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PROTEIN KINASE C IN COLONIC ADENOMAS AND CARCINOMAS

I11-S, diacylglycerol, and phosphatidylserine were from Sigma (Tauf-
kirchen, FRG), and Nonidet P-40 was from LKB (Bromma, Sweden).

RESULTS

To investigate a possible involvement of altered protein ki-
nase C activity in the development of colonic adenomas and
colonic carcinomas, total PK-C and membrane-associated PK-
C activity of 33 patients was determined. PK-C activity of
patients with colonic adenomas (n = 16) and those with colonic
carcinoma (n = 10) was compared to PK-C levels in adjacent
mucosa and to a group of 7 control patients.

PK-C Activity in Colonic Mucosa of Control Patients. To
obtain an estimate of enzyme activity in normal intestinal
mucosa, PK-C was determined in various segments of the
intestinal mucosa of 7 patients having a macroscopically and
histopathologically normal mucosa. Samples from the distal
ileum, cecum, transverse colon, sigmoid colon, and rectum were
analyzed (Table 2). Highest PK-C levels were found in the distal
ileum (597 + 200 pmol/min/mg protein), while levels in the
cecum (402 + 108 pmol/min/mg protein), transverse colon
(281 + 79 pmol/min/mg protein), and sigmoid colon (434 +
134 pmol/min/mg protein) declined to the lowest levels in the
rectum (225 + 98 pmol/min/mg protein). Values for mem-
brane-associated PK-C activity were similar in all intestinal
segments investigated (range, 25.1-37.6%, Table 1). Although
the amounts of total PK-C activity varied within a wide range
in these groups, the intraindividual levels of PK-C in the various
intestinal segments were within narrow limits and showed a
continuous decline from the distal ileum to the rectal mucosa
(45 = 9.7%, as compared to levels in the distal ileum, P <
0.002, Fig. 2). Total and membrane-associated PK-C activity
was calculated from the colonic segments, cecum, transverse
colon, and sigmoid colon (total, 372 + 79 pmol/mg/min pro-
tein; membrane-associated fraction, 107 = 7.1 pmol/min/mg
protein) and was used to compare PK-C activity determined in
colonic adenomas and carcinomas.

Patients with Colonic Adenomas. To investigate whether pos-
sible changes of PK-C activity may be related to the occurrence
of hyperproliferative intestinal diseases, PK-C activities in 16
patients with tubular (n = 11) and tubulovillous (n = 5) ade-
nomas with low or moderate degrees of atypia were analyzed.
The total activity of PK-C was significantly lower in colonic
adenomas as compared to adjacent mucosa (146 versus 336
pmol/min/mg protein, P < 0.05) and in relation to the control
group (372 pmol/min/mg protein, P < 0.05). Determination of
specific membrane-associated PK-C activity in adenomas (36.3
pmol/min/mg protein) indicated a similar decrease when com-
pared to adjacent mucosa (102 pmol/min/mg protein, P <
0.05) and to mucosa from control patients (P < 0.05, Table 2).
The subcellular distribution of PK-C, as determined by the ratio

Table 1 Distribution of total PK-C activity and membrane-associated PK-C
activity in various regions of intestinal mucosa of 7 healthy patients.

% membrane-associated
PK-C activity (% total

PS/DAG/Ca**-
Total PK-C Activity dependent
(pmol/min/mg protein) phosphorylation of

histone III-S)

Localization Mean + SEM Range Mean + SEM
Distal ileum 597 + 200 73-1194 37.6 £+ 8.8
Cecum 402 + 108 42- 677 30.6 +£ 6.2
Transverse 281+ 79 23- 528 309 + 5.6
Sigmoid 434 + 134 15- 824 25.1 £ 6.1
Rectum 225+ 98 36- 652 278+ 74
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Fig. 2. Relative distribution of PK-C in various segments of intestinal mucosa.
Intraindividual comparison of total PK-C activity determined in 3-5 biopsy
specimens from various segments of intestinal mucosa from 7 healthy patients
(control group). PK-C activity was determined as described in “Patients and
Methods.” Levels of PK-C activity determined in distal ileum (597 + 200 pmol/
min/mg protein) were taken as 100%. Absolute amounts of PK-C activity are
given in Table 1. Columns, means; bars, +SD; x, P < 0.025; xx, P < 0.01; xxx, P
< 0.002.
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of membrane-associated/total PK-C activity was not signifi-
cantly altered in adenomas (24.9%) or adjacent normal mucosa
(30.6%) in comparison to values observed in the control group
(28.9%, Table 2). As shown in Fig. 3, the decrease in PK-C
activity was consistently observed in adenomas when compared
to paired adjacent mucosa within each individual (41.4 + 7.9%,
n =16, P < 0.001). Hence, alterations of the protein kinase C
pathway are associated with the occurrence of early neoplastic
but premalignant stages of intestinal mucosa. Further analysis
of the data in relation to the histopathological classification of
the adenomas (tubular versus tubulovillous) did not indicate
significant differences within either groups although total PK-
C levels in tubulovillous adenomas (n = 5) were slightly de-
creased, as compared to tubular adenomas (n = 9) (not shown).

Patients with Colonic Carcinomas. In 10 patients with colonic
carcinomas total PK-C activity was similarly decreased in car-
cinomatous tissue, as compared to the control group (198 versus
372 pmol/min/mg protein, P < 0.05) and to adjacent normal
mucosa (336 pmol/min/mg protein, P < 0.05, Table 2). The
intraindividual comparison of PK-C activity from colonic car-
cinomas and adjacent mucosa indicated a decrease in 8 of 10
patients (65 *+ 9.4%; range, 20-95%), while 2 patients in this
group had increased amounts of total PK-C activity (129 +
7.5%).

PK-C activity from carcinoma tissue derived from different
colonic segments (sigmoid, n = 6; right side, n = 2; left side, n
= 2) was not correlated to the site of origin (not shown).

The analyses of the membrane-associated fraction of PK-C
in carcinomas revealed decreased values of 89.1 pmol/min/mg
protein in relation to amounts determined in adjacent mucosa
(149 pmol/min/mg protein, P < 0.05; Table 2).

The ratio of membrane-associated/total PK-C activity was
significantly increased in carcinomatous tissue and in adjacent
mucosa of patients bearing carcinomas, as compared to control
levels (45.0 and 44.6 versus 28.9%, P < 0.05; Table 2). Since
the increased association of PK-C with the membrane is thought
to reflect the activated state of the enzyme, this might indicate
a altered subcellular distribution of activated PK-C in colonic
carcinomas and adjacent mucosa of patients with colonic can-
cer.
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Table 2 Total and membrane-associated PK-C activity in colonic adenomas compared to values determined in adjacent mucosa and to values found in the control
group (mean + SEM)

PK-C activity (pmol/min/mg protein)

Ratio: membrane-associated vs. total
(% PS/DAG/CA?**-dependent

Tissue derived from: Total Membrane-associated histone phosphorylation)
Control group (n = 7) 372+ 79 107 + 7.1 28.9
Adjacent mucosa (n = 16) 336 + 87 102+ 15 28.9
Colonic adenomas (n = 16) 146 = 51°¢ 36.3 + 6.6° 30.6
Adjacent mucosa (n = 10) 336 + 74 149 + 23 44.6°
Colonic carcinomas (n = 10) 198 + 59° 89.1 +6.9° 45.0°

* Significantly different (P < 0.05) from values found in the control group and those obtained in adjacent mucosa.

® Significantly different (P < 0.05) from values determined in adjacent mucosa.
¢ Significantly different (P < 0.05) from values found in the control group.
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Fig. 3. Comparison of PK-C activity of paired samples from colonic adenomas
and adjacent mucosa. Intraindividual comparison of total PK-C activity deter-
mined in 3-5 biopsy specimens from colonic adenomas and adjacent mucosa
(100%) of 16 patients. Total PK-C activity was determined as described in
“Patients and Methods.™ Absolute amounts of determined total PK-C activity are
given in Table 1. 0, relative amounts of PK-C activity of tubular adenomas (n =
9); A, levels of tubulovillous adenomas (n = S); points, means; bar, +SD.

DISCUSSION

In the present study we investigated whether changes occur
in total and membrane-associated PK-C activity in colonic
adenomas and carcinomas in humans. Neoplastic lesions were
compared to normal mucosa from a control group and to
adjacent normal mucosa of each patient. The data indicate a
highly significant decrease of total PK-C activity in colonic
adenomas, both in relation to normal mucosa of a control group
and to intraindividual levels in paired normal colonic mucosa.
Colonic carcinomas also contained significantly less total PK-
C activity as compared to adjacent mucosa and to control
patients. The ratio of membrane-associated/total activity of
PK-C, which is supposed to represent the activated state of the
enzyme, was not altered in normal mucosa of patients bearing
adenomas or in the adenomas themselves. By contrast, colonic
carcinomas and also normally appearing mucosa adjacent to
carcinomas had an elevated relative fraction of membrane-
associated PK-C activity, although specific membrane-associ-
ated PK-C activity was quantitatively decreased. The data are
presented as specific PK-C activity per min and mg of protein.
Similar data were obtained when the results were calculated for
the amounts of tissue wet weight (not shown).

These data support previous reports of Guillem et al. (34)
who investigated PK-C activity in surgically resected colonic

tumors. The authors similarly found a decrease of cytosolic and
membrane-associated PK-C activity in colonic carcinomas
when compared to adjacent mucosa. Based on the finding that
carcinoma samples containing considerable amounts of benign
adenomatous tissue had high levels of membrane-associated
PK-C activity, the authors speculated that alteration of PK-C
metabolism might already be present in premalignant colonic
adenomas. The present study correlates PK-C activity of sam-
ples derived from colonic adenomas and carcinomas to adjacent
mucosa and provides information about PK-C activity in intes-
tinal mucosa of a normal control group. Our data demonstrate
that both total and membrane-associated PK-C activity are
significantly decreased in samples from colonic adenomas and
carcinomas. In patients bearing carcinomas we observed a rel-
ative increase in the ratio of membrane-associated/total PK-C
activity, probably indicating a permanently activated state of
PK-C in patients susceptible to the development of colonic
cancer.

The significance of quantitative and subcellular changes of
PK-C activity in human colonic tissue determined under ex vivo
conditions is not clear at present. However, the early decrease
of PK-C activity in premalignant colonic adenomas and the
altered activity and impaired subcellular distribution of PK-C
in colonic carcinomas might suggest an important role of PK-
C in the regulation of intestinal growth and differentiation.

Total protein kinase C activity of intestinal mucosa was
generally higher in the distal ileum compared to various seg-
ments of the colon. This finding might be of interest since the
development of carcinomas of the small intestine is relatively
rare. However, the observed distribution might also be related
to different metabolic activities of the mucosa in various seg-
ments of the intestine.

The role of protein kinase C in normal and neoplastic human
colonic mucosa is not well established. Craven et al. (29, 30)
reported an increased synthesis of DNA upon treatment with
bile acids or fatty acids, which also caused an initial transloca-
tion of PK-C to the membrane with a subsequent down-regu-
lation of the enzyme. Friedman et al. (32, 33) observed an
increased labeling index, suggesting a proliferative response in
primary cultures of human colonic tubular adenomas upon
treatment with phorbol esters. Cultures of tubulovillous ade-
nomas and carcinomas showed no growth response but reacted
with secretion of plasminogen activator to phorbol esters. How-
ever, activation of PK-C was associated with differentiation and
growth arrest in fibroblasts (20), keratinocytes (24), and several
bone marrow-derived tumor cell lines (21, 23, 37). Thus, there
is evidence for a role of PK-C in regulating both growth and
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differentiation in epithelial cells, depending on the state of
differentiation or transformation of the cell.

In our study changes of total protein kinase C activity were
already evident within the adenoma group, as compared to
adjacent mucosa and the control group. At present no biochem-
ical marker is available to distinguish colonic adenomas from
adjacent intestinal mucosa, despite the hyperproliferative be-
havior of adenomas. Various alterations have been observed in
large adenomas and carcinomas of the colon such as ras onco-
gene mutations, genetic deletions, and differences in growth
factor secretion and receptor capacity (5-9). Since these
changes were mainly associated with colonic carcinomas and
less frequently with adenomas, they appear to occur during
tumor progression. The loss of PK-C activity in adenomas
therefore may indicate that investigations of the PK-C pathway
should be promising to detect further early alterations in the
colonic adenoma-carcinoma sequence.

The specific activity of total and membrane-associated PK-C
was decreased in colonic adenomas and carcinomas. It is not
well established at present whether down-regulation of PK-C
might lead to an inactivation of PK-C or involves a persistent
functionally active fraction of PK-C which escapes detection.
Very recent data from our laboratory have shown a decrease of
diacylglycerol levels in colonic adenomas and carcinomas (38).
Since activation of PK-C mainly depends on diacylglycerol,
these results probably argue against an increased phosphoino-
sitide metabolism generating diacylglycerol and thereby acti-
vating PK-C in colonic adenomas and carcinomas. In addition,
analysis of phospholipase C activity, the key enzyme for phos-
phoinositide hydrolysis, indicated no difference in enzyme ac-
tivity in colonic adenomas and paired adjacent mucosa.® How-
ever, changes in PK-C activity may be induced by mechanisms
unrelated to phosphoinositide breakdown, since various fatty
acids, increased concentrations of calcium, several phospho-
lipids, and arachidonic acid were reported to activate PK-C (26,
39).

A variety of carcinogenic factors may be involved in the
regulation of PK-C activity in colonic mucosa, either present
in the luminal contents or related to genetic alterations. In-
creased fecal amounts of bile acids and fatty acid and dietary
habits, such as high fat or protein intake and low fiber con-
sumption, were correlated to the occurrence of colonic adeno-
mas and carcinomas (2-4). Some of these factors, such as bile
acids, are known to activate PK-C and might explain the relative
increased ratio of membrane-associated/total PK-C activity, as
determined in the group with colonic carcinomas. The finding
that a relatively increased membrane-associated fraction of PK-
C was already present in adjacent mucosa of tumor patients
(Table 2) is compatible with the existence of hereditary cofac-
tors involved in colonic carcinogenesis (11-14). Recently, the
gene probably associated with familial adenomatous polyposis
and the development of colonic carcinomas was localized on
chromosome 5 (40, 41). The relative increase in the ratio of
membrane-associated PK-C activity in colonic carcinomas
might additionally be due to cocarcinogenic factors activating
phosphoinositide metabolism, such as ras oncogenes (42),
which were frequently found in human adenomas and carcino-
mas (5, 6, 9).

Nishizuka (26) proposed a role of negative feedback control
on cell metabolism mediated by PK-C. Therefore, the decreased
levels of PK-C in colonic adenomas and carcinomas could

4 P. Mayer and A. Pfeiffer, unpublished results.
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promote uncontrolled growth of colonic mucosa, which might
support the progression to a neoplastic or malignant phenotype.
The association of increased levels of PK-C and differentiation
was recently confirmed by Makowske et al. (37), who reported
an increase of mRNA of PK-C in HL-60 cells upon differentia-
tion with dimethyl sulfoxide and retinoic acid. Recent data
from Guillem et al. (43) demonstrateed increased mRNA levels
of a specific protein kinase C-induced gene (phorbin) in colonic
carcinomas compared to adjacent mucosa. The expression of
phorbin mRNA was additionally positively correlated to tumor
progression. These results might indicate a permanent activa-
tion of protein kinase C during colonic carcinogenesis leading
to down-regulation of the enzyme.

In summary our data indicate that a decrease of total protein
kinase C activity is related to the occurrence of hyperprolifera-
tive and premalignant diseases in human colonic mucosa. The
decrease of total protein kinase C activity either might be due
to down-regulation of PK-C as a result of hyperactivation or
could indicate hereditary alterations of the pathways regulating
the activity of PK-C. Thus, alterations of the PK-C pathway
seem to occur as an early event within the human adenoma-
carcinoma sequence.
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