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Low diacylglycerol values in colonic adenomas and

colorectal cancer

G Sauter, A Nerlich, U Spengler, R Kopp, A Pfeiffer

Abstract

The biochemical events that make colonic
epithelial cells proceed along the adenoma-
carcinoma sequence are not well understood.
The phosphoinositol signal transduction path-
way is involved in the regulation of cell growth
and differentiation. To determine its role
in colonic neoplasias we performed mass
measurements of its second messenger sn-1,2-
diacylglycerol in biopsy specimens from
normal mucosa and neoplasias of the colon.
Normal colonic mucosa was also investigated
in patients without colonic abnormalities
(n=10). Compared with pooled diacylglycerol
values from five colonic sites (100%), values in
patients with a normal colon were highest in
the ascending colon (120 (5)%, p<0-05) and
lowest in the rectum (81 (5)%, p<0-01).
Absolute diacylglycerol values in patients with
normal colons (2:62 (0-16) nmol/mg protein)
were not significantly different from those
found in the normal mucosa of patients with
colorectal neoplasias (2:45 (0-17) nmol/mg
protein). Both colonic adenomas (n=15) and
colorectal carcinomas (n=14) showed signi-
ficantly decreased diacylglycerol values com-
pared with the adjacent normal mucosa of each
patient (72 (4)%, p<0-001, and 71 (4)%,
p<0-001 respectively). The appreciable
decrease in mass diacylglycerol values clearly
distinguishes adenomas and carcinomas of the
colon from the surrounding normal mucosa.
This finding suggests that profound metabolic
changes of the phosphoinositol signal trans-
duction pathway occur early in the adenoma-
carcinoma sequence and may be 1mportant in
colonic carcinogenesis.

Colonic adenoma and colorectal cancer are
regarded as successive stages in the multistep
process of colonic carcinogenesis. The bio-
chemical events that cause colonic epithelial cells
to escape normal growth control mechanisms
and proceed along the adenoma-carcinoma
sequence are, however, largely unknown.
Recent research has suggested a role for signal
transduction mechanisms in the control of cell
growth and differentiation.'* In particular,
sn-1,2-diacylglycerol, which is generated in the
polyphosphoinositide second messenger system
by the action of phospholipase C,’ has been
shown to mediate signals of cell proliferation
and differentiation by activation of protein
kinase C.'¢’

Tumour promoters of the phorbol ester family
bypass this signalling pathway to activate protein
kinase C directly by binding to the diacylglycerol
site.'®* Experimentally induced activation of
protein kinase C," suggests that it may enhance

either cell differentiation*"""” or prolifera-
tion," " depending on the tissue investigated.

Involvement of the phosphoinositol signal
transduction pathway in the process of cell trans-
formation is further supported by the fact that
oncogene products like p60*=*, polyoma middle
T antigen, p68* ™, p' ™, p*- fes, and p21™ may
influence or act as enzymes of this pathway.**
On the other hand, some cellular proto-
oncogenes such as c-fos®* and c-myc” are
potential targets of protein kinase C action.

To gain a better understanding of changes in
the phosphoinositol signal transduction path-
way during the adenoma-carcinoma sequence,
we investigated the role of the second messenger
molecule sn-1,2-diacylglycerol using biopsy
specimens from patients with adenomas and
carcinomas of the colon. Measurements were
performed in biopsy specimens from normal
mucosa, colonic adenomas, and colorectal
adenocarcinomas. Diacylglycerol values in the
colonic mucosa of patients with normal colons
were also determined, since increased cell proli-
feration has been reported recently in the normal
mucosa of patients with adenomas or carcinomas
of the colon.*

We report low diacylglycerol values in
adenomas and carcinomas of the colon compared
intraindividually with the normal mucosa.
Absolute values showed interindividual varia-
tions that were approximately two fold but were
within narrow limits when measured intra-
individually along five colonic sites. Absolute
diacylglycerol values in normal mucosa of
patients with colorectal neoplasms did not differ
significantly from values observed in patients
with normal colons.

Materials and methods

PATIENTS )
Twenty nine patients who were found to have
polyps or cancer of the colon during colonoscopy
were studied. In addition, we examined biopsy
specimens from 10 patients with normal colons
who had undergone colonoscopy during routine
diagnostic evaluation to exclude colonic disease
(positive occult blood test, abdominal pain of
unknown origin, irritable bowel syndrome,
haemorrhoidal bleeding). All patients had given
written informed consent to the study, which
was approved by the local ethics committee.
Before colonoscopy about 4-6 1 of irrigation
solution were given orally, and gut irrigation
finished when the effluent was clear. The compo-
sition of the irrigation fluid was as follows: 6-34 g
polyethyleneglycol 4000, 0-42 g sodium sulfate,
0-17 g sodium bicarbonate, 0-15 g sodium
chloride, and 0-07 g potassium chloride added to
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100 ml of water. The time between the end of '

irrigation and the first biopsy was about one
hour.

BIOPSY SPECIMENS

Five biopsy specimens were taken with an endo-
scopic miniforceps from each site investigated.
In patients with adenomas or carcinomas, biopsy
specimens were taken as paired samples, from
the tumour and from flat normal looking mucosa
10-20 cm away. In patients with normal colons,
biopsy specimens were taken from the ascend-
ing, transverse, descending, and sigmoid colon
and from the rectum. One sample of each biopsy
specimen was always preserved for histological
examination. Immediately after removal, the
biopsy specimens were frozen at —70°C on
dry ice. This was done because pilot studies
have shown that diacylglycerol is rapidly metab-
olised — values drop to 35-40% after storage for
half an hour at 0°C.

HISTOLOGICAL EXAMINATION

Polyps and cancers were classified by histological
examination into the following subgroups:
tubular adenomas with moderate cellular atypias
(n=5) or severe cellular atypias (n=1); tubulo-
villous adenomas with moderate (n=7) or severe
(n=1) atypias; villous adenomas (n=1); differen-
tiated adenocarcinomas (n=12); and undifferen-
tiated adenocarcinomas (n=2). The stromal part
of the biopsy specimen preserved for histological
examination was semiquantitatively determined.
Patients were excluded from the study if stromal
tissue exceeded 40%. Stromal parts were 10-3
(1-2)%, 12-1 (1-8)%, and 21-2 (2-8)% in normal

mucosa, adenomas, and carcinomas respect-

ively. To test the influence of the stromal part on
diacylglycerol values, biopsy specimens were
assigned to three groups — group I, stromal part
0-10%, group II, stromal part 11-25%, and
group III, stromal part 26-40%. No significant
difference between these groups was found with
regard to diacylglycerol values in normal mucosa
(p=0-4), adenomas (p=0-64), and carcinomas
(p=0-11).

LIPID EXTRACTION

A modification of the method of Bligh and Dyer”
was used to extract phospholipids and neutral
lipids. After the wet weight of the frozen biopsy
specimens had been determined, tissue samples
were quickly placed in 39 ml of chloroform/
methanol/phosphate buffered saline (1:2:0-9
v/viv) at 0°C. The samples were then homoge-
nised under N, with a Polytron PTA 10 TS
homogeniser (Bachhofer, Reutlingen, West
Germany) for 15 seconds and the monophases
were mixed. After adding 1 ml of chloroform and
1 ml phosphate buffered saline and centrifuga-
tion at 3000 g for five minutes, the chloroform
phases were saved. The phosphate buffered
saline/methanol and solid phases were washed
once with 2 ml of chloroform and the chloroform
extracts were combined. For determination of
diacylglycerol three aligouts of the chloroform
extracts were dried under N,; one aliqout was
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stored at —20°C for determination of phospho-
lipids. For the analysis of the protein content of
the samples, the resting aqueous phase contain-
ing a solid pellet was centrifuged again, the
supernatant was discarded, and 1 ml of 1 M
NaOH was added for alkaline proteolysis. The
mixture was brought to 95°C for 30 minutes,
cooled, and then adjusted to pH 6-5 by adding
1 M HCI.

QUANTITATIVE ASSAY FOR SN-1,2-
DIACYLGLYCEROL

Diacylglycerol was determined quantitatively as
recently described by Preiss et al.?® Briefly,
diacylglycerol was quantitatively converted to
[**P] phosphatidic acid using recombinant
Escherichia coli sn-1,2-diacylglycerol kinase
(Lipidex Inc, Westfield, NY, USA) and [*P]
adenosine triphosphate. The phosphatidic
acid thus formed was re-extracted as described
above and the chloroform phase washed with 1%
HCIO,4. Phosphatidic acid was separated on
silica-gel 60 plates (Merck) and spots corres-
ponding to phosphatidic acid were scraped into
scintillation vials. Radioactivity was quantitated
by ligand scintillation spectrophotometry. The
amount of diacylglycerol present in the original
samples was calculated from the sample volumes
and the specific activity of the adenosine triphos-
phate used, corrected by the factor 1-4 since
recovery studies had shown that about 29% of
the phosphatid acid had been lost during lipid

_extraction and washing with HCIO,.

When known amounts of sn-1,2-dioleoyl-
glycerol were assayed as described above, the
assay was strictly linear in the range of 100 pmol
to 10 nmol. The intra-assay coefficient of varia-
tion was less than 0-08 (n=3) and the interassay
coefficient of variation was less than 0-12 (n=3).

PROTEIN AND PHOSPHOLIPID ASSAY

After NaOH-hydrolysis of proteins as described
above, the protein content of the biopsy speci-
mens was determined in a protein microassay
(Bio-Rad, Munich). Phospholipids were deter-
mined as recently described by van Veldhoven
and Mannaerts.?”

CALCULATION OF SN-1,2-DIACYLGLYCEROL

To calculate diacylglycerol values the tissue wet
weight, protein, and phospholipid contents of
each sample were determined. Protein/tissue
ww ratios of normal mucosa, adenomas, and
carcinomas corresponded well with each other
(mean (SEM) 0-108 (0-006) mg/mg, 0-112 (0-01)
mg/mg, and 0-097 (0-007) mg/mg respectively).
Phospholipids were decreased in carcinomas if
they were calculated on the basis of phospholipid/
protein ratios (mean (SEM) 230-6 (10-6)
nmol/mg, 226-1 (22-8) nmol/mg, and 200-8
(22-4) nmol/mg respectively) or as phospholipid/
tissue ww ratios (mean (SEM) 23-7 (4-6)
nmol/mg, 24-0.(2:1) nmol/mg, and 18-4 (1-6)
nmol/mg (p<<0-05) respectively). A similar
decrease in phospholipid had been observed in
hepatoma cell lines and the Friend erythro-
leukemic cell line when cells were compared with
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their differentiated counterparts.®* Since phos-
pholipid did not seem to represent a reliable basis
on which diacylglycerol values could be cal-
culated in these different tissues, values were
related to the protein content of the samples.
Diacylglycerol values are given as nmol/mg pro-
tein. No attempt was made to calculate diacyl-
glycerol values on the basis of tissue DNA, since
hyperploid states of neoplastic tissues may falsify
differences in cellularity of the tissues inves-
tigated.

STATISTICAL ANALYSIS

The diacylglycerol values of adenomas and
carcinomas were compared with the values in
adjacent normal mucosa using Student’s ¢ test for
paired samples. For unpaired samples the Mann-
Whitney test was used. To test the influence of
the stromal part on diacylglycerol values, biopsy
specimens were assigned to three different
groups on the basis of their stromal contents (see
‘Histological examination’). Differences in dia-
cylglycerol values between these three groups
were tested by the Kruskal-Wallis test. Data are
given as méan (SEM).

Results

DIACYLGLYCEROL VALUES IN MUCOSA OF
PATIENTS WITH NORMAL COLONS

In 10 patients (two men and eight women aged 28
to 71 years, mean (SEM) 52 (49) years), diacyl-
glycerol values were determined in the epithe-
lium of the ascending, transverse, descending,
and sigmoid colon and the rectum, which had
been shown to be histologically normal. When
values from all sites were pooled for each patient,
the diacylglycerol/protein values were mean
(SEM) 2-62 (0-16) nmol/mg (range 1-92 nmol/
mg-3-49 nmol/mg). Diacylglycerol/tissue ww
ratios were 219-7 (25-7) pmol/mg. No correlation
between diacylglycerol values and age or sex of
the patients was found. Contrasting with the
twofold interindividual range, intraindividual
differences between different colonic sites lay
within narrow limits. They probably reflected a
constant distribution of diacylglycerol in tissue
(Fig 1), which was highest in the ascending colon
and lowest in the rectum. Values for the five
sites, from the ascending colon to the rectum,
were mean (SEM) 3-06 (0-2) nmol/mg, 2-62 (0-2)
nmol/mg, 2:54 (0:2) nmol/mg, 2-70 (0-2) nmol/
mg, and 2:07 (0-08) nmol/mg respectively.
Differences were significant for the ascending
colon (p<0-05) and the rectum (p<0-01) com-
pared with the pooled diacylglycerol values from
the five colonic sites.

DIACYLGLYCEROL VALUES IN THE NORMAL
MUCOSA OF PATIENTS WITH ADENOMAS OR
CARCINOMAS

Biopsy specimens, taken as paired samples from
histologically normal mucosa about 10-20 cm
away from any lesion and from the lesion itself,
were available from 15 patients with colonic
adenomas (transverse colon n=3, descending
colon n=3, sigmoid colon n=9) and from ‘14
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Figure 1: Distribution of sn-1,2-diacylglycerol/protein values
(DAG/PR) in different parts of the colon.

AC=ascending colon, TC=transverse colon,
DC=descending colon, SC=sigmoid colon, RE =rectum,
OV=overall values. o

Values are expressed as the percentage of DAG/PR ratios in
each site related to pooled ratios from the five colonic sites
investigated in each subject.

patients with colorectal cancer (ascending colon
n=7, sigmoid colon n=5, rectum n=2). Overall
diacylglycerol/protein ratios were mean (SEM)
2-22 (0-17) nmol/mg in patients with adenomas
and 2-70 (0-30) nmol/mg in those with colorectal
cancer. These values were not significantly
different from those found in the colonic mucosa
of normal control patients (2:62 (0-16) nmol/
mg).

DIACYLGLYCEROL VALUES IN PATIENTS WITH
ADENOMAS

Values were determined as paired samples from
adjacent normal mucosa and colonic adenomas
(tubular adenomas n=6, tubulovillous adenomas
n=3§, villous adenomas n=1) of 15 patients (nine
men, six women), whose ages ranged from 41 to
81 years (mean (SEM) 62 (4) years). Locations of
the adenomas were as indicated above. Tissue
diacylglycerol values in the normal mucosa were
mean (SEM) 2-22 (0-17) nmol/mg (range 1-26—
3:7 nmol/mg). Colonic adenomas showed con-
sistently low values compared with the sur-
rounding normal mucosa (1-58 (0-13) nmol/mg,
p<<0-001). This reduction was found in
tubular, tubulovillous, and villous adenomas
(1-79 (0-18) nmol/mg, 1-42 (0-19) nmol/mg, and
1-52 nmol/mg respectively). These tissue dia-
cylglycerol contents were 713 (7%), 73-7 (6)%,
and 58 (0)% for tubular, tubulovillous, and
villous adenomas respectively compared with the
surrounding normal mucosa. No correlation
between the size of the adenomas and the
diacylglycerol values was found. No further
reduction in diacylglycerol/protein ratios was

found in adenomas with severe cellular atypias
(Fig 2).

DIACYLGLYCEROL VALUES IN CARCINOMAS

Samples from differentiated (n=12) and
undifferentiated (n=2) adenocarcinomas were
obtained from 14 patients (six men, eight
women) whose ages ranged from 30 to 78 years
(mean 62 (3) years). Locations of the carcinomas
were as indicated above. Absolute diacylglycerol
values of the adjacent normal mucosa and
colorectal carcinomas, which were determined as
paired samples, were mean (SEM) 2-71 (0-3) and
1-95 (0-27) nmol/mg (p<0-001) respectively.
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Figure 2: Values of sn-1,2-diacylglycerol/protein (DAG/PR)
found in normal mucosa and in colonic adenomas.

Left: absolute DAG/PR values found in normal mucosa
10-20 cm away from the adenoma (O = tubular,
O=tubulovillous, $>=wvillous adenoma, closed
symbols=severe cellular atypias). DAG/PR values found in
patients with normal colons lie within the rectangle.

Right: relative DAG/PR values in adenomas expressed as
percentages of values found in the normal mucosa of each
patient (paired samples).

Expressed as a percentage of the adjacent normal
mucosa diacylglycerol/protein ratios were 70-5
(4)% (Fig 3). This decrease was more pro-
nounced in undifferentiated (57-5 (10)%) than in
differentiated adenocarcinomas (727 (4)%).

Discussion

Extensive experimental work indicates that the
phosphoinositol signal transduction pathway
may play a role in the regulation of cell growth
and differentiation' and may be affected by the
action of various oncogenes. To learn more about
the metabolism of this signal transduction path-
way in spontaneously occurring tumours we
performed quantitative measurements of its
second messenger sn-1,2-diacylglycerol in
colonic adenomas and colorectal carcinomas.
Diacylglycerol values were determined in the
normal mucosa of patients without colonic
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Figure 3: Values of sn-1,2-diacylglycerol/protein (DAG/PR)
found in normal mucosa and in colorectal carcinomas.

Left: absolute DAG/PR values found in normal mucosa
10-20 cm away from the carcinoma ( A\ =differentiated
carcinoma, A =undifferentiated carcinoma). DAG values in
patients with normal colons are within the rectangle.

Right: relative DAG/PR values in carcinomas expressed as
percentages of values found in the normal mucosa of each
patient (paired samples).
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abnormalities, in the normal mucosa of patients
with adenomas or carcinomas, and in the
adenomas and carcinomas themselves.

Diacylglycerol values in the unaffected colon
were usually highest in the ascending colon and
lowest in the rectum. This distribution does not
correlate with the pool size of proliferating cells
as reported by Terpstra,” who observed a
decrease in the rectum but no increase in the
right colon. One possible explanation is that
diacylglycerol may be associated with specialised
functions of cells rather than representing a
proliferative marker. Further investigations are
needed, however, to elucidate this.

To our knowledge, no mass measurements of
diacylglycerol in human tissues that allow com-
parison between values found in our tissue
specimens with those of other human organs or
tumours have been reported. Our values in the
normal colonic mucosa (219-7 (25-7) pmol/mg
tissue ww or 262 (0-16) nmol/mg protein) were
comparable with those reported in animal tissues.
Bocckino® found a tissue content of 113-156
ng/mg ww (180-220 pmol/mg ww) in rat hepato-
cytes and Dixon* reported values of 213-289
pmol/mg ww (calculated by given specific acti-
vity) in minilobules of the mouse pancreas.
These data indicate that the second messenger
diacylglycerol represents a highly preserved com-
ponent of the cell which seems to be held relatively
constant with regard to the protein content.

Doctrow has recently shown that activation of
protein kinase C by phorbol esters suppresses the
effects of angiogenic mitogens and may promote
differentiation in bovine capillary endothelial
cells.” Activation of protein kinase C has further
been shown to inhibit cell proliferation and to
induce differentiation in cultured keratino-
cytes.’?? On the other hand, increased pro-
liferation has been reported in rat colonic
epithelial cells, which had been stimulated by

_ high concentrations of 12-0-tetradecanoylphor-

bol-13-acetate.*

Our study shows a highly consistent reduction
in diacylglycerol values in colorectal neoplasias
compared with the adjacent colonic mucosa from
the same subjects. This reduction seems to occur
early during the multistep process of colonic
carcinogenesis, since diacylglycerol values were
low in all of the adenomas. This decrease is
unlikely to be due to methodological problems,
since connective tissue contents were not
significantly increased in adenomas compared
with normal mucosa (see ‘Histological examina-
tion’) and there was no correlation between the
extent of connective tissue infiltration and de-
crease of diacylglycerol values in the tissues
investigated. Moreover, we did not see a reduc-
tion in other parameters such as epidermal growth
factor receptors® or activity of phospholipase C
(unpublished observation) in adenomas com-
pared with normal mucosa.

Diacylglycerol functions physiologically as the -
major activator of the Ca’*- and phospholipid
dependent enzyme protein kinase C. Decreased
values suggest therefore a decreased activation of
protein kinase C in colorectal neoplasias. This
hypothesis is supported by recent results from
our laboratory indicating reduced protein kinase
C activity in colonic adenomas and colorectal
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carcinomas (submitted data). Enhanced conver-
sion of diacylglycerol to biologically active meta-
bolites, which might explain the decreased
values observed in colonic neoplasias, cannot,
however, be ruled out.** Among these, lipoxin A
and some other eicosanoids are known to activate
protein kinase C to some extent."* Metabolites
of diacylglycerol like phosphatidic acid and
prostaglandin F2a have further been shown to
induce cell proliferation in 3T3 fibroblasts,
independent of the activation of protein kinase
C.*® Whether breakdown products of diacylgly-
cerol could be important in the regulation of cell
growth and differentiation remains to be deter-
mined. We have no reason to assume, however,
that enhanced cell proliferation and dedifferen-
tiation in colonic neoplasias is mediated by
increased generation of diacylglycerol activating
protein kinase C directly.

Terpstra® reported enhanced cell prolifera-
tion in the normal looking mucosa of patients
with large adenomas and carcinomas of the
colon. Increased activity of ornithine decarb-
oxylase, which is thought to be associated with
proliferation, has been observed, even in the
normal mucosa of patients with adenomas or
cancer.® Although this abnormality may be
associated with the development of colonic neo-
plasias, it does not seem to be the specific event
causing colonic epithelial cells to form neo-
plasias.® In contrast, the appreciable reduction
in diacylglycerol values distinguished colonic
neoplasias from the surrounding normal
mucosa. This finding suggests profound meta-
bolic changes in the phosphoinositol signal trans-
duction pathway in cells that proceed along the
adenoma-carcinoma sequence.

This work was supported by the Friedrich-Baur-Stiftung,
University of Munich grant 25/87 and the Wilhelm-Sander-
Stiftung, Munich.
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