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Enhanced Phosphoinositide Metabolism in Colorectal
Carcinoma Cells Derived From Familial Adenomatous
Polyposis Patients
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Abstract The production of the second messenger molecules diacylglycerol and inositol 1,4,5-trisphosphate is
mediated by activated phosphatidylinositol-specific phospholipase C (PLC) enzymes. We report the enhancement of
the phosphoinositide metabolism pathway in KMS-4 and KMS-8 cells, both of which are human colorectal carcinoma
cell lines derived from familial adenomatous polyposis patients. In these cells, the cellular contents of diacylglycerol and
inositol 1,4,5-trisphosphate were constitutively increased and the PLC activity in vitro was significantly high, as
compared with those in normal colon cells or in other sporadic colorectal carcinoma cells. Northern and Western
analyses showed the high expression levels of both PLC-y1 and PLC-81 in KMS-4 and KMS-8 cells. Moreover, we
detected the enhancement of protein—tyrosine kinase activity and tyrosine phosphorylation of PLC-y1 in these KMS
cells. These results suggest the involvement of activated phosphoinositide signaling pathways in the colorectal

tumorigenesis of familial adenomatous polyposis.
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The stimulation of a variety of cell surface
receptors results in the activation of phosphoino-
sitide-specific phospholipase C (PLC) isoforms
and the rapid hydrolysis of phosphatidylinositol-
4,5-bisphosphate (PIP,), which generates the
second messengers inositol trisphosphate (IP3)
and diacylglycerol (DG). IP; releases Ca?* from
intracellular stores, whereas DG activates pro-
tein kinase C {Berridge and Irvine, 1989; Nishi-
zuka, 1988]. Much evidence has accumulated
that cellular transformation by some types
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of oncogenes and receptor activation by some
growth factors enhance phosphoinositide me-
tabolism by stimulating the activity of related
enzymes [Ullrich and Schlessinger, 1990].

Molecular cloning of PLC ¢cDNA has implied
the existence of four different types of PLC:
PLC-q, -8, -y, and -3 [Rhee et al., 1989; Meldrum
et al., 1991). Among them, PLC-B, -y, and -8
have two conserved regions (X and Y), which are
involved in their catalytic activity [Emori et al.,
1989]. Additionally, PLC-y contains a region
homologous to the N-terminal regulatory do-
main of a nonreceptor type of tyrosine kinase in
sre family oncogenes [Stahl et al., 1988; Suh et
al., 1988]. Activation of PLC-B isoforms re-
quires cellular proteins, including GTP binding
proteins [Taylor et al., 1990], their By subunits
[Camps et al.,, 1993]. The activity of PLC-y
isoforms is regulated by either receptor- or non-
receptor-type protein—tyrosine kinase [Wahl et
al., 1988; Nishibe et al., 1990].

Colorectal cancer is a common malignancy in
humans, where it is accompanied by allelic dele-
tions in chromosomes 5q, 17p, and 18q, and by
frequent mutations of the ras oncogene [Fearon
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and Vogelstein, 1990]. It has been recently re-
ported that the DCC (deleted in colorectal can-
cers) gene in chromosome 18q is important for
the development of colorectal cancers [Fearon et
al., 1990a]. The MCC (mutated in colorectal
cancers) and APC (adenomatous polyposis coli)
genes in chromosome 5q, the latter of which is
tightly linked to the autosomal dominant dis-
ease familial adenomatous polyposis (FAP), have
also been identified [Kinzler et al., 1991a,b;
Groden et al., 1991]. Although their roles in
colonic carcinogenesis are still unknown, a se-
quence similarity between APC and the m3 mus-
carinic acetylcholine receptor encompassing
codons 454-479 of APC [Kinzler et al., 1991b]
suggests that the APC protein may interact with
intracellular signal transduction systems includ-
ing phosphoinositide metabolism mediated by
PLC. In this study, we examined phosphoinosi-
tide metabolism of KMS-4 and KMS-8 cells,
which are colorectal carcinoma cell lines estab-
lished from FAP patients, and observed the en-
hanced phosphoinositide signaling in these cells,
as compared with phosphoinositide metabolism
in various cell lines derived from normal colon
tissues and sporadic colorectal carcinomas.

METHODS

Duplicate measurements were made in experi-
ments indicated below. All tests were indepen-
dently performed several times with comparable
results within a 10% error margin, and represen-
tative data are shown.

Cell Lines and Culture Condition

LoVo and DLD-1 (colorectal adenocarcino-
mas), SW837 (rectal adenocarcinomas), WiDr
(rectosigmoidal adenocarcinoma), and FHs74Int
(established from human fetal normal small in-
testine) were obtained from the Japanese Can-
cer Research Resources Bank. COLO205 (colo-
rectal adenocarcinoma), and CCD841CoN
[Thompson et al., 1985] and FHC {Siddiqui and
Chopra, 1984] (both established from human
fetal normal colonic mucosa; morphology is epi-
thelial like) were purchased from the American
Type Culture Collection. KMS-4 and KMS-8
cells were colorectal adenocarcinoma cells de-
rived from different FAP patients established by
Namba [Namba et al., 1983]. LoVo, SW837,
WiDr, FHs74Int, CCD841CoN, and FHC cells
were grown in Dulbecco’s modified Eagle’s me-
dium containing 10% fetal bovine serum (FBS);
DLD-1, COLO205, KMS-4, and KMS-8 cells were

grown in RPMI1640 medium containing 10%
FBS. FHs74Int, CCD841CoN, and FHC cells,
which were derived from normal small intestine
or normal colon tissues, exhibited the cell con-
tact~dependent, growth-inhibitory property and
did not form any colony in soft agar. All cells
were cultured at 37°C in a humidified 5% CO,
incubator, and logarithmically growing cells were
used for each experiment.

Analysis of IP; and DG Content

Cells in 100 mm dishes were washed with
phosphate-buffered saline (PBS) and then ex-
tracted immediately with 1 ml of ice-cold 10%
(w/v) trichloroacetic acid followed by 1 ml of
ice-cold distilled water. The extracts were com-
bined and clarified by centrifugation at 5,000g
for 15 min at 4°C. The supernatant was washed
four times with water-saturated diethylether
and neutralized to pH 7.4 with 10% (w/v)
NaHCQO;. Aliquots of the supernatant were used
for IP; analysis using an IP; assay kit (Amer-
sham Co.). For analysis of the DG content, cells
were washed with PBS and lipids were extracted
with 3 ml of chloroform/methanol (1:2, v/v).
The extracts were washed with 0.5 ml of 1 M
KCl and the neutral lipids contained in the
organic phase were dried under a stream of
nitrogen. Aliquots were analyzed for DG con-
tent using a DG assay kit (Amersham Co.) and
for phosphorus content [Kato et al., 1987].

PLC Activity

Cells were suspended in 10 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (Hepes)/
NaOH buffer (pH 7.4) containing 1 mM [ethyl-
enebis(oxyethylenenitrilo)]tetraacetic acid, 2 mM
ethylenediaminetetraacetic acid (EDTA) and 0.1
mM phenylmethylsulfonyl fluoride (PMSF), and
disrupted by brief sonication two times for 5 sec.
The lysates were then centrifuged at 100,000g
for 1 hr at 4°C. The supernatant fractions were
used as enzyme preparations. PIP,-hydrolyzing
activity was measured as described [Homma et
al., 1988] in a reaction mixture consisting of 50
mM Hepes/NaOH (pH 6.8), 160 pM EDTA, 1
mg/ml bovine serum albumin, and 100 pM PIP,
containing 20,000 dpm of [*H]PIP,, 50 pM phos-
phatidylethanolamine, 100 pM Ca2*, and the
enzyme preparation (10 pg of protein). The reac-
tion was carried out at 37°C for 10 min and
stopped by adding 2 ml of chloroform/methanol
(2:1 by volume). IP; was extracted with 1 N HC1
and measured by counting the radioactivity of
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the aqueous phase in a liquid scintillation
counter. Levels of IP; production measured in
the absence of enzyme source were subtracted
from values obtained in the presence of enzyme
source to correct for nonspecific production. One
nanogram of purified PLC-y1 catalyzed hydroly-
sis of 10 pmol of PIP; (400 dpm) per minute
under this condition.

Expression Level of PLC Isoforms

For detection of PLC isoforms by specific anti-
bodies, the high-speed supernatants described
above were applied to a HiTrap-heparin column
(1 ml, Pharmacia LKB Biotechnology) con-
nected to an high-performance liquid chromatog-
raphy system, and the proteins were eluted by
30 ml of a linear gradient of 0.1 M-0.5 M NaCl
at a flow rate of 1 ml/min. An aliquot (10 ub of
each fraction was assayed for PIP,-hydrolyzing
activity. Another aliquot (20 pl) was subjected
to SDS-PAGE [Laemmli, 1970] and the proteins
were transferred onto nitrocellulose membranes
(S & S, BE85). The filters were independently
incubated with four different antibodies, of which
specificities were confirmed previously [Homma
et al., 1990], and then with alkaline phospha-
tase—conjugated anti-rabbit IgG. Immunoreact-
ing bands were visualized with 5-bromo-4-chloro-
3-indol phosphate and nitroblue tetrazolium as
alkaline phosphatase substrates. Positive bands
were not detected when preimmune sera were
used.

Poly (A*) RNA was obtained from various
cells and an aliquot (5 pg) of each sample was
subjected to electrophoresis. The RNA was trans-
ferred to a nylon filter and hybridization was
performed using 32P-labeled rat PLC cDNA frag-
ments for PLC-B1, -vy1, -y2, and -31 [Homma et
al., 1989]. After 12 hr of hybridization, the filter
was washed twice at room temperature in 2 X
SSC (1 x SSC: 0.15 M sodium chloride and 0.015
M sodium citrate) containing 0.1% (w/v) SDS,
and then three times at 65°C. The filter was
exposed to Kodak X-Omat film with an intensify-
ing screen at —80°C. The filters were further
reprobed with 32P-labeled B-actin cDNA to con-
firm the amount of mRNA and the transcript
levels were quantified by densitometer.

Detection of Protein—Tyrosine Phosphorylation

Cells were incubated with phosphate-free
Eagle’s minimum essential medium containing
10% FBS, previously dialyzed against the same
medium, for 1 hr and then labeled with 32P-

orthophosphate (0.2 mCi/ml) for 2 hr. Labeled
cells were lysed with 1% (w/v) NP-40 in a buffer
consisting of 50 mM Hepes/NaOH (pH 7.4), 1
mM PMSF, 0.1 mM sodium orthovanadate, 20
mM sodium fluoride, 100 pg/ml of leupeptin,
and 100 pg/ml of aprotinin on ice for 30 min.
The high-speed supernatant was precleared with
Protein-G agarose (Oncogene Science), and then
incubated with a monoclonal antibody PY20
(ICN Co.) in the presence of Protein-G agarose.
For detection of tyrosine phosphorylation of
PLC-y1, the immunoprecipitates obtained by
PY-20 were solubilized with 2% SDS and fur-
ther incubated with anti-PLC-y1l antibody in
the presence of Protein-G agarose, after diluting
SDS to 0.1% with the lysate buffer described
above. The resultant precipitates were thor-
oughly washed and analyzed by SDS-PAGE.

RESULTS

In order to examine the changes of phospho-
Inositide metabolism, we measured the cellular
contents of IP; and DG in KMS-4 and KMS-8
cells derived from different FAP patients and
compared with those in normal colon cells or in
other sporadic colorectal carcinoma cells. As
shown in Figure 1, the IP; content was about
2- and 2.2-fold higher in KMS-4 and KMS-8 cells,
respectively, than in CCD841CoN cells. The DG
level in both KMS cells was also about 1.7-fold
higher than in CCD841CoN cells. The high lev-
els of IP; and DG in these KMS cells were also
evident, when they were compared with those in
other colorectal carcinoma cells. The IP; and DG
contents in other normal cells, FHs74Int and
FHC cells, were almost the same as those in
CCD841CoN cells. Since these results indicated
the enhanced phosphoinositide signaling path-
way, we next examined the PIP,-hydrolyzing
activity in the high-speed supernatants obtained
from various cells. As shown in Figure 2, the
enzyme activity in KMS-4 and KMS-8 cells was
about threefold higher than in CCD841CoN cells
and other colorectal carcinoma cells tested. These
changes seemed to occur in parallel to the levels
of intracellular messengers (Fig. 1).

We further examined the levels of PL.C tran-
scripts and activities in KMS-4 and KMS-8 cells.
When PLC activities were resolved by heparin
column chromatography, two peaks were eluted,
at 0.2 M and 0.3 M NaCl (Fig. 3). These active
fractions were analyzed by immunoblotting with
anti-PLC isoform antibodies [Homma et al.,
1990]. As shown in the Figure 3 insert, PLC-y1
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Fig. 1. IP; and DG contents in colon carcinoma cells. Cells grown to the exponential phase were
harvested, and the IP; and DG contents were measured separately as described in Methods. The results
show the means = SD of three independent experiments.
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Fig. 2. PLC activity in colorectal carcinoma cells. Aliquots (10
) of the high-speed supernatants obtained from various cells
indicated were used for the determination of PIP;-hydrolyzing
activity. The results show the means + SD of three independent
experiments.

eluted from the column first in fractions 18-19
and then PLC-31 was found in fractions 22—-23.
Since these positive bands were not observed
when antibodies were pretreated with purified
PLC-y1 and PL.C-31 (data not shown), the above
results indicate that PLC-y1 and PLC-31 are the
main contributors to the first and the second
peaks, respectively. On the other hand, immuno-
reactive bands were not detected with anti-
PLC-B1 and anti-PLC-y2 antibodies in all frac-
tions (data not shown). Large amounts of PLC-y1
and PLC-81 were detected in KMS-4 and KMS-8
cells, with protein levels severalfold higher than
in CCD841CoN cells. The PLC activities in both

peaks were also ~threefold higher than in
CCDB841CoN cells. These results were consis-
tent with those obtained from Northern blot
analysis using rat PLC ¢DNA clones as probes,
as shown in Figure 4. When a ¢cDNA clone for
PLC-y1 was used as probe, the transcription
levels in KMS-4 and KMS-8 cells were 20- to
30-fold higher than in CCD841CoN cells. The
expression levels of PLC-81 in KMS-4 and KMS-8
cells were 23-fold higher than in CCD841CoN
cells. Since the mRNA level of B-actin was al-
most equal among cell lines used (data not
shown), these differences reflect the changes of
transcript levels among these cells. Neither
PLC-vy1 nor PLC-51 DNA was amplified in these
cells by Southern blot hybridization (data not
shown). The expression of PLC-$1 and PLC-y2
was not detected in these cells even after expos-
ing the X-ray films for a week (data not shown).
The mRNA levels of PLC isoforms were var-
ied among sporadic colorectal carcinoma cell
lines. Expression of PLC-yl and PLC-51 was
relatively high in COLO205, DLD-1, SW837,
and LoVo cells, and COLO205 and LoVo cells,
respectively, while neither the PLC-y1 nor
PLC-31 gene was amplified in these cells by
Southern blot hybridization (data not shown).
Although DLD-1 and COLO205 cells expressed
PLC-81 and PLC-vy1 at relatively high levels,
they did not exhibit a significant enhancement
of IP; levels (Fig. 1) and PLC activities (Fig. 2).
To examine whether the enhanced phospho-
inositide metabolism in these cells is coupled to
the tyrosine kinase system, 32P-labeled cells were
analyzed by immunoprecipitation using anti-
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Fig. 3. Separation of PLC isoforms by heparin—Sepharose column chromatography. The high-speed
supernatants obtained from CCD841CoN (4 mg protein) (a), KMS-8 (2 mg protein) (b), and KMS-4 (2 mg
protein) (c) were separated on a heparin column. Each fraction was monitored for absorbance at 280 nm
and an aliquot (10 ul) was assayed for PIP,-hydrolyzing activity. A portion of each fraction was examined
for PLC species by Western blotting with anti-PLC-y1 and anti-PLC-31 antisera.
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Fig. 4. Northern blot analysis of the mRNAs for PLC isozymes from cultured colorectal carcinoma cells.
Poly (A*) RNAs (5 pg each) were analyzed by Northern blotting analysis using radiolabeled PLC-y1 (a) and
PLC-31 (b) cDNA probes. Ribosomal RNAs were used as size markers. Lane 1, CCD841CoN; lane 2, FHC;
lane 3, DLD-1; lane 4, COLO205; lane 5, SW837; lane 6, LoVo; lane 7, WiDr; lane 8, KMS-8; lane 9,

KMS-4.

phosphotyrosine (PY-20) antibody. As shown in
Figure 5a, endogenous tyrosine kinase activities
were apparently high in KMS-4 and KMS-8 cells,
while the phosphorylation level was low in
CCD841CoN cells, suggesting the constitutive
activation of tyrosine kinases in KMS-4 and
KMS-8 cells. Phosphoproteins with molecular
masses of 220, 145, 110, 100, 75, 60, and 45 kDa
were prominent in these cells. Among them the
phosphorylated 145 kDa protein was shown to
be PLC-vy1 (Fig. 5b).

DISCUSSION

We have examined phosphoinositide metabo-
lism in various cell lines derived from normal
colon tissues and colorectal carcinomas includ-
ing KMS-4 and KMS-8 cells which are derived
from colorectal carcinomas of FAP patients. We
first determined the amounts of IP; and DG,
PIP,-hydrolyzing activity in vitro, and expres-
sion level of PLC isoforms in these cell lines.
KMS-4 and KMS-8 cell lines showed high con-

tents of DG and IP;, and an extremely high level
of PIP,-hydrolyzing activity, as compared with
other colorectal carcinoma cell lines and normal
cell lines. Although we used cell lines from fetal
normal colonic mucosa as controls, the possibil-
ity that the alteration is derived simply from
differences between fetal and adult epithelial
cells can be ruled out, because activities of PLC
and cellular contents of IP; and DG in KMS cells
were substantially enhanced when they were
compared with those in sporadic colorectal carci-
noma cells. To analyze the mechanism underly-
ing the high activity, we determined the expres-
sion levels of PLC isozymes. Immunoblotting
analysis showed an enhanced expression of both
PLC-y1 and PLC-31 among PLC isoforms tested
in KMS-4 and KMS-8 cells, and this result was
confirmed by Northern blotting analysis. The
transcriptional and/or translational enhance-
ment of both PLC :scforms seems to be a mecha-
nism to rationalize the high PLC activity ob-
served in these cells. The enhanced expression
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Fig. 5. Phosphotyrosine-containing proteins in colon carci-
noma cells. a: 32P-labeled cells were lysed and immunoprecipi-
tated with monoclonal anti-phosphotyrosine antibody (PY20) in
the presence of protein-G agarose. Immunoprecipitates were
solubilized in Laemmli’s SDS buffer, separated in 7.5% SDS-
polyacrylamide gels, dried, and autoradiographed. Lane 1,
CCD841CoN; lane 2, LoVo; lane 3, COLO205; lane 4, KMS-4;

of PLC isoforms, however, does not always ac-
count for the high level of IP; and DG. There-
fore, the other mechanisms might be involved in
the activation of PLC isoforms.

It has been demonstrated that the phospho-
inositide metabolism is often coupled to the tyro-
sine kinase system [Ullrich and Schlessinger,
1990] and the phosphorylation of PLC-y1 by
tyrosine kinases directly stimulates its catalytic
activity [Wahl et al., 1988; Nishibe et al., 1990].
In addition, the activation of endogenous tyro-
sine kinases has been observed in some surgical
specimens from colorectal carcinomas [Cart-
wright et al., 1990]. In this study, we showed
PLC-v1 is phosphorylated in KMS-4 and KMS-8
cells by endogenous tyrosine kinase. This may
also explain the activation of PLC and the en-
hanced phosphoinositide metabolism in these
cells. The mechanism underlying the enhanced
tyrosine kinase activity in two KMS cells is still
unknown. Since production of growth factors by
human colon carcinoma cell lines was reported
previously [Anzano et al., 1989], it is possible
that these cells secrete in an autocrine manner
growth factors which bind to cell surface recep-
tors and in turn activate intrinsic tyrosine ki-

(b)

1 2 3 45

lane 5, KMS-8. b: Immunoprecipitates obtained with PY-20
were solubilized and further treated with anti-PLC-vy1 antibody
in the presence of protein-G agarose. The final immunoprecipi-
tates were solubilized in Laemmli’s SDS buffer, separated in
7.5% SDS-polyacrylamide gels, dried, and autoradiographed.
Lane 1, CCD841CoN; lane 2, LoVo; lane 3, COLO205; lane 4,
KMS-4; lane 5, KMS-8.

nases. It is also possible that cellular tyrosine
kinases are constitutively activated by intramo-
lecular changes such as an amino acid substitu-
tion by point mutation. Further studies are re-
quired to clarify the mechanism.

It has been reported that APC gene is tightly
linked to FAP [Kinzler et al., 1991b; Groden et
al., 1991]. We demonstrated the enhanced phos-
phoinositide metabolism and tyrosine kinase ac-
tivities in two independent cell lines derived
from FAP patients, suggesting that these intra-
cellular changes may be associated with alter-
ations of APC gene. Further analysis of the
phosphoinositide metabolism and tyrosine ki-
nase activity in other cell lines established from
FAP patients [Olive et al., 1993; Untawale et al.,
1993] may clarify this possibility. The APC gene
was found to be deleted or mutated at the early
stage in the development of sporadic colorectal
carcinomas [Powell et al., 1992]. Thus, it is
interesting to compare the deletion and/or mu-
tation sites of APC between KMS cells and spo-
radic colorectal carcinoma cells, and to analyze
the relevance of these sites of APC to activation
of PLC. It remains to determine a particular
carcinogenic pathway that occurs in FAP pa-



484 Homma et al.

tients affecting phosphoinositide metabolism un-
like that occurring in sporadic cases.

The activation of PLC leads to increased pro-
duction of DG and IP;. Because DG is an endog-
enous activator of protein kinase C, the above
results suggest that protein kinase C might be
activated in these colorectal carcinoma cells. We
observed that the protein kinase C activity lo-
cated in the membrane fraction was signifi-
cantly increased in KMS-4 and KMSS-8 cells (un-
published observation). Since protein kinase C
has been reported to be translocated from the
cytosol to the membrane in response to stimula-
tion, the increase in protein kinase C activity in
the membranes may indicate an increase in the
active state of protein kinase C.

The mRNA level of PLC isoforms was varied
among sporadic colorectal carcinoma cell lines.
Enhanced expression of PLC-yl and -81 in
COLO205, DLD-1, SW837, and LoVo cells may
result in slight increases of the IP; and DG
levels and PLC activity in vitro, as compared
with those in CCD841CoN and FHC cells. It has
been reported that PLC-y1 is highly expressed
in more than 70% of human breast carcinoma
cases [Artega et al., 1991]. We also observed the
high expression of PLC-v1 in 50% of human
leukemic cell lines (unpublished results). It is of
interest that transcriptional controls of the
PLC-v1 and PLC-31 genes are changed during
cell transformation.

In summary, we observed several changes of
transcriptional and/or translational control of
the PLC genes and activity of PLC isoforms in
two independent carcinoma cell lines derived
from FAP patients. These results suggest that
the activation of PLC and subsequent activation
of protein kinase C play an important role in
signal transduction for the transformed pheno-
type of these cells.

ACKNOWLEDGMENTS

We thank Japanese Cancer Research Re-
sources Bank for providing cell lines. We are
grateful to Ms. H. Nagasaki for her assistance of
cell culture.

This work was supported by a Grant-in-Aid
from the Ministry of Education, Science, and
Culture of Japan, and by Nissan Science Founda-
tion.

REFERENCES

Anzano MA, Rieman D, Prichett W, Bowen-Pope DF, Greig
R (1989): Growth factor production by human colon carci-
noma cell lines. Cancer Res 49:2898-2904.

Artega CL, Johnson MD, Todderud G, Coffey RJ, Carpenter
G, Page DL (1991): Elevated content of the tyrosine
kinase substrate phospholipase C-y1 in primary human
breast carcinomas. Proc Natl Acad Sci USA 88:10434-
10439.

Berridge MJ, Irvine RF (1989): Inositol phospholipids and
cell signalling. Nature 341:197-205.

Camps M, Carozzi A, Schnabel P, Scheer A, Parker PJ,
Gierschik P (1993): Isozyme-selective stimulation of phos-
pholipase C-B2 by G protein By-subunits. Nature 360:684—
686.

Cartwright CA, Meisler Al, Eckhart W (1990): Activation of
the pp60°5* protein tyrosine kinase is an early event in
colonic carcinogenesis. Proc Natl Acad Sci USA 87:558~
562.

Emori Y, Homma Y, Sorimachi H, Kawasaki H, Nakanishi
O, Suzuki K, Takenawa T (1989): A second type of rat
phosphoinositide-specific phospholipase C containing a
src-related sequence not essential for phosphoinositide-
hydrolyzing activity. J Biol Chem 264:21885-21890.

Fearon ER, Vogelstein B (1990): A genetic model for colorec-
tal tumorigenesis. Cell 61:759-767.

Fearon ER, Cho KR, Nigro JM, Kern SE, Simons JW,
Ruppert JM, Hamilton SR, Preisinger AC, Thomas G,
Kinzler KW, Vogelstein B (1990): Identification of a chro-
mosome 18q gene that is altered in colorectal cancers.
Science 247:49-55.

Groden J, Thliveris A, Samowitz W, Carlson M, Gelbert L,
Albertsen H, Joslyn G, Stevens J, Spirio L, Robertson M,
Sargeant L, Krapcho K, Wolff E, Burt R, Hughes JP,
Warrington J, McPherson J, Wasmuth J, Paslier DL,
Abderrahim H, Cohen D, Leppert M, White R (1991):
Identification and characterization of the familial adeno-
matous polyposis coli gene. Cell 66:589-600.

Homma Y, Imaki J, Nakanishi O, Takenawa T (1988):
Isolation and characterization of two different forms of
inositol phospholipid-specific phospholipase C from rat
brain. J Biol Chem 263:6592-6598.

Homma Y, Takenawa T, Emori Y, Sorimachi H, Suzuki K
(1989): Tissue- and cell type—specific expression of mRNAs
for four types of inositol phospholipid-specific phospholi-
pase C. Biochem Biophys Res Commun 164:406—412.

Homma Y, Emori Y, Shibasaki F, Suzuki K, Takenawa T
(1990): Isolation and characterization of a y-type phospho-
inositide-specific phospholipase C (PLC-y2). Biochem J
269:13-18.

Kato M, Kawai S, Takenawa T (1987): Altered signal trans-
duction in erbB-transformed cells. J Biol Chem 262:5696—
5704.

Kinzler KW, Nilbert MC, Vogelstein B, Bryan TM, Levy DB,
Smith KJ, Preisinger AC, Hamilton SR, Hedge P,
Markham A, Carlson M, Joslyn G, Groden J, White R,
Miki Y, Miyoshi Y, Nishisho [, Nakamura Y (1991a):
Identification of a gene located at chromosome 5q21 that
is mutated in colorectal cancers. Science 251:1366-1369.

Kinzler KW, Nilbert MC, Su L-K, Vogelstein B, Bryan TM,
Levy DB, Smith KdJ, Preisinger AC, Hedge P, McKechnie
D, Finniear P, Markham A, Groffen J, Boguski M, Altschul
SF, Horii A, Ando H, Miyoshi Y, Miki Y, Nishisho I,
Nakamura Y (1991b): Identification of FAP locus genes
from chromosome 5q21. Science 253:661-665.

Laemmli UK (1970): Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227:680-685.



Phospholipase C in FAP 485

Meldrum E, Parker PJ, Carozzi A (1991): The phosphatidyl-
inositol-phospholipase C superfamily and signal transduc-
tion. Biochim Biophys Acta 1092:49-71.

Namba M, Miyamoto K, Hyodo F, Iwama T, Utsunomiya J,
Fukushima F, Kimoto T (1983): Establishment and char-
acterization of a human colon carcinoma cell line (KMS-4)
from a patient with hereditary adenomatosis of the colon
and rectum. Int J Cancer 32:697-702.

Nishibe S, Wahl MI, Hernandez-Sotomayor SMT, Tonks
NK, Rhee SG, Carpenter G (1990): Increase of the cata-
lytic activity of phospholipase C-y1 by tyrosine phosphor-
ylation. Science 250:1253-1256.

Nishizuka Y (1988): The molecular heterogeneity of protein
kinase C and its implications for cellular regulation. Na-
ture 308:693-698.

Olive M, Untawale S, Cofley Rd, Siciliano MJ, Wildrick DM,
Fritsche H, Pathok S, Cherry LM, Blick M, Lointier P,
Roubein LD, Levin B, Boman BM (1993): Characteriza-
tion of the DiFi rectal carcinoma cell line derived from a
familial adenomatous polyposis patient. In Vitro 29A:239-
248.

Powell SM, Zilz N, Beazer-Barclay Y, Bryan TM, Hamilton
SR, Thibodeau SN, Vogelstein B, Kinzler KW (1992): APC
mutations occur early during colorectal tumorigenesis.
Nature 359:235-237.

Rhee SG, Suh P-G, Ryu SH, Lee SY (1989): Studies of
inositol phospholipid-specific phospholipase C. Science 244:
546-550.

Siddiqui KM, Chopra DP (1984): Primary and long term
epithelial cell cultures from human fetal normal colonic
mucosa. In Vitro 20:859-868.

Stahl ML, Ferenz CR, Kelleher KL, Kriz RW, Knopf JL
(1988): Sequence similarity of phospholipase C with the
non-catalytic region of src. Nature 332:269-272.

Suh P-G, Ryu SH, Moon KH, Suh HW, Rhee SG (1988):
Inositol phospholipid-specific phospholipase C: Complete
cDNA and protein sequences and sequence homology to
tyrosine kinase-related oncogene products. Proc Natl Acad
Sci USA 85:5419-5423.

Taylor SJ, Smith JA, Exton JH (1990): Purification from
bovine liver membranes of a guanine nucleotide-depen-
dent activator of phosphoinositide-specific phospholipase
C. J Biol Chem 265:17150-17156.

Thompson AA, Dilworth S, Hay RJ (1985): Isolation and
culture of colonic epithelial cells in serum-free medium. J
Tissue Culture Method 9:117-122.

Ullrich A, Schlessinger J (1990): Signal transduction by
receptors with tyrosine kinase activity. Cell 61:203-212.
Untawale S, Zorbas MA, Hodgson CP, Coffey RJ, Gallick

GE, North SM, Wildrick DM, Olive M, Blick M, Yeoman
LC, Boma BM (1993): Transforming growth factor-alpha
production and autoinduction in a colorectal carcinoma
cell line (DiFi) with an amplified epidermal growth factor

receptor gene. Cancer Res 53:1630-1636.

Wahl MI, Daniel TO, Carpenter G (1988): Anti-phosphotyro-
sine recovery of phospholipase C activity after EGF treat-
ment of A-431 cells. Science 241:968-970.





