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ABSTRACT

We reported previously that 1a,25-dihydroxyvitamin D3

[1a,25(OH)2D3], a hormonally active form of vitamin D3, markedly
enhanced methylcholanthrene-induced transformation of BALB
3T3 A31-1-1 cells. When the cells were treated with methylchol-

anthrene (1 ^g/ml) for 72 h and then with 1a,25(OH)2D3 (5 ng/
ml) for 2 wk, the transformation frequency was 1.95 Â±0.73 (SD)
foci/dish in 8 independent experiments, which was about 20
times that in cultures treated with methylcholanthrene only. Even
at a physiological concentration in plasma, i.e., 0.05 ng/ml,
1a,25(OH)2D3 enhanced the transformation frequency signifi
cantly (P < 0.001). 1a,25(OH)uD3 was not cytotoxic but slightly
inhibited growth of the cells. Cells treated with 1a,25(OH)2D3
were thin and became arranged in a meshwork with wide inter
cellular spaces. These morphological changes were reversible.

1a,25(OH)2D3 induced DNA synthesis in quiescent BALB 3T3
cells dose and time dependently, but this effect was less than
that of 12-O-tetradecanoylphorbol-13-acetate. Unlike 12-O-tet-
radecanoylphorbol-13-acetate, 1a,25(OH)2D3 did not interfere
with the binding of epidermal growth factor or phorbol dibutyrate.
1a,25(OH)2D3 did not induce ornithine decarboxylase. Moreover,
it did not activate protein kinase C in quiescent BALB 3T3 cells
or this enzyme isolated from mouse brain.

BALB 3T3 cells and their transformants contain a specific
cytosol receptor for 1Â«^(OHfeDs, but the binding sites of the
transformants were fewer and had lower affinity than those of
untransformed BALB 3T3 cells.

These effects of 1a,25(OH)2D3 were specific, because other
derivatives of vitamin D3 induced the same effects only at 200
times or more higher concentrations.

INTRODUCTION

Chemical transformation in vitro provides a reliable model for
investigating cellular and molecular mechanisms of chemical
carcinogenesis at a cellular level. As in carcinogenesis in mouse
skin, there are two stages of carcinogenesis, initiation, and
promotion in transformation of cells such as C3H/10T1/2 (1) and
BALB 3T3 (2) cells. These cells can be used to study the
biological and biochemical effects of promoting agents uncom
plicated by the effects of host factors. They also provide potential

Received 10/11/84; revised 7/24/85,10/24/85; accepted 10/25/85.
'Supported in part by a grant for Cancer Research from the Ministry of

Education, Science, and Culture of Japan.
2Present address: National Institute of Hygienic Sciences, Kamiyoga 1-18-1,

Setagaya-ku, Tokyo 158, Japan.
3To whom requests for reprints should be addressed.

systems for assay of new classes of initiating and promoting
agents.

1a,25(OH)2D34 is a hormonally active form of vitamin D3 for

enhancing intestinal calcium transport and bone mineral mobili
zation, and thus regulates the calcium level in the blood (for
review, see Ref. 3). It is formed by sequential hydroxylations:
first in the liver at the 25-position and then in the kidney at the
la-position. A physiological level of 1a,25(OH)2D3 in the plasma

is about 0.04 ng/ml (4, 5). A cytosol receptor for 1Â«,25(OH)2D3
has been found in almost every tissue examined (for reviews,
see Refs. 3 and 6). The presence of a receptor in a wide variety
of cells suggests that this vitamin functions not only in calcium
homeostasis but also in other processes, perhaps including
tumor formation.

Recently, we have been studying the regulation of cellular
differentiation by la^OH^Ds (for reviews, see Refs. 6-8). We

have found that 1a,25(OH)2D3 stimulates differentiation of M1
and HL-60 myeloid leukemia cells (5, 9,10), epidermal keratino-
cytes (11), and B16 melanoma cells (12), and blocks DMSO-

induced differentiation of Friend erythroleukemia cells (13). It also
induces cell fusion of alveolar macrophages of mice (14). The
interesting fact that these actions of 1Â«,25(OH)2D3are very
similar to those of TPA (6) prompted us to examine the possible
promoting effect of 1Â«,25(OH)2D3using experimental systems in
vivo and in vitro.

We reported previously that 1a,25(OH)2D3 markedly enhanced
chemically induced transformation of BALB 3T3 cells (15). Jones
et al. (16) also found a similar effect of 1Â«,25(OH)2D3on chemical
transformation of Syrian hamster embryo cells in a colony assay.
In two-stage skin carcinogenesis In vivo, 1a,25(OH)2D3 was

unexpectedly found to act as an antipromoter rather than as a
promoter. We reported that 1Â«,25(OH)2D3inhibited both induc
tion of ODC and tumor promotion by TPA and mezerein (17,18).
A similar inhibitory effect on tumor promotion was reported by
Wood ef al. (19). More recently, however, Wood ef al. (20)
reported that la^SÃ•OH^Ds stimulated titrr.or formation in a
complete carcinogenesis model in which 7,12-dimethyl-

benz(a)anthracene was applied repeatedly to the skin of mice
without TPA treatment. The apparent discrepancy between
these results remains to be explained by future studies.

The present study was undertaken to investigate the cellular

4The abbreviations used are: 1a,25(OH>2D3, 1a,25-dihydroxyvitamin D3;
24R,25(OH)2D3, 24fl,25-dihydroxyvitamin D3; 25(OH)D3, 25-hydroxyvitamin D3;
1Â«(OH)D3,1a-hydroxyvitamin D3; MCA, 3-methylcholanthrene; DMSO, dimethyl
sulfoxide; TPA, 12-O-tetradecanoylphorbol-13-acetate; PDBU, phorbol-12,13-di-
butyrate; EGF, epidermal growth factor; PCS, fetal calf serum; ODC, L-omithine
decarboxylase (EC 4.1.1.17); TCA, trichloroacetic acid; PBS, phosphate buffered
saline containing 8.0 g NaCI, 0.2 g KCI, 0.2 g KH,POt. and 1.15 g Na2HPO4
2H2O/liter.
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ENHANCEMENT OF TRANSFORMATION BY 1a,25(OH)2D3

and molecular mechanisms by which chemically induced trans
formation is enhanced by 1a,25(OH)2D3. We were interested in
particular in (a) whether 1a,25(OH)2D3 has an enhancing effect
at a physiological concentration, (b) whether 1a,25(OH)2D3
evokes similar responses to TPA in BALB 3T3 cells such as
induction of ODC and activation of protein kinase C, and (c)
whether among the metabolites of vitamin D3, 1a,25(OH)2D3
has specific actions. The results obtained indicated that
1a,25(OH)2D3 enhances chemically induced transformation of
BALB 3T3 cells even at a physiological concentration and that
its mechanism of action differs from that of TPA.

MATERIALS AND METHODS

Chemicals. Vitamin D3 and its derivatives,
24R,25(OH)2D3, 25(OH)D3, and 1Â«(OH)D3were supplied by courtesy of
Dr. I. Matsunaga, Chugai Pharmaceutical Co., Tokyo, and were dissolved
in ethanol. TPA was obtained from Consolidated Midland Co., Brewster,
NY, and was dissolved in acetone. MCA was purchased from Fluka A.
G., Buchs, Switzerland and was dissolved in DMSO. [23,24-3H]-

1a,25(OH)Â¡>D3(specific activity, 91 Ci/mmol) were purchased from Amer-
sham International, Bucks, United Kingdom. [3H]PDBU (specific activity,
15.3 Ci/mmol), [125I]EGF (specific activity, 150 nC\/ng), and [7-32P]ATP

(specific activity, 30 Ci/mmol) were purchased from New England Nuclear
(Boston, MA).

Transformation Assay. BALB 3T3 A31-1-1 clone cells were kindly

provided by Dr. Takeo Kakunaga, National Cancer Institute, Bethesda,
MD. The cells were grown in minimum Eagle's medium supplemented

with 10% PCS, purchased from Filtron Pty., Altona, Victoria, Australia,
and incubated in a humidified incubator at 37Â°Cin an atmosphere of 5%

CO2 in air. We used a single batch of PCS which was prescreened for
the absence of spontaneously transformed foci but the induction of
appreciable numbers of foci on treatment with MCA (5 ng/rr\\) for 72 h.
Two-stage transformation of BALB 3T3 cells was assayed by the pro

tocol described by Hirakawa ef al. (2). The cells were plated for transfor
mation assay at 104 cells/60-mm dish (10 dishes for each point) in 4 ml

of culture medium. The next day, the cells were treated with MCA (1 ^g/
ml) for 72 h. From 4 days after removal of MCA, the cultures were
exposed to vitamin D3 derivatives or TPA for 2 wk. Then the cells were
cultured in normal medium for another 3 wk. The medium was changed
twice a week during the first 4 wk and once a week thereafter. Colony
forming efficiency was assayed in parallel by plating 100 cells/60-mm

dish (4 dishes for each point) and treating them with MCA for 3 days
and then with vitamin D3 derivatives or TPA from 4 days after removal
of MCA. Cultures for assay of colony formation and transformation were
fixed and stained with Giemsa 11 days and 6 wk, respectively, after
plating.

Transformed foci were identified by three morphological characteris
tics: (a) basophilic staining; (b) formation of a dense layer; and (c) random
orientation of cells at the edges of foci. Up to three points (0, 1, and 2;
higher points for typical transformation) were given for each parameter,
and foci with a score of 4 or more points (6 at the highest score) were
regarded as transformed. Type III foci according to the criteria of Rezni-

koff ef al. (21) usually had a score of 5 or 6 points. Foci of less than 3
mm diameter were not scored. Data were expressed as fractions of
dishes with transformed foci and the mean numbers of transformed foci
per dish.

Measurement of Cytotoxic and Cytostatic Effects. The cytotoxic
effect of 1a,25(OH)2D3 was measured by plating 100 cells/60-mm dish

and adding the test compound 18 to 24 h later (day 1). The cultures
were fixed and stained with Giemsa on day 10 for counting numbers of
colonies. For examination of growth curves, 105 cells were plated per

35-mm dish, and the test compound was added 18 to 24 h later. Medium

containing the compound was renewed on day 5. The numbers of living

cells were counted on days 1,2,3, 5, and 7 by the dye exclusion test
with 0.01% erythrocin B.

Measurement of DMA Synthesis. Cells were plated at 10s cells/35-

mm dish and cultured for 6 days to obtain quiescent cultures. Then the
medium was changed to "depleted medium," which was prepared by

incubating confluent cultures of BALB 3T3 cells in fresh medium for 3
days. The cells were exposed to vitamin D3 derivatives and labeled with
[3H]thymidine (0.5 ^Ci/dish) for 6 h at certain intervals. Then they were

washed three times with PBS and lysed by treatment with 1 N NaOH at
37Â°C for 10 min. The lysate was neutralized with 4 N HCI and acid-

insoluble materials were precipitated by addition of 4 vol of 10% TCA in
an ice bath. The precipitate was collected on a glass fiber filter, washed
3 times with 5% TCA and once with ethanol, and dried. Radioactivity
was counted in a liquid scintillation counter and expressed by counts per
mg protein. The protein content was determined by the method of
Bradford (22).

Assays of [3H]PDBU and '"l-labeled EGF Bindings. Binding of
[3H]PDBU to intact cells was assayed by the method of Horowitz ef al.

(23). Briefly, subconfluent cultures of BALB 3T3 cells in 35-mm dishes
were washed three times with PBS and incubated at 37Â°C in 1 ml of

assay buffer containing bovine serumn albumin at 1 mg/ml in PBS.
1Â«,25(OH)2D3and 30 nw [3H]PDBU were added 20 and 30 min later,
respectively. The cultures were labeled for 30 min at 37Â°C and then

washed three times with ice-cold assay buffer. The cells were solubilized
in PBS containing 0.8% Triton X-100, 0.02% EDTA, and 0.25% trypsin
and radioactivity was counted in ACS II scintillation fluid. Specific [3H]-
PDBU binding was defined as the difference between [3H]PDBU binding

in the presence and absence of a large excess (30 Â¿IM)of unlabeled
PDBU. Other details are described elsewhere (24).

Binding of 125l-labeled EGF to intact cells was assayed by the method

of Lockyer ef al. (25), which was essentially the same procedure as for
assay of PDBU binding excepting that the cells were labeled with 2 ng
of 125l-labeled EGF for 30 min at 37Â°C.

Measurement of ODC Activity. After incubation with 1n.25(OH)2D3.
the cells were washed three times with PBS, suspended in extraction
buffer containing 50 mM sodium phosphate (pH 7.2), 0.1 mw EDTA, and
0.1 mM pyridoxal phosphate, sonically disrupted for 30 s, and centrifuged
at 30,000 x g for 20 min. The activity of ODC was determined by
measuring release of CO2 from ornithine as reported elsewhere (26).
Briefly, the reaction mixture consisted of 50 mw sodium phosphate (pH
7.2), 0.2 HIM pyridoxal phosphate, 0.5 mw dithiothreitol, 0.05 mw EDTA,
0.5 /iCi DL-[1-14C]omithine, 10 nw L-ornithine, and 50 to 200 //I of enzyme

solution in a final volume of 1 ml. After incubation for 60 min at 37Â°C,

0.4 ml of 2 M citric acid was injected through a rubber stopper to stop
the reaction and incubation was continued for another 60 min to ensure
complete liberation of 14CO2and its trapping in Protosol (New England

Nuclear). Radioactivity was counted in a liquid scintillation counter.
Enzyme activity was expressed as nmol of CO2 liberated in 60 min/mg
protein.

Purification and Measurement of Protein Kinase C. Protein kinase
C was partially purified from the brain of Sencar mice by a modification
of the methods of Kikkawa ef al. (27) and Niedel ef al. (28). Twenty
brains were minced and sonically disrupted at 0Â°Cin 50 ml of extraction

buffer consisting of 20 mw Tris-HCI (pH 7.5), 2 mw EDTA, 5 mw
ethyleneglycol bis(/3-aminoethyl ether)-A/,W,N',W-tetraacetic acid, 2 mw

phenylmethylsulfonyl fluoride, and 5 mw 2-mercaptoethanol. The prepa

ration was centrifuged at 100,000 x g for 1 h, and ammonium sulfate
was added to the supernatant. The precipitate with 25 to 55% (w/v)
ammonium sulfate was applied to a Sephacryl S-200 column (0.9 x 80

cm) equilibrated with the extraction buffer. Active fractions of eluate
were loaded on a DE52 column (1.2 x 5 cm) equilibrated with 20 mw
Tris-HCI (pH 7.5) buffer containing 5 mM 2-mercaptoethanol. The column

was washed with 30 ml of the equilibration buffer and then material was
eluted with 50 ml of a linear gradient of 0 to 0.5 M NaCI in equilibration
buffer. The active fraction of eluate was dialyzed against the equilibration
buffer and used as protein kinase C solution.
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ENHANCEMENT OF TRANSFORMATION BY 1Â«,25(0^03

In the study of protein kinase C activation in BALB 3T3 cells,
1a,25(OH>2D3 or TPA was added at a concentration of 100 ng/ml to
quiescent cultures in depleted medium. After incubation for an appropri
ate time, the cells were washed five times with PBS, scraped off, and
suspended in the extraction buffer. The cells were then sonically dis
rupted and centrifuged at 100,000 x g for 1 h. The precipitate was
suspended in the extraction buffer and used as the membrane fraction,
while the supernatant was subjected to DE52 chromatography (0.6 x
1.0 cm) and the fraction eluted with 0.3 M NaCI in the equilibration buffer
was used as an enzyme source of the cytosol fraction. Further details
are described elsewhere.5

Protein kinase was assayed by measuring the incorporation of 32P

from 7-ATMP into histone H1 (27, 29). The standard reaction mixture

consisted of 20 mw Tris-HCI (pH 7.5), 5 mw MgSO4, histone H1 (200 /tg/
ml), 10 MMT-AT32? (4 x 10Â°cpm/nmol), and 50 pi of enzyme preparation

in a final volume of 250 pi. For measurement of protein kinase C activity,
1 rriM CaCI2, 64 pM phosphatidylserine, and 1.3 pM diolein were added
to the standard reaction mixture. After incubation for 3 min at 30Â°C,the

reaction was terminated by adding 5 ml of 25% TCA. The acid-insoluble

fraction was collected on a membrane filter (pore size, 0.45 pm) and its
radioactivity was counted in a liquid scintillation counter.

Assay of 1Â«,25(OH)aD3Receptor. Untransformed and transformed
BALB 3T3 cells in the growing phase were washed extensively with PBS
and disrupted by sonication in 10 mw Tris-HCI buffer (pH 7.4) containing

0.3 M KCI, 2 mM EDTA, and 0.5 mw dithiothreitol. The mixture was then
centrifuged successively at 30,000 x g for 10 min and at 225,000 x g
for 60 min. The cytosol fraction, containing approximately 0.6 mg protein/
0.5 ml, was incubated at 25Â°Cfor 60 min with concentrations of 0.007
to 0.44 nM [3H]-1a,25(OH>2D3. Bound and free [3H]-1a,25(OH)Ã®D3were

separated on hydroxylapatite (30). Specific binding was defined as the
difference between the amounts of [3H]-1a,25(OH)2D3 bound in the

presence and absence of a large excess (500 nw) of unlabeled
1a,25(OH)zD3. Further details were as reported elsewhere (11 ).

RESULTS

Enhancement of MCA-induced Transformation by 1Â«,25-
(OH)2D3. In the BALB 3T3 A31-1-1 cell system, treatment with
MCA at 5 tig/m\ for 72 h was required to induce transformation
and produced about one focus/60-mm dish. With MCA at 1 fig/

ml, the transformation frequency was much less and 0.10 focus/
dish (SD, 0.17; range, 0 to 0.58) was obtained in 10 independent
experiments (see Table 1). We reported previously (15) that
subsequent exposure to 1a,25(OH)2D3 for 2 wk following this
threshold dose of MCA markedly enhanced the transformation
frequency of cells. The frequency of transformation depended
on the concentration of 1a,25(OH);>D3 (Fig. 1). With
1a,25(OH)2D3, 5 ng/ml, the transformation frequency was 1.95
Â±0.73 (SD) foci/dish (range, 0.8 to 3.17) in eight independent
experiments, which was about 20-fold that of cultures treated

with MCA only (Fig. 1). Even at a physiological concentration,
i.e., 0.05 ng/ml, 1a,25(OH)2D3 enhanced significantly (P < 0.001 )
the transformation frequency (0.84 Â±0.34 foci per dish in 2
independent experiments). The increase also depended on the
time of exposure to 1a,25(OH)2D3 (Fig. 2). As reported previously
(15), 1a,25(OH)2D3 alone did not induce transformation under
these conditions.

The specificity of enhancement of the transformation by
1a,25(OH)uD3 was assessed using other derivatives of vitamin
D3, i.e., 25(OH)D3, a precursor of 1a,25(OH)2D3, formed in the

5K. Chida, H. Hashiba, K. Sasaki, and T. Kuroki. Activation of protein kinase C

and specific phosphorylation of a M, 90,000 membrane protein of promotable BALB
3T3 and C3H10T1/2 cells by tumor promoters, in press.

Q 2
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O 0.1 1 10
Concentration (ng/ml )

Fig. 1. Dose-dependent enhancement of MCA-induced transformation of BALB
3T3 cells by laetyOHkD,. BALB 3T3-A31-1-1 cells were treated first with MCA
at 1.0 jig/ml for 72 h and then with la^OH^Ds at the indicated concentration
for 2 wk beginning 4 days after removal of MCA, and transformed foci were scored
6 wk after plating. Points, transformation frequencies in independent experiments;

, average values at concentrations of 0, 0.05, 0.5, and 5 ng/ml. Levels of
significance between the values are: 0 versus 0.05 ng/ml, P < 0.001 ; 0 versus 0.5
ng/ml, P < 0.001; 0 versus 5.0 ng/ml, P < 0.001; 0.05 versus 0.5 ng/ml, not
significant; 0.05 versus 5.0 ng/ml, P < 0.02; 0.5 versus 5.0 ng/ml, not significant.

o 2

37 14

Days

Fig. 2. Time-dependent enhancement of MCA-induced transformation of BALB
3T3 cells by 1Â«Â¿SfOHfeDs.MCA (1 /ig/ml for 72 retreated cells were exposed to
1a,25(OH>2D3 at 5 ng/ml for the indicated periods beginning 4 days after removal
of MCA. Transformed foci were scored 6 wk after plating. Data were obtained in a
single experiment.

liver; 24f?,25(OH)2D3, a metabolite formed in the kidney in parallel
with 1(V,25(OH)2D3;vitamin D3, a precursor of these metabolites;
and 1a(OH)D3, a synthetic analogue of 1a,25(OH)2D3. As shown
in Table 1, these derivatives did enhance transformation, but
with the exception of 1a(OH)D3 only at a concentration of 100
ng/ml. These results indicate that 1a,25(OH)2D3 has a specific
enhancing effect.

Consistent with a previous report (2), MCA-induced transfor

mation was also enhanced by TPA, a phorbol ester tumor
promoter (Table 1). When the cells were treated with MCA at 1
/tg/ml for 72 h and then with TPA at 1000 ng/ml for 2 wk, a
transformation frequency of 2.03 Â±1.15 (range, 0.58 to 3.30)
was obtained in four independent experiments.

Cytotoxicity and Morphological Changes on Treatment with
1a,25(OH)2D3. As seen in Fig. 3/4, treatment with 1a,25(OH)2D3
alone in the range of concentrations causing transformation did
not decrease the number of colonies formed. However, treatment
at these concentrations suppressed growth of the cells as is
evident from the size of colonies and the growth curves (Fig.
3B). Cells treated with 1a,25(OH)zD3 for 3 or more days were
more slender and became arranged in a meshwork with wide
intercellular spaces and consequent decrease in saturation den
sity. These morphological and cytostatic changes were reversible
on removal of the vitamin.

Other derivatives of vitamin D3 also induced similar cytostatic
and morphological changes of BALB 3T3 cells but only at the
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ENHANCEMENT OF TRANSFORMATION BY

Table 1
Enhancement of MCA-induced transformation of BALB 373 cells by certain derivatives of vitamin D3 other than 1a,25(OH)J)3 and TPA

First
treatmentDMSO

(0.5%)MCA
(1 MQ/ml)Second

treatment
(ng/ml)Ethanol

(0.5%)EthanolVitamin

D310010001Â«(OH)D3100100025(OH)D3100100024R,25(OH)2D31001000TPA101001000Colony

formation
(%)73.813.816.516.824.816.817.316.511.011.328.528.028.5No.

of dishes with
foci/no, of dishes

examined0/1
03a10/99"1/109/107/108/91/1010/101/109/1013/21C10/20C37/46"TransformationTotal

no. of
foci/no, of
dishes0/103"12/99"1/1013/1015/1019/91/1031/102/1030/1025/21c31/20C91/46*Foci/dish00.10

Â±0.17*0.11.31.52.10.13.10.23.01.29

Â±1.00"1.55
Â±2.05"2.03

Â±1.16'

" Pooled data from 10 independent experiments.
" Average Â±SO of 10 independent experiments.
c Pooled data from 2 independent experiments.
" Average Â±SD of 2 independent experiments.
8 Pooled data from 4 independent experiments.
' Average Â±of 4 independent experiments.

ÃŽ210Â°

|l Â«O
Ã™jO

lÃ¯
10

24 6 8 10

ng / ml
246

DayÂ«

10Â«

O

10Â»

Fig. 3. Plating efficiency (A) and growth curve (B) of BALB 3T3 cells treated
with 1tt,25(OH)2b3, In A. 1 day after plating of 100 cells/60-mm dish, cells were
treated with 1<i.25(OH)Â¡Â¡D3at the indicated concentration and cultured for 10 days.
In B. cells were plated at 10s Å“lls/35-mm dish and treated with 1Â«,25(OH)2D3at

0.05 (A), 0.5 (O), and 5 (O) ng/ml on days 1 and 5, respectively, after plating (|).
Control cultures (â€¢)were treated with solvent (ethanol) only.

concentrations required for enhancing MCA-induced transfor

mation, i.e., 1000 ng/ml.
Induction of DMA Synthesis by 1Â«,25(OH)2D3.1<v,25(OH)2D3

induced DNA synthesis time and dose dependently in quiescent
BALB 3T3 cells which had reached a saturation density and had
stopped DNA synthesis and cell division (Fig. 4). Increase in DNA
synthesis, expressed as incorporation of [3H]thymidine/mg pro

tein, was apparent after incubation for 24 h and at as low a
concentration of 1a,25(OH)2D3 as 0.05 ng/ml, the physiological
level in the plasma. Other derivatives of vitamin D3, such as
1Â«(OH)D3,25(OH)D3, and 24R,25(OH)2D3 also stimulated DNA
synthesis, but only at concentrations of more than 300 ng/ml.
Vitamin D3 did not induce DNA synthesis at 1000 ng/ml.

TPA also induced DNA synthesis when added to quiescent
BALB 3T3 cells at a dose of 1 ng/ml and its effect was maximal
at 30 ng/ml. The extent of induction of DNA synthesis by TPA
was 5 or more times that of 1Â«,25(OH)2D3(data not included).
Thus, the potencies of TPA and 1a,25(OH)2D3 in inducing DNA

I 2

I

1.5

O.5

24 48
Time ( hours )

72 2 5 10
Concentration ( ng/ml )

Fig. 4. Time-dependent (A) and dose-dependent (B) induction of DNA synthesis
in quiescent BALB 3T3 cells by 1a^OHfcDa (â€¢)or ethanol (O). 1a,25(OH),D3 was
added at 10 ng/ml (A) or at the concentration indicated (B), and incorporation of
['HJthymidine was measured for 6 h at the time indicated (A) or from 24 to 48 h

(B). Data were obtained in a single experiment. Bars, S. D.

synthesis did not correspond with their potencies in enhancing
transformation.

Absence of Interference of 1Â«,25(OH)2D3with Binding of
PDBU and EGF. TPA and teleocidin B were reported to inhibit
binding of EGF and phorbol ester tumor promoters such as
PDBU to cell surface receptors (2, 23, 24, 31, 32). We therefore
examined the possible interference of 1a,25(OH)2D3 with the
bindings of PDBU and EGF to intact cells. For the results in Table
2, subconfluent cultures of BALB 3T3 cells were incubated with
[3H]PDBU and 125l-labeled EGF for 20 and 30 min, respectively,

times at which the bindings reached plateaus. 1Â«,25(OH)?D3was
added 10 min before addition of the ligands at much higher
concentrations (100 times for PDBU and 43 times for EGF). No
decreases were observed in the specific bindings when the cells
were exposed to 1Â«Â¿SfOH^Ds,indicating that unlike TPA it did
not interfere with the bindings of PDBU and EGF to intact BALB
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ENHANCEMENT OF TRANSFORMATION BY

Table 2
Absence oÃinterference with binding of PDBU and EGF by Ta,25(OH)J33 in BALB

3T3 cells

LJgandPDBU

(30HM)EGF(165nw)1a,25(OH)2D3(PM)00.3330300300007100Specific

binding
(cpm/dish)2,7002,3002,9002,8003,2002,7001,2001,200

TatHe3

Absence of induction of ODC by 1a,25(OH)Â£>3and absence of inhibition by
1a,25(OH)Â£>3of ODC induction by TPA in quiescent BALB 373 ce//s

TPA
concentration

(ng/ml)a000

001001001001001001a,25(OH),D3Concentration(ng/ml)Ethanol0.1110100Ethanol0.1110100Exposure

time(h)44

2-24"44444ODC

activity
(nmol CO2/h/
mg protein)0.020.030.02

0.030.051.111.051.101.151.15

a TPA was added simultaneously with 1a,25(OH)jD3 for 4 h.
"ODC activity was measured 2, 4, 6, 8, 12, 16, and 24 h after addition of

1Â«,25(OH)jD3.

3T3 cells. This finding is consistent with the report by Murao ef
a/. (33) which also showed the absence of interference of
1a,25(OH)2D3 with the binding of PDBU to HL-60 cells.

Absence of ODC Induction by 1Â«,25(OH)2D3.ODC induction
may be a necessary event in the promotional phase of carcino-

genesis, since a close correlation has been found between the
potencies for tumor promotion and induction of ODC in vivo (34)
and in vitro (35). We measured the ODC activities of quiescent
BALB 3T3 cells treated with 1a,25(OH);>D3at concentrations of
0.1 to 100 ng/ml for 4 h or at a concentration of 10 ng/ml for
periods of 2 to 24 h. Little or no ODC activity was detected
(Table 3). Under the same conditions, ODC activity was induced
by TPA at 100 ng/ml.

We found previously that in mouse skin, ODC induction by
TPA was markedly inhibited by 1a,25(OH)2D3 (17), but this was
not the case in BALB 3T3 cells. As seen in Table 3,1 a,25(OH);>D3
did not inhibit induction of ODC caused by TPA.

Absence of Activation of Protein Kinase C by 1a,25(OH)2D3.
Recent studies have shown that at least some of the effects of
TPA are mediated by protein kinase C. Under physiological
conditions, this protein kinase is activated by diacylglycerides,
which are produced from inositol phospholipids in a signal-

dependent manner (36). TPA may activate protein kinase C by
binding to it in place of diacylglycerides (29). We therefore
investigated whether 1Â«,25(OH)2D3activates protein kinase C.
Quiescent BALB 3T3 cells were treated with 1a,25(OH)2D3 at
100 ng/ml for 24 h. At appropriate times the cells were harvested
and separated into cytosol and membrane fractions and their
protein kinase activity was measured in the presence and ab
sence of calcium, phosphatidylserine, and diolein (Table 4). Ap

preciable protein kinase C activity was found in the cytosol
fraction of solvent (ethanol)-treated cells, but this activity did not

change, remaining at the control level during incubation for 24 h.
For comparison, TPA was added under the same conditions.5

Consistent with the reports by Kraft ef a/. (37,38), after treatment
for 1 h, protein kinase C activity disappeared from the cytosol
and protein kinase activity in the membrane fraction increased.

Addition of 1(2,25(01-1^08 at 1 /tg/ml did not activate protein

kinase C isolated from mouse brain, whereas addition of TPA at
the same concentration stimulated the activity to the same ex
tent as diolein, a synthetic diacylglyceride. Furthermore,
1a,25(OH)2D3 did not inhibit the activity stimulated by TPA (Fig.
5). These results indicate that 1a,25(OH)2D3 is neither an acti
vator nor an inhibitor of protein kinase C.

Receptor for 1a,25(OH)2D3 in BALB 3T3 Cells. We reported
previously (15) that BALB 3T3 cells contain a specific cytosol
receptor for 1a,25(OH)2D3 with a Ka of 28.4 pw and a maximum
binding capacity of 32.6 fmol/mg protein (Table 5). In the present
study, we examined the specificities of binding by two other
vitamin D3 metabolites, 25(OH)D3 and 24n,25(OH)2D3. These
metabolites bound to the receptor but had much lower affinities;
300 times or more higher concentrations than 1Â«,25(OH)2D3
were required for 50% displacement (data not shown). These
results indicate that a specific receptor for 10,25(01-1^03 is
present in BALB 3T3 A31-1-1 cells.

Three transformed clones (Nos. 8, 10, and 11) were assayed
for the presence of a receptor for 1a,25(OH)2D3. As summarized
in Table 5, the transformed cells also contained a specific cytosol
receptor for 1Â«,25(OH)2D3,but showed lower affinities and fewer
binding sites than the parental BALB 3T3 cells.

DISCUSSION

In the present study, we confirmed and extended our previous
observation (15) that 1a,25(OH)2D3 markedly enhanced chemi
cally induced transformation of BALB 3T3 cells. The enhance
ment occurred even at a physiological level of 10,25(01-1^03 in

the plasma, i.e., 0.05 ng/ml. This action of 1a,25(OH)2D3 was
specific; at least 200 times higher doses of other derivatives of
vitamin D3 were required for induction of the same effects. We
previously reported that BALB 3T3 cells contained a specific
cytosol receptor for 1a,25(OH)Â¡>D3which has a Ka of 28.4 pw and
a maximum binding capacity of 32.6 fmol/mg protein (15). Stud
ies on competitive binding to the cytosol receptor revealed more
than a 300-fold difference in its affinities for 1a,25(OH)uD3 and

other derivatives of vitamin D3. These findings suggest that
1Â«,25(01-1^03enhanced the transformation by a receptor-medi

ated mechanism.
We found that 1a,25(OH)2D3 was not cytocidal but suppressed

the growth and saturation density of BALB 3T3 cells. In this
connection, it is noteworthy that Bertram (39) reported that the
use of lower concentrations of FCS for 2-4 wk posttreatment

period enhanced chemically induced transformation of C3H1OT1 /
2 cells, possible due to decrease in the saturation density result
ing from decrease in the serum concentration. It will be interest
ing to examine this and an additional possibility that 1Â«,25-

(OH)2D3offers a selective advantage for growth of transformed
cells.

During studies on cell differentiation we noticed that the ac
tions of 10,25(01-1^03 mimics those of phorbol ester tumor
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Table 4

Protein kinase activity in the cytosol and membrane traction of quiescent BALB 3T3 cells treated with1a,25(OH)&3TreatmentEthanol1o,25(OH)Â¡,D3

(100 ng/ml)Time

(h)0-24b12

4
612

24Cytosol

protein kinase activity (pmol/min/1 08cells)None7.9

Â±0.46(7.0-8.3)Â°7.6

7.8
8.6
8.2
8.3
7.7Ca-PS-DG"19.6

Â±0.6(18.2-20.6)18.6

19.4
18.7
18.3
17.6
18.0Membrane

protein kinase activity
(pmol/min/1 0"cells)None6.1

Â±0.4(5.7-6.6)6.7

6.7
6.6
6.6
6.4
6.0Ca-PS-DG6.0

Â±0.4(5.3-6.4)6.2

6.9
6.4
6.1
6.6
5.8

TPA
(100 ng/ml)

1 8.6 8.7 15.4 15.1

8 Protein kinase activity was measured in the absence and presence of 1 rriM CaCb (Ca), 64 pM phosphatydylserine (PS), and 1.3 Â¿IMdiotein (DG). All values except

for those of the ethanol group are averages for duplicate measurements.
6 Averages Â±SD for 7 measurements after incubation for 0,1, 2, 4, 6,12, and 24 h.
c Numbers in parentheses, range.

IÂ«

Â° 6
X

None CaCI.,CaCI..CaC1.,CaCI..CaCI.
PS PS PS PS PS

1,25D3 DG TPA TPA

1,25D3

Fig. 5. Effects of 1a,25(OH)2D3 and TPA on protein kinase C activity. Partially
purified protein kinase C of mouse brain was incubated in the standard reaction
mixture with the compounds indicated at the bottom of columns. Concentrations
of 1 mM CaCI2, 64 MMphosphatidylserine (PS), diolein (DG) (1 ^g/ml), TPA (1 jig/
ml), and 1a,25(OH)2D3 (7,25D3) (1 fig/ml) were added. Activity of protein kinase C
(PK activity) was measured under the conditions described in the "Materials and
Methods." Columns, averages Â±SD (oars) for duplicate measurements.

Tables

KOand maximum binding capacity of 1a, 25(OH)&3 to cytosol protein of BALB
3T3 cells and their transformants

CellsBALB
3T3"

Transformants
No. 8
No. 10
No. 11Ka(PM)28.488.3

61.9
97.4Maximum

binding capacity
(fmol/mgprotein)32.68.119.2

17.0
a Reported elsewhere (15).

promoters (6). Like TPA, 1a,25(OH)2D3 stimulates differentiation
of M1 and HL-60 myeloid leukemia cells and epidermal kerati-
nocytes but blocks DMSO-induced differentiation of Friend eryth-
roleukemia cells (5,9-11,13,32). In the present study, however,

we found that the action of 1a,25(OH)2D3 in transformation of
BALB 3T3 cells was not the same as that of TPA. Although both
compounds markedly enhanced chemically induced transforma
tion and induced DNA synthesis, their effects in induction of
ODC, activation of protein kinase C, and binding of phorbol
esters and EGF were different. These results suggest that
1a,25(OH)2D3 and TPA enhance chemically induced transfor

mation by different mechanisms but that the two may have the
same unknown critical cellular target.

The present study suggests that protein kinase C activation
is not involved in 1a,25(OH);,D3-mediated events. This difference

from results with TPA may be related to a difference between
the receptor-mediated mechanisms of action of 1a,25(OH)2D3

and TPA: the receptor for TPA is located on the cell membrane
and seems to be protein kinase C itself (29, 36); whereas that
for 1a,25(OH)2D3 like those for other steroid hormones is found
in the cytosol or nuclear fraction (40, 41). Franceschi (42) re
ported the interaction of the 1a,25(OH)2D3 receptor with DNA
and RNA, suggesting that the effect of 1Â«,25(01-1^03on gene

expression is mediated by direct interaction of the receptor
complex with DNA or RNA rather than by activation of protein
kinase C as a signal transduction system in the cell surface.

The actions of 1a,25(OH)2D3 are largely dependent on the
experimental system and are markedly different in the BALB 3T3
cell and mouse skin systems. Although 1a,25(OH)2D3 did not
inhibit ODC induction by TPA in BALB 3T3 cells, it inhibited TPA-

induced ODC in mouse skin (17). 1Â«,25(0^03 induced DNA
synthesis in quiescent BALB 3T3 cells but did not cause epider
mal nyperplasia in mouse skin. The most striking difference was
between the effects on transformation in vitro and tumor pro
motion in vivo: 1a,25(OH)2D3 enhanced chemically induced trans
formation of BALB 3T3 cells but inhibited the promotion stage
of two-stage carcinogenesis in mouse skin (18, 19). A further

complication is the recent report of Wood et al. (20) that
1a,25(OH)2D3 stimulated tumor formation in a complete carci
nogenesis model of mouse skin. Further studies on the cellular
and molecular mechanisms of tumor promotion and the actions
of 1a,25(OH)2D3 are necessary to explain this discrepant result.
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