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ABSTRACT

The proteins encoded by ras and src protooncogenes are frequently
activated in a constitutive state in human colorectal cancers. To investigate
the mechanism(s) whereby oncogenic p21r"* and pp60c"sr* contribute to

malignant transformation of intestine, human colonie Caco-2 cells trans-
fected with an activated (Val 12) human Ila-ras gene (Caco-2-T cells) or
Py-MT oncogene, a constitutive activator of pp60"sr* tyrosine kinase ac

tivity (Caco-2-MT cells), were analyzed for tumorigenicity, protein kinase

C (PKC) isoform expression, and PKC activity. As compared with control
vector Caco-2-H cells, Caco-2-T and Caco-2-MT cells displayed: (a) an
enhanced tumorigenicity in nude mice; (ft) a 4-fold increase in the level of
PKC-a mRNA which was not due to enhanced iiiRN V stability and was
mediated through a PKC-independent pathway since it persisted after
PKC depletion; in increased PKC-a immunoreactive protein content
(3-fold), total PKC catalytic activity (3.5-fold), and total cell number of
['H]phorbol-12,13-dibutyrate binding sites (4-fold); and (</) a 1.7-fold

higher membrane-bound/total PKC activity ratio together with 1.8- and
1.5-fold increases in [3H]arachidonate- and |-'H]myristate-labeled diacyl-

glycerol levels. In conclusion, the tumorigenic progression induced by
oncogenic p21ril''or the Py-MT/pp60"s" complex in Caco-2 cells is associ

ated with increased PKC-a gene transcription and PKC-a expression as

well as with constitutive PKC activation. These results provide the first
evidence that the PKC-a gene is a target for the signaling pathways of
oncogenically activated p21ra<1and ppoO'""" in human colonie cells. They

raise the possibility that PKC-a is an effector of these oncoproteins for
activation of Caco-2 cell tumorigenic potential.

INTRODUCTION

Colorectal cancer is the second most common cause of death in
developed countries. The mechanisms of this malignancy are not yet
fully understood despite recent major advances in the molecular ge
netics of the cancerous transformation of human colonie epithelial
cells. Colorectal tumorigenesis is currently thought to proceed through
a series of alterations including overexpression and activation of
membrane, cytoplasmic, and nuclear oncoproteins as well as loss of
tumor supressor genes ( 1, 2). One of the earlier alterations consists in
point mutations in members of the rax gene family (Ki-, Ha-, and
N-ras) (3), which encode closely related M, 21.000 guanine nucle-
otide-binding proteins (p21ras). The mutant p21ras is resistant to neg

ative regulation by GTPase-activating protein and therefore remains
constitutively active in the GTP-bound form (4). Another alteration

consistently observed at different stages of the tumor progression in
colonie mucosa is the activation of the tyrosine kinase activity of the
pp60 phosphoprotein encoded by the protooncogene c-src (5, 6), the

normal cellular homologue of the Rous sarcoma virus transforming
gene v-src. The high frequency of these two alterations strongly
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suggests that the p21ras and pp60c"5lxoncoproteins, both of which are

involved in growth factor signal transduction pathways, play a central
role in human colon carcinogenesis.

Alteration of the DAGVPKC pathway has been suspected of being
one of the mechanisms involved in the malignant transformation of
rodent fibroblasts induced by ras and src. Several studies indeed
reponed that ras- or .srr-transformed fibroblasts exhibited elevated
steady-state DAG levels and/or increased membrane-bound PKC ac
tivity but had significantly reduced total cellular PKC content (7-9).
This was generally interpreted as indicating that PKC is down-regu

lated in these transformed cells as a result of the permanent activation
of the enzyme promoted by increased DAG levels. This latter finding
was not corroborated by Borner et al. (10) who did not observe any
change in the subcellular distribution of PKC in ras- or .w-transfected
fibroblasts. However, they found the expression of specific PKC iso-

forms in these cells to be modified.
To our knowledge, there is no information about the mechanism!s)

involved in the transforming activity of ras and src oncogenes in
human colonie epithelial cells, probably due to the difficulty of main
taining this cell type in culture. In an effort to address this issue, we
used the human colon adenocarcinoma cell line Caco-2. which is

known to undergo a spontaneous enterocytic differentiation in culture
(11) and to display a very low tumorigenic potential in nude mice as
compared with other human intestinal carcinoma cell lines (12). The
Caco-2 cell line therefore provides a suitable model by which to

examine the molecular and genetic events linked to the activation of
ras or .src oncogenes in human colonie epithelial cells. We investi
gated the effect of these oncogenes on cancer progression along with
PKC isoform expression and PKC activity in Caco-2 cells transfected

(13) with a plasmid vector recombined either with an activated (Val
12) human c-Ha-ras gene (Caco-2-T cells) or with the cDNA encod
ing the Py-MT antigen (Caco-2-MT cells). The middle T antigen
forms stable complexes with pp60c"src in such a way as to prevent the

phosphorylation of Tyr-527 and thereby constitutively activates its

tyrosine kinase activity (14). Our study demonstrates that the tumor
igenic progression induced by oncogenic p21ri1''or the PyMT/pp60c"src

complex in Caco-2 cells is associated with increased PKC-a gene
transcription and PKC-a expression as well as with constitutive PKC

activation.

MATERIALS AND METHODS

Materials. PDBu (18 Ci/mmol) and |-y-l;P]ATP (10-30 Ci/mmol) were
obtained from NEN-DuPont Research Products (Les Ullis, France). |9.10-'H]-
myristic acid (39.3 Ci/mmol), [5. 6. 8. 9. 11. 12. 14. 15-'H]arachidonic acid (76
Ci/mmol). [a-12P]dCTP (3,000 Ci/mmol), and the protein kinase C enzyme

assay system (code RPN 77) were purchased from Amersham Corp. (Les Ullis.
France). The monoclonal anti-PKC antibody (selectively reactive for PKC-a

-1The abbreviations used are: DAG. diacylglycerol; Py-MT, polyonia virus middle T;
PKC. protein kinase C; BSA. bovine serum albumin; PDBu. phorbol-l2.13-dibutyrale:
PMA. 40-phorbol-12ÃŸ-myristate I3a-acetate; PMSF. phenylmethylsulfonyl fluoride;
DMEM. Dulbecco's modified Eagle's medium; PBS. phosphate-buffered saline; DRB.

5.6-dichlorobenzimidazole riboside; SDS. sodium dodecyl sulfate: cDNA. complementary
DNA; SSC, standard saline-citrate; Kj: dissociation constant.
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catalytic domain) was from Upstate Biotechnology Inc. (Lake Placid, NY). The
anti-p21ras (Y13-259) monoclonal antibody was from Oncogene Science

(l'monetale. NY). F;itty acid-tree BSA was purchased from Roehringer Mann

heim Biochemicals (Meylan. France). DRB. PMA. and PMSF were purchased
from Sigma Chemical Co. (St. Louis, MO). The Magna poly(AAA)+ RNA

isolation kit was purchased from Clontech Laboratories (Palo Alto. CA).

DMEM was from GIBCO BRL (Grand Island, NY) and fetal calf serum was

from PBS Orgenics (Strasbourg, France).
Cell Lines. Human colonie adenocarcinoma Caco-2 cells were transfected

by electroporation, as previously described (15. 16). Hornero, aplasmid vector
containing a MoMSVLTR-driven G418 resistance gene, which was recom-

bined either with a mutated (Val 12) human Ha-rai gene (pH06Tl) (17) or

with the cDNA encoding the Py-MT antigen (pH06MTl) (18) was used for
cell transfection. The G418-resistant colonies observed after a 2-week selection

were randomly isolated by cloning cylinders, amplified, and screened for the
expression of the transfected oncogenes. Caco-2 cells transfected with the
plasmids Homer 6, pHO6Tl. or pHOoMTl were designated as Caco-2-H.
Caco-2-T, and Caco-2-MT cells, respectively. The GTP/GDP ratio on p21ras

was measured according to the method of Burgering et al. (19), with minor
modifications. Expression of the Py-MT antigen was checked by Western
hybridization using a rabbit anti-Py-MT antigen polyclonal antibody (generous
gift from Dr. D. Pallas. Dana-Farber Cancer Institute. Boston, MA). Expression
of the e-m- protooncogene in the three Caco-2 transfected cell lines was

determined by slot blot analysis using a full length c-src cDNA probe
(generous gift from Dr. H. Piwnica-Worms. Dana-Farber Cancer Institute)
and by Western hybridization with an ami-pp60c~src monoclonal antibody (gen

erous gift from Dr. S. Courtneidge. European Molecular Biology Laboratory.
Meyerhofstrasse, Heidelberg, Germany).

Cell Culture. Cells were routinely grown in 60-cm2 plastic plates in a
humidified incubator equilibrated with 5% CO2 at 37Â°C,using DMEM (4.5

g/liter glucose) supplemented with 15% fetal calf serum, 2 m.Mglutamine. 100
units/ml penicillin, and 100 /xg/ml streptomycin. After trypsinization (0.005%
trypsin, 0.5 m.M EDTA). Caco-2-H, Caco-2-T. and Caco-2-MT cells were
seeded in 60-cm2 plates or in 6-well dishes. For all the assays reported below,

the cells were harvested at confluency.
Tumorigenicity. About IO7 cells from the Caco-2-T, Caco-2-MT, Caco-

2-H, or parental Caco-2 cell lines were injected s.c. into 5 athymic nude mice

aged 4 weeks. Tumor growth was monitored weekly up to 9 weeks by calliper
rule measurement into 2 dimensions. Tumor volume was calculated by the

formula:

A = - X D\ X D2.
o

where DI and D2 are. respectively, the measured diameters of the tumor.
[3H]PDBu Binding to Intact Cells. Serum-deprived Caco-2-H. Caco-2-T,

and Caco-2-MT cells were incubated for 30 min at 37Â°Cin 0.5 ml of DMEM

containing O.I'/?- fatty acid-free BSA and increasing concentrations (5-100 nw)

of pH]PDBu. The incubations were carried out either in the absence (total
binding) or in the presence of 5 JIM PMA (nonspecific binding). After incu
bation, cell monolayers were washed with 5 ml of ice-cold PBS containing
0.1% fatty acid-free BSA and then with 3 x 5 ml of ice-cold PBS without

BSA. Cells were lysed in 1 ml of l M NaOH for 30 min at room temperature
and 0.2-ml samples were counted for radioactivity. Specific binding was cal

culated by subtracting nonspecific binding from total binding and was ex
pressed as picomoles of [3H]PDBu bound/mg of protein. Protein was deter

mined by the method of Lowry (20) using BSA as the standard.
Northern Hybridization. Caco-2-H, Caco-2-T. and Caco-2-MT cells were

washed twice with ice-cold PBS and then scraped off directly into 4 Mguani-
dinium isothiocyanate [containing 25 m.Mcitrate sodium, 0.1 M 2-mercaptoet-

hanol, Sarkosyl 0.5% (pH 7.0)], and the RNA was isolated by centrifugation
through a cushion of 5.7 M CsCl (21). Poly(A)^ RNA was isolated using a
Magna poly(AAA)+ RNA isolation kit. RNA samples containing 20 or 25 u,g
of total RNA or 5 fig of poly(A)* RNA were electrophoresed through 0.8%

agarose-6% formaldehyde gels and blotted onto Hybond-N nylon membranes

in 20 X SSC ( 1 X SSC is 0.15 MNaCl plus 0.015 Msodium citrate). The RNA
blots were hybridized (18 h at 42Â°C)to various random-primed labeled probes:

Ha-ra.s or Py-MT inserts from pHO6Tl or pHOoMTl plasmids: and PKC-a.
PKC-ÃŸ,or PKC-y probes (generous gift from Dr. N. M. Sposi. Istituto Supe

riore di SanitÃ , Rome). After hybridization, blots were washed to high strin

gency [0.1 x SSC. 0.1% SDS (57Â°C)]and autoradiographed. RNA was quan

tified by densitometric scanning of PKC bands and corrected for loading by
dividing these valut1!; hy me densitometnes oi "xk rkNA kinds in each lane

obtained during subsequent hybridization, using a 28S rRNA oligonucleotide
probe (22) labeled with T4 polynucleotide kinase and [-y-32P]ATP.

For determining the half-life of PKC-a mRNA, Caco-2-H, Caco-2-T, and

Caco-2-MT cells were incubated with 25 /xg/ml of the RNA synthesis inhibitor

DRB (23) for different time periods up to 12 h before lysis in guanidinium

isothiocyanate as described above.
Western Hybridization. Total cell extracts were prepared from serum-

deprived Caco-2-H, Caco-2-T, and Caco-2-MT cells as described below and

diluted in sample buffer [8 M urea. 5% SDS. 5% 2-mercaptoethanol, 10%

glycerol,0.02%bromophenolblue,Tris-base(pH6.8)].Samples(50/igof
protein) were subjected to SDS-polyacrylamide gel electrophoresis [10% (w/v)

acrylamide and 0.1% (w/v) SDS], as previously described (24). Proteins were
transferred to nitrocellulose filter membranes (Bio-Rad Laboratories, Rich

mond, CA). Blots were briefly stained with Ponceau S to mark the positions of
molecular mass standards and to assess equal transfer of proteins. Blots were
then blocked for l h at 37Â°Cwith 3% (w/v) BSA and 0.05% Nonidet in

Tris-NaCI buffer (50 mut Tris-base-150 IÃ•IMNaCl, pH 7.6) and incubated
overnight at 4Â°Cwith a 1:500 dilution of a monoclonal antibody specific for

PKC-a catalytic domain. After 3 15-min washes with Tris-NaCI buffer con
taining 0.1% Tween-20, filters were incubated for l h at room temperature with
a 1:1000 dilution of a rabbit anti-mouse horseradish peroxidase-conjugated

antibody. Detection of immunoreactive proteins was performed with the RPN
Amersham enhanced chemiluminescence Western blotting detection system.

Cell Fractionation and PKC Assay. Serum-deprived Caco-2-H, Caco-2-T,
and Caco-2-MT cells in 60-cm2 plates were scraped off and suspended into 2

ml of ice-cold buffer A (10 nui Tris-HCl, pH 7.5-0.25 M sucrose-0.2 HIM
CaCL-1 mvi PMSF-10 /ig/ml leupeptin). For determination of PKC activity in

total cell extracts, the cell suspension was sonicated twice for 15s using an
Ultrasonic disintegrator MK2 at half-maximal setting (MSE Scientific Instru
ments. Sussex. England). EDTA and Triton X-100 [1 ITIMand 1% (w/v) final

concentrations, respectively] were added and after gentle mixing for 1 h, the
suspension was centrifuged (100,000 x g; 60 min). For the preparation of
cytosolic and membrane fractions, cells suspended in 2 ml of buffer A were
sonicated as above. EDTA was added to I ITIMfinal concentration and nuclei
and unbroken cells were removed by centrifugation (1000 x g; 10 min). The
supernatant was centrifuged at 100,000 X g for 60 min to obtain a cytosolic
fraction and a membrane pellet. The pellet was suspended by gentle pipetting
in 1 ml of 20 ITIMTris-HCl (pH 7.5), 0.25 M sucrose, 1 ITIMEDTA. 1 m.M
ethyleneglycol bis(ÃŸ-aminoethyl ether)-A',/V.yv".A':-tetraacetic acid. 10 ITIM

2-mercaptoethanol. 1 msi PMSF. and 1% (w/v) Triton X-100. After 15 min on

ice. insoluble material was removed by centrifugation (100,000 X g; 60 min)

to obtain a solubilized membrane fraction. Aliquots (5 fig of protein) of the
total cell extracts and cytosolic and membrane fractions were assayed for PKC
activity by using the PKC enzyme assay system RPN 77 which is based on 12P

transfer to a peptide specific for PKC. PKC activity is expressed as nanomoles
of 32P transferred to specific peptide substrate/min/mg of protein. In some

experiments. PKC activity was down-regulated by treating cells for 24 h with

2.5 /MMPMA, as previously described (25).
Steady-State DAG Levels. After a 20-h incubation in serum-free DMEM

containing either [3H]arachidonic acid (1 /LtCi/well) or [3H]myristic acid (5
u.Ci/well), Caco-2-H, Caco-2-T, and Caco-2-MT cells were analysed for [3H]-
arachidonate- or ['Hjmyristate-labeled DAGs as previously described (25).

Statistical Analysis. Results are given as the means Â±SEM for the indi
cated numbers of independently performed experiments. Differences between
the mean values were evaluated by Student's t test.

RESULTS

Expression of (Val 12) Ha-ras- and Py-MT Oncogenes in Caco-2
Cells. Caco-2 cells transfected with (Val 12) Ha-ras or Py-MT were

cloned after G418 selection and tested for expression of the trans
fected oncogenes. The human 1.2-kilobase Ha-ras transcript was ex
pressed in Caco-2-T cells at a level far higher than the level of the
endogenous transcript in parental Caco-2 cells (Fig. \A ). As expected,
the GTP/GDP ratio (0.3) on (Val 12) p21'"v in Caco-2-T cells was
3-fold the ratio (0.1) measured for normal p21"" in Caco-2 cells.
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Fig. I. Tumorigenicity of Caco-2 cells after functional insertion of Ha-ras or Py-MT oncogenes. .4, Northern blot analysis of Ha-ra.v and Py-MT transcripts in Caco-2-T and
Caco-2-MT, respectively. Ha-ras and Py-MT fragments of plasmids pHOoTI and pHO6MTl were used as specific probes. B. evaluation of GTP/GDP ratio on p2l"" in Caco-2-T cells
and Caco-2 cells (left): Western blot analysis of Py-MT expression in Caco-2-MT cells fright). C. slot and Western blot analyses of c-.vrc protooncogene expression in Caco-2. Caco-2-T.
and Caco-2-MT cells. In D, four groups of 5 nude mice were given injections of IO7 cells from Caco-2-T, Caco-2-MT, control Caco-2-H. or parental Caco-2 cell lines and monitored

weekly for tumor formation.

indicating a constitutive activation of mutated p2lr"v (Fig. \B). The

Py-MT viral oncogene was specifically identified in the Caco-2-MT
cells at the level of mRNA (3-kilobase transcript) (Fig. \A) and
protein (M, 58,000) (Fig. IÃŸ).Thus human Ha-ras and viral Py-MT
oncogenes have been functionally inserted in Caco-2-cells. In addi
tion, we determined that all three cell lines expressed the c-src pro

tooncogene, as evaluated by slot and Western blot analyses (Fig. 1C).
Tumorigenicity of (Val 12) Ha-ras- and Py-MT-transfected

Caco-2 Cells. When injected into the nude mice, parental Caco-2

cells exhibited a very low tumorigenic potential, in accordance with
previous results (12) (Fig. ID). Similarly, Caco-2-H cells displayed

low tumorigenicity, indicating that the plasmid vector Homer 6 itself
has no effect on this parameter. The tumorigenic potentials of Caco-
2-T and Caco-2-MT cells were very much higher than those of Caco-2
and Caco-2-H cells (Fig. ID), providing clear evidence that the func

tional insertion of activated Ha-ras and Py-MT oncogenes strongly
stimulated Caco-2 cell tumorigenic potential.

Analysis of [JH]PDBu Binding to Intact Cells. We initially ex

amined the effect of Ha-ra.c or Py-MT oncogenes on the total amount
of PKC in transfected Caco-2 cells. Since PKC has been shown to be
a high affinity intracellular receptor for tumor-promoting phorbol
esters (26), we compared Caco-2-H, Caco-2-T, and Caco-2-MT cells
for [3H]PDBu binding using an intact cell assay. All three cell lines
exhibited saturable specific [3H]PDBu binding (Fig. 2). However, the

maximal levels of the saturation curves for Caco-2-T and Caco-2-MT
cells were higher than that for control Caco-2-H cells. Scatchard

analysis of binding data demonstrated a single binding component,
which is in agreement with previous results obtained in other cell
types (27, 28). The Kd values calculated from the plots drawn for
Caco-2-T cells (1.88 Â±0.16 nvi) and Caco-2-MT cells (1.56 Â±0.14
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Fig. 2. [3H]PDBu binding to Caco-2-H, Caco-
2-T, and Caco-2-MT cells. Caco-2-H (A), Caco-2-T
(D), and Caco-2-MT (â€¢)cells were incubated for
30 min at 37Â°Cwith the indicated concentrations of
(*H]PDBu, either in the absence (total PDBu bind

ing) or in the presence of 5 /AMPMA (nonspecific
binding). All data were corrected for nonspecific
binding of [3H]PDBu which never exceeded 10-

15% of the total binding. Results are the means Â±
SEM of three experiments performed in duplicate.
Inset, Scatchard plot of the data.

40 60

[3H]-PDBu (nM)
80 100

nin) indicated a slight increase (1.6-fold) in their binding affinity
for [3H]PDBu as compared with control Caco-2-H cells (Kj value of

2.75 Â±0.15 nM). The total numbers of PDBu binding sites in Caco-
2-T and Caco-2-MT cells (1.64 Â±0.17 and 1.98 Â±0.15 pmol/mg of
protein) were calculated to be about 4-fold higher (P < 0.01; n = 3)
than that in Caco-2-H cells (0.46 Â±0.10 pmol/mg of protein) (Fig. 2).

These results demonstrate that functional insertion of the human Ha

ras or Py-MT oncogenes in Caco-2 cells results in increased phorbol

ester receptor number, indicating an increased total cellular PKC
content.

Expression of PKC-a. To investigate the mechanism whereby
(Val 12) Ha-raÃor Py-MT oncogenes increase the number of phorbol
ester receptors in Caco-2 cells, we examined the levels of PKC iso-
form mRNA in Caco-2-H, Caco-2-T, and Caco-2-MT cells by North-

B

y

Fig. 3. Northern and Western blot analyses of PKC-a expression in
Caco-2-H, Caco-2-T, and Caco-2-MT cells. In A, total cellular RNA was
prepared from Caco-2-H, Caco-2-T, and Caco-2-MT cells and analyzed

(25 Â¿ig/lane) by Northern blotting using a human cDNA probe for
PKC-a. Filters were subsequently hybridized with a 28S rRNA probe
labeled with T4 polynucleotide kinase and [y-^ATP]. The relative
amounts of the 3.8-kilobase PKC-a transcript were quantified by calcu
lating the ratio of the PKC-band den sito metries to 28S rRNA densitom-

etries. Data, expressed as a percentage of the value of the ratio measured
in control Caco-2-H cells, are the means Â±SEM of three independent
experiments. In B, total cell extracts prepared from Caco-2-H, Caco-2-T,
and Caco-2-MT cells were analyzed (50 Â¿ig/lane)by Western blotting
using a 1:500 dilution of a monoclonal antibody specific for PKC-a
catalytic domain and the RPN Amersham enhanced chemiluminescence
Western detection system. Results are the means Â±SEM of three inde
pendent experiments.
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A B
CaCÂ°-2-H 0 2 4 6 8 12 h

3.8 kb -

Fig. 4. Stability of PKC-a mRNA in Caco-2-H, Caco-2-T,
and Caco-2-MT cells. In A. Northern blot analysis showing the
3.8-kilobase PKC-a mRNA transcript in Caco-2-H, Caco-2-T,
and Caco-2-MT cells treated with 25 /ig/ml DRB for the indi
cated time periods as described in "Materials and Methods."

Filters were subsequently hybridized with a 28S rRNA probe
labeled with T4 polynucleotide kinase and [y-32ATP|. In B, the
amounts of the 3.8-kilobase PKC-a transcript in DRB-treated
Caco-2-H (A), Caco-2-T (D), and Caco-2-MT (â€¢)cells were

quantified by den.sitometric scanning of the autoradiographs and
normalized with respect to the 28S rRNA signal as indicated in
Fig. 3. Data are expressed as percentages of the initial values
measured in the appropriate controls.

28 S

Caco-2-T

3.8 kb -

28 S

Caco-2-MT
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468

Time (hrs)
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28 S

ern blot analysis. In these assays, total cellular RNA and/or poly(A)+

RNA isolated from each cell line were hybridized to cDNA probes
specific for each of the human a-, ÃŸ-and y-PKC isoforms.

As shown in Fig. 3A, one major (3.8-kilobase) and one minor
(8.l-kilobase) mRNA transcript were detected with the probe specific
for PKC-a. These mRNAs have been suggested to be the products of

alternative processing of a primary transcript (29). The level of the
3.8-kilobase transcript was 4-fold higher in Caco-2-T and Caco-2-MT
cells than in Caco-2-H cells, as determined by scanning densitometry

and normalizing the results with respect to the 28S signal (Fig. 3A ).
In contrast, the probes specific for the ÃŸ-or y-PKC isoforms failed to
detect either PKC-ÃŸor PKC-y transcripts in total RNA or poly(A)+

RNA prepared from each cell line.
In accordance with the results of Northern blot analysis, total cell

extracts prepared from Caco-2-T and Caco-2-MT cells exhibited a
3-fold increase in the level of immunoreactive PKC-a, as determined

by Western hybridization with an antibody specific for the catalytic

domain of this isozyme (Fig. 3ÃŸ).Taken together, the results of
Northern and Western blot analyses indicate that the increases ob
served in PKC-a mRNA and immunoreactive protein in Caco-2-T and
Caco-2-MT cells account for the increased numbers of phorbol ester

receptors found in these two cell lines.
Half-life of PKC-a mRNA. The increase in PKC-a mRNA levels

in Caco-2-T and Caco-2-MT cells described above could reflect an

activation of gene transcription and/or increased stability of the tran
scripts. We therefore determined the half-life of the 3.8-kilobase
mRNA, the major transcript of the PKC-a isoform in Caco-2-T,
Caco-2-MT, and Caco-2-H cells. Total RNA was isolated from each of

the three cell lines after they had been treated for different time
periods up to 12 h with 25 /Â¿g/mlof DRB, a potent inhibitor of RNA
synthesis (23). In all cases, we observed a progressive decline in the
level of the 3.8-kilobase transcript during the time course of treatment

of the cells with DRB (Fig. 4A). This decline exhibited similar kinet
ics in Caco-2-T, Caco-2-MT, and Caco-2-H cells, with a half-life of 6

Table 1 PKC xubcellular dÃ¬strÃ¬bulÃ¬onand Â¡alaiactivity' in Caco-2-H. Caco-2-T, and Caco-2-MT cells

Cytosolic and membrane fractions from serum-deprived Caco-2-H, Caco-2-T. and Caco-2-MT cells were prepared and assayed for PKC activity as described in "Materials and
Methods." Values are the means Â±SEM of 3-5 separate experiments performed in duplicate. Significant differences between control vector and oncogene-transfected Caco-2 cell

lines are indicated.

Protein kinase C activity

CelllineCaco-2-H

Caco-2-T
Caco-2-MT(nmolCytosol0.44

Â±0.10
2.25 Â±0.25"
1.35 Â±0.25'Specific

activity
'-P/min/mg of protein)Membrane0.40

Â±0.05
2.56 Â±0.14''
1.70 Â±0.13*Total

activity
(nmol/107cells)3.00

Â±0.65
11.3 Â±0.71''
9.40 Â±0.95"Subcellular

di
(% of total:Cytosol75

Â±4
56 Â±5'
58 Â±4'stribulion

ictivity)Membrane25

Â±444 Â±5''
42Â±4'hP<

0.001.
'' P < 0.05.
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Table 2 Steady-state levels of Â¡3HÂ¡arachidonate-and Â¡3HÂ¡myrÃstate-labeledDAGs

in Caco-2-H, Caco-2-T, and Caco-2-MT cells

Aftera20-11Mn Â»1paraci!Â«acid(I(iCi/well)orflflmpiicacid
(5 pXJi/wcllj, Caeo-2-Ãl, Cucu-2-T, und Caco-2-MT were washed with J x 3 in) of
ice-cold PBS and then sonicated. Total â€¢H-labeled lipids were extracted and analyzed for
H-DAGs as described in "Materials and Methods." Results are the means Â±SEM of 3

([3H}myiÃŒ8tate)or 4 ([3H]arachidonate) separate experiments performed in duplicate.

CelllineCaco-2-H

Caco-2-T
Caco-2-MT[3H]Arachidonate-

labeled DAG
(dpm/mg ofprotein)2,047

Â±369 (100%)Â°
3,807 Â±430'' (186%)
3,684 Â±388''(180%)[3H]Myristate-

labeled DAG
(dpm/mg ofprotein)21,739Â±

1,205 (100%)"
30,869 Â±l,956r(142%)
33,260 Â±1,521 ''(1 53%)

" Numbers in parentheses, percentages of control value. Significant differences be

tween control vector and oncogene-transfected cell lines are indicated.
h n -- (\ (\abP< 0.05.
c P < 0.02.

h in all 3 cell lines (Fig. 4B). Therefore, the increase in PKC-a mRNA
level observed in Caco-2-T and Caco-2-MT cells does not result from
increased mRNA stability but presumably reflects increased PKC-a

gene transcription.
Subcellular Distribution of PKC Activity. We next investigated

whether the increase in PKC-a expression in Caco-2-T and Caco-
2-MT cells was accompanied by a modification of the subcellular
distribution of PKC activity. To this end, the ratio of active membrane-

bound/total PKC activity, usually taken as an index of PKC activation,
was evaluated in these two cell lines and compared to that measured
in control Caco-2-H cells. The specific activity of PKC was measured

in cytosolic and membrane fractions and the amounts of the enzyme
recovered in each fraction were expressed as the percentage of total
PKC activity. This was routinely calculated as the sum of cytosol and
membrane activities.

The cytosolic and membrane fractions from Caco-2-H cells dis

played similar PKC specific activities whereas membrane fractions

from Caco-2-T and Caco-2-MT cells tended to display a higher PKC

specific activity than the cytosolic fractions (Table 1). Both cytosolic
and membrane fractions from Caco-2-T and Caco-2-MT cells had

higher PKC specific activities than those measured in the correspond
ing Caco-2-H cell fractions (Table 1). As a result, the total PKC
activity calculated for Caco-2-T and Caco-2-MT cells was about 3-4-
fold higher than that calculated for Caco-2-H cells (Table 1), which is
in good agreement with the [3H]PDBu binding assays (Fig. 2). Finally,

percentages of PKC activity found in each cytosol and membrane
fractions were calculated. In Caco-2-T and Caco-2-MT cells, the
percentage of membrane-bound PKC activity was higher than that in
Caco-2-H cells (Table 1). Therefore, the ratios of active membrane-
bound/total PKC activity for Caco-2-T (0.44) and Caco-2-MT (0.42)
cells were about 1.7-fold that for Caco-2-H cells (0.25). Thus func
tional insertion of (Val 12) Ha-ras or Py-MT in Caco-2 cells increases
the membrane-associated pool of PKC activity in addition to increas
ing PKC-a expression at the transcriptional level.

Steady-State DAG Levels. In view of the above finding, we felt it
important to determine whether transfection of Caco-2 cells with (Val
12) Ha-raj or Py-MT resulted in increased steady-state DAG level, as
has been shown in ras- or src-transfected rat fibroblasts (7, 8, 30).
Caco-2-H, Caco-2-T, and Caco-2-MT cells were labeled to equilib
rium (20 h) with either [3H]arachidonic acid, a precursor incorporated
into all glycerophospholipids or with [3H]myristic acid, a precursor

used for labeling the cellular pool of phosphatidylcholine (31 ). In both
Caco-2-T and Caco-2-MT cells, the steady-state levels of [3H]arachi-
donate- and [3H]myristate-DAGs were respectively ~1.8- and ~ 1.5-

fold those in Caco-2-H cells (Table 2). These results point to increased

rP r.O

8.1 kb _

Caco-2-MT
i . Caco-2-T

3.8kb _

162nMPMA, 2 h

2.5 nM PMA, 24 h - +

28 S

Fig. 5. Effect of PKC activation in Caco-2-H cells or PKC down-regulation in Caco-2-T and Caco-2-MT cells on the level of PKC-a mRNA. After the indicated PMA treatments,
total cellular RNA was prepared from Caco-2-H, Caco-2-T, and Caco-2-MT cells and analyzed (20 mg/lane) by Northern blotting using a human cDNA probe for PKC-a. Filters were
subsequently hybridized with a 28S rRNA probe labeled with T4 polynucleotide kinase and [>-32ATP]. The relative amounts of the 3.8-kilobase PKC-a transcript in untreated and
PMA-treated Caco-2-H, Caco-2-T, and Caco-2-MT cells were quantified by densitometric scanning of the autoradiographs and normalized to the 28S rRNA signal as indicated in Fig.

3. Data, given in arbitrary units, are the means of two experiments.
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steady-state DAG levels in Caco-2 cells transfected with (Val 12)
Ha-ra.Ã§or Py-MT, which is consistent with the increased active
membrane-bound/total PKC activity ratio found in these two cell

lines.
Increased PKC-a Expression in Ha-ras- and Py-MT-transfected

Caco-2 Cells Is Mediated via a PKC-independent Pathway. Fi
nally, the increased DAG level and membrane-bound PKC activity
observed in (Val 12) Ha-ras and Py-MT transfected Caco-2 cells led
us to test whether the increase in PKC-a isoform expression in these
cells involves PKC activity. We compared the levels of PKC-a mRNA
in Caco-2-T and Caco-2-MT cells which had been incubated for 24 h

in the presence or absence of 2.5 JJ.MPMA. This chronic treatment
with the phorbol ester efficiently down-regulates PKC activity as
evaluated by measuring the specific binding of 10 niu [3H]PDBu to

whole cells (0.835 Â±0.080 and 0.962 Â±0.100 pmol/mg of protein for
untreated Caco-2-T and Caco-2-MT cells versus undetectable in
PMA-treated cells; n = 3). The levels of the 3.8-kilobase PKC-a
transcript in untreated and PMA-treated Caco-2-T and Caco-2-MT
cells were very similar (Fig. 5), indicating that PKC down-regulation
had no effect on PKC-a isoform expression. Consistent with this
finding, the activation of PKC in control Caco-2-H cells by a 120-min

treatment with 162 n\i PMA had no detectable effect on the level of
the 3.8-kilobase PKC-a transcript (Fig. 5). Therefore the increase in
the PKC-a mRNA level in (Val 12) Ha-ras- and Py-MT-transfected
Caco-2 cells is probably mediated by a PKC-independent pathway.

DISCUSSION

The membrane-associated p21rus and pp60c~src proteins are fre

quently activated in a constitutive state in human colorectal cancers.
In the present study, the molecular basis of colonie cell cancerous
transformation by oncogenic p21ras and pp60c"src was investigated

using Caco-2 cells transfected either with an activated (Val 12) human
c-Ha-ras gene or with the cDNA encoding the Py-MT antigen, a
membrane protein which associates with ppoO1'"""'and thereby dra

matically activates its endogenous tyrosine kinase activity (14). In
view of the central role of PKC in tumor promotion (32), these
oncogene-transfected cell lines were compared with the control Caco-
2-H cell line for both the expression of specific PKC isoforms at the

mRNA and/or protein levels and the distribution of PKC catalytic
activity between membrane and cytosolic fractions, a parameter usu
ally taken as an estimate of the activated state of the enzyme.

The dramatic activation of the tumorigenic potential induced by
(Val 12) Ha-ras or Py-MT oncogenes in Caco-2 cells was associated
with overexpression of PKC-a. This is supported by the marked
increases in both PKC-a mRNA and immunoreactive protein levels in
Caco-2-T and Caco-2-MT cells. Since the increased PKC-a mRNA

level in these two cell lines could not be accounted for by increased
mRNA stability, presumably the activation of p21ras or ppoO^"*" in

Caco-2 cells results in increased PKC-a gene transcription, as has
been recently found in ras-transformed embryo fibroblasts (10). In
addition, it is worth noting that the increased PKC-a mRNA level
(4-fold) in Caco-2-T and Caco-2-MT cells is sufficient to explain the
elevation of PDBu binding capacity (4-fold) and total PKC catalytic
activity (3^-fold). This observation is consistent with the fact that, in
Caco-2-T and Caco-2-MT cells, as in Caco-2-H cells, we did not
detect PKC-ÃŸand PKC-y, the PKC isoforms which constitute with
PKC-a the group of conventional (Ã‡a2+-dependent) PKCs. The above

observation also implies that the novel 8-, e-, TJ-, 0-, and atypical f-
and A-PKC isoforms (Ca2 +-independent), if expressed in Caco-2

cells, contribute only to a minor extent to the increase in total PKC
activity exhibited by the oncogene-transfected Caco-2 cells. Notewor

thy is the recent finding from Borner et al. (10, 33) that both the levels

of conventional and novel PKCs are altered by oncogenic transfor
mation. Thus rat embryo fibroblasts transformed by an activated c-Ha-
ras gene displayed a marked increase in the expression of PKC-a and
-8 but exhibited a significant decrease in the expression of PKC-e.

Similarly, the levels of different PKC isoforms were modified in
various cancer cells (34-36). indicating that malignant transformation

is associated with an altered pattern of PKC isoform expression.
Reciprocally, overexpression of specific PKC isoforms appears to
alter growth control (37-40) and affect oncogene transforming activ

ity ( 10, 41 ). With respect to the latter point, fibroblasts overexpressing
PKC-ÃŸl were shown to be more susceptible to ras transformation

(41). Moreover, overexpression of this PKC isoform strongly en
hanced the v-sri'-induced increase in PKC-a and -8 expression that is

associated with the malignant transformation of rat embryo fibroblasts
induced by this oncogene (10). Together, these results point to close
but also complex interrelations between the p21ras or pp60c"src onco-

proteins and specific PKC isoforms. which probably act in concert to
induce malignant transformation.

An interesting observation in our study is that the constitutive
activation of p21rlls or ppoO1'"""'in Caco-2 cells had almost identical

effects on PKC-a expression at both the mRNA and protein levels as

well as on all the other functional parameters examined. Smith et al.
(42) showed that the microinjection of a neutralizing anti-Ras anti
body Y13-259 could block the mitogenic activity not only of v-ras
but also of v-src and suggested that the signaling pathways whereby

ras and sre oncogenes induce cell transformation may share some
common steps. Subsequent studies (43, 44) reported that the ability of
v-src to induce malignant transformation of fibroblasts was sup
pressed by the overexpression of GTPase-activating protein, a protein
which appears to be a biochemical link between pp60""' and p21ras

since it is phosphorylated by the former (45^47) and negatively reg

ulates the latter by enhancing its GTPase activity (4). In accordance
with the above studies (43, 44), fibroblasts transformed by v-src have
been shown to display elevated levels of activated p21ras bound to
GTP (48), indicating that p2lr;l'' activation may be one of the steps
involved in pp60' ""-induced malignant transformation of some cell

types. Whether this is the case in Caco-2-MT cells expressing the
Py-MT/pp60"'"""'complex remains to be determined.

The pathways whereby activated p21ra" and pp6O'~""' enhance

PKC-a gene transcription are still unknown. This is not surprising

since the effect of these oncoproteins on PKC gene transcription was
only recently reported (10, 33). Moreover, little is known about the
signal transduction pathways involved in the transcriptional activity of
ras and srr. It appears that both oncogenic p21rus and pp60c""rc stim

ulate gene transcription via at least two pathways which can be dis
tinguished by their nuclear endpoints (49-53). One of these pathways

involves rax or sre activation of nuclear transcription factors which
bind a ras-responsive or a srr-responsive element, respectively, up
stream of certain genes (50, 51 ). The other pathway involves ras or src-

activation of the nuclear AP-1 transcriptional complex (homodimer
junljun; heterodimer junlfos) which binds the AP-1 consensus se
quence of several growth-regulated genes (49, 52, 53). In addition to

this information which is still quite fragmentary, recent articles have
reported that the intermediary steps connecting p21ra" or pp60c"src, two

plasma membrane-associated proteins, to the AP-1 complex in the cell

nucleus, appear to involve the activation of various serine/threonine
kinases such as protein kinase C (49). the Raf-1 (54). or the Mitogen

Activated Protein (55) kinases. The results presented here do not
provide any information concerning the ff's-acting elements or tran
scription factors activated by oncogenic p2Pas or Py-MT/pp60c""rc

complex in order that these oncoproteins increase PKC-a gene tran
scription in Caco-2 cells. They provide clear evidence, however, that
the transcriptional effect of oncogenic p21ras and Py-MT/ppoO1"""'
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complex on PKC-a expression is mediated by a PKC-independent
pathway: neither PKC down-regulation in Caco-2-T and Caco-2-MT
cells nor PKC activation in Caco-2-H cells modified the levels of the
major 3.8-kilobase PKC-a transcript in any of these cell lines. A
similar result was recently reported by Borner et al. (10, 33) for ras-,
but not for v-jrc-transformed rat embryo fibroblasts. The finding that,
in fibroblasts, Ha-ras- and v-iroinduced increases in PKC-a expres
sion were mediated by differential transduction pathways (PKC-inde
pendent and PKC-dependent, respectively) disagrees with what has
been found in Caco-2 cells. The reason for this discrepancy may be

due to the different cell types and/or transforming oncogenes studied
(v-src versus Py-MT).

In addition to increasing PKC-a gene transcription, the functional
insertion of activated human c-Ha-nxs gene or Py-MT oncogene in
Caco-2 cells resulted in a 1.7-fold increase in the ratio of active
membrane-bound/total PKC activity. It therefore appears that activa

tion of ras and src signaling pathways induces a constitutive activa
tion of PKC by increasing the membrane-associated pool of the en

zyme. In accordance with our results, Halsey et al. (56) initially
reported a significant increase in membrane-bound PKC in Ha-ras or
v-src-transformed fibroblasts. This finding was confirmed by subse

quent studies (8, 9, 30) but was not corroborated in the recent paper
of Borner et al. (10). An elevated membrane-bound/total PKC activity

ratio has also been found in some biopsies of human colon carcinoma
(57, 58), suggesting that an increased membrane-associated pool of

PKC may be important for malignant transformation. Consistent with
this hypothesis, fibroblasts expressing a mutant PKC almost totally
associated with the membrane displayed the transformed phenotype
(59). As recently suggested by Stabel and Parker (60), this membrane
PKC pool is probably increased as a result of chronic activation of the
enzyme. That PKC is subjected to chronic activation in Caco-2-T and
Caco-2-MT cells is supported by the finding that the steady-state
levels of DAGs labeled with either [3H]arachidonate or [3H]myristate

were significantly higher than the corresponding levels measured in
Caco-2-H cells. Similarly, previous studies observed persistent eleva
tion of DAG in various ras- or v-j/r-transfected cell lines (7,8, 30, 61,

62). However, there are conflicting results on the cause of elevated
steady-state DAG levels in these cell lines. Some articles reported
increased phosphatidylinositol-4,5-bisphosphate breakdown (61, 62)
or increased phosphatidylinositol metabolism (8) in oncogene-trans-

fected cells. Other studies have suggested that elevation of DAG may
be secondary to increased breakdown of phosphatidylcholine (30). In
the present study, both [3H]arachidonate-DAG and [3H]myristate-

DAG steady-state levels were increased in Caco-2-T and Caco-2-MT

cells, suggesting that a constitutive increase in phospholipid metabo
lism is responsible for DAG elevation and persistent activation of
PKC in our transformed cell lines. The finding that the persistent
activation of PKC was associated with increased total PKC activity in
Caco-2 cells expressing activated Ha-ras or Py-MT oncogenes differs

from that obtained by two groups (57, 58) in biopsies of colon car
cinoma. They found that total PKC activity was decreased as a result
of sustained PKC activation. However, in accordance with the present
results, other groups have observed a marked increase in total PKC
activity in some cancer cells (36) or tissues (63) including carcinogen-

induced colon adenocarcinoma (35). These heterogeneous findings
may reflect differential regulation of PKC activity throughout the
multiple stages of malignant transformation.

In summary, our study demonstrates that the tumorigenic progres
sion induced by oncogenic p21ras or the PyMT/pp60c"5rc complex in

Caco-2 cells is associated with increased PKC-a gene transcription
and PKC-a expression as well as with constitutive PKC activation.
These results provide the first evidence that the PKC-a gene is a target
for the signaling pathways of oncogenically activated p21ras and

pp60c"src in human colonie cells. They also suggest that PKC-a is an
effector of p21ras and pp60c"src oncoproteins for the activation of

Caco-2 cell tumorigenic potential. If this mechanism were involved,
overexpression of PKC-a in Caco-2 cells should increase their tum-

origenicity.
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