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Contribution of the protein kinase A (PKA) and protein kinase C (PKC) signalling
pathways to the regulation of 11�-hydroxysteroid dehydrogenase type II (HSD11B2)
gene expression was investigated in human breast cancer cell line MCF-7. Treatment
of the cells with an adenylyl cyclase activator, forskolin, known to stimulate the PKA
pathway, resulted in an increase in HSD11B2 mRNA content. Semi-quantitative
RT-PCR revealed attenuation of the effect of forskolin by phorbol ester, tetra-
decanoyl phorbol acetate (TPA), an activator of the PKC pathway. It was also demon-
strated that specific inhibitors significantly reduced the effect of activators of the
two pathways.
Stimulation of the PKA pathway did not affect, whereas stimulation of the PKC

pathway significantly reduced MCF-7 cell proliferation in a time-dependent manner.
A cell growth inhibitor, dexamethasone, at high concentrations, caused a 40% de-
crease in proliferation of MCF-7 cells and this effect was abolished under conditions
of increased HSD11B2 expression.
It was concluded that in MCF-7 cells, stimulation of the PKA signal transduction

pathway results in the induction of HSD11B2 expression and that this effect is mark-
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edly reduced by activation of the PKC pathway. Activation of the PKC pathway also
resulted in inhibition of cell proliferation, while activation of the PKA pathway abol-
ished the antiproliferative effect of dexamethasone. These effects might be due to
oxidation of dexamethasone by the PKA-inducible HSD11B2.

In vitro studies have shown that gluco-
corticoids (GC) are inhibitors of breast cancer
cell growth (Lippman et al., 1976; Osborne et
al., 1979; Zhou et al., 1989; Poulin et al., 1991;
Goya et al., 1993). This effect, however, has
not been confirmed in vivo. It has been re-
ported that in other tissues (kidney, liver, foe-
tal lung) the antiproliferative effect of
glucocorticoids is dependent not only on their
concentration in serum but also on their ef-
fective intracellular content (Penning &
Ricigliano, 1991; Roy, 1992; Hundertmark et
al., 1994). One of the enzymes involved in GC
metabolism, 11�-hydroxysteroid dehydro-
genase type II (HSD11B2) catalyses oxidation
of hormonally active glucocorticoids, cortisol
and corticosterone, to the much less active
11-keto-metabolites, cortisone and 11-dehy-
drocorticosterone, respectively. The enzyme
is localised in mineralocorticoid target cells
(distal nephrons, large intestine, salivary
glands) where it protects the non-selective
mineralocorticoid receptor from binding of
glucocorticoids (Krozowski et al., 1995).
This enzyme has a high affinity for its natu-

ral substrates (Km for cortisol is about 50 nM)
and requires NAD+ as a cofactor (Albiston et
al., 1994). It also catalyses oxidation of syn-
thetic glucocorticoids including dexametha-
sone (Pasquarette et al., 1996; Hundertmark
et al., 1997).
It has been postulated that the antipro-

liferative effect of GC on breast cancer cells is
attenuated as a consequence of high activity
of HSD11B2 in these cells (Hundertmark et
al., 1997). Although the level of HSD11B2 in
MCF-7 is relatively low (Nawrocki et al.,
2002), inhibition of HSD11B2 with glycyr-
rhetinic acid results in a significant increase
in the antiproliferative action of GC in these
cells (Hundertmark et al., 1997).
We have previously reported (Lecybył et al.,

2003) that in renal epithelial cells an activator

of the protein kinase A (PKA) pathway,
forskolin, induces HSD11B2 gene expres-
sion, whereas an activator of the protein
kinase C (PKC) pathway, teradecanoyl
phorbol acetate (TPA), significantly reduces
the stimulatory effect of forskolin. These re-
sults suggest that activators of the PKC path-
way inhibit the expression of HSD11B2 by in-
terfering with the PKA pathway.
The present investigation was designed to

explore, with the use of semi-quantitative
RT-PCR, the effect of modulators of the signal
transduction pathways involving PKA or
PKC, on the accumulation of the HSD11B2
transcript in MCF-7 cells. The effects of signal
transduction pathway activators, as well as of
dexamethasone, on the proliferation of these
cells were also investigated.

MATERIALS AND METHODS

Cell culture. MCF-7 cells were cultured in
Dulbecco’s modified Eagle’s medium
(DMEM) containing 2 mM glutamine. The
medium was supplemented with 10% foetal
calf serum (FCS) and antibiotic/antimycotic
(ABAM). After reaching confluence, culture
medium was replaced with the same medium
containing insulin, transferrin and sodium
selenite mixture (ITS) instead of FCS. All re-
agents were from Invitrogen Life Technolo-
gies (Carlsbad, CA, U.S.A.).
Cells were incubated for 24 h, unless other-

wise indicated, without or with test sub-
stances: forskolin (12.5 �M), 12-O-tetra-
decanoyl-phorbol-13-acetate, TPA (10 nM), 4
�-phorbol didecanoate, 4�-PDD (10 nM) or a
combination of forskolin and TPA. The effect
of inhibitors of adenylyl cyclase (50 �M
N-(2-guanidinoethyl)-5-isoquinolinesulfona-
mide hydrochloride, HA1004) and protein
kinase C (5 �M chelerythrine) were also in-
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vestigated. All test substances were from
Sigma-Aldrich (St. Louis, MO, U.S.A.).
RNA isolation, reverse transcription

and amplification of HSD11B2 cDNA.
Total RNA was isolated from the cells by TRI
reagent/chloroform extraction (Chomczyński
& Sacchi, 1987) and poly(A)+ RNA was re-
verse transcribed, followed by amplification
using primers specific for human HSD11B2:

F:5�-TCTAGAGTTCACCAAGGCCCA-3� and

R:5�-GCAAGTGCTCGATGTAGTCCT-3�.

Amplification of HSD11B2 standard (using
RedTaq Polymerase, Sigma-Aldrich) was con-
ducted in a Perkin-Elmer thermocycler for 30
cycles including: denaturation at 94�C for 20
s, annealing at 59�C for 20 s and elongation at
72�C for 25 s, with preliminary denaturation
at 94�C for 4 min and final elongation at 72�C
for 7 min. For standard curve preparation,
different concentrations of the template in
the range of 0.05 to 1.0 amol/�l were used.
Simultaneously, a fragment of �-actin cDNA

was amplified and used as an internal stan-
dard. The standard curve for �-actin was pre-
pared as described above with the annealing
temperature of 64�C. Electrophoresis of the
amplification products was conducted in 1.5%
agarose gels and was followed by staining
with ethidium bromide. Gels were then photo-
graphed and subjected to densitometric anal-
ysis using a BandLeader computer program
(Version 3.00).
Proliferation assay. The MCF-7 cells were

cultured in DMEM supplemented with
glutamine and FCS. When 30% confluence
was reached, test substances: 12.5 �M
forskolin, 10 nM TPA, 10 nM 4�PDD, 50 �M
HA1004, 5 �M chelerythrine and 10–10 to
10–7 M dexamethasone were added and cell
proliferation was monitored. At different
time intervals, 5% MTT (1-(4,5-dimethyl-
thiazol-2-yl)-3,5-diphenylformazan) was added
and after 2 h supernatant was removed and
the cells were treated with Me2SO in order to

visualise metabolised MTT. All reagents were
from Sigma.
Statistical analysis. Each experiment was

performed at least in triplicate, the results
were evaluated by Student’s t-test, and
P < 0.05 was considered as the level of signifi-
cance.

RESULTS AND DISCUSSION

Incubation of breast cancer MCF-7 cells for
24 h with the adenylyl cyclase activator,
forskolin, resulted in an about 3-fold (P <
0.05) increase of HSD11B2 mRNA accumula-
tion above the control level, and this effect
was attenuated (P < 0.05) by an inhibitor of
adenylyl cyclase, HA1004. Incubation of the
cells with an activator of PKC, phorbol ester
TPA, significantly (P < 0.05) reduced the
basal level of HSD11B2 mRNA, while an in-
hibitor of protein kinase C, chelerythrine, re-
versed (P < 0.05) this effect (Fig. 1 A and B).
Phorbol ester, 4�-PDD, which does not acti-
vate PKC, did not influence the basal level of
HSD11B2 transcript (Fig. 1 A and B), sug-
gesting that the effect of TPA was due to PKC
activation. TPA also significantly attenuated
forskolin-induced transcription of HSD11B2
(Figs. 2 and 3) indicating that like in renal epi-
thelial cells (Lecybył et al., 2003), it interferes
with the PKA pathway. Treatment of the cells
with the test substances did not alter the level
of �-actin mRNA (Figs. 1A and 2A), indicating
that the effects of forskolin and TPA on the
expression of HSD11B2 were specific.
In forskolin-treated cells there was no signif-

icant change in cell proliferation up to 96 h
(Fig. 4). In cells treated with TPA, cell prolif-
eration was slightly decreased after 24 h, and
a significant inhibition (P < 0.05) was ob-
served after 48 and 96 h (Fig. 4). The phorbol
ester 4�-PDD which does not affect the PKC
activity, had no influence on cell proliferation
(not shown). This implied an indirect involve-
ment of the PKC pathway in the inhibition of
MCF-7 cell proliferation.
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Dose-dependency experiments demon-
strated that at 48 h of incubation, dexametha-
sone on its own affected MCF-7 cell prolifera-
tion only at the 100 nM concentration
(Fig. 5). Since dexamethasone is oxidised by
HSD11B2 (Ferrari et al., 1996), this suggests
that the activity of this enzyme in MCF-7 cells
is significant. Treatment of the cells with
dexamethasone and an activator of PKA path-
way, forskolin (Fig. 5) resulted in abolition
(P < 0.05) of the antiproliferative action of
dexamethasone that might be caused by an in-
creased expression of HSD11B2 and thus
oxidation of dexamethasone.
Although forskolin treatment resulted in at-

tenuation the antiproliferative action of dexa-
methasone, TPA on its own did not affect the
action of dexamethasone (Fig. 5) suggesting
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Figure 2. The effects of TPA and forskolin on the
level of HSD11B2 transcript in breast cancer cell
line MCF-7.

Cells were cultured as described in the legend to Fig. 1.
(A) Ethidium bromide staining. (B) Densitometric
analysis of the bands normalised against �-actin
mRNA. C, control; T, tetradecanoyl-phorbol acetate; F,
forskolin; F + T, forskolin + tetradecanoyl-phorbol ace-
tate. *Statistically significant relative to control, (P <
0.05); **statistically significant relative to F (P <
0.05).

Figure 1. The effects of activators and inhibitors
of PKA and PKC pathways on the level of
HSD11B2 transcript in breast cancer cell line
MCF-7.

Cells were incubated for 24 h in the absence or pres-
ence of test substances. After incubation total RNA
was isolated and poly(A)+ RNA was reverse tran-
scribed. Specific cDNAs were amplified by PCR using
primers specific for HSD11B2 and �-actin and the am-
plification products were subjected to electrophoresis
in 1.5% agarose gel. (A) Ethidium bromide staining. (B)
Densitometric analysis of the bands normalised
against �-actin cDNA. C, control; F, forskolin; F + H,
forskolin + HA1004; T, tetradecanoyl-phorbol acetate;
T + CHE, tetradecanoyl-phorbol acetate + chelery-
thrine; 4�PDD, 4 alpha-phorbol didecanoate. *Statisti-
cally significant relative to control, (P < 0.05); **statis-
tically significant relative to F (P < 0.05).

Figure 3. Semi-quantification of HSD11B2 (A)
and �-actin (B) standards.

Samples containing different amounts of appropriate
DNA templates were amplified, visualised with
ethidium bromide, and standard curves were drawn.



that the PKC pathway affects proliferation of
MCF-7 cells indirectly, probably by inhibiting
HSD11B2 expression.

Regulation of HSD11B2 by the two signal
transduction pathways might constitute an
important factor in the proliferation of breast
cancer cells, because the induction of
HSD11B2 expression by the activator of the
PKA pathway forskolin was accompanied by
a substantial decrease in the antiproliferative
effect of dexamethasone.
It has not been established, however, which

hormone(s) regulate HSD11B2 expression in
MCF-7 cells. Peptides acting through recep-
tors coupled to adenylyl cyclase and the PKA
signal transduction pathway should be taken
into account. These peptides might reduce the
antiproliferative action of glucocorticoids on
these cells. On the other hand, deficiency of
these peptides might markedly reduce the
level of HSD11B2 expression resulting in an
increased antiproliferative effect of gluco-
corticoids.

Editorial assistance of Sasha Bluvshteyn is
gratefully acknowledged.
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At time intervals cell proliferation was determined by
the MTT test. Open bars represent cells cultured with-
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trary units. The results are mean ±S.E.M. for at least
three experiments. *Statistically significant difference
relative to  control (P < 0.05).

Figure 5. The effect of dexamethasone on the pro-
liferation of MCF-7 cells in the presence of TPA
or forskolin.

Cells were grown in culture, and when 30% confluence
was reached test substances were added, cells were in-
cubated for 48 h and cell proliferation was determined
by the MTT test. C, control, (black circle); dexametha-
sone (open circles); dexamethasone and tetradeca-
noyl-phorbol acetate (black squares); dexamethasone
and forskolin (black triangles). AU, arbitrary unit. The
results are mean ±S.E.M. for at least three experi-
ments. *Statistically significant relative to control
(P < 0.05).



Hundertmark S, Ragosch V, Schein B. Buhler
H, Lorenz U, Fromm M, Weitzel HK. (1994)
Gestational age dependence of 11
beta-hydroxysteroid dehydrogenase and its
relationship to the enzymes of
phosphatidylcholine synthesis in lung and
liver of fetal rat. Biochim Biophys Acta.;
1210: 348–54.

Hundertmark S, Buhler H, Rudolf M, Weitzel
HK, Ragosch V. (1997) Inhibition of 11
beta-hydroxysteroid dehydrogenase activity
enhances the antiproliferative effect of
glucocorticosteroids on MCF-7 and ZR-75-1
breast cancer cells. J Endocrinol.; 155:
171–80.

Krozowski Z, MaGuire JA, Stein-Oakley AN,
Dowling J, Smith RE, Andrews RK. (1995)
Immunohistochemical localization of the 11
beta-hydroxysteroid dehydrogenase type II
enzyme in human kidney and placenta. J
Clin Endocrinol Metab.; 80: 2203–9.

Lecybyl R, Rubis B, Krozowski Z, Trzeciak WH.
(2003) Regulation of 11beta-hydroxysteroid
dehydrogenase type II expression in the re-
nal epithelial cells. Endocrinol Res.; 29:
211–6.

Lippman M, Bolan G, Huff K. (1976) Interac-
tions of antiestrogens with human breast
cancer in long-term tissue culture. Cancer
Treat Rep.; 60: 1421–9.

Nawrocki AR, Goldring CE, Kostadinova RM,
Frey FJ, Frey BM. (2002) In vivo foot-
printing of the human 11beta-hydroxysteroid
dehydrogenase type 2 promoter: evidence for

cell-specific regulation by Sp1 and Sp3. J
Biol Chem.; 277: 14647–56.

Osborne CK, Monaco ME, Kahn CR, Huff K,
Bronzert D, Lippman ME. (1979) Direct inhi-
bition of growth and antagonism of insulin
action by glucocorticoids in human breast
cancer cells in culture. Cancer Res.; 39:
2422–8.

Pasquarette MM, Stewart PM, Ricketts ML,
Imaishi K, Mason JI. (1996) Regulation of 11
beta-hydroxysteroid dehydrogenase type 2
activity and mRNA in human chorio-
carcinoma cells. J Mol Endocrinol.; 16:
269–75.

Penning TM, Ricigliano JW. (1991) Mechanism
based inhibition of hydroxysteroid
dehydrogenases. J Enzyme Inhib.; 5: 165–98.

Poulin R, Baker D, Poirier D, Labrie F. (1991)
Multiple actions of synthetic ‘progestins’ on
the growth of ZR-75-1 human breast cancer
cells: an in vitro model for the simultaneous
assay of androgen, progestin, estrogen, and
glucocorticoid agonistic and antagonistic ac-
tivities of steroids. Breast Cancer Res Treat.;
17: 197–210.

Roy AK. (1992) Regulation of steroid hormone
action in target cells by specific hormone-in-
activating enzymes. Proc Soc Exp Biol Med.;
199: 265–72.

Zhou F, Bouillard B, Pharaboz-Joly MO, Andre
J. (1989) Non-classical antiestrogenic actions
of dexamethasone in variant MCF-7 human
breast cancer cells in culture. Mol Cell
Endocrinol.; 66: 189–97.

924 B. Rubiś and others 2004


