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Abstract

Expression of cytochrome P450 3A4 (CYP3A4) is induced by 1,25-dihydroxyvitamin Ds (1,25(OH),Ds3) in Caco-2 cells.
However, since a typical vitamin D responsive element has not been found in the 5-flanking region of the CYP3A4 gene, the
mechanism of 1,25(OH),Ds-induced CYP3A4 mRNA expression is poorly understood. In the present study, we demonstrated
that vitamin D receptor (VDR) is a critical factor for the induction using the antisense oligonucleotide technique. In addition,
we found that treatment of Caco-2 cells with the protein kinase C (PKC) inhibitors, staurosporine and GF109203X, and the
tyrosine kinase inhibitor, genistein, but not with the protein kinase A inhibitor, H-89, suppressed CYP3A4 mRNA induction by
1,25(0OH),D;. The depletion of PKC by prolonged treatment with phorbol ester abolished the induction. On the other hand,
protein kinase inhibitors used had no effects on the constitutive expression of VDR mRNA. Therefore, these observations
suggest that 1,25(OH),Ds-induced CYP3A4 mRNA expression might be involved in phosphorylation events in addition to
transcriptional regulation via VDR. However, 1,25(OH),D; did not rapidly activate PKC in the Caco-2 cells used, while the
treatment with staurosporine and GF109203X, but not genistein, decreased basal PKC activity by ~30% of the controls.
Taken together, these findings suggest that the change in the phosphorylation state via PKC and tyrosine kinase might, at least
in part, modulate 1,25(OH),Ds-induced CYP3A4 mRNA expression via VDR. © 2002 Elsevier Science (USA). All rights

reserved.
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Cytochrome P450 (CYP) enzymes are a major class
of hemoproteins that participate in the oxidation of
endogenous substrates such as steroid hormones and the
transformation of xenobiotics. CYP3A4 is the predom-
inant CYP isoform in the human liver and small intes-
tinal epithelial cells [1-3] and is responsible for the
metabolism of many clinically important drugs [4]. Since
CYP3A accounts for approximately 50% of the total
CYPs in the human intestine [2,3], intestinal CYP3A4
has been suggested to contribute to first-pass metabo-
lism of orally administered drugs.

It is well established that 1,25-dihydroxyvitamin D;
(1,25(0OH),D;), a major active metabolite of vitamin D,
regulates calcium homeostasis in the intestine and bone.
1,25(0OH),D; is also known to play an important role in
cell growth and differentiation [5]. Recent studies have
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shown that 1,25(OH),D; induces CYP3A4 gene ex-
pression in human colon carcinoma Caco-2 [6,7], which
is widely used in pharmaceutical research as an in vitro
intestinal model. Induction of CYP3A4 in Caco-2 cells
in the presence of 1,25(OH),D; was suggested to be a
good strategy to analyze the roles of intestinal CYP3A4
for determining oral bioavailability and drug/drug in-
teractions [6,8].

CYP3A4 gene expression is known to be induced
both in vivo and in cultured hepatocytes by many
structurally diverse compounds such as dexamethasone,
rifampicin, and clotrimazole [9,10]. Recently, it was
reported that the nuclear receptor pregnane X receptor
(PXR), which is classified within the nuclear receptor 11
(NR1I) subfamily [11], contributes to the induction of
the CYP3A4 gene expression by these compounds [12—
14]. The biological actions of 1,25(OH),D; are attrib-
utable to the activation of the intracellular vitamin D
receptor (VDR). After binding 1,25(OH),D; to VDR,
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this receptor complex heterodimerizes with retinoid X
receptor (RXR) and modulates the expression of a
variety of genes [15]. Therefore, the induction of
CYP3A4 by 1,25(0OH),D; is suggested to depend on
transcriptional activation of the CYP3A4 gene via
VDR. However, the mechanism by which 1,25(OH),D;
induces the expression of CYP3A4 was not clear. Very
recently, it was reported that binding of the VDR-
RXR complex to the ER6 element in the CYP3A4
promoter which is known to be a PXR responsive el-
ement caused 1,25(OH),D;-mediated CYP3A4 expres-
sion [16].

On the other hand, previous studies have shown that
phosphorylation is a critical event in transcriptional
control of several CYP genes. For example, the tran-
scriptional activation of the CYP1Al gene by aryl hy-
drocarbon receptor ligands was reported to be inhibited
by the addition of the PKC inhibitor staurosporine or
by phorbol ester-induced down-regulation of PKC [17].
Treatment with staurosporine causes a decrease in
growth hormone-induced CYP2C12 expression in pri-
mary rat hepatocytes [18]. Moreover, it has been re-
ported that other protein kinases in addition to PKC,
e.g., protein kinase A (PKA), calmodulin-dependent
protein kinase, and cGMP-dependent kinase, and pro-
tein phosphatases, participate in the induction of CYP
gene expression by phenobarbital, a typical inducer of
many CYPs [19,20].

In the present study, we addressed the contribution of
VDR to 1,25(0OH),Ds-induced CYP3A4 mRNA ex-
pression and determined further whether phosphoryla-
tion events are involved in the induction in Caco-2 cells
using various protein kinase inhibitors.

Materials and methods

Chemicals. 1,25(OH),Ds was purchased from BIOMOL Research
Laboratories (Plymouth Meeting, PA). Staurosporine, GF109203X,
phorbol 12-myristate 13-acetate (PMA), and genistein were purchased
from Wako Pure Chemical Industries (Osaka, Japan). H-89 was pur-
chased from Seikagaku (Tokyo, Japan).

Culture and treatments of cells. Caco-2 cells were grown in DMEM
supplemented with 10% fetal bovine serum (FCS), 0.1 mM non-
essential amino acids, 100 units/ml penicillin G, and 0.1 mg/ml strep-
tomycin in a 5% CO,/95% air incubator at 37 °C. Cells were grown to
subconfluence in culture dishes. The medium was replaced with se-
rum-free DMEM containing 100 units/ml penicillin G, 0.1 mg/ml
streptomycin, and 0.1 mM non-essential amino acids and the cells
were incubated for a further 24 h. To examine the effects of various
protein kinase inhibitors on 1,25(0OH),D;-mediated CYP3A4 mRNA
expression, cells were pretreated with PKC inhibitors (staurosporine
or GF109203X), a PKA inhibitor (H-89), and a tyrosine kinase
inhibitor (genistein) for 30min at the concentrations indicated in
the figure legends, followed by incubation for 24h in the presence
of 100nM 1,25(0OH),D;. To test the effects of down-regulation of
PKC on 1,25(0H),D;-mediated CYP3A4 mRNA expression, cells
were exposed to 100nM PMA for 16h, prior to treatment with
1,25(0H),D;. 1,25(0OH),D; and staurosporine were dissolved in

ethanol and GF109203X, H-89, and genistein were dissolved in di-
methyl sulfoxide (DMSO). The final concentration of vehicle in each
culture was <0.2%.

RNA extraction and reverse-transcription polymerase chain reaction
(RT-PCR). Total RNA was extracted from the treated cells with
TRIzol reagent (Invitrogen, Carlsbad, CA). First-strand cDNA was
generated from 4 pg total RNA. Reverse-transcription reaction was
carried out for 60 min at 37 °C in 20 pl mixture containing 50 mM Tris—
HCI, pH 8.3, 75mM KCl, 3mM MgCl,, 10 mM dithiothreitol, 0.5 mM
deoxynucleoside triphosphate (ANTP), 0.6pg random primer, 0.5
units RNase inhibitor, and 200 units Moloney Murine Leukemia Virus
reverse transcriptase (Invitrogen). Aliquots of the reverse-transcription
reaction mixture (1 pl) were amplified with primers specific for human
CYP3A4 (forward primer, 5-CCTTACACATACACACCCTTTGGA
AGT-3; reverse primer, 5-AGCTCAATGCATGTACAGAATCCCC
GGTTA-3’), human VDR (forward primer, 5-GAGATGATCCT
GAAGCGGAA-3'; reverse primer, 5-TCCCACCTGGAACTTGAT
GA-3'), and glyceraldehyde 3 phosphate dehydrogenase (GAPDH)
(forward primer, 5-GAAGGTGAAGGTCGGAGTC-3'; reverse pri-
mer, 5-CAAAGTTGTCATGGATGACC-3'). The 25-ul PCR mix-
tures contained 25 mM Tris—HCI, pH 8.4, 50mM KCl, 1.5 mM MgCl,,
0.2mM of each dNTP, and 0.63 units Tag DNA polymerase (Invi-
trogen). For amplification of CYP3A4, VDR, and GAPDH, PCR was
carried out as follows: 2min at 94 °C, one cycle; 40s at 94°C, 40 s at
60°C, and 1 min at 72°C, 35, 28, and 27 cycles, respectively. We as-
certained that there were linear correlations between the amounts of
PCR products and template cDNAs under the present PCR condi-
tions. Aliquots of the PCR mixtures were separated on 3% agarose gel
(agarose:Nusieve agarose, 2:1) and stained with ethidium bromide.
Densitometric analyses were performed using NIH Image. The
CYP3A4 and VDR mRNA levels were normalized relative to GAPDH
mRNA level in each sample.

Treatment of cells with oligonucleotides. Phosphorothioate-modified
oligonucleotides against human VDR were synthesized by Takara
Shuzo (Shiga, Japan). The sense and antisense oligonucleotides used in
this study were as follows: sense VDR: 5-GAGGCAATGGCGGCC
AGCA-3'; antisense VDR: 5¥-TGCTGGCCGCCATTGCCTC-3'. The
nucleotide sequence corresponds to the first 19 bases, following the
AUG sequence of human VDR mRNA. The oligonucleotides were
delivered to cells using LipofectoAMINE 2000 reagents (LF2000) ac-
cording to manufacturer’s directions. Briefly, oligonucleotide-LF2000
complexes were made by mixing 7 pg/ml LF2000 diluted with DMEM
with an equal volume of oligonucleotides and directly added to Caco-2
cells. After 3h, the transfection medium was replaced with complete
growth medium containing 10% FCS and the cells were cultured for
21 h. The medium was replaced with serum-free DMEM and the cells
were maintained for a further 12h, followed by treatment with
1,25(OH), D5 for 24 h.

PKC assay. The PKC activity was determined in Caco-2 cells in
situ by the method of Heasley and Johnson [21]. Briefly, Caco-2 cells
were seeded in 24-multiwell plates and cultured until 80-90% con-
fluence. The medium was replaced with serum-free medium and then
maintained for 24 h. The cells were treated with 100nM 1,25(OH),D;
for 15min. Protein kinase inhibitors were incubated for 1h, prior to
addition of 1,25(OH),D;. After the medium was removed, the cells
were incubated for 15min with PKC assay buffer (137mM NaCl,
5.4mM KCl, 2.5mM CaCl,, 0.3mM sodium phosphate, 0.4mM
potassium phosphate, 10 mM MgCl,, I mg/ml glucose, 5SmM EGTA,
50 ug/ml digitonin, 25mM p-glycerophosphate, and 20 mM HEPES
at pH 7.2) containing 100 pM [y->*P]ATP and 50 pM myelin basic
protein fragment 4-14, PKC substrate peptide. After the incubation
for 15min, 10 ul of 25% TCA was added and 25l of each reaction
mixture was spotted on Whatman p-81 phosphocellulose paper. After
washing with 1% phosphoric acid, radioactivity was measured using a
scintillation counter.

Statistical analysis. Data were analyzed using Student’s 7 test. A P
value of less than 0.05 was considered statistically significant.
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Results

Contribution of VDR to 1,25(0OH),D;-induced CYP3A4
mRNA expression

As shown in Fig. 1A, 1,25(OH),D;-induced CYP3A4
mRNA expression in Caco-2 cells in a dose-dependent
manner. However, typical vitamin D responsive element
nucleotide sequences have yet to be found in the 5'-
flanking region of the CYP3A4 gene [22]. Therefore, to
confirm whether VDR is involved in 1,25(OH),D;-in-
duced CYP3A4 mRNA expression, we employed anti-
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Fig. 1. Contribution of VDR in 1,25(OH),Ds-induced CYP3A4
mRNA expression. (A) Dose-dependent induction of CYP3A4 mRNA
by 1,25(OH),Ds. Caco-2 cells were treated with 1,25(OH),D; (10, 30 or
100nM) for 24 h. Values (means + SE, n = 3) are expressed as the fold
induction relative to untreated cells. * and **, Significant differences
(P < 0.05and P < 0.01, respectively) compared with untreated cells. (B)
The sense or antisense oligonucleotides (2 uM) were delivered to Caco-2
cells using LF2000. After transfection for 3 h, the transfection medium
was replaced with complete growth medium and the cells were cultured
for 21 h. The medium was replaced with serum-free medium and the
cells were maintained for a further 12h, followed by treatment with
1,25(0H),D; (100nM) for 24h. Values (means +SE, n = 3) are ex-
pressed as the fold induction relative to untreated cells. *, Significant
differences (P < 0.01) compared with untreated cells; #, Significant
differences (P < 0.05) compared with 1,25(OH),Ds-treated cells.

sense oligonucleotide technique. As shown in Fig. 1B, the
treatment with antisense VDR oligonucleotide signifi-
cantly reduced 1,25(OH),D;-induced CYP3A4 mRNA
expression. In contrast, the sense VDR oligonucleotide
had no apparent effect on the induction of CYP3A4
mRNA. These findings showed that VDR is an essential
factor for 1,25(OH),D;-induced CYP3A4 mRNA ex-
pression in Caco-2 cells.

Effect of PKC inhibitors on 1,25(0OH);D;-induced
CYP3A4A4 mRNA expression

It has been reported that the cellular phosphorylation
state contributes to the 1,25(OH),Ds-stimulated tran-
scriptional regulation of several genes via VDR [23,24].
Therefore, to understand the mechanism by which
1,25(0H),D; induces CYP3A4 mRNA expression in
Caco-2 cells, we examined whether the PKC inhibitor,
staurosporine, affects the induction. CYP3A4 mRNA
expression increased 6.3-fold in the presence of 100 nM
of 1,25(0OH),D; (Fig. 2A). As shown in Fig. 2A, when
Caco-2 cells were treated with staurosporine for 30 min,
prior to the addition of 1,25(OH),Ds;, CYP3A4 mRNA
expression induced by 1,25(OH),D; was inhibited in a
dose-dependent manner. To confirm this result, we also
used another specific PKC inhibitor GF109203X. As
shown in Fig. 2B, 1,25(OH),D;-induced CYP3A4
mRNA expression was similarly inhibited by GF109
203X. In contrast, the PKA inhibitor H-89 showed no
significant effect.

As described above, VDR plays an important role in
1,25(0H),D;-induced CYP3A4 mRNA expression.
Therefore, we confirmed the constitutive expression of
VDR mRNA in the presence of the protein kinase in-
hibitors used. As expected, treatment with staurospo-
rine, GF109203X or H-89 had no effect on the
constitutive expression of VDR mRNA (Fig. 2).

Effect of depletion of PKC on 1,25(0OH),D;s-induced
CYP344 mRNA expression

To address further the involvement of PKC in
1,25(0OH),D;-induced CYP3A4 mRNA expression, we
examined the effect of down-regulation of PKC by
chronic treatment of Caco-2 cells with PMA. As shown
in Fig. 3, 1,25(OH),Ds-induced expression of CYP3A4
mRNA was inhibited by treatment with 100nM PMA
for 16h, prior to the addition of 1,25(OH),Ds. These
findings suggested that PKC is involved in the induction
of CYP3A4 mRNA by 1,25(OH),D; in Caco-2 cells.
However, chronic treatment of Caco-2 cells with 100 nM
PMA also significantly reduced VDR mRNA expression
to 37% of control (Fig. 3). Therefore, in addition to the
loss of PKC, the reduction of VDR appears to be at-
tributed to the suppression of CYP3A4 mRNA induc-
tion by prolonged treatment of PMA.
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Fig. 2. Effects of protein kinases on the induction of CYP3A4 mRNA
by 1,25(0OH),D;. (A) Dose-dependent inhibition of 1,25(OH),D;-in-
duced CYP3A4 mRNA expression by staurosporine. Caco-2 cells were
pretreated with the indicated concentrations of staurosporine for
30min, followed by incubation of the cells with or without
1,25(0H),D; (100nM) for 24h. Values (means+SE, n=3) are
expressed as the fold induction relative to untreated cells. * and **,
Significant differences (P < 0.05 and P < 0.01, respectively) compared
with untreated cells; #, Significant differences (P < 0.01) compared
with 1,25(OH),Ds-treated cells. (B) Effects of GF109203X (GF) and
H-89 on 1,25(0OH),D;-mediated CYP3A4 mRNA. Caco-2 cells were
pretreated with GF109203X (5pM) or H-89 (10 uM) for 30min,
followed by incubation with or without 1,25(OH),D; (100nM)
for 24 h. Values (means+ SE, n = 5) are expressed as the fold induc-
tion relative to untreated cells. * and **, Significant differences
(P < 0.05 and P < 0.01, respectively) compared with untreated cells; #,
Significant differences (P < 0.01) compared with 1,25(OH),Ds-treated
cells.

Inhibition of basal PKC activity by staurosporine or
GF109203X

Several reports have shown that 1,25(OH), D5 rapidly
activates PKC in various cell types including Caco-2
cells [25-27]. Therefore, we examined the effect of
1,25(0OH),D; on PKC activity in Caco-2 cells to confirm
whether rapid PKC activation caused by 1,25(OH),D;
is involved in CYP3A4 induction. Unexpectedly, PKC

it P: CYP3aa4
O: vbrR
54
°
=l
b=
£
32
0
pre-treatment with _ _ +
PMA (16 hr)
1,25(CH),D, - + +

Fig. 3. PMA-induced down-regulation of PKC prevents 1,25(0OH),D;-
induced CYP3A4 mRNA expression. Caco-2 cells were incubated in
the presence or absence of PMA (100nM) for 16h, followed by
treatment with or without 1,25(OH),D; (100nM) for 24h. Values
(means + SE, n = 3 or 4) are expressed as the fold induction relative to
untreated cells. *, Significant differences (P < 0.01) compared with
untreated cells; #, Significant differences (P < 0.05) compared with
1,25(0OH),Ds-treated cells. There were no significant differences in
CYP3A4 mRNA expression level between untreated and PMA-treated
cells.
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Fig. 4. 1,25(0OH),D; failed to rapidly activate PKC but reduced the
basal PKC activity in the presence of PKC inhibitors. Caco-2 cells
were preincubated with 150 nM staurosporine (st), SpM GF109203X
(GF), and 50 uM genistein (gen) for 1 h, followed by the treatment with
or without 1,25(0OH),D; (100nM) for 15min. The medium was re-
placed with PKC assay buffer containing 100 uM [y->>P]JATP and
S50 uM PKC substrate peptide and PKC activity was determined as
described in Materials and methods. Values (means + SE, n = 3) are
expressed as percentage of controls. *, Significant differences
(P < 0.01) compared with untreated cells.

activity was not changed after incubation of cells with
100nM of 1,25(OH),D; for 15min (Fig. 4). On the
other hand, when Caco-2 cells were treated with 150 nM
staurosporine or 5uM GF109203X, prior to the addi-
tion of 1,25(OH),D;, basal PKC activity was inhibited
by ~30% of control.
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Fig. 5. Effects of genistein on 1,25(OH),Ds-induced CYP3A4 mRNA
expression. Caco-2 cells were pretreated with genistein (50 and
100uM) for 30min, followed by incubation with or without
1,25(0H),D; (100nM) for 24h. Values (means +SE, n = 3) are ex-
pressed as the fold induction relative to untreated cells. * and **,
Significant differences (P < 0.05 and P < 0.01, respectively) compared
with untreated cells; # and ##, Significant differences (P < 0.05 and
P < 0.01, respectively) compared with 1,25(OH),Ds-treated cells.

Effect of genistein on 1,25(0OH),D;-induced CYP3A4
mRNA expression

Previous studies demonstrated that 1,25(OH),D;
activated c-Src and genistein-sensitive tyrosine kinase
[28-30]. To determine the involvement of tyrosine kinase
in 1,25(OH),Ds-mediated CYP3A4 mRNA expression,
Caco-2 cells were treated with the tyrosine kinase in-
hibitor genistein for 30 min, prior to the addition of
1,25(0H),D;s. As shown in Fig. 5 the induction of
CYP3A4 mRNA by 1,25(OH),D; was inhibited in a
dose-dependent manner and completely suppressed at
the concentration of 100 uM genistein. However, geni-
stein had no effect on constitutive VDR mRNA ex-
pression and basal PKC activity (Figs. 4 and 5). These
results suggested that tyrosine kinase may also contrib-
ute to CYP3A4 mRNA expression mediated by
1,25(OH),Ds.

Discussion

CYP3A4 is transcriptionally regulated by a wide
range of structurally diverse compounds. Recently, it
was reported that 1,25(OH),D; induces CYP3A4 ex-
pression in Caco-2 cells. Since the biological actions of
1,25(0OH),D; involve the direct interaction of the VDR
with the promoter of target genes, the transcriptional
activation of the CYP3A4 gene by 1,25(OH),D; has
been suggested to be mediated via ligand-dependent

activation of VDR. However, the vitamin D responsive
element has yet to be found in the 5'-flanking region of
the CYP3A4 gene [22]. Therefore, the mechanism by
which 1,25(OH),Ds; up-regulates CYP3A4 expression
was not clear. In the present study, we found that the
treatment of Caco-2 cells with antisense oligonucleotide
against VDR abolished the induction by 1,25(0OH),D;.
This result suggests that VDR 1is essential for
1,25(0OH),D;-induced CYP3A4 expression. In addition,
a very recent study demonstrated the binding of VDR~
RXR complex to the ER6 element in CYP3A4 promoter
caused 1,25(OH),D;-mediated CYP3A4 expression [16].
Therefore, 1,25(OH),D; is suggested to basically regu-
late CYP3A4 mRNA induction via VDR by a ligand-
dependent mechanism.

We also demonstrated that the PKC inhibitors stau-
rosporine and GF109203X markedly inhibited the in-
duction of CYP3A4 mRNA expression by 1,25(OH),D;
in Caco-2 cells, whereas the PKA inhibitor H-89 showed
no effect. In addition, we showed that the depletion
of PKC by chronic exposure to PMA abolished
1,25(0OH),D;s-mediated CYP3A4 mRNA expression.
These results suggested that PKC plays an important
role in the expression of CYP3A4 mRNA induced by
1,25(0H),D;. It was reported that osteocalcin gene
transcription mediated by VDR is inhibited by stau-
rosporine [23]. There is evidence to suggest that
1,25(0OH),D; rapidly activates PKC in a variety of cell
types including Caco-2 cells. However, 1,25(OH),D; did
not cause PKC activation within 5min-2h in Caco-2
cells used in this study, whereas protein kinase inhibitors
inhibited basal PKC activity. These results suggest that
the cellular phosphorylation state might be involved in
1,25(0H),D;-induced CYP3A4 mRNA expression.
Failure of rapid PKC activation by 1,25(OH),D; might
be due to having basal PKC activity left even in serum-
starved Caco-2 cells. Since it was reported that
1,25(0OH),D; up-regulates the PKC protein level in
other cell types [31], it is likely that long-term incubation
of 1,25(OH),D; may result in the elevation of the basal
PKC activity in Caco-2 cells.

The tyrosine kinase inhibitor genistein decreased
1,25(0OH),D;-induced CYP3A4 mRNA expression in
Caco-2 cells in a concentration-dependent manner. This
finding suggested that the tyrosine kinase, in addition
to PKC, might be involved in the transcriptional acti-
vation of the CYP3A4 gene by 1,25(0OH),D;. However,
since genistein is known as a potent ligand for estrogen
receptor-f [32], which Caco-2 cells express [33], and it
was present throughout the entire incubation period,
we cannot exclude the possibility that CYP3A4 mRNA
expression is down-regulated in an estrogen receptor-f-
dependent manner. Recently, it was demonstrated that
1,25(0OH),D; elicits tyrosine phosphorylation of the
VDR and VDR-Src interaction in skeletal muscle cells
[34] and that VDR itself mediates tyrosine phosphory-
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lation events induced by 1,25(OH),Ds [35]. Therefore,
a different mechanism from that of ligand-dependent
transciptional activation of VDR is also likely to
participate in 1,25(OH),Ds-induced CYP3A4 mRNA
expression.

In conclusion, our observations indicated that VDR is
essential for the induction of CYP3A4 mRNA by
1,25(0OH),D; and that the cellular phosphorylation state
mediated by PKC and tyrosine kinase may, at least in
part, contribute to the induction via VDR. Since the
phosphorylation of steroid hormone receptors themselves
including VDR has been shown to be responsible for their
transcriptional activity [36], further studies are required
to find out how phosphorylational events regulate
1,25(0OH),D;-induced CYP3A4 mRNA expression via
VDR.
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