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Protein Kinase C I s  Involved in 24-Hydroxylase Gene 
Expression Induced by 1 ,25(OH)2D3'in Rat 
Intestinal Epithelial Cells 
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Abstract Effects of protein kinase C (PKC) inhibitor and activator on 1 ,25(0H),D3-induced gene expression were 
examined in rat intestinal epithelial cells, IEC-6 cells. A potent PKC inhibitor, H-7 (20 pM), completely abated 
1 ,25(OH),D3-induced 24-hydroxylase gene expression at 3 and 6 h. The effect of H-7 was dose dependent with ICs0 
around 5 pM. Other protein kinase inhibitors, HA-1004 and H-89 (20 kM), had no effects. Furthermore, the activation 
of PKC by 12-O-tetradecanoylphorbol-l3-acetate (TPA) potentiated the effect of 1 ,25(OH)2D3 by 1 h. TPA appeared to 
exert i t s  effect at a transcriptional step, since mRNA stability was not affected by TPA treatment. At 3 h after the 
treatment of the cells with H-7 and TPA, vitamin D receptor (VDR) contents estimated by 3H-l ,25(OH),D3 binding 
capacity were 72.4 and 63.2% of vehicle-treated cells without significant changes of binding affinities, suggesting that 
the effect of H-7 and TPA was not the result of changes in VDR content or its binding affinity. In conclusion, PKC is 
involved in l,25(0H),D3-induced 24-hydroxylase gene expression in IEC-6 cells between 1 ,25(OH),D3-VDR binding 
and VDR-induced gene transactivation. 
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The active form of vitamin D3, 1,25-dihy- 
droxyvitamin D3 (1,25(OH),D3), binds to a high 
affinity vitamin D receptor (VDR) and acts in 
target cells in a manner analogous to the steroid 
hormones [Baker et al., 1988; Burmester et al., 
1988; DeLuca et al., 1990; Haussler et al., 1988; 
McDonell et al., 1987; Pike 19911. VDR is a 
member of the steroid hormone receptor super- 
family and the occupied receptor is thought to 
act directly on the target genes. A number of 
vitamin D-responsive elements (VDRE) have 
been identified and characterized in the 5'- 
flanking region of various vitamin D-dependent 
genes [Darwish and DeLuca, 1992; Demay et al., 
1990; Kerner et al., 1989; Morrison et al., 1989; 
Noda et al., 1990; Terpening et al., 19911. All of 
these responsive elements are shown to bind the 
VDR and are able to mediate 1,25(OH)2D3- 
dependent transcriptional activation. 
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Evidence suggests that protein kinase C (PKC) 
plays a role in the action of 1,25(OH),D3. Firstly, 
1,25(OH),D3 has been shown to increase PKC in 
HL-60 leukemic cells and kidney cells within 
12-24 h [Martell et al., 1987; Simboli et al., 
19921. This regulation occurred in part at a 
transcriptional level [Obeid et al., 19901. Fur- 
thermore, in skeletal muscle and in colon epithe- 
lium, 1,25(OH),D3 rapidly translocated PKC ac- 
tivity from cytosol to  membranous fraction only 
within minutes [Massheimer and de Boland, 
1992; Wali et al., 19901, indicating that 
1,25(OH)& might regulate PKC activity at a 
posttranslational step as well as at a transcrip- 
tional level. Secondly, activation of PKC affected 
VDR content in a cell-specific manner [Krishnan 
and Feldman, 1991; Tahara et al., 1991; van 
Leeuwen et al., 1992133. We showed that treat- 
ment of histiocytic lymphoma cells, U-937, with 
12-O-tetradecanoylphorbol-13-acetate (TPA) for 
24 h augmented 1,25(OH)& action in inducing 
IL-1 p which was associated with an increase of 
VDR content [Tahara et al., 19911. In contrast, 
TPA was shown to decrease VDR until 6 h in 
fibroblastic and osteoblast-like cells [Krishnan 
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and Feldman, 1991; van Leeuwen et al., 19921. 
Thirdly, VDR might be a substrate for PKC p in 
a cell free system and in VDR transfected CV-1 
cells [Hsieh et al., 19911, where phosphorylation 
of VDR is now considered to be essential for the 
transactivation of target genes by 1,25(OH)zD3- 
bound VDR [Haussler et al., 1988; Hsieh et al., 
1991; Brown and DeLuca, 1990; Jones et al., 
19911. Lastly, AP-1 transcription factor(s), which 
consists of Fos-Jun protooncogene families and 
can be regulated by PKC, cooperates with VDR 
in mediating transactivation of osteocalcin gene 
that is Cis-regulated by 1,25(OH)2D3 [Owen et 
al., 1990; Ozono et al., 1990; Schule et al., 19901. 
These observations raise intriguing possibilities 
that 1,25(0H),D3-induced activation of PKC is 
essential for 1,25(0H)2D3-induced gene expres- 
sion in intact cells. However, no evidence is 
available showing that PKC is essential for any 
of the 1,25(OH)2D3-Cis-regulated gene activa- 
tion in intact cells. 

25-Hydroxyvitamin D-24-hydroxylase (24- 
hydroxylase) gene, recently cloned from rat kid- 
ney [Ohyama et al., 1991, 19931, was rapidly 
induced by 1,25(0H),D3 in rat intestine [Shinki 
et al., 1992; Armbrecht and Boltz, 19911. 24- 
Hydroxylase gene expression seemed to be Cis- 
regulated by 1,25(OH)2D3 because the gene ex- 
pression occurred within 1 h after a treatment. 
Possible presence of VDRE-like sequence in the 
promoter of rat 24-hydroxylase gene supports 
this idea [Ohyama et al., 19931. In this regard, 
we hypothesized that PKC mediates or modu- 
lates l,25(0H),D3-induced 24-hydroxylase gene 
expression in intestinal cells. In addition to  the 
observation that rat intestinal epithelial cell line, 
IEC-6 cells, contains VDR [Wiese et al., 19921, 
we showed in this paper that IEC-6 cells re- 
sponded to 1,25(OH)zD3 in inducing 24-hydroxy- 
lase gene expression. Furthermore, PKC iso- 
zymes expressed in these cells were identical to  
rat intestine; thus this cell line was a relevant 
model in examining the role of PKC in 
1,25(0H)zD3-induced 24-hydroxylase gene ex- 
pression. We demonstrated for the first time in 
this study that PKC was essential in 
1,25(0H)ZD3-dependent gene expression in in- 
tact cells. 

METHODS 
Cell Culture 

Rat intestinal epithelial cell line, IEC-6, was 
purchased from American Tissue Culture Collec- 
tion (Rockville, MD) and was used in all experi- 

ments. Cells were grown in Dulbecco’s modified 
Eagle’s medium (glucose: 4.5 g/L) supplemented 
with 10% fetal calf serum. After the cell conflu- 
ency was achieved, medium was exchanged with 
the additions specified in each experiment. Cell 
viability after the treatment was determined by 
trypan-blue dye exclusion method, and was more 
than 95% in all experiments. 

Additions 

1,25(OW2D3 was a generous gift from Chugai 
Pharmaceutical Company (Tokyo, Japan), and 
added in ethanol solution. 12-O-tetradec- 
anoylphorbol- 13-acetate (TPA), 1,2-dioctanoyl- 
sn-glycerol, and RNA synthesis inhibitor, 5,6,- 
dichlorobenzimidazole riboside (DRB) were 
purchased from Sigma Chemical Co. (St. Louis, 
MO), and were used from a stock solution in 
dimethylsulfoxide (DMSO). Protein kinase in- 
hibitors H-7, HA-1004, and H-89 were pur- 
chased from Seikagaku Corporation (Tokyo, Ja- 
pan), and staurosporine from Sigma. H-7 and 
HA-1004 were stocked in HzO. H-89 and stauro- 
sporine were stocked in DMSO. Cycloheximide 
purchased from Sigma was freshly prepared in 
HzO on a day of use. 

Northern Blot Studies and Gene Probes 

Total RNA was isolated by acid-guanidinium 
thiocyanate-phenol-chloroform extraction 
[Chomczynski and Sacchi, 19871. Northern blot 
hybridization was performed as described previ- 
ously [Koyama et al., in press]. Ten or twenty 
micrograms of RNA were electrophoresed in a 
1% agarose containing formaldehyde, trans- 
ferred to a nylon filter and hybridized with 32P- 
labelled cDNA probes in 50% formamide, 3 x 
SSC (1 x SSC: 0.15 M NaC1,0.015 M Na citrate, 
pH 7.4), 50 mM Tris-HC1, pH 7.5, 0.1% sodium 
dodecyl sulfate (SDS), 20 pg/ml tRNA, 20 pg/ml 
boiled salmon sperm DNA, 1 mM EDTA, 4 x 
Denhardt solution for 40 h at 37°C. 

The mouse cDNAs for PKC a, p, y, 6, E, and i 
were isolated from mouse brain cDNA library as 
described [Mizuno et al., 19911. PKC -q cDNA 
was cloned from mouse skin cDNA library as 
reported [Osada et al., 19901. The 24-hydroxy- 
lase cDNA fragment was cloned by reverse tran- 
scription-polymerase chain reaction (RT-PCR) 
by the use of duodenal RNA derived from 
1,25(OH)2D3-treated male Sprague-Dawley rat. 
Briefly, RT was done in 10 pl of reaction mix- 
ture each containing total RNA (1 pg), each 
deoxynucleotide triphosphate (10 nmol), ran- 



232 Koyama et a]. 

dom hexamer (100 pmol), ribonuclease inhibitor 
(20 U), and MoMuLV-reverse transcriptase (100 
U: GIBCO-BRL, Grand Island, NY) in 1 x RT 
buffer (50 mM Tris-HC1, pH 8.3, 75 mM KC1, 10 
mM dithiothreitol, 3 mM MgC12). Reaction was 
carried out for 1 h at 37°C. Complementary 
DNA was amplified in 1 x PCR buffer (50 mM 
KC1, 10 mM Tris-HC1, pH 8.4, 1.5 mM MgC12, 
0.1 mglml of gelatin), 0.1 mM of each deoxynu- 
cleotide triphosphate, 0.5 FM of each primer, 
and 25 U/ml of Taq polymerase (Takara Shuzo 
Co. Ltd., Kyoto, Japan). Amplification was car- 
ried out for 30 cycles of 60 s at 90°C, 60 s at 55"C, 
and 90 s at 72°C. Primers (5'-AACCTTG- 

GAACTACACCTA-3') for the reaction were de- 
rived from the sequence of the rat kidney 24- 
hydroxylase cDNA [Ohyama et al., 19911. PCR 
product double-digested by Xbal-Pstl was cloned 
into pBluescript SK( +) plasmid vector. The 
cloned DNA fragment was identified to be 24- 
hydroxylase cDNA by sequencing with the 
dideoxynucleotide method [Sanger et al., 19771. 

GAAAGCCTATCGCGA-3', 5'-CGCTTGTC- 

Vitamin D Receptor Preparation 
and Determination 

VDR was prepared as described previously 
[Wiese et al., 19921. Confluent IEC-6 cells col- 
lected in PBS were lysed by three cycles of 
freeze-thawing method, and VDR extract was 
obtained by ultracentrifugation at 105,OOOg for 
60 min. The protein concentration was deter- 
mined by a described method [Bradford, 19761. 
VDR content was determined by 3H-1,25(OH)2D3 
binding assay as previously reported [Inaba and 
DeLuca, 1989; Wecksler and Norman, 19791. 

Densitometric Analysis 

The density of each band was determined 
semi-quantitatively by a laser densitometer 
(Pharmacia LKB 2222 UltroScan XL, Uppsala, 
Sweden). 

RESULTS 
PKC Inhibitor H-7  Completely Abated the 

Expression of 1,25(0H),D,-lnduced 
24-Hydroxylase Gene 

VDR in IEC-6 cells was recognized as identical 
to those in classical target tissues [Wiese et al., 
19921, while it has not been known whether 
1,25(OHI2D3 has physiological effects on these 
cells. As shown in Figure lA, 24-hydroxylase 
mRNA was induced as early as 1 h after the cells 

had been treated with 100 nM of 1,25(0H)&, 
and the expression was increased linearly up to 
12 h. Furthermore, 24-hydroxylase gene expres- 
sion induced by 1,25(OH)2D3 treatment for 12 h 
was observed in a dose-dependent fashion (1- 
100 nM; Fig. 1B). As little as 1 nM 1,25(OH),D3 
induced detectable 24-hydroxylase mRNA, and 
the effect of 1,25(OH)2D3 was not saturated 
even at the concentration of 100 nM. Further- 
more, cycloheximide, a protein synthesis inhibi- 
tor, did not inhibit the 1,25(0H),D3-induced 
24-hydroxylase gene expression at 1 h (not 
shown), suggesting that 1,25(OH)2D3 activates 
the gene in a Cis-regulatory mechanism. 

To investigate whether PKC signaling system 
is involved in the 1,25(OH)2D3-induced 24- 
hydroxylase gene expression, effects of protein 
kinase inhibitors were examined (Fig. 2). Each 
inhibitor was simultaneously added with 
1,25(OH)2D3. A potent PKC inhibitor, H-7, at 
the concentration of 20 pM completely abol- 
ished the 1,25(OH)2D3-induced 24-hydroxylase 
gene expression both at 3 and 6 h after the 
treatment (Fig. 2). However, neither HA-1004, a 
10-fold less potent PKC inhibitor with similar 
inhibitory effects on other protein kinase com- 
pared with H-7, nor H-89, a specific inhibitor of 
CAMP dependent protein kinase (A-kinase), at 
the same concentration had any inhibitory ef- 
fects. IC50 of H-7 for 1,25(OH)2D3-induced 24- 
hydroxylase gene expression was observed at 
about 5.0 pM (Fig. 3A), which was almost identi- 
cal to that of H-7 for PKC activity in vitro. 
Furthermore, another potent PKC inhibitor, 
staurosporine, had a similar inhibitory effect on 
1,25(OH)2D3-induced gene expression at 3 h with 
IC5,, arround 0.5 nM (Fig. 3B). These data sug- 
gest that PKC signaling system is indispensable 
to 1,25(0H)2D3-induced 24-hydroxylase gene ex- 
pression. 

PKC Activation Potentiated 
1,25(0H),D3-lnduced 24-Hydroxylase 

Gene Expression 

To examine whether the activation of PKC 
influences the 24-hydroxylase gene expression 
induced by 1,25(OH),D3, 100 nM of 1,25(OH)2D3 
with or without TPA (10 ngiml) was tested (Fig. 
4A). Because TPA alone did not induce 24- 
hydroxylase mRNA at any time examined, PKC 
system does not seem sufficient for the induc- 
tion of its mRNA. TPA significantly potentiated 
the 1,25(OH)2D3-induced 24-hydroxylase gene 
expression as early as 1 h (Fig. 4A), with its 
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Fig. 1. A: 1 ,25(0H)2D3-induced 24-hydroxylase gene expres- 
sion in IEC-6 cells. Confluent cells were treated with 100 n M  of 
1 ,25(OH)*D3 in ethanol or ethanol alone for indicated hours, 
followed by isolation of total RNA. Twenty micrograms of RNA 
were fractionated in a 1% agarose gel, transferred to a nylon 
filter and hybridized to  labelled 24-hydroxylase cDNA probe. 
Corresponding ribosomal RNA stained with ethidium bromide 
of the samples prior to transfer is pictured below each radio- 
graph. Results of densitometric analysis were shown in the 

effect continued until 14 h after the treatment 
(not shown). The effect of TPA was dose-depen- 
dent from 1 to  100 ng/ml (not shown). 
1,25(OH)zD3-induced 24-hydroxylase gene ex- 
pression was also enhanced by a physiological 
PKC activator, 1,2-dioctanoyl-sn-glycerol (Fig. 
4B), indicating that activation of PKC potenti- 
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lower panel, where closed circles represent 1 ,25(OH)2D3 treat- 
ment, and open circles represent vehicle treatment. B: Dose 
dependent effect of 1 ,25(OH)2D3 on 24-hydroxylase gene ex- 
pression. Confluent cells were cultured for 12 h with indicated 
concentrations of 1 ,25(OH)2D3. Northern analysis for 24- 
hydroxylase gene was done as described. Corresponding ribo- 
somal RNA stained with ethidium bromide of the samples prior 
to transfer is pictured below each radiograph. Results of densi- 
tometric analysis were shown in the lower panel. 

ated the 1,25(0H)zD3-induced 24-hydroxylase 
gene expression. To examine whether TPA af- 
fects the stability of 24-hydroxylase mRNA, tran- 
scription was arrested by adding 25 p,g/ml of 
DRB after cells had been treated with 
1,25(OH)zD3 alone or in combination with TPA 
for 6 h. At indicated times after the addition of 
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Fig. 2. Effect of inhibitors of protein kinase on 1,25(OH)2D3- 
induced gene expression. Confluent IEC-6 cells were cotreated 
with 100 n M  of 1,25(OH)zD3 and 20 +M of vehicle, H-7, 
HA-1 004, and H-89, for 3 and 6 h. Twenty micrograms of total 
RNA isolated were fractionated in a 1% agarose, transferred to a 
nylon filter, and hybridized with labelled probe for 24-hydroxy- 
lase. Corresponding ribosomal RNA stained with ethidium bro- 
mide of the samples prior to  transfer is pictured below each 
radiograph. Results of densitometric analysis were shown in the 
right panel. This experiment was repeated twice and similar 
results were obtained. 
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DRB, cells were harvested and 24-hydroxylase 
mRNA levels were determined by Northern blot 
analysis. In each group, 24-hydroxylase mRNA 
was rapidly degraded with its half life less than 3 
h and the kinetics of the mRNAs were not signifi- 
cantly different within the groups (Fig. 51, sug- 
gesting that the effect of TPA occurred at  a 
transcriptional step. Taken together, these re- 
sults indicate that the PKC system is intimately 
involved but not sufficient for the transcrip- 
tional activation of 24-hydroxylase gene. 

Effects of H-7 and TPA on VDR Content 

To examine whether PKC affects 1,25(OH),D3 
action by changing VDR content, effects of H-7 
and TPA on cellular binding capacity and the 
affinity for 3H-1,25(OH)2D3 were studied (Fig. 
6). Inhibition of PKC by H-7 caused a decrease 
of binding sites at 3 h (72.4% of vehicle treated 
cells). Activation of PKC also down-regulated 
VDR at 3 h (63.2% of vehicle treated cells). 
Scatchard analysis revealed that binding affini- 
ties for 1,25(0H),D3 were not significantly al- 
tered both by H-7 and TPA (Kd of 42,24, and 30 
pM for vehicle, H-7, and TPA, respectively). At 3 
h after the treatment of H-7, 1,25(OH)2D3- 
induced 24-hydroxylase gene expression was 
completely abated (Fig. 21, while VDR content 
was decreased only by 27.6%. TPA potentiated 
1,25(OH)2D3-induced gene expression at 3 h (Fig. 
4A). However, TPA did not increase 3H- 
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Fig. 3. A: Dose-dependent effects of H-7 on 1,25(OH)2D3- 
induced 24-hydroxylase. Confluent IEC-6 cells were treated 
with 100 n M  of 1,25(OH)2D3 and indicated concentrations of 
H-7 for 6 h. Northern analysis of 24-hydroxylase gene was done 
as described. B: Effects of staurosporine on 1,25(OH)2D3- 
induced 24-hydroxylase gene expression. Confluent IEC-6 cells 
were treated with 100 n M  of 1,25(OH)~D3 and indicated con- 
centrations of staurosporine for 3 h. Northern blot analysis of 
24-hydroxylase gene was done as described. Corresponding 
ribosomal RNA stained with ethidium bromide of the samples 
prior to transfer is pictured below each radiograph. Results of 
densitometric analysis were demonstrated in the lower panel. 
These experiments were repeated twice with similar results. 

1,25(OH),D3 binding sites at  the same time, 
suggesting that TPA did not modulate 
1,25(OH),D3 action by the change of VDR con- 
tent. These results suggest that PKC is involved 
in 1,25(OH)2D3-induced gene activation mainly 
at the step after l,25(OH),D3-VDR binding. 

Gene Expressions of PKC lsozymes in IEC-6 Cells 

Next, we examined what types of PKC iso- 
zymes are expressed in IEC-6 cells, since PKC 
was revealed to be involved in 1,25(OH),D3- 
induced 24-hydroxylase gene expression. In 
IEC-6 cells, PKC 6 and 5 were abundantly ex- 
pressed. Lower amounts of mRNA for PKC a, E, 

and -q were also detected by Northern blot hy- 
bridization (Fig. 7). 1,25(0H),D3 did not affect 
the mRNA level of either PKC 6 or ( isozymes up 
to 12 h in these cells (not shown). 
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Fig. 4. A: Effects of PKC activator (TPA) on 1,25(OH)2D3- 
induced 24-hydroxylase gene expression. Confluent IEC-6 cells 
were treated with vehicle (A), 10  ng/ml of TPA (B), 100 n M  of 
1,25(OH)2D3 (C), and combinations of TPA and 1,25(OH)>D3 
(D) for indicated hours. Total RNA was isolated and Northern 
blot analysis for 24-hydroxylase was done as described in 
Figure 1. B: Effect of 1,2-dioctanoyl-sn-glycerol on 1 ,25(OH)*D3- 
induced 24-hydroxylase gene expression. Confluent IEC-6 cells 
were treated with 100 n M  of 1,25(OH)zD3 with or without 

DISCUSSION 

It is now accepted that an active form of 
vitamin D, 1,25(OH)2D3, acts via VDR-gene spe- 
cific interaction commonly observed in steroid 
hormones. Our data gave a new insight into this 
area in that PKC signaling system plays an 
important role in 1,25(0H)2D3-induced 24-hy- 
droxylase gene transcription. This is the first 
report demonstrating that PKC is one of the 
major determinants in the magnitude of the 
effect of 1,25(OH)2D3 on the expression of a gene 
which is Cis-regulated by 1,25(OH)2D3 in intact 
cells. 

Our data showed that IEC-6 cells were an 
ideal model for examining molecular mecha- 
nism of 1,25(OH)2D3 action as well as PKC 
system in intact intestinal epithelial cells. PKC 
isozymes expressed in IEC-6 cells were identical 
to those in rat intestine (not shown), and the 
activation of PKC by TPA caused a rapid in- 
crease in expressions of c-fos and c-jun family. 
Concerning 1,25(OH)2D3 action, 1,25(OH)& in- 
duced 24-hydroxylase gene expression in these 
cells by 1 h similar to the intestine in vivo 
[Shinki et al., 1992; Armbrecht and Boltz, 19911. 
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1,2-dioctanoyl-sn-glycerol (20 FM of single treatment or 20 FM 
of initial dose with subsequent bihourly dose of 10 )LM) for 3 h. 
Total RNA was isolated and Northern blot analysis for 24- 
hydroxylase was done as described in Figure 1. Corresponding 
ribosomal RNA stained with ethidium bromide of the samples 
prior to transfer is pictured below each radiograph. Results of 
densitometric analysis were demonstrated in the lower panels. 
These experiments were repeated twice and identical results 
were obtained. 

Furthermore, this action was not inhibited by 
cycloheximide, a protein synthesis inhibitor, in- 
dicating that 1,25(OHI2D3 activates this gene in 
Cis-regulatory mechanism in IEC-6 cells. These 
observations support that 1,25(OHI2D3-VDR 
complexes activate 24-hydroxylase gene through 
VDRE-like sequence in the promoter region 
[Ohyama et al., 19931, and this cell system is a 
relevant model in examining the mechanism of 
24-hydroxylase gene transactivation. 

Of note in our experiment is that the dose 
response for 1,25(OH)2D3 in the induction of 
24-hydroxylase gene does not correspond with 
regulated expressions of other gene products 
such as osteocalcin or parathyroid hormone. 
The significant gene expression of 24-hydroxy- 
lase was not observed until higher doses, 10 nM 
concentrations, of 1,25(OH)2D3 were added. This 
specific gene regulation may be a cellular protec- 
tive system to large amounts of 1,25(OH)2D3, 
since 24-hydroxylase is a major enzyme respon- 
sible for 1,25(OHl2D3 degradation. Similar dose- 
response induction of 24-hydroxylase was also 
observed in kidney epithelial cells [Chen et al., 
19931, suggesting that the regulatory mecha- 
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Fig. 5. TPA did not affect the stability of induced 24-hydroxy- 
lase mRNA. After confluent IEC-6 cells were treated with 
1 ,25(OH)*D3 alone or in combination with 10 ngiml of TPA for 
6 h, RNA synthesis was arrested by adding 25 kg/ml of DRB. At 
indicated times after the arrest, cells were harvested and 24- 
hydroxylase mRNA level was determined by Northern blot 
analysis as described. Corresponding ribosomal RNA stained 
with ethidium bromide of the samples prior to transfer i s  
pictured below each radiograph. Results of densitometric analy- 
sis were shown at the bottom of the gel, where open circles 
represent treatment of 1 ,25(OH)zD3 alone and closed circles 
represent 1 ,25(OH)*D3 plus TPA. Essentially, identical results 
were obtained in another experiment. 

nism of 24-hydroxylase gene expression by 
1,25(OH)zD3 is somehow different from that of 
other 1,25(OH)zD3-dependent genes. It is note- 
worthy that 1,25(OH)& increases the binding 
sites for phorbol ester in a similar dose-depen- 
dent manner [Obeid et al., 19901 as in the induc- 
tion of 24-hydroxylase gene. These observations 
led us to investigate the role of PKC in the 
1,25(0H)2D3-induced 24-hydroxylase gene ex- 
pression. 

We drew conclusions from two lines of obser- 
vations. First, a PKC inhibitor, H-7, completely 
abolished the 1,25(0H),D3-induced 24-hydroxy- 
lase gene expression. H-7 also has mild inhibi- 
tory effect on A-kinase. However, because nei- 
ther H-89, a specific inhibitor of A-kinase, nor 
HA-1004, a 10-fold weaker PKC inhibitor with 
the same non-specific effects of H-7, affected this 
1,25(OH)2D3 action, the inhibitory effect of H-7 
on 1,25(0H),D3-induced gene expression seems 

.5 

1,25(OH)2D3 added (nM) 

Fig. 6. Effect of H-7 and TPAon 1,25(OH)~D3 binding capacity 
and affinity in IEC-6 cells. Confluent IEC-6 cells were cultured 
with vehicle, 20 FM of H-7  or 10 ngiml of TPA, for 3 h. After 
cells were harvested, VDR extract was obtained by freeze- 
thawing method in TEDK300 containing 5 mM of diisopropylfuo- 
rophosphate. VDR extract was incubated for 4 h with indicated 
concentrations of 3H-l ,25(Oti)?D3 alone (total binding) or a 
combination with 100-fold excess of 1 ,25(OH)zD3 (nonspecific 
binding). Bound VDR was separated by hydroxylapatite. Spe- 
cific binding was calculated by subtraction of nonspecific bind- 
ing from total binding. Each plot indicates the mean of 3 
determinations of a sample. Vehicle (01, H-7 (O) ,  and TPA (x). 
Scatchard analysis of 3H-1,25(OH)2D3 binding sites is shown in 
the inset. Total binding sites, estimated from the x-intercept of 
the regression line, were 21.3, 15.4, and 13.6 fmol/mg protein 
for vehicle (O) ,  H-7 (O), and TPA (x) with Kd of 42, 24, and 30 
pM, respectively. 

to be via inhibition of PKC. This was also sup- 
ported by a dose-dependent analysis of H-7 ac- 
tion. We observed that H-7 was effective even at  
2 pM which was comparable to IC50 for PKC in 
vitro. Furthermore, another potent PKC inhibi- 
tor, staurosporine, also inhibited 1,25(0H)&- 
induced gene expression with IC50 arround 0.5 
nM. The important question to be answered is 
whether H-7 abated 1,25(OH)zD3 action through 
the alteration in VDR content in these cells. As 
far as we know, no reports are available concern- 
ing the effect of H-7 on VDR content. The bind- 
ing capacity for 1,25(0Hl2D3 was slightly de- 
creased with similar binding affinity at  3 h after 
the cells were treated with H7. However, the 
inhibitory effect of H-7 on 1 ,25(0H)zD3-induced 
gene expression was not the results of changes 
in VDR binding sites or binding affinities, since 
the inhibitory effect of H-7 on 1,25(OH)zD3 ac- 
tion preceded the effect on VDR content. Sec- 
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Fig. 7. Expression of the isozymes of PKC in IEC-6 cells. 
Twenty micrograms of total RNA isolated from the cells were 
fractionated in a 1 % agarose gel electrophoresis containing 
formaldehyde, transferred to  a nylon filter, and hybridized 
serially with labelled cDNAs for the isozymes of mouse PKC. 

ondly, the activation of PKC by TPA potentiated 
the 1,25(OH)zD3-induced 24-hydroxylase gene 
expression. Because the effect of TPA on 24- 
hydroxylase expression was also observed in kid- 
ney epithelial cells [Chen et al., 19931 and in 
HL-60 cells (Inaba et al., unpublished observa- 
tions), the effect of TPA on 24-hydroxylase induc- 
tion may be universal in all target tissues of 
1,25(OH)zD3. In IEC-6 cells, the effect of TPA 
was observed as early as 1 h after the treatment. 
This effect of TPA seemed to be a PKC-specific 
event because a physiological PKC activator, 
1,2-dioctanoyl-sn-glycerol, had similar stimula- 
tory activity. The involvement of PKC appears 
at a transcriptional step because TPA had no 
effects on the stability of 24-hydroxylase mRNA. 
Since TPA alone did not induce 24-hydroxylase 
gene expression, PKC is necessary but not suffi- 
cient for the gene transcription of 24-hydroxy- 
lase. When the cells were treated with TPA, 
VDR content was decreased with comparable 
binding affinity at 3 h, indicating that the effect 
of TPA was not mediated by changes in VDR 
content. Taken together, it is strongly suggested 
that PKC is involved in 24-hydroxylase gene 
activation between 1,25(OH),D3-VDR binding 
and VDR-induced gene transcription. 

The previous studies demonstrated that 
1,25(OH),D3 produces a stimulatory effect on 
calcium transport in the intestine, differentia- 
tion of leukemic cells, and bone resorption in 
organ culture at least in part through PKC 
system [de Boland and Norman, 1990; Martell 
et al., 1988; van Leeuwen et al., 1992a1, because 
the actions induced by 1,25(OH),D3 were attenu- 
ated by a PKC inhibitor. However, it is not clear 
at which steps of 1,25(0H),D3-induced action 
PKC is involved. In the present paper, we could 
delimitate for the first time that PKC is involved 
in 1,25(OH),D3-induced action possibly between 
1,25(OH)ZD3-VDR interaction and VDR-induced 
transactivation of the gene. 

Understanding the molecular mechanism of 
roles of PKC in 1,25(0H),D3-induced 24-hy- 
droxylase transcription is an important issue 
next to be elucidated. VDR-induced transactiva- 
tion of a target gene may be regulated by PKC 
through induction of protooncogene products, 
FOS-JUN family (AP-1 transcription factor). In 
human osteocalcin promoter, AP-1 site juxta- 
posed to VDRE and AP-1 may interact with 
VDR in transactivating osteocalcin gene [Ozono 
et al., 1990; Schule et al., 19901. In rat osteocal- 
cin promoter, FOS-JUN complex could also be 
bound to VDRE [Owen et al., 19901 where no 
complete AP-1 site was found. It may be possible 
that AP-1 could also be functionally active in 
controlling 24-hydroxylase gene transcription. 
Although there is no complete consensus se- 
quence for AP-1 site in the recently cloned pro- 
moter region of rat 24-hydroxylase [Ohyama et 
al., 19931, VDRE-like sequence or its juxtaposed 
sequence may serve as a functionally active AP-1 
site. In a preliminary experiment, AP-1 factors 
such as c-fos, c-jun, fra-1, and Fos B were regu- 
lated by PKC system in IEC-6 cells (unpub- 
lished observation). Since these protooncogene 
products are so unstable, 3-6 h treatment of the 
cells with H-7 may be sufficient for the disappear- 
ance of these factors, which might be respon- 
sible for the inhibitory effect of H-7 on 
1,25(0H)zD,-induced gene expression. Recently, 
several reports revealed that VDR needs other 
nuclear protein, designated as nuclear accessory 
factor, in binding to its specific DNA (VDRE) in 
vitro [MacDonald et al., 1991; Ross et al., 1992; 
Sone et al., 19911. The nuclear accessory factors, 
molecular weight of about 55 kD, has been shown 
to facilitate the binding of VDR to osteocalcin 
VDRE. This protein may be the retinoid X 
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receptor, which has shown to potentiate the 
receptor-DNA interaction for retinoic acid recep- 
tor, thyroid hormone receptor, as well as VDR 
Pyu et al., 19911. It needs to be elucidated 
whether PKC regulates the synthesis and func- 
tion of nuclear accessory protein or retinoid X 
receptor. 

Another possible mechanism by PKC may be 
the phosphorylation of VDR. VDR is considered 
to be a substrate for PKC in a cell-free system 
and in VDR transfected CV-1 cells [Hsieh et al., 
19911. In VDR transfected CV-1 cells, the phos- 
phorylation of VDR at Ser-51 was reported to be 
crucial for 1,2E1(OH)~D~-dependent transactiva- 
tion of osteocalcin gene. It may be possible that 
the magnitude of VDR-DNA interaction or VDR- 
induced gene transactivation is regulated by 
phosphorylation of VDR. Therefore, it is impor- 
tant to  examine whether 1,25(OH)zD3 treat- 
ment or PKC activation causes phosphorylation 
of VDR in IEC-6 cells. 

Then what kinds of PKC isozymes are ex- 
pressed and involved in 1,25(0H),D3-induced 
gene expression in IEC-6 cells? In our Northern 
blot analysis, major isozymes expressed were 
PKC 6 and (, and small amounts of a, E, and q 
were also detected. Although PKC p was re- 
ported to  be responsible for VDR phosphoryla- 
tion [Hsieh et al., 19911 and was transcription- 
ally regulated by 1,25(OH)2D3 [Obeid et al., 
19901, this isozyme was not detected in IEC-6 
cells. Our data could not negate the possibility 
that, also in IEC-6 cells, undetectable amounts 
of PKC p are expressed and regulated by 
1,25(OH)zD3. Since PKC ( is not activated by 
TPA in vitro [Nakanishi and Exton, 19921 and 
in IEC-6 cells (Koyama et al., unpublished obser- 
vations), it is possible that the other PKC iso- 
zymes such as PKC a, 6, and E, that were shown 
to be inhibited by H-7 (Mizuno et al., personal 
communication), might mediate 1,25(OH)zD3- 
induced 24-hydroxylase gene expression. From 
our results, PKC 6 mRNA level was not affected 
by 1,25(OH)zD3. However, PKC isozymes may 
be activated post-translationally by 1,25(OH)zD3 
since the translocation of PKC activity induced 
by 1,25(OH)zD3 was reported to occur only 
within minutes [Massheimer and de Boland, 
1992; Wali et al., 19901. 

In conclusion, PKC signaling system is indis- 
pensable to the 1,25(OH)zD3-dependent tran- 
scription of 24-hydroxylase gene. Identification 
of the mechanisms of this phenomenon will 
provide important insights into understanding 

the molecular mechanism of 1,25(OH)& ac- 
tion. 
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