecular mass
of 168 kDa (28). The CFTR protcin is glycosylated and can
be phosphorylated by protein kinases (8, 10, 15, 30). The
available evidence suggests that CFTR is a CI ~ channel on
the apical surface of epithelial cells that responds to ig-
creased levels of intraceltular cyclic AMP (cAMP) by sceret-
ing Cl~ from the cells (1, 2, 4, 19).

While the devastating consequences of mutations of the
CFTR gene suggest that CFTR-mediated Ci~ scerction plays
an important physiologic role, cpithelial cells of the respira-
tory, pancfcatic, and gastroiniestinal iracts have other
means of secreting C1- (3, 12, 34, 36). In this regard,
wholc-cel current studies of thesc cpithelial cells show
distinct responscs to agents that elevate cAMP compared to
agents that mobilize intracellular divalent cations (3, 12, 34,
36). Furthermore, when the normal CFTR ¢cDNA is trans-
ferred into $f% inscct cells, a cell type that does not normally
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secrete C1™ in response to cither agents that elevate cAMP
or agents that mobilize intracellular divalent cations, the
cells secrete C1™ in respanse to agents that elevate intr_accl-
fular cAMP but nat to agents that maobilize divalent cations.
strongly implying that the CFTR protein responds 1o the
formier and not to the lauer (19). While the cAMP—dependg{‘-‘
C§~ secretory pathway involves protein kinase A, the Ca'-
dependent pathway is mediated by stimulation of the muiti-
functional calcium/calmodulin-dependent protein kinase 8.
&, 12, 18, 23, 24, 32, 36, 37). i
On the basis'of these observations, the currcnt working
hypothesis is that the divalent cation-dependent Cl~ channel
activity in these epithclial cells is distinct from CFIR.
Howeves, while this is likely 10 be the case at the prolo®
level in terms of the function of these channgls, it is possibe
that the cAMP-dependent and divalent cation-dependent
pathways that modulate these distinct !~ channel actwmr:s
arc Tinked at the leve! of genc expression. To evaluate this
concept, the present study was designed to examing the
effect of increasing intracellular divalent cation concentra-
tions on the expression of the CFTR gene. Using the Hr-29
human colon carcinoma cell line as a model, we havé
obscrved a surprisingly strong link between divatent c_aii‘m
mobilization and the regulation of CFTR genc expressiof-.
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MATERIALS AND METHODS

Cell culture and modulation of divalent cations. HT-29
colon adenocarcinoma cells (American Type Culture Collec-
tion; HTB 38), a cell line known to express the CFTR gene
(25, 39, 40), were maintained in Dulbecco modified Eagle
medium {Whittaker Bioproducts). Dulbecco modified Eagle
medium includes 1.8 mM Ca”* and 0.8 mM Mg?* supple-
mented with 2 mM glutamine, 100 U of penicillin per ml, 100
ug of streptomycin per ml, and 10% fetal bovine serum. The
cells were evaluated at confluency. T84 cells (28) (American
Type Culture Collection; CCL 248) were cultured in the
same way that HT-29 cells were, except with 5% fetal bovine
serum. Normal human bronchial epithelium was obtained
from mainstem or lobar bronchi by fiber optic bronchoscopy
using a 1-mm cytology brush (33). The samples were imme-
diately suspended in RPMI 1640 (Whittaker Bioproducts),
collected by centrifugation, and cultured in LHC-8 medium
(Bioftuids). LHC-8 contains 0.11 mM Ca®* and no Mg®*)
supplemented with 100 U of penicillin and 100 ug of strep-
tomycin per mi in plates coated with 10 pg of human
fibronectin (Calbiochem), 30 ug of collagen (Collagen Cor-
poration), and 10 pg of bovine serum albumin (Sigma) per ml

21).

[ [n experiments designed to increase intracellular divalent
cation concentrations, duplicate cultures of cells were incu-
bated with medium containing 0 to 5 pM A23187, 0 to 10 pM
tonomycin (both from Calbiochem), or 0 to 500 nM thapsi-
gargin {Sigma) (5, 31). In some experiments, divalent cations
were climinated from the medium by incubation in DMEM
without Ca®* and Mg®* (NIH media unit) supplemented
with (.5 mM ethylenediamineictraacetate (EDTA}. In other
studies, the extracellular divalent catlion concentration was
increased by incubation of the cells in Ca?*- and Mg**-free
medium supplemented with CaCl, and MgCl, at concentra-
tions from 0 to 100 mM. Under the conditions used, cell
viability, as measured by trypan blue exclusion, was =95%
in all experiments. To verify that intracellular Ca?* concen-
tration increased as expected, the cellular uptake of **Ca?*
was quantificd before and after treatment with A23187 and in
high extraceillular Mg®* (50 mM). HT-29 cells were incu-
bated in Dulbecco modified Eagle medium supplemented
with **Ca’* (0.5 uCi/ml; Amcrsham) and with or without
A23187 for different times. The plates were then washed
with phosphatc-buffered saline (4°C) containing 10 mM eth-
ylene glycol-bis(B-aminocthyl ether)-N,N,N',N'-tetraacctic
acid (EGTA), and cclls were harvested. Aliquots were taken
for determination of total protcin, and the radioactivity of
the cell suspension was determined by scintiltation counting,
The increase of intracellular Ca®* was quantified as the ratio
of uptake per mitligram of protein of resting cells to that of
treated cells. .

CFTR mRNA transcript fevels. CFTR mRNA transcript
levels in the cels were evalvated under various conditions
by isolating total RNA by the guanidine thiocyanate-CsCl
gradient method (11). Total RNA (10 ug per lane) was
¢valuated by Northern or slot blot hybridization by using a
“P-labeled "4.5-kb CFTR cDNA probe (pTG4976), and
mRNA levels were quantitated by densitometric scanning of
the autoradiograms as previously described (32). As a con-
lrt‘JL y-actin mRNA levels were evaluated in parallel by using
a “'P-labeled y-actin cDNA probe {(pHFyA-1) (16).

CFTR gene transcription rate. The rate of transcription of
the CFTR genc was evaluated by nuclear transcription
nun-on analysis as previously described (39, 40). The DNA
largets used were a 4.5-kb human CFTR ¢DNA (pTG4964),
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a human genomic c-fos clone, a human genomic c-myce
clone, and the human B-actin cDNA pHFBA-1. The plasmid
pUC19, containing no human DNA, was used as a negalive
hybridization control, and the 4.1-kb 285 mouse rRNA gene
was used as a positive control. The transcription rate of cells
treated with A23187 was expressed relative to the transcrip-
tion rate of resting cclls (defined as 109%).

CFTR mRNA stability, To estimate the stability of CFTR
transcripts in resting cells and during periods of intracellular
Ca®* modulation, confluent HT-29 cells were incubated with
or without 2 uM A23187 for 12 h. Actinomycin D (5 ug/ml;
Calbiochem) was added, and incubation was continued for
up 10 24 h. RNA was extracted, the amount of CFTR mRNA
was quantified as described above, and the CFTR mRNA
transcript half-life was calculated (35).

CFTR protein levels. Relative amounts of CFTR protcin in
cortfluent HT-29 cells exposed to 2 uM A23187 for 24 or 48
h were evaluated by immunoprecipitation followed by phos-
phorylation using protein kinase and [y->?PJATP, similar to
that described by Cheng et al. (9). Briefly, cells were lysed in
buffer (150 mM NaCl, 1% Triten X-100, 1% sodium dcoxy-
cholate, 0.1% sodium dodecyl sulfate, 50 mM Tris-HCI, pH
8.0) containing 1.5 pM 4-aminobenzoic acid and 7.5 pg of
pepstatin A per ml (both from Fluka) plus 15 pg of chymo-
statin, 100 ug of aprotinin, and 50 ug of leupeptin per ml and
0.7 1M phenylmethylsulfonyi fluoride (all from Boehringer).
DNA was sheared, and nonsolubilized material was re-
moved by centrifugation. Equal amounts of total protein
(measured with a Pierce protein assay reagent kit) were
immunoprecipitated by the addition of 5 pl of a mouse
monoclonal antibody raised against a CFTR exon 13-g-
galactosidase fusion protein {Genzyme) and incubated at 4°C
for 2 h. Staphylococcus aureus cells (Pansorbin, Calbio-
chem) precoated with rabbit anti-mouse immunoglobulin G
(Cappel} were added and incubated at 4°C for an additional 1
h. Material bound to the S. aureus cells was washed three
time- with buffer (4°C) and then once with 150 mM NaCl-10
mM Tris-HCi, pH 7.5 {(4°C). Immunogrecipitated proteins
werc phosphorylated with 10 uCi of [y-"?P]JATP (NEN) plus
100 ng of the catalytic subunit of cAMP-dependent protein
kinase (Sigmay) in a final volume of 50 ul of kinase buffer (50
mM Tris-HCl, pH 7.5, 10 mM MgCl,, 100 pg of bovine
serum albumin per ml) and incubated at 30°C for 1 h.
Samples were electrophoresed on a 6% sodium dodecyl
sulfate—polyacrylamide gel after incubation at 37°C for 10
min. Gels were dried under a vacuum, and autoradiograms
were prepared.

RESULTS

Modulation of CFTR mRNA levels. Northern (RNA blot)
analysis readily demonstrated the presence of the expected
6.5-kb CFTR mRNA transcripts in resting HT-29 cells (Fig.
1, lane 1). Interestingly, exposure to 2 uM A23187 for 12 h
caused a striking reduction in the amount of CFTR tran-
scripts (lane 2). As a control, y-actin mRNA levels were
unchanged under the same conditions {lanes 7 and 8).

Evaluation of T84 colon carcinoma cells and freshly
isolated normal human bronchial cells demonstrated that the
A2318%-induced down-regulation of CFTR mRNA tran-
scripts was not a process limited to HT-29 cells. In this
regard, 6.5-kb CFTR transcripts were observed in both cell
types (Fig. 1, lanes 3 and 5) but were reduced significantly in
the presence of A23187 (lanes 4 and 6). In contrast, as with
the HT-29 cells, y-actin transcript levels in T84 and human



1874 BARGON ET AL,

A.CFTR
Human bronchial
HT-28 T84 spithaliel celis
. +
A23187 A2IIBT7

-+
Rest Regt A23187 Rest

Lok o

7 8 12

FIG. 1. Northern analysis demonstrating A23187-induced down-
regutation of CFTR gene expression in HT-29 colen carcinoma cells,
T84 colon carcinoma cells, and ireshly isolated normal human
bronchial epithelial cells. Lanes: 1, resting HT-29 cells (expressing
6.5.kb CFTR mRNA transcripts); 2, same as lane 1 but after 12 h of
exposure to 2 wM AZ3187; 3 and 4, similar to lanes 1 and 2,
respectively, but with TR4 cells; 5 and 6, similar to lanes 1 and 2,
respectively, but with bronchial epithelial cetls; 7 to 12, similar to
lanes 1 to 6, Tespectively, but evaluated with a y-actin probe (2.3-Kb
transcripts).

broachial cells were unchanged when they were exposed to
AZ3187 {lanes 9 to 12).

Quantification of CFTR mRNA levels in HT-29 cells
demonstrated that the effect of A23187 on CFTR mRNA
tevels was dose dependent. After 12 h of exposure to 2 uM
A23187, CFTR mRNA lcvels had fallen to 13% of control
values (Fig. 2A). The effect of A23187 on down-regulation of
CFTR mRNA levels was aiso time dependent, reaching a
nadir after 12 h of exposure to 2 pM A23187 and then
returning slowly to resting levels (Fig. 2B). To demonstrate
that this effect was attributable to modulation of intraceliular
divalent cation concentration and not to a8 nonspecific effect
of A23187, ionomyein (another jonophore) was used in
paraliel experiments. lonomycin caised a similar dose- and
time-dependent veduction in CFTR mRNA levels (not
shown).

To ensure that exposure to A23187 increased intracellular
Ca®* levels, “*Ca®* uptake was evalvated in resting and
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FiG. 2. Evaluation of dose- and time-dependent down-regulition
of CFTR mRNA transcript levels in HT-29 cells by A23187. 1A
Dose-dependent reduction of CFTR mRNA transcript levels, The
dose-response effect of A23187 on CFTR mRNA transcript levels
was evaluated by slot-blot kybridization using a 12-h incubation and
AZ3187 concentrations from 0 10 5 pM. (B) Time-dependent reduc-
tion of CFTR mRNA transcript levets. Cells were incubaled with -
M A23187 for 0 to 72 h. For panets A and B, each datum point s
the average of duplicate determinations in two separate expen
ments.

A23187-treated HT-29 celis. Following administration of
A23187, a peak of **Ca®* accumulation that was 16-foid
higher than that of resting cells was reached after 15 min of
exposure. Over the next 48 h, the intracelular “*Ca®” levels
remained elevated by about sevenfold over those of resting
Jevels (data not shown). Increasing extracellular Mg®* to 50
mM did not change the ““Ca?* uptake in HT-29 cells.
suggesting that the observed decrease in CFTR mRNA
transcript levels by higher concentrations of exiracelivtar
Mg?* was not due fo an clevation of intraceliutar Co®’
levels, but was a general effect of divalent cations {nol
shown).

To show that Ca?* andfor Mg?* influx into the cell was
responsibie for the down-regulation of CFTR mRNA levels
by A23187, cxperiments with A23187 were performed in
Ca?*- and Mg®*-frec medium supplemented with 0.5 mM
EDTA. Incubation of the cells in Ca®*- and Mg®'-fré¢
medium completely blocked the down-regulation of CFTR
mRNA levels by A23187 (not shown). To further cvaluate
the effect of divalent cations, the concentrations of Ca®* and
Mg?* were increased in the extracellular milicu by up to 100
mM. Increasing the extracellular levels of both catiofs
causcd a dose-dependent down-regulation of CFTR mRN‘é
levels (Fig. 3). Thapsigargin, an agent that rcleases Ca
from intracellular stores, also down-regulated CFTR mRNA
levels in HT-29 cells in @ dose-dependent fashion aftef
incubation for 12 h (Fig. 4).

Evaluation of CFTR gene transcriplion rate and CFTR
mRNA, half-life. Consistent with the A23187-induced reduc:
tion of CFTR mRNA transcript levels, addition of A23!8'{ o
HT-29 celts causcd a suppression of the rate of transcription
of the CFTR gene (Fig. 5). As previously noted (39), the
CFTR gene is transcribed at a low rate in resting HT-29 cells.
In the presence of A23187, the transcription rate was down-
regulated even more, to approximately 50% of the rate 0

CFTR transcription in resting cells. As for the contrels, the . .

transcription rates of c-fos, c-myc, and rRNA genes were .
unchanged by exposure to A21187,
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FIG. 1. Evaluation of dose-dependent down-segulation of CFTR
mBNA transcript levels in HT-23 cells by increasing exiracetnlar
Ca?* and Mg?® copcentrations. (A) Increasing extraceliular Ca®”
concentration. Cells were incubated in medium supplemented with
10 100 mM Ca?* for 12 h; the Mg®* concentration was kepl constant
at 0.8 mM. {B) Increasing extracellular Mg?* concentration. Celly
were incubated in medium supplemented with 0 to 100 mM Mg?* for
12 h; the Ca®" concentration was kept constant at 1.8 mM. For
panels A and B, the datawere determined by slot-blot hybridization.
Each datum point is the average of duplicate determinations in two
sepatale experiments.

To examinc whether the reduction in CFTR mRNA levels
by A23187 was associated with a change tn CFTR mRNA
teansceipt stability, the half-life of CEFTR mRNA was cvalu-
aicd in A23187-treated HT-29 cetls and compared with that
in testing ceils. In resting celis, CFTR transcripts had a
half-life of about 13.0 = (.6 h (mean * standard crrot of the
mean) (Fig. 6). This valuc was similar to that observed for
A23187-treated celis {13.1 = 1.2 ).

Modulation of CFTR protein Jevels. Consistent with the
observations that HT-29 cells actively transcribe the CFTR
gene and contain CFTR mBRNA transcripts, the CFTR
protein was present in celi lysates, with 4 major band of 190
kDa. Consisicnt with the A23187-induced down-regulation
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F1G. 4. Dase-dependent down-regulation of CFTR mBRNA tran-
«npt levels in $1T-29 cells by increasing concentratians of thaps:-
fa1gin. The cells were incubated for 12 hiin the presence of (o 500
M of thapsigargin. Data were obtained by slot-blot hybridization.
tach datum point is the average of duplicate determinations in two
WAl eXperiments,
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FIG. 5. A2318%-induced down-regulation of the selative rate of
CETR gene transcription, CFTR gene transcription raie was evalu-
ated by nuclear run-on analysis in compatison with thase of c-fos,
c-myc, Beactin, pUCIS {an irrelevam plasmid), and rRNA. (A)
Lanes: 1, resting 11T-29 cells; 2, HT-29 celis after exposure to 2 pM
A21187 for 12 h. (B} Comparison of the relative transcription rate of
the CFTR gene in resting and A23187-treated cells. Data are
averages of four separate experiments.

of transcription of CFTR genc and the associated reduction
of CEFTR mRNA levels, after 12 h of exposure to 2 uM
A23187, CFTR protein levels were substantially reduced
{Fig. 7).

DISCUSSION

Therc is increasing evidence that epithelial cells that
utilize the CFTR/cAMP-tetated Ci~ sceretory pathway also
have a Ca?* -dependent mechanism to augment Cl™ secre-
tion (3, &, 12, 34, 36). Data from several sources suggest that
these pathways are physiologically scparate and that they
probably involve different C\~ channels (3, 4, 8, 12, 19, 34,
36). The Ca2*-dependent chanrel has not yet becn identi-
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FiG. 6. Evaluation of the stability of CFTR mRNA transcripts in
HT-29 cells before and after exposure ta A23187. Aftes 12 b of
exposure 1@ 2 M AZ318T, RNA synthesis was inhibited by addition
of actinomycin D, and CFTR mRNA levels were evajuated by
slot-blot hybridization a1 various time points. Data are averages of
three separale experiments.
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FIG. 7. A23128-induced reduction of CFTR protein levels in
HT-29 cells. Lysates of the cells were evaluated by sodium dodecyl
sulfate-polyacrylamide gels after immunoprecipitation with an anti-
CFTR entibody and exposure to Kinase in the presence of
{y-2PJATP. Lanes: 1, resting T84 cells; 2, 1esting HT-29 cells; 3,
HIT-29 cells after 12-h exposure 1o 2 pM AZI187; 4, same as lane 2,
but after 24-h exposure 1o A23187; 5, same as lane 2, bul after 48-h
exposure to A23187. The CFTR protein is indicared; CFTR in HT-29
cells migrates with a higher molecular mass than CFTR in T84 cells.
A23187 causes a marked decrease in CFIR fevels by 12 h. The
pattern shown is a representative of four separate experiments.

fied, but recent evidence suggests that the CFTR genc
product is the cAMP-dependeat CI™ channel (1, 2, 4, 19).
The present study demonstrates that despite their functional
indepcndence at the protein level, these pathways are linked
at the level of gene expression. In this regard, signals that
raise intraceliutar divalent cation levels also down-regulate
expression of the CFTR gene in epithelial cells.

Regulation of CFTR gene expression. While C1” secretion
in epithetial cells through the Ca?*-dependent channcl and
the CFTR/CAMP-dependent channel represent independent
processes and distinct channels, their interrelationship at the
level of gene expression has intercsting and potentially
important implications. {t is intriguing that by increasing
intracellnlar Ca’* and Mg®* concentrations, the epithehial
cell activates C1 - secretion by ong pathway yet turns Off the
expression of a gene for CI™ sccretion by another pathway.
This suggests possible feedback from the physiofogic level to
the gene level. 3t is not clear what consiitutes this mecha-
nism, but the regulation appears to be at the level of
iranscription of the CFTR gene. However, because cellular
fevels of CFTR mRNA were reduced 1o 13% after 12 h of
A23187 exposure while the rate of transcription of the CFTR
gene was decreased to only 50% of that of resting cells with
no change in CFTR mRNA half-life, it is conceivable that
there are other regulatory mechanisms involved n the
Ca?*-mediated down-regulation of CFTR gene expression,
possibly related to intraceRular degradation of nascent RNA
or the rate of transportation of mRNA from the nucleus to
the cytoplasm. Alternatively, the differcnce between the

Mo, CELL. B,

level of reduction of CFTR pgene transcription rale and
CETR mRNA levels could be technical artifacts arising {rom
differences in the handling of the cells for the two assays.

Several lines of evidence suggest that the observed down.
regulation of CFTR gene expression in epithetial cells was
mediated through a pathway related to a mabilization of
intracellular divalent cations. First, the uptake of *Ca’* n
HT-26 cells was clearly increased afler A23187 cxposure.
Sccond, the observations obtained with A23187 (a divalent
cation ionophore with a selectivity of Mn®'>Ca’'=
Mg?*>Sr2* > Ba’" {5]) were paralleled by thosc oblained
with anoiher divalent cation ionophere, jonomycin (with an
ion selcctivity of Ca?* >Mg?*»8r2* =Ba®" [5]), suggesiing
that the down-regulation by A23187 is a property rclaied 1o
its ability to cause an influx of exiraceliutar divalent cations.
Third, thapsigargin, an agent that increascs intracellular
Ca** by a nonionophoric mechanism causing rclease from
intracellular stoses (31), also down-regulates CFTR mRNA
tevels. Fourth, an increase of Ca®* or Mg®* concentration in
the medium resulted in concentration-dependent down-reg-
alation of CETR mRNA levels. Finally, depletion of Ca**
and Mg?* from ibe extracellular medivm eliminaled the
down-regulation of CFTR gene expression by A23187. Im-
portantly, this observed down-regulation was specific (or
CFTR, since mRNA levels for y-actin, a structural cytopias-
mic protein, did not change after intraceflular Ca®’ and
Mg?* were increascd.

1t is known that differcatiation of HT-29 cells up-regulates
CFTR mRNA levels (25), and it is ther¢fore conceivable thal
ionophores might dedifferentiatc these cells and so cavse the
observed down-regulation of CFTR gene ¢xpression. This is
not likely in our studics, because (i) cells do not dediffercn-
tiate in hours, in which the effect of the ionophores on CFTR
gene expression was obscrved, and (i} an increase of intra-
cellular Ca2* usually lcads to differentiation of cells and not
to dedifferentiation (6). The divalent cation -mediated down-
regutation of CFTR in HT-29 cells was not specific for the
HT-29 cell line, as the T84 colon carcinoma cell line and
freshiy isolated human bronchial cells showed a decrease of
CETR mRNA levels after A23187 treatment in & fashion
analogous to that of HT-29 cells. The latier abscrvation is
particularly relevant to CFTR, since the major manifcsta-
tions of CF are on the cpithelial surfaces of the airways and
airway cpithelial cells have both cAMP- {i.c., CFTR) and
divajent cation-dependent CI™ channels (3, 7, 8, 18, 23, 24,
27, 34, 36, 38).

Structural characterization of 3.8 kb of genomic DNA 5" ta
cxon [ of the CFTR genc demonstrates features of a house-
keeping genc promotcr, such as no TATA box but sequences
with homology to 3 CCAAT box and GC boxes, a high GC
content, and multiple transcription start sites (39). Despite
this, the CFTR promoter also bas clements suggesting that it
is regulatable, including DNA sequences homologous to a
glucocorticoid response element, a cAMP response element,
and an AP-1-binding site (39). Consistent with this concept,
CFTR down-regulation by increased intracetiular cations
appears 10 be modulated at the transcriptional level. This
may be similar to the down-regulation of CFTR gene expres-
sion in the human colon carcinoma cefl linc T84 by phorbol
myristate acctate, an agent capable of activating AP-1 cle-
ments {22, 32, 35). Relevant to ihe observations in the
present study, phorbol myristate acctate can also activate
protein kinas¢ C in many cell types, including T84 cells, as
can agents that mobilize divalent cations {26). Thercfore, the
down-regulation of expression of the CFTR genc by
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agenis that increase intraccllular divalent cations may be
warking through a pathway involvingzpmlcin kinascs.
Implications of the link between Ca®*- and CFTR/cAMP-
mediated CI™ secretion for the therapy of CF, As described
recently (34), the Ca®*-dependent Cl™ secretory pathway in
epithelial cells involves a calcium/calmadulin-dependent
protein kinase. This pathway, in contrast to the cAMP-
mediated CI™ secretion, is fully functional in CF, an obser-
vation with potential implications for therapy for CF, i.e.,
the Ca®* -dependent CI~ seerctory pathway might be a way
to circumvent the CF defect because CF airway cells retain
calcium/calmodulin-dependent protein kinase regulation of
CI™ current. Furthermore, there s evidence suggesting that
the complete absence of expression of CFTR is associated
with less severe respiratory disease than is the common
AF508 mutation in CFTR (13, 14, 17). Thus, down-tegulation
of the CFTR gene might be beneficial for most individuals
with CF. In this contcxt, agents that specifically activate the
Ca®*-dependent Cl~ sccretory pathway or stimulatc phos-
phorylation of the CI™ channel regulator by calcium/calmod-
utin-dependent protein kinasc may be able to circumnvent the
CF defect by using the alternate Ca®*-dependent pathway
and to down-regulate expression of the mutant gene at the
transcriptional level and thus at the mRNA and protcin

levels.
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