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Increased PKC Activity in Cultured Human 
Keratinocvtes and Fibroblasts After Treatment With 
1 cu,25=Dihydroxyvitamin D3 
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Abstract la,25-Dihydroxyvitarnin D3 (10-l2 M to M) caused a dose dependent increase in PKC activity in 
the solubilized membrane fractions of cultured human keratinocytes and in the cytosolic fractions of cultured human 
fibroblasts. Maximum activity was induced by 1 a,25-dihydroxyvitamin D3 at 24 h. Sphingosine, which is believed to 
inhibit PKC mediated biological responses, blunted 1 ~ , 2 5 ( 0 H ) ~ D ~ ’ s  inducement of PKC activity in both keratinocytes 
and fibroblasts. Identical hormone treatment of vitamin D receptor deficient fibroblasts did not increase PKC activity. 
Treatment of keratinocytes and fibroblasts with 1 j3,25-dihydroxyvitamin D3 , which i s  believed to be ineffective in 
inducinggenomic responses, did not induce PKC activity. 
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The biologically active form of vitamin D3, 
la,25-dihydroxyvitamin D3 (la,25(OHI2D3), can 
inhibit cell proliferation and increase cellular 
differentiation in cultured human and murine 
cells [Hosomi et al., 1988; Smith et al., 1986; 
Koeffler et al., 19851. Similarly, protein kinase C 
(PKC), a serinelthreonine protein kinase, can 
also regulate proliferation and differentiation in 
many cell systems [Zyler-Katz and Glazer, 1985; 
Weinstein et al., 19881, including normal hu- 
man keratinocytes, where PKC activation has 
been considered to be a crucial regulatory step 
for keratinocyte differentiation Buspa et al., 
1983; Snoek et al., 19871. Primarily, PKC has 
been classified as an important mediator in 
signal transduction pathways, which can be 
initiated by numerous extracellular stimuli, 
including growth factors, hormones, and neuro- 
transmitters [Nishizuka, 1984, 19881. But more 
recently, complementary DNA cloning and se- 
quencing have revealed a gene family of kinases 
that have distinct cofactors, functions and local- 
izations within cell types [Knopf et al., 1986; 
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Ono et al., 1988; Osada et al., 19901. There is 
growing evidence that ~ C Y , ~ ~ ( O H ) ~ D ~  may affect 
PKC activity in many different cell types and 
through many different pathways. Khare et al. 
[1993] have shown that la,25(OH)2D3 rapidly 
but transiently stimulates rat colonic particu- 
late guanylate cyclase activity via a PKC-depen- 
dent mechanism. Utilizing an immunocytologi- 
cal technique, Barsony and Merz [19911 reported 
that 10 nM la,25(OH)2D3 caused, within 15 s, 
clumping of normal VDR receptors and accumu- 
lation of cGMP around these receptors in hu- 
man fibroblasts. Data from various laboratories 
confirm that la,25(OH)zD3 can produce rapid 
non-genomic actions affecting intracellular cal- 
cium and membrane phosphoinositide metabo- 
lism [Baran and Milne, 1986; Baran et al., 1989; 
Civitelli et al., 1990; MacLaughlin et al., 1990; 
Wali et al., 19921. These actions can in turn 
affect protein kinase C localization and activity 
in several cell types Pads et al., 1989; Wali et 
al., 1990; Simboli-Campbell et al., 19941. 

Of particular interest to us, however, is the 
accumulating evidence that l ~ t , 2 5 ( O H ) ~ D ~  may 
also affect PKC levels through a genomic path- 
way. In its classic role as a steroid hormone, 
la,25(OH)zD3 binds to its receptor and initiates 
genomic activity by binding to recognition ele- 
ments on specific genes [Kerner et al., 1989; 
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Brown and DeLuca, 19901. Martell et al. [1987] 
demonstrated that la,25(0H),D3-induced differ- 
entiation of HL-60 cells was inhibited by expos- 
ing the cells to the protein kinase inhibitor 
H-7. They also found that protein kinase activ- 
ity was increased twofold after 24 h exposure to 
lc~,25(OH)~D3 and that this response could be 
blocked by the protein synthesis inhibitor cyclo- 
heximide. In experiments with these same cells, 
Simpson et al. [19891 demonstrated that 
la,25(OH)zD3’s primary effect is to regulate PKC 
levels and that la,25(OH)zD3 down regulates 
c-myc transcription by regulating PKC. Obeid et 
al. [19901 have recently demonstrated that treat- 
ment of HL-60 cells with la,25(OH)2D3 in- 
creased the expression of genes for both the a 
and p isozymes. They suggest that la,25(OH)zD3 
can activate the PKC pathway by transcrip- 
tional upregulation of PKC genes. 

Since this genomic data links la,25(OH)2D3 
and PKC activity, we investigated whether expo- 
sure to la,25(OH)zD3 over longer time periods 
might increase PKC activity in cultured human 
epidermal cells. We examined the effect of 
l~t,25(OH)$~ on PKC activity in both cytosolic 
and soluble membrane fractions of normal cul- 
tured human keratinocytes and fibroblasts as 
well as in vitamin D receptor (VDR) deficient 
cultured human fibroblasts. 

MATERIALS A N D  METHODS 
Chemicals 

Leupeptin, phenylmethylsulfonyl fluoride, 
benzimide, P-mercaptoethanol, EDTA, EGTA, 
Tris-HC1, DTT, protein kinase catalytic sub- 
unit, DL-erythro-dihydrospingosine, and noni- 
det P-40 were purchased from Sigma Chemical 
Co. (St. Louis, MO). Acetic acid was purchased 
from EM Science (Cherry Hill, NJ). Protein 
assay components were purchased from Biorad 
(Richmond, CAI. DEAE-cellulose was purchased 
from Whatman BioSystems Ltd. (Kent, United 
Kingdom). The protein kinase C enzyme assay 
system and [y32P] ATP were purchased from 
Amersham (Arlington Heights, IL). Bio-Safe I1 
scintillation fluid was purchased from Research 
Products International Corp. (Mount Prospect, 
IL). la,25(OH)2D3 was a gift of Dr. M. Uskok- 
ovic of Hoffmann-LaRoche, Inc. (Nutley, NJ). 
lp,25(OH)2D3 was synthesized in our labora- 
tory by Dr. Rahul Ray. 

Cell Culture 

Keratinocytes were grown in culture using 
a modification of Rheinwald and Green [1975]. 
The cells were obtained from human foreskin 
and were grown in serum free media and 
without a 3T3 feeder layer at  passage. The 
serum free media consisted of MCDB 153 with 
a calcium concentration of 0.15 mM (Sigma Chemi- 
cal CO., St. Louis, MO). The following growth fac- 
tors were also added: epidermal growth factor (25 
ng/ml), hydrocortisone (406 nglml), insulin (5 pg/ 
L), prostaglandin E (50 ng/ml), and cholera toxin 
(0.1 pg/ml) (Sigma Chemical Co., St. Louis, MO). 
At second passage, keratinocytes were plated in 10 
ml of serum free medium per 100 mm dish. Cells 
were treated at 75% confluency with either 
la,25(OH)2D3, 1P,25(OH)zD3, or medium plus ve- 
hicle in the presence or absence of 6 pM DL- 
erythro-dihydrosphingosine. Experimental con- 
centrations of the hormone ranged from 10-l2 
M to M and the vehicle was absolute etha- 
nol ( < 0.1%). 

Normal fibroblasts were grown from human 
foreskins. After 4 to 5 weeks, cell growth in 
DMEM and 5% fetal calf serum (Sigma Chemi- 
cal Co., St. Louis, MO) was adequate for pas- 
sage. The fibroblasts were rinsed several times 
with EDTA (0.02%) in Ca++lMg++ free Hank’s 
balanced salt solution (Sigma Chemical Co., St. 
Louis, MO). The cells were detached using tryp- 
sin (0.25%) in the same balanced salt solution. 
At second passage foreskin fibroblasts were 
plated for experimentation. Vitamin D receptor 
deficient fibroblasts were obtained from a pa- 
tient with vitamin D-dependent rickets, type I1 
(DDR-111, as previously described [Clemens et 
al., 19831. The patient was a 14-year-old female 
born to normal parents who were first cousins. 
Early in life she developed total alopecia, hypo- 
calcemia, hypophosphatemia, muscle weakness, 
and severe rickets which were unresponsive to 
various forms of vitamin D therapy including 
150 pg/day la-hydroxyvitamin D3 and 5 pglday 
1~1,25(0H)~D~. However, treatment with mas- 
sive doses (4-7 x lo6 IU/day) of vitamin D2 
resulted in elevation of the serum la,25(OH)& 
concentration to the nanogram range, improve- 
ment in rachitic lesions, and restoration of se- 
rum biochemical parameters to normal. These 
cells were grown and passed using the same 
media and conditions as with normal fibro- 
blasts. In all cases, the cells had reached conflu- 
ency at the initiation of experimentation. 
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PKC Assay 

For each control and experimental point, three 
100 mm dishes were treated with vehicle or 
hormone in the presence or absence of 6 pM 
DL-erythro-dihydrosphingosine and harvested 
at  specified time points. Cells were washed three 
times with 10 ml ice cold PBS buffer and then 
gently scraped and harvested with 3 ml of the 
same buffer. The cells were pelleted by centrifu- 
gation (1OOg;  10 min) and resuspended in ice- 
cold homogenization buffer [50 mM Tris-HC1, 
pH 7.5; 10 mM EGTA, 2 mM EDTA; 20 mM 
phenylmethylsulfonylfluoride; 10 mM benz- 
imide; leupeptin (1 mg/100 ml), and 0.3% W/V 
2-mercaptoethanol]. The cells were homog- 
enized on ice (40 strokes) with a motorized pestle 
fitted to  a Dounce homogenizer (Thomas Go., 
Philadelphia, PA). The homogenates were centri- 
fuged at 100,OOOg for 45 min. The cytosols were 
collected and kept on ice. The pellets, containing 
the membranes, were resuspended via sonica- 
tion in homogenization buffer containing 0.5% 
Nonidet P-40, agitated on ice for 30 min, and 
then centrifuged (100,OOOg; 45 m i d .  The super- 
natants with solubilized membranes were col- 
lected. Cytosol and solubilized membrane frac- 
tions were further purified by DEAE batch 
chromatography. The DEAE cellulose was equili- 
brated with buffer A (20 mM Tris-HC1, pH 7.5; 2 
mM sodium EDTA; and 0.5 mM EGTA) and the 
protein was eluted from the resin with two 
washes of 0.15 M NaCl in buffer A. Samples 
were run in assay within hours of cell harvests 
to  eliminate any freezeithawing effects that can 
interfere with the accurate measurement of PKC 
activity. PKC activity in the eluates was mea- 
sured by Amersham’s PKC enzyme assay sys- 
tem, which utilizes a modification of a mixed 
micelle assay [Hannun et al., 19851. Samples 
were run in triplicate and phosphorylated pep- 
tide was separated on individual binding papers. 
These were washed twice with 5% v/v acetic 
acid. The filters were dried, transferred to a 
scintillation vial, and counted in 10 ml scintilla- 
tion fluid using a Taurus liquid scintillation 
counter ( ICN,  Micromedics Systems, Hunts- 
ville, ALJ. Appropriate blanks were run to cor- 
rect for any non-specific effects of [ Y ~ ~ P I  ATP or 
its radiolytic decomposition products binding to 
papers. Protein concentrations in the sample 
preparations were determined by analyzing du- 
plicate sample aliquots in a Biorad protein assay 
(Richmond, CAI which is based on the Bradford 

methodology [Bradford, 19761. PKC activity was 
calculated based on the total phosphate trans- 
ferred per pg protein in the assay tube. To 
assure activity values were not due to  protein 
variations, DNA determinations [Burton, 19561 
were also performed on selected samples and 
relative values did not change. 

Statistical Analysis 

Assay samples were run in triplicate and the 
mean k SEM was determined for each triplicate 
group. P values were determined using the Stu- 
dent’s t-test. The statistical significance be- 
tween the means of specific data points is de- 
fined in the figure legends and in the Results. 
Dose and time course experiments were repre- 
sentable and selected dose and time points have 
been repeated three or more times for confirma- 
tion. 

RESULTS 
PKC Activity in Normal Human Cultured 

Keratinocytes 

There was a dose dependent increase in PKC 
activity in the solubilized membrane fractions of 
human keratinocytes after treatment with 
la,%(OH)2D3 for 24 h. As shown in Figure lA, 
PKC activity increased 17% k 2%, 23% 2 1%, 
and 77% f 2% as compared to the 24 h control 
(P values were < 0.001) when keratinocytes 
were incubated with M, 10-lo M, and 
lops  M 1a725(OH)2D3, respectively. When kera- 
tinocytes were incubated with M of 
la,25(OH)~D3, PKC activity decreased 21% & 
2% in the solubilized membrane fraction com- 
pared to  the 24 h control (P < 0.001). In con- 
trast to the significant activity changes seen in 
the solubilized membranes, three separate ex- 
periments demonstrated less than 20% of the 
PKC activity in the membrane fraction was mea- 
surable in the cytosolic fraction of the same cell, 
At all concentrations tested, 1a,25(OH)2D3 did 
not significantly alter PKC activity in the cyto- 
solic fractions. For example, the 24 h control 
value for the cytosol fraction was 337 -+ 25 
cpml pg protein versus 1,835 ? 39 cpm/ kg pro- 
tein for the membrane fraction for the experi- 
ment depicted in Figure 1A. Experimental val- 
ues measured in the cytosolic fractions 
varied < 5% from the 24 h control value. 

Since sphingosine is believed to inhibit PKC 
mediated biological responses, keratinocytes 
were treated with 6 pM sphingosine, in the 
absence and presence of l~x,25(OH)~D~.  PKC 
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Fig. 1. A: Dose response of keratinocyte solubilized mem- 
brane PKC activity to 1 u,25(OH)?D3. Data are expressed as % 
increase in PKC activity over the 24 h control. Values are 
mean ? SEM for triplicate determinations; P < 0.001 for all 
experimental values versus control. The * denote P < 0.02 
between these values. B: Time course of human keratinocyte 

solubilized membrane PKC activity to M la,25(0H)*D3. 
Data are expressed as % increase in PKC activity over individual 
control values at the designated time points. Values are 
means ? SEM for triplicate determinations; P < 0.001 for all 
experimental values versus control. 

activity decreased in both control and 
l~x,25(OH)~D~-treated cells. In the control cells 
there was a 30% ? 2% decrease in endogenous 
PKC activity when keratinocytes were treated 
with 6 pM sphingosine for 24 h (P < 0.001). 
When keratinocytes were treated with 6 pM 
sphingosine and 10-l2 M, loplo M, or M 
l~x,25(OH)~D~,  PKC activity decreased 38% -t_ 

2%, 30% -+ 2%, and 50% 2 1%, respectively, 
compared to cells treated with hormone alone (P 
values were < 0.001). To assess the specificity of 
l~x ,25(OH)~D~ on PKC activity, keratinocytes 
were treated with lp,25(OH)2D3 M) for 24 

h. li3,25(OH)zD3 had no effect on keratinocyte 
membrane activity (1,583 2 13 cpmipg protein 
in control cells and 1,610 2 46 cpm/pg protein 
in treated cells; P < 0.5). 

Figure 1B represents a time course for 
l c ~ , 2 5 ( O H ) ~ D ~  at M on PKC membrane 
activity. There was a biphasic response to 
lc~ ,25(0H)&~ with 60% increased activity at 30 
min followed by decreased activity at 60 min. 
The PKC activity again increased above control 
at 120 min and at 24 h there was a maximal 
inducement of membrane PKC activity that rep- 
resented a 128% ? 5% increase over control. In 
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three separate experiments, PKC activity mea- 
sured in membrane fractions of keratinocytes 
treated with ~ X , ~ ~ ( O H ) ~ D ~  M) for 24 h 
increased 93% 5 17% above 24 h control values. 
PKC activity at 48 h decreased from the 24 h 
control in both control and treated samples (data 
not shown). 

PKC Activity in Normal Human Cultured 
Fibroblasts 

PKC activity in the cytosolic fractions of nor- 
mal human fibroblasts was increased in a dose- 
dependent manner when cells were treated with 
1 1 ~ , 2 5 ( 0 H ) ~ D ~  for 24 h (Fig. 2A). PKC activity 
increased 25% 2 I%, 32% -+ 2%, and 102% * 3% 
as compared to the 24 h control (P  < 0.001) 
when fibroblasts were incubated with M, 
10-10 M, and 10-8 M, respectively. As in the 
keratinocytes, maximal inducement (106% 5 3%) 
of PKC activity occurred when fibroblasts were 
treated with M l~i ,25(OH)~D~ for 24 h. When 
fibroblasts were incubated with M la, 
25(OH),D3, PKC activity in the cytosolic frac- 
tion decreased 13% k 1% from the 24 h control 
(P  < 0.01). In triplicate experiments, PKC activ- 
ity in fibroblast solubilized membrane fractions 
was < 15% of the activity in the cytosolic frac- 
tions of the same cells. For the experiment illus- 
trated, 24 h control values were 5,212 & 146 
cpm/bg protein in the cytosol fraction as com- 
pared to 458 -C 8 cpmikg protein in the solubi- 
lized membrane fraction. There were no signifi- 
cant differences ( < 5%) in the membrane PKC 
activity measured from fibroblasts treated with 
la,25(OH)2D3 versus those from control fibro- 
blasts. 

Fibroblasts were also treated with 6 p,M sphin- 
gosine, in the absence and presence of 
h~,25(OH)~D3. As was observed in keratino- 
cytes, PKC activity was decreased in both con- 
trol and experimental cells. Endogenous PKC 
activity decreased 23% 2 2 in sphingosine treated 
cells. Fibroblasts treated with la,25(OH)& 
(10-l' M, M, and M) and sphingosine 
demonstrated 8% -+ 2%, 13% -+ 2%, and 23% -+ 
1% decreases, respectively, in la,25(OH)2D3 in- 
duced activity as compared to the 24 h control 
(P < 0.001). When fibroblasts were treated with 
lp,25(OH)2D3 there was no increase in PKC 
activity after 24 h treatment with 10-8 M 
(6,065 k 56 cpmlkg protein in control cells and 
6,015 5 170 cpm/pg protein in treated cells; 
P < 0.5). 

Figure 2B illustrates the time course for 
la,25(OH)2D3 (10-8 M) on PKC activity in fibro- 
blast cytosolic fractions. Similar to the biphasic 
response seen in keratinocytes, there was a 48% 
increase in activity at 30 min followed by de- 
creased activity at 60 min. Activity began to 
increase again at 120 min and maximal PKC 
activity (85% 2 5%) occurred after treatment 
with ~ Y , ~ ~ ( O H ) ~ D ~  for 24 h. In three separate 
experiments, PKC activity increased 95% -+ 6% 
over control in the cytosoIic fractions of fibro- 
blasts treated with 1~1,25(0H)~D~ M) for 
24 h. PKC activity in the control and in 
l ~ i , 2 5 ( O H ) ~ D ~  treated cells at 48 hours de- 
creased from 24 h control values (data not 
shown). 

PKC Activity in Vitamin D Receptor Defective 
Human Cultured Fibroblasts 

Human fibroblasts grown from a biopsy of a 
patient with vitamin D dependent rickets type I1 
were treated with l ~ i , 2 5 ( O H ) ~ D ~  (10-lo M, 
M, or M). Unlike the PKC activity changes 
seen in 11~,25(OH)~D~-treated normal keratino- 
cytes and fibroblasts, there were no significant 
changes in PKC activity compared to control 
cells (Fig. 3). As a percent of control, cytosolic 
PKC activity was 95% k 196, 103% & 4%, and 
102% +- 1% in fibroblasts treated with M, 
lop8  M, and M 1 1 ~ , 2 5 ( 0 H ) ~ D ~ ,  respectively. 
The corresponding P values as compared to con- 
trol were < 0.4, < 0.5, and < 0.5. PKC activity 
levels in the solubilized membrane fractions were 
< 15% of the activity in the cytosolic fractions of 
the same cells and did not induce 
any significant changes in membrane fraction 
activity. Additionally, treatment of these cells 
for 24 h with lp,25(OH)2D3 M) did not 
induce PKC activity (6,014 k 140 cpm/pg pro- 
tein in control cells and 6,245 & 59 cpm/ Fg pro- 
tein in treated cells; P < 0.2). 

DISCUSSION 

The data suggest that 1,25(OHI2D3 stimu- 
lates PKC activity in normal keratinocytes and 
fibroblasts. PKC activity was induced in a dose 
dependent manner in keratinocyte solubilized 
membrane fractions and in fibroblast cytosolic 
fractions. PKC activity was maximally induced 
at 24 h after incubation with M la,25(OH)*D3 
in both cell types. However, treatment of these 
cells with M 10!,25(oH)~D~ decreased PKC 
activity over a 24 h period. Prior viability studies 
in our laboratory established this concentration 
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Fig. 2. A: Dose response of fibroblast cytosol PKC activity to 
la,25(oH)~D3. Data are expressed as % increase in PKC activity 
over the 24 h control. Values are mean t SEM for triplicate 
determinations; P < 0.001 for all experimental values versus 
control. The * denote P < 0.02 between the data points. B: 

Time course of fibroblast cytosol PKC activity to la,25(OH)zD3. 
Data are expressed as % increase in PKC activity over individual 
control values at the designated time points. Values are mean % 

SEM for triplicate determinations; P < 0.001 for all experimen- 
tal values versus control. 

is not toxic to the cells over this incubation 
period. Other investigators have found similar 
PKC activity increases in other cell types using 
physiological doses of 1a,25(OH)zD3. Ways et al. 
[1987] demonstrated that 10 nM ~ C X , ~ ~ ( O H ) ~ D ~  
treatment of U937 human monoblastoid cells 
for 24 h increased PKC activity to 138% ? 7% 
and 187% 2 9% of vehicle treated cells in the 
cytosolic and solubilized particulate fractions, 
respectively. Martell et al. [1987] also reported 
that (100 nM) treatment of HL-60 
cells for 24 h increased PKC activity two-fold. 
Simboli-Campbell et al. 119941 found that 

1a,25(OH)zD3 (100 nM) induced subcellular re- 
distribution of both PKCa and PKCp in renal 
epithelial cells. The increase in cytosolic rather 
than membrane PKC activity in fibroblasts sug- 
gests different localization patterns and perhaps 
different activation mechanisms for PKC activ- 
ity in fibroblasts. 

Sphingosine (6 FM) decreased PKC activity 
and when sphingosine was combined with 
la,25(OH)zD3, it inhibited the hormone’s induce- 
ment of PKC activity. The extensive use of sphin- 
gosine in different cellular systems has proven 
that sphingosine inhibits most, if not all, PKC- 
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Fig. 3. Dose response of receptor defective fibroblast cytosol PKC activity to  lu,25(OH)2D3. Data are 
expressed as % of 24 h control PKC activity. Values are mean 2 SEM for triplicate determinations; P values 
as compared to  control were < 0.4, < 0.5, and < 0.5, respectively. 

mediated biological responses [Hannun et al., 
1986; Hannun and Bell, 19891. Additionally, 
sphingosine and other related long-chain bases 
inhibit differentiation in HL-60 cells [Simpson 
et al., 19891. Interestingly, sphingosine inhib- 
ited la,%(OH) 2D3 stimulation of PKC activity 
more in keratinocyte membrane fractions than 
in fibroblast cytosolic fractions. This response 
was expected since the fibroblast culture media 
contained fetal calf serum. The serum proteins 
most likely acted as a buffer to bind sphingosine, 
so as a result only a fraction of the sphingosine 
entered the cells and its effective cellular concen- 
tration was reduced. Others have suggested that 
an active la,25(OH) 2D3 regulated sphingomy- 
elin cycle exists in keratinocytes similar to that 
found in HL-60 cells [Okazaki et al., 19891 and 
that this can inhibit PKC activity. But even if 
this cycle exists, la,25(OH)2D3 has not been 
shown to increase sphingosine formation [Oka- 
za lu  et al., 19901. It is possible that in keratino- 
cytes, as Kolesnick [1989] has demonstrated in 
HL-60 cells, that conversion of sphingomyelin 
to ceramide via sphingomyelinase could result 
in the generation of free sphingoid bases that 
could inactivate PKC. In either case, sphingo- 
sine’s inhibitory effect on PKC activity in both 
keratinocytes and fibroblasts helps substantiate 
that PKC activity is an indicator of la,25(OH),D3’s 
biological activity. 

Additionally, when both keratinocytes and fi- 
broblasts were treated with 1P,25(OH)2D3, which 

is believed to be ineffective in inducing genomic 
responses [Norman et al., 19931, PKC activity 
levels in control and lc~,25(0H)~D~-treated cells 
were statistically the same. Moreover, treat- 
ment of VDR receptor negative fibroblasts with 
~ X , ~ ~ ( O H ) ~ D ~  did not induce any significant PKC 
activity changes in experimental versus control 
cells. These results suggest 1a,25(OH)2D3 acts 
through its receptor to  induce PKC activity. As 
in HL-60 cells [Simpson et al., 19891, it may be 
that ~ c K , ~ ~ ( O H ) ~ D ~  can increase the amount of 
PKC by transcriptional regulation. Whatever 
the mechanism, the increase in PKC activity 
induced by 1a,25(OH)2D3 may facilitate the bind- 
ing of ligands to specific hormone receptors and 
increase receptor phosphorylation. Hsieh et al. 
El9911 established that VDR is a substrate for 
PKCp and demonstrated that ser-51 is a major 
phosphorylation site in hVDR in uitro and in 
uiuo. 1a,25(OH)2D3 may regulate PKC transcrip- 
tion but in turn specific kinases may control 
VDR phosphorylation which is believed to be 
necessary for VDR to affect transcriptional con- 
trol of target genes. 

In summary, the data establish that PKC 
activity may be an indicator of lc~,25(OH)~D~’s 
biological activity in cultured human keratino- 
cytes and fibroblasts. Further study is necessary 
to understand the mechanisms through which 
la,25(OH)2D3 exerts these longer term effects 
on PKC activity. Such studies should increase 
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our understanding of epidermal cell growth and 
differentiation. 

A C K N O W L E D G M E N T S  

This work was supported in part by NIH 
grants AR36963 and DK 43690. We thank David 
M. Jackson for his excellent graphics assistance 
with the manuscript. 

REFERENCES 

Baran DT, Milne ML (1986): 1,25-Dihydroxyvitamin D in- 
creases hepatocyte cytosolic calcium levels: A potential 
regulator of vitamin D-25-hydroxylase. J Clin Invest 77: 

Baran DT, Sorenson AM, Honeyman TW, Ray R, Holick MF 
(1989): Rapid actions of la,25-dihydroxyvitamin D3 on 
Ca2+ and phospholipids in isolated rat liver nuclei. FEBS 
Lett 259:205-208. 

Barsony J, Marz SJ (1991): Rapid accumulation of cyclic 
GMP near activated Vitamin D receptors. Proc Natl Acad 
Sci USA 88:1436-1440. 

Bradford MM (1976): A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing 
the principle of protein dye binding. Anal Biochem 72:24& 
256. 

Brown TA, DeLuca HF (1990): Phosphorylation of the 1,251- 
dihydroxyvitamin D3 receptor: A primary event in 1,251- 
dihydroxyvitamin D3 action. J Biol Chem 265:10025- 
10029. 

Burton K (1956): A study of conditions and mechanisms of 
the diphenyl amine colorimetric estimation of deoxyribo- 
nucleic acid. Biochem J 62:315-323. 

Civitelli R, Kim YS, Gunsten SL, Fujimori A, Huskey M, 
Avieli LV, Hruska KA (1990): Nongenomic activation of 
the calcium message system by vitamin D metabolites in 
osteoblast-like cells. Endocrinology 127:2253-2262. 

Clemens TL, Adams JS, Horiuchi N, Gilchrest BA, Cho H, 
TsuchiyaY, Matsuo N, Suda T, Holick MF (1983): Interac- 
tion of 1,25-dihydroxyvitamin D3 with keratinocytes and 
fibroblasts from skin of normal subjects and a subject with 
vitamin D-dependent rickets, Type 11: A model for the 
study of the mode of action of 1,25-dihydroxyvitamin D3. J 
Clin Endocrinol Metab 563824-830. 

Hannun YA, Bell RM (1989): Functions of sphingolipids and 
sphingolipid breakdown products in cellular regulation. 
Science 243 : 500-5 0 7. 

Hannun YA, Loomis CR, Bell RM (1985): Activation of 
protein kinase C by triton X-100 mixed micelles contain- 
ing diacylglycerol and phosphatidylserine. J Biol Chem 

Hannun YA, Loomis C1, Merrill AM Jr., Bell RM (1986): 
Sphingosine inhibition of protein kinase C activity and of 
phorbol dibutyrate binding in uitro and in human plate- 
lets. J Biol Chem 261:12604-12609. 

Hosomi J, Hosoi J, Abe E, Suda T, Kuroki T (1983): Regula- 
tion of terminal differentiation of cultured mouse epider- 
mal cells by la,25-dihydroxyvitamin D3. Endocrinol 113: 
1950-1957. 

Hsieh JC, Jurutka PW, Galligan MA, Terpening CM, Haus- 
sler CA, Samuels DS, Shimizu Y, Shimizu N, Haussler MR 
(1991): Human vitamin D receptor is selectively phos- 
phorylated by protein kinase C on serine 51, a residue 
crucial to its transactivation function. Proc Natl Acad Sci 
USA 88:9315-9319. 

1622-1626. 

260: 10039-10040. 

Kerner SA, Scott RA, Pike JW (1989): Sequence elements in 
the human osteocalcin gene confer basal activation and 
inducible response to hormonal vitamin D3. Proc Natl 
Acad Sci USA 86:4455-4459. 

Khare S, Wilson DM, Tien X-Y, Dudeja PK, Wali RK, Sitrin 
MD, Brasitus TA (1993): 1,25-Dihydroxycholecalciferol 
rapidly activates rat colonic particulate guanylate cyclase 
via a protein kinase C-dependent mechanism. Endocrinol- 
ogy 133:2213-2219. 

Knopf JL, Lee M, Sultzmann LA, Kritz RW, Loomis CR, 
Hewick RM, Bell RM (1986): Cloning and expression of 
multiple protein kinase C cDNAs. Cell 48:491-502. 

Koeffler HP, Amatruda T, Ikekawa N, Kobayashi Y, DeLuca 
HF (1984): Induction of macrophage differentiation of 
human normal and leukemic myeloid stem cells by 1,25- 
dihydroxyvitamin D3 and its fluorinated analogues. Can- 
cer Res 445624-5628. 

Kolesnick RN (1989): Sphingomyelinase action inhibits phor- 
bol ester-induced differentiation of human promyelocytic 
leukemia. J Biol Chem 264:7617-7623. 

MacLaughlin J, Cantley LC, Holick MF (1990): 1,25(OH)yD3 
increases calcium and phosphatidylinositol metabolism in 
differentiating cultured human keratinocytes. J Nutr Bio- 
chem 1:81-87. 

Martell RE, Simpson RU, Taylor J M  (1987): 1,25-Dihy- 
droxyvitamin D3 regulation of phorbol ester receptors in 
HL-60 leukemia cells. J Biol Chem 262:5570-5575. 

Nishizuka Y (1984): The role of protein kinase C in cell 
surface signal transduction and tumor production. Na- 
ture 308:693-698. 

Nishizuka Y (1988): The molecular heterogeneity of protein 
kinase C and its implications for cellular regulation. Na- 
ture 334:661-665. 

Nishizuka Y (1992): Intracellular signaling by hydrolysis of 
phospholipids and activation of protein kinase C. Science 

Norman AW, Bouillon R, Farach-Carson MC, Bishop JE, 
Zhou LX, Nemere I, Zhao J ,  Muralidharan KR, Okamura 
WH (1993): Demonstration that lp,25-dihydroxyvitamin 
D3 is an antagonist of the nongenomic but not genomic 
biological responses and biological profile of the three 
A-ring diastereomers of la,25-dihydroxyvitamin D3. J Biol 
Chem 268:20022-20030. 

Obeid LM, Okazaki T, Karolak LA, Hannun YA (1990): 
Transcriptional regulation of protein kinase C by 1,25- 
dihydroxyvitamin D3 in HL-60 cells. J Biol Chem 265: 
23 70-23 74. 

Okazaki T, Bell R, Hannun Y (1989): Sphingomyelin turn- 
over induced by vitamin D in HL-60 cells: Role in cell 
differentiation. J Biol Chem 264:19076-19080, 

Okazaki T, Bielawska A, Bell RM, Hannun YA (1990): Role 
of ceramide as a lipid mediator of la,25-dihydroxyvitamin 
Dz-induced cell differentiation. J Biol Chem 265:15823- 
15831. 

Ono Y, Fuj i  T, Ogita K, Kikkawa U, Igarashi K, NishizukaY 
(1988): The structure, expression, and properties of addi- 
tional members of the protein kinase C family. J Biol 
Chem 263:6927-6932. 

Osada S, Mizuno K, Saiodi TC, Suzuki K, Kuroki T, Ohno S 
(1990): A phorbol ester receptoriprotein kinase, n PKCq, 
a new member of the protein kinase C family predomi- 
nantly expressed in lung and skin. J Biol Chem 265:22434- 
22440. 

Rheinwald JG, Green H (1975): Formation of a keratinizing 
epithelium in culture by a cloned cell line derived from a 
teratoma. Cell 6:317-330. 

258:607-614. 



3 70 Hanafin et al. 

Simboli-Campbell M, Gagnon AM, Franks DJ, Welsh J E  
(1994): 1,25-Dihydroxyvitamin D3 translocates protein 
kinase Cp to nucleus and enhances plasma membrane 
association of protein kianse Ca in renal epithelial cells. J 
Biol Chem 269:3257-3264. 

Simpson RU, Hsu T, Wendt MD, Taylor JM (1989): 1,25- 
Dihydroxyvitamin D3 regulation of c-myc protooncogene 
transcription. J Biol Chem 264:19710-19715, 

Smith EL, Walworth NC, Holick MF (1986): Effect of la,25- 
dihydroxyvitamin D3 on the morphological and biochemi- 
cal differentiation of cultured human epidermal keratino- 
cytes grown in serum-free conditions. J Invest Dermatol 

Snoek GT, Boonstra J, Ponec M, deLaat SW (1987): Phorbol 
ester binding and protein kinase C activity in normal and 
transformed human keratinocytes. Cell Res 172:147-157. 

Wali RK, Baum CL, Bolt MJG, Brasitus TA, Sitrin MD 
(1992): 1,25-Dihydroxyvitamin D3 inhibits Na+-H+ ex- 
change by stimulating membrane phosphoinositide turn- 
over, activates PKC, and increases cytosolic calcium in 
CaCo-2 cells. Endocrinology 131:1125-1133. 

Wali RK, Baum CL, Sitrin MD, Brasitus TA (1990): 1,25- 
Dihydroxyvitamin D3 stimulates membrane phosphoinositide 

86: 709-7 14. 

turnover, activates PKC, and increases cytosolic calcium in 
rat colonic epithelium. J Clin Invest 85:129&1303. 

Ways DK, Dodd RC, Bennett TE, Gray TK, Earp HS (1987): 
1,25-Dihydroxyvitamin D3 enhances phorbol ester-stimu- 
lated differentiation and protein kinase C-dependent sub- 
strate phosphorylation activity in the U937 human mono- 
blastoid cell. Endocrinol 121:1654-1661. 

Weinstein B (1988): The origin of human cancer; molecular 
mechanisms of carcinogenesis and their implications for can- 
cer prevention and treatment. Cancer Res 48:413&4143. 

Yada Y, Ozeki T, Meguro S, Nozawa Y (1989): Signal trans- 
duction in the onset of terminal keratinocyte differentia- 
tion induced by la,25-dihydroxyvitamin DB: Role of pro- 
tein kinase C translocation. Biochem Biophys Res Comm 
163:1517-1522. 

Yuspa SH, Ben T, Hennings H (1983): The induction of 
epidermal transglutaminase and terminal differentiation 
by tumor promoters in cultured epidermal cells. Carcino- 
genesis 4: 1413-1416. 

Zyler-Katz E, Glazer RI (1985): Phospholipid- and Ca2+- 
dependent protein kinase activity and protein phosphory- 
lation patterns in the differentiation of human promyelo- 
cytic leukemia cell line HL-60. Cancer Res 45:5159-5164. 




