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Abstract

1,25-Dihydroxyvitamin D; (1,25(0OH),D;) induces the dif-
ferentiation of normal human keratinocytes, in part by in-
creasing their basal intracellular calcium levels (Ca;) over
a period of hours. Agonists such as ATP acting through
membrane receptors cause an immediate but transient in-
crease in Ca; accompanied by an increase in inositol trispho-
sphate (IP;). Treatment of keratinocytes for 24 h with 1
nM 1,25(0H),D; resulted in a two- to four-fold potentiation
of the Ca, response of these cells to ATP. This potentiation
was inhibitable with cycloheximide, unaccompanied by a
change in total intracellular calcium pools, but associated
with an increase in basal IP; levels and ATP-stimulated IP;
production. Treatment with 1,25(OH),D; raised the protein
and mRNA levels of phospholipase C isoenzymes, particu-
larly phospholipase C-B1 in a dose-dependent manner.
These studies indicate that 1,25(OH),D; modulates the ker-
atinocyte signal transduction pathway by induction of phos-
pholipase isoenzymes, a previously undescribed action for
this hormone. (J. Clin. Invest. 1995. 96:602-609.) Key
words: keratinocytes ¢ calcium « differentiation « phospholi-
pase C - inositol trisphosphate

Introduction

The differentiation of normal human keratinocytes in culture is
induced by extracellular calcium (Ca,)' and 1,25-dihydroxyvi-
tamin D; (1,25(0OH),D;), the hormonally active form of vita-
min D (1-6). Phorbol esters, presumably by regulating protein
kinase C activity, are also capable of stimulating differentiation
and modulating the prodifferentiating effects of calcium (7-9).
The mechanism by which 1,25(OH),D; induces keratinocyte
differentiation, although not fully elucidated, is known to in-
volve changes in intracellular calcium (Ca;) and is likely to
include the changes in phospholipase C (PLC) and protein
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kinase C activity that accompany calcium-induced differentia-
tion (10, 11). The potential ability of protein kinase C to phos-
phorylate and inactivate PLC (12, 13) contributes to the com-
plexity of the pathway mediating calcium- and 1,25(OH),D;-
induced differentiation.

The classic role of vitamin D, namely the regulation of
calcium transport in the intestine, bone, and kidney, is mediated
by the steroid hormone-like action of vitamin D through its
binding to specific nuclear receptors and regulation of specific
gene expression (14-16). However, several recent observa-
tions support a role for 1,25(OH),D; in other tissues not directly
involved in plasma calcium homeostasis (reviewed in reference
10). Some of these effects involve genomic actions of
1,25(0H),D;, whereas other rapid effects appear to be non-
genomic. Among the rapid effects described for 1,25(OH),D;
are the stimulation of phosphatidylinositol (PI) metabolism, Ca;
mobilization, and protein kinase C activity. In keratinocytes, an
acute increase in Ca; associated with increased PI turnover has
been observed after 1,25 (OH ),D; administration in some stud-
ies (17-20). The acute increase in Ca; in association with the
increased levels of diacylglycerol produced from the PI turnover
would be expected to activate protein kinase C and promote
the differentiation of keratinocytes. However, vitamin D metab-
olites that do not induce differentiation (la(OH)D and
24,25(0OH),D;) also acutely stimulate Ca; and PI metabolism
of keratinocytes (17). In our studies, we failed to observe rapid
mobilization of Ca; by 1,25(OH),D; in keratinocytes despite
its ability to stimulate differentiation (6, 21). Rather, we ob-
served a gradual rise in Ca; in response to several hours of
treatment with 1,25(OH),D;. A similar long-term effect of
1,25(0OH),D; on Ca; has been observed in other cell systems
(22-24). In these other systems 1,25(OH),D; appears to act
by increasing agonist-induced PI turnover. For example, a 48-
h treatment with 1,25(OH),D; potentiates the response of HL-
60 cells to formyl Met Leu Phe—induced PI turnover and Ca;
transients, as part of the prodifferentiating effect of this hormone
(25). Likewise, in pituitary cells, a 24-h treatment with
1,25(0H),D; potentiates thyroid-releasing hormone (TRH) -
and bombesin-induced PI turnover and Ca; transients resulting
in enhanced prolactin secretion (26, 27).

Extracellular ATP triggers the rapid increase in Ca;. This
action of ATP is mediated by cell surface receptors coupled to
G protein and phospholipase C-3, (PLC-3,) in a variety of
cells (28, 29). In keratinocytes, for example, ATP stimulates
PI metabolism, mobilizes Ca;, and increases DNA synthesis
(30, 31). In this study we evaluated whether the long-term
effects of 1,25(OH),D; on Ca; in keratinocytes include upregu-
lation of agonist (ATP) —induced PI metabolism and Ca; tran-
sients similar to that seen in HL-60 and pituitary cells. Our
results indicate that treatment of Kkeratinocytes with
1,25(0OH),D; potentiates the Ca; and inositol trisphosphate
(IP;) response of the cells to ATP. This potentiation required
time and protein synthesis. It was not due to an increase in
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Figure 1. Acute effects of 1,25(OH),D; and ATP on Ca; levels of
keratinocytes in the presence of Ca, (A) or in its absence (B). Keratino-
cytes were grown to confluence in 0.07 mM calcium, loaded with 2 uM
indo-1 AM, and resuspended in buffer A, and Ca; was measured as
described in Methods. The concentrations of Ca,, 1,25(OH),D,, and
ATP shown are the final concentrations after each addition. Each trace
is representative of experiments repeated at least three times. ATP stimu-
lates an acute and transient increase in Ca; both in the presence and
absence of Ca,. Note the absence of an acute effect by 1,25(OH),Ds.

releasable calcium pools but to an increase in PLC-f, synthesis,
as indicated by an increase in the protein and mRNA levels for
PLC-8,. We then extended these studies and found that the
production of other PLC isoenzymes was likewise increased by
1,25(0OH),D;. These studies suggest that 1,25(OH),D; modu-
lates the keratinocyte signal transduction pathway by increasing
PLC activity at the level of transcriptional regulation.

Methods

Materials. Indo-1 acetoxymethylester (Indo-1 AM) was purchased from
Molecular Probes, Inc. (Junction City, OR). Ionomycin was purchased
from Calbiochem Corp. (San Diego, CA). 1,25(0OH),D; was a gift
from Hoffmann La-Roche (Nutley, NJ). ATP, histamine, bradykinin,
and all other chemicals were purchased from Sigma Chemical Co. (St.
Louis, MO).

Cell culture. Normal human keratinocytes were isolated from neona-
tal human foreskins and grown in serum-free keratinocyte growth me-
dium (KGM; Clonetics Corp., San Diego, CA) as described previously
(32). Briefly, keratinocytes were isolated from newborn human fore-
skins by trypsinization (0.25% trypsin, 4°C, overnight), and primary
cultures were established in KGM containing 0.07 mM calcium. Second-
passage keratinocytes plated in KGM plus 0.07 mM calcium were grown
to 50% confluence (48 h) before switching to KGM containing different
calcium concentrations for the experiments. Details of each experiment
are given in the figure legends.

Measurement of Ca;. Ca; of keratinocytes was measured as pre-
viously described (30). Briefly, keratinocytes dispersed with trypsin
plus EDTA were loaded with 2 uM Indo-1 AM in buffer A (20 mM
Hepes buffer, pH 7.4, containing 120 mM sodium chloride, 5 mM
potassium chloride, 1 mM magnesium chloride, 1 mg/ml pyruvate, 1
mg/ml glucose, and 0.03 mM calcium chloride) at 37°C for 1 h. Cells
were then washed and resuspended in buffer A at a cell concentration
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Figure 2. The acute response of Ca; to ATP in cells preincubated with
1 nM 1,25(0H),D;. The experimental conditions were as described in
Fig. 1 except 1 nM 1,25(OH),D; or vehicle was added to cultures 24
h before measurement of Ca;. In the top panels the response to 100 uM
ATP was determined after the acute addition of 2 mM calcium; in the
bottom panels the response was determined after the acute addition of
100 uM EGTA. Cells studied in the left panels were grown in the
absence of 1,25(OH ),D;; cells studied in right panels were grown in
the presence of 1 nM 1,25(0H),Ds. 1,25(0H),D; enhanced the Ca;
response to ATP in the presence and absence of Ca,.

of 1-1.5 X 10° cells per ml. Cells were washed and resuspended in
fresh buffer A before each measurement, and all of the measurements
were completed within 2-2.5 h after loading to minimize Indo-1 AM
leakage. Fluorescence was recorded with a fluorimeter (model 650-40;
Perkin-Elmer Corp., Norwalk, CT) using 350 and 405 nm for excitation
and emission wavelengths, respectively. A thermostatted cuvette (37°C)
and a magnetic stirrer were used. Fluorescence signals were recorded
after each addition and calibrated for each sample by the addition of
ionomycin (10 M final concentration) (Fp,;) followed by 0.1% Triton
X-100 and 10 mM EGTA, Tris, pH 8.3 (Fin). Ca; was calculated from
the following formula: Ca; = Ky (F — Fpn)/(Fmax — F), where K, for
Indo-1 AM for calcium is 250 nM (33).

PI metabolism of keratinocytes. Turnover of inositol phosphates was
measured by a modification of the method by Berridge et al. (34).
Briefly, confluent cultures of keratinocytes in 6-well multi-well plates
were prelabeled with 1 uCi/ml [*H]myoinositol (sp act 18 Ci/mmol;
Amersham Corp., Arlington Heights, IL) in inositol-free KGM for 48
h. After washing, the cells were preequilibrated for S min with 1 ml of
myoinositol-free KGM containing 20 mM Hepes, pH 7.4, and 10 mM
lithium chloride and then treated with 100 uM ATP for the various time
periods indicated. The reaction was stopped by aspiration of the medium
and addition of ice-cold 10% TCA. Cells were scraped from the dish,
TCA was extracted with diethyl ether, and inositol phosphates were
separated using Dowex 1-X8 (Sigma Chemical Co., St. Louis, MO)
columns eluted with stepwise gradients of ammonium formate buffers.
IP,, IP,, and IP; levels were quantitated by counting the appropriate
column fractions. Inositol phosphate levels of control cells and ATP-
treated cells were determined in parallel, and the results were plotted

1,25-Dihydroxyvitamin D Induces Phospholipase C 603



200
e
<’f§‘ O control
L3 H 1,25(0H)2D
.D
25 100
o >
Qo
]
oR
‘@
o

0

- +
Cycloheximide (10 ug/ml)

Figure 3. The effect of cycloheximide on the ability of 1,25(OH),D,
to increase ATP-stimulated Ca;. Cycloheximide (10 pg/ml) was added
to some of the cultures 1 h before addition of 1,25(OH),Ds. 4 h after
addition of 1,25(OH),D;, the ability of ATP to raise Ca; was tested.
The results are shown as the percent rise in Ca; over baseline for each
of the four conditions. Cycloheximide blocked the ability of
1,25(0H),D; to enhance the stimulation of Ca; by ATP.

as the percent change over control for each time point. In addition, the
IP; levels were quantitated using the protein binding assay system ob-
tained from Amersham Corp. The competition between unlabeled IP;
in the sample with a fixed quantity of tritium-labeled IP; for a limited
number of binding sites on a bovine adrenal binding protein was quanti-
tated by separating the bound IP; by centrifugation. The amount of
radioactivity bound to the protein pellet was determined by scintillation
counting. The amount of IP; in the sample was determined by interpola-
tion from a standard curve.

Protein levels of PLC isoenzymes. Immunodetection of PLC-A1,
-v1, and -61 isoenzymes was performed using anti—PLC-£1 monoclonal
antibody, anti—PLC-vy1 polyclonal antibody, and anti—PLC-61 antibody
obtained from Upstate Biotechnology Inc. (Lake Placid, NY). After
SDS-PAGE of lysed cells in 7.5% gels, proteins were transblotted onto
polyvinylidene difluoride membranes. Detection was performed using
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the Enhanced Chemiluminescence system obtained from Amersham
Corp. In the data shown, the same blot was probed for all three isoen-
Zymes.

mRNA levels of PLC isoenzymes. Total RNA was prepared according
to the method of Chomczynski and Sacchi (35). In brief, cells were
dispersed in lysis solution (4 M guanidine isothiocyanate, 25 mM so-
dium citrate, 0.5% sarcosyl, 0.1 M 2-mercaptoethanol) and then ex-
tracted with phenol—chloroform followed by ethanol precipitation. For
Northern analysis, RNA was electrophoresed through 1% agarose—form-
aldehyde gels and transferred to nylon membranes (Hybond-N+; Amer-
sham Corp.). The blots were hybridized with **P-labeled cDNA probes
for PLC-82 and PLC-y1 (gifts from Dr. John Imboden, V. A. Medical
Center, San Francisco, CA) and an 18S RNA probe for normalization.
The probes for PLC isoenzymes 1 and 61 were oligonucleotides syn-
thesized according to the published sequences available from GenBank.
The probe for PLC-81 was TCTTGGCGAGGCTGCTGTTGG and was
the antisense region from 1306 to 1327 of the sequence published by
Bahk et al. (36). The probe for PLC-61 was ACGTGAGTTGAAGGT-
GGTGTT, which is the antisense region from 1901 to 1922 of the
sequence published by Yagisawa et al. (37). The results were quanti-
tated by densitometry of the resulting autoradiogram.

Results

The acute effects of Ca,, 1,25(OH),Ds;, and ATP on Ca; are
shown in Fig. 1. Ca, increased Ca; in an acute and sustained
manner, possibly as a result of both calcium influx and calcium
release from intracellular stores. ATP increased Ca; in an acute
but transient manner and only by release of calcium from intra-
cellular stores (i.e., EGTA did not block the acute response of
Ca; to ATP). In contrast, 1,25(0OH),D; had no acute effect on
Ca; levels either in the presence or absence of Ca,. Similar
results were obtained in cells attached to culture dishes in which
Ca; was measured using fluorescence microscopy (data not
shown). Consistent with these data, ATP stimulated IP; produc-
tion in keratinocytes, but 1,25(OH),D; did not (data not
shown). Keratinocytes grown in the presence of 1 nM
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Figure 4. Effect of 1,25(0H),D;

on the Ca; response of keratino-

cytes to bradykinin and histamine.
D Keratinocytes were exposed to 10
nM 1,25(OH),D; or vehicle for
24 h, and their Ca; responses to
ATP (100 uM) bradykinin (1
mM), and histamine (1 mM)
were determined. Ca; responses of
keratinocytes to all of these cal-
cium agonists were enhanced by
1,25(0OH),D;. Representative ex-
periments are shown in A—C, and
mean*SD values of three experi-

ments for each agonist are given
ATP BK HIST in D.
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Figure 5. Effect of 1,25(OH),D; on ionomycin-releasable total calcium
pools of keratinocytes. Keratinocytes grown in 0.07 mM calcium to
confluence were treated with 10 nM 1,25(OH),D; or vehicle for 24 h.
The Ca; response of these cells to ionomycin was measured in cells
suspended in 100 uM EGTA. Ionomycin-releasable calcium pools of
keratinocytes were similar in 1,25(OH),D;- and vehicle-treated cells.
A representative experiment is shown. Values given in C are the
mean*SD of three experiments.

1,25(0H),D; for 24 h demonstrated a greater Ca; response to
Ca, and to ATP both in the presence and absence of Ca, (Fig.
2). This enhanced response to ATP required several hours of
exposure to 1,25(0OH),D;. Acute addition or short-term expo-
sure (5 min) to 1,25(OH),D; failed to enhance the Ca; response
to ATP, but the enhancement was observed by 4 h. The effect
was maximal after a 24-h incubation with 1,25(OH),Ds. Cyclo-
heximide (10 pg/ml) treatment alone had a minimal effect
on the ATP-induced Ca; response, but completely blocked the
1,25(OH),Ds-induced enhancement of the ATP response
(Fig. 3).

To determine the generality of this action of 1,25(0OH),Ds,
we performed the experiments shown in Fig. 4. Keratinocytes
possess cell surface receptors for bradykinin and histamine as
well as ATP (38). These agonists also lead to a transient in-
crease in Ca; and IP; production. A 24-h pretreatment of kera-

A Figure 6. Effect of
1.2 ‘ 1,25(0OH),D; on basal
- IP; levels and IP; turn-
2 over in response to ATP.
a® 087 (A) Basal IP; levels:
g 8 Keratinocytes were
23 o T treated with the indi-
E cated amounts of
1,25(0OH),Ds; for 24 h.
00 P o Cells were precipitated
1,25(0H)2D (nM) with TCA, and IP; was
extracted. The amount of
B IP; in the extract was de-
termined using the pro-
200 tein binding assay. Each
e T point represents the
2T 0l meanz+range of duplicate
] determinations. (B)
ag ATP-stimulated IP; turn-
2, 17 over: Keratinocytes were
= exposed to the indicated
) concentrations of
o 0.1 1 10 100

1,25(0H),D; for 24 h.
IP; levels were measured
using radiolabeled myo-
inositol incorporation into phosphatidyl inositol biphosphate (PIP,) and
its subsequent hydrolysis to radiolabeled IP;. IP; levels were measured
before and after stimulation with 100 uM ATP for 2 min, and the data
are expressed as percent stimulation over basal. 1,25(OH),D; increased
ATP-stimulated IP; production in a dose-dependent manner. Data shown
are mean+SD of triplicate determinations.

1,25(0H)2D [nM]

tinocytes with 10 nM 1,25(OH),D; enhanced the Ca; response
to bradykinin and histamine as well as to ATP. From this we
infer that 1,25(OH),D; potentiates the Ca; response- to these
agonists by a mechanism common to them all.

Since 1,25(0H),D; could act by increasing Ca; pools releas-
able by these agonists, we evaluated such pools by determining
the rise in Ca; after exposure to the calcium ionophore iono-
mycin in the absence of Ca,. As seen in Fig. 5, 1,25(0H),Ds
did not alter the ionomycin response in cells incubated in the
presence of 1 mM EGTA, indicating that 1,25(OH),Ds did not
increase the calcium content of these pools. Conceivably, the
response to ionomycin does not measure the pools specifically
releasable by ATP and other agonists; but at this point we turned
our attention to the possibility that 1,25(OH),D; altered the IP;
response to these agonists and thus the stimulus for Ca; release.

Basal levels of IP; were increased by a 24-h incubation
with 1,25(0OH),D; (Fig. 6 A). Furthermore, ATP-stimulated
IP; production was increased in keratinocytes incubated with
0.1-100 nM 1,25(0OH),D; for 24 h (Fig. 6 B). These data

1,25(0H)2D S g Figure 7. Effect of 1,25(0H),D;
(nM) o o o =~ on keratinocyte PLC-$1 protein
levels. Cells were treated for
i 24 h with 0 or 0.01-10 nM
205 = 1,25(0OH),D; in the presence of
116 = & "0.07 mM calcium for 24 h. Cells
80 3 were lysed in the SDS/DTT ly-
sis buffer, and 50 ug total pro-
49 > tein was loaded on a 7.5% SDS-

PAGE gel. Western blotting and
detection of PLC-£1 protein
were performed as described in Methods. 1,25(OH),D; increased the
140- and 150-kD PLC-g protein levels three- to four-fold.
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Figure 8. Effect of 1,25 (OH),D; on keratinocyte PLC-31 mRNA levels.
Keratinocytes were treated for 24 h with the indicated amounts of
1,25(0H),Ds, and Northern blot analysis was performed to determine
the PLC-81 mRNA levels. Levels of PLC-81 mRNA were normalized
for equal loading with 18S RNA and plotted. 10 nM 1,25(0OH),D;
enhanced the PLC-8, mRNA level by 80-fold.

indicate that increased production of IP; is a mechanism by
which 1,25(0H),D; could mediate the increased Ca; transients
in response to ATP. To determine whether the stimulation by

1,25(0OH),D; of ATP-mediated IP; generation and Ca; tran-
sients is mediated by increased PLC-31 mRNA and protein
levels, we performed the experiments shown in Figs. 7 and 8.
PLC-B1 of keratinocytes separated as a doublet in this experi-
ment corresponding to 150- and 140-kD forms as described
previously (12). In addition, two minor bands corresponding
to 80 and 60 kD were visible in keratinocytes. Exposure of
keratinocytes to 0.01-10 nM 1,25(0OH),D; for 24 h increased
the PLC-8, protein levels by three- to four-fold (Fig. 7). PLC-
B1 mRNA was even more responsive to 1,25(OH),D; (Fig.
8). Exposure of keratinocytes to as little as 1 pM 1,25(0OH),D;
induced an increase in the steady-state PLC-G1 mRNA levels,
whereas 10 nM 1,25(0OH),D; increased the PLC-81 mRNA
levels by 80-fold. Thus, 1,25(OH),D; appears to increase the
ATP-stimulated Ca; and IP; production in keratinocytes by stim-
ulating PLC-£1 production at the genomic level.

We then explored whether this effect of 1,25(OH),D; was
limited to PLC-£1, or whether other isoenzymes of PLC were
also affected. The results of these studies are shown in Figs. 9
and 10. In Fig. 9, the ability of 1,25(OH),D; to stimulate differ-
ent isoenzymes as assessed by Western analysis is shown using
the same blot to assess each isoenzyme in the same preparation.
In this experiment, PLC-$1 was the most responsive and was
stimulated fourfold by 10~'> M 1,25(0H),D; and sevenfold by
1078 M 1,25(OH),D;. In this experiment, only the higher (150
kD) band of PLC-f1 was observed. PLC-y1 and -§1 were less
responsive, being stimulated only 50 and 100%, respectively.
In other experiments (data not shown) using cells grown in a
higher calcium concentration (1.2 mM), severalfold stimulation
of PLC-y1 and -61 by 1,25(0OH),D; was observed with lesser
effect on PLC-G1. Thus, the effect of 1,25(OH),D; on PLC
isoenzyme production appears to be calcium regulated, as is
seen for other proteins in the keratinocyte (39). Regardless of
the variable stimulation of PLC isoenzyme proteins,
1,25(0OH),D; increased the mRNA levels of all PLC isoen-
zymes tested (81, 52, 1, and 81) in a coordinate fashion (Fig.
10). As for the Western analysis, the same blot was used to
measure the mRNA levels for each isoenzyme in the same
preparation for the data presented. We confirmed these findings
using individual blots (data not shown). The effect of
1,25(0H),D; was biphasic in this experiment, with peak stimu-
lation of all mRNAs at 107'° M 1,25(0H),D;.
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Figure 9. Effect of 1,25(0H),D;;
on PLC f1, -y1, and -61 protein
levels. The experiment was per-
formed as described in the legend
to Fig. 7. The blot was probed not
only for PLC-£1, but for PLC-y1
and 1. A shows the Western
blots, which are plotted as a func-
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the legend to Fig. 8. The same blot was hy-
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between hybridizations. The Northern results
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Discussion

In this report we provide evidence that 1,25 (OH),D; stimulates
the PLC-mediated signal transduction pathway in keratinocytes.
In particular, we noted that 1,25(OH),D; treatment enhanced
ATP-induced Ca; transients and IP; production and that this
enhanced response was associated with an increase in PLC-£1
protein and mRNA levels. However, other PLC isoenzymes
were also increased by 1,25(OH ),Ds, indicating that this action
of 1,25(0OH),D; is broader than that originally suspected and
may contribute to the mechanism by which 1,25(OH ),D; regu-
lates proliferation and differentiation of a number of cells in
response to a variety of agonists.

are shown in A, and are plotted as a function
of 1,25(0OH),D; concentration in B, using
normalization of the densitometric data to
that for 18S.

1,25 (OH),D;, a regulator of calcium homeostasis, also stim-
ulates calcium flux into a variety of cells, including bone, mus-.
cle, epithelial, monocytic, and pituitary cells (reviewed in refer-
ence 10). In most cell types this response demonstrates hor-
mone specificity and is abolished by cycloheximide treatment.
In pituitary cells, 1,25(OH ),D; enhances calcium entry by volt-
age-dependent calcium channels as well as by increasing their
TRH- and bombesin-induced Ca; transients and prolactin secre-
tion (26, 27). In HL-60 cells 1,25(OH),D;-induced calcium
influx is accompanied by induction of f MLP-stimulated cal-
cium transients and their differentiation into monocytes (25).
The mechanism of action of 1,25(OH),D; in the induction of
agonist-mediated signaling events remains obscure, but in both

1,25-Dihydroxyvitamin D Induces Phospholipase C 607



pituitary and HL-60 cells, hours of exposure to 1,25(0OH),D;
are required for the effects to be seen, suggesting the require-
ment for new protein synthesis. Potential mechanisms include
induction of voltage-dependent calcium channels in the case
of pituitary cells (27) and increased calcium influx—mediated
replenishment of IP;-sensitive Ca; stores in the case of HL-60
cells (25). We have shown here that 1,25(OH),D; increases
the agonist-releasable Ca; in the absence of Ca, and without
altering the total amount of releasable calcium pools in keratino-
cytes, suggesting that calcium channels and calcium stores are
not altered. The effect of 1,25(OH),D; is not limited to ATP,
suggesting that 1,25(OH),D; acts by stimulating a mechanism
common but distal to the cell surface receptors for the Ca;
agonists.

ATP, bradykinin, histamine, as well as a number of other
agonists raise Ca; by stimulating PLC activity through a mecha-
nism involving a GTP-binding protein (Gq) that couples the
activated hormone receptor to PLC. PLC catalyzes the hydroly-
sis of phosphatidyl inositol biphosphate (PIP,) to IP; and diacyl-
glycerol. PLC is a family of enzymes, but the one that is regu-
lated by Gq, and thus ATP, is PLC-F1. The effect of
1,25(0OH),D; on PLC-81 mRNA levels was much greater than
its effect on PLC-£1 protein or on basal and ATP-induced IP,
production. The reason for this apparent discrepancy is unclear.
Regulation at the level of translation of the PLC-3; mRNA may
exist in keratinocytes to limit the PLC-£, enzyme activity in
these cells. Kinases and phosphatases capable of rapidly metab-
olizing IP;, limiting its rise, most certainly exist in the keratino-
cyte. Nevertheless, the physiological response of increased
PLC-B, gene expression, namely increased IP; production and
Ca; transients in response to ATP, is significantly stimulated
in 1,25(0OH),D;-treated cells, demonstrating its physiological
relevance.

However, PLC-£1 is not the only PLC isoenzyme found in
the keratinocyte (40). In fact, in murine keratinocytes, PLC-
B1 is not detected, whereas PLC-1 and 61 are readily detected
(40). Calcium raises the PLC-1 protein levels but not the
mRNA levels (40). Therefore, we extended these studies to
include several of these other isoenzymes. We found that the
mRNA levels of all of the other isoenzymes tested (32, -1, and
61) were increased by 1,25(OH),D; in a coordinate fashion.
Just as the rise in PLC-A1 protein level did not reflect the degree
of increase in the mRNA, so too the PLC-£2, -1, and -61 protein
levels did not show a one-to-one correlation with the increases
in their mRNAs. Although more investigation of this phenome-
non is required, our preliminary data indicate that the calcium
concentration of the medium in which the cells are grown regu-
lates the extent to which the protein is produced, which is similar
to the observations of Punnonen et al. (40). We (39) have
made similar observations for involucrin and transglutaminase,
two proteins induced by 1,25 (OH),D; that are involved in kera-
tinocyte differentiation. Regardless of how 1,25 (OH),D; induc-
tion of PLC isoenzymes is controlled, these results indicate that
the effect of 1,25(OH),D; on this important signaling pathway
is substantial and more general than indicated by the original
observation (increased Ca; response to ATP) that led us into
this study.
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