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Summary

Two enzymes were examined as potential indicators of
early precancerous changes. Omnithine decamboxylase, an
enzyme normally associated with rapid cell division, is low
in the rapidly dividing, cancer-susceptible colon. The level
of this enzyme was also very high in the nondividing cells of
the small intestines. Administration of an intestinal cancino
gen, dimethyihydmazine, led to a large increase in colonic
onnithine decamboxylase but did not affect the enzyme in
liver. A liven carcinogen, acetylaminofluorene, induced
manyfold increases in onnithine decarboxylase of the liven
but not of the colon. Studies of thymidine kinase of the gut
showed that this enzyme changed quantitatively and quali
tatively throughout the life of the animal, from fetal rat to
newborn and adult. The tumor enzyme has many fetal-like
properties. Long-term treatment with dimethylhydmazine led
to changes in thymidine kinase reminiscent of the fetal
enzyme. Short-term treatment caused sharp increases in
the thymidine kinase of nondividing cells of the jejunum and
the proximal end of the colon; similar changes in the distal
end of the colon were slower in appearing and less pro
nounced.

In the search for biochemical parameters that might be
characteristic of a preneoplastic state, we have examined
changes that might occur in amount and/or kind of several
enzymes that had previously been shown to be related in
various ways to matesof cell division. Since the incidence of
cancer is greater in older animals, we measured the
changes in these parameters as a function of age. These
were compared with changes that were seen under the
influence of carcinogens. If morphological changes are, in
part, a response to biochemical variations, it should be
possible to detect premalignant changes in metabolism or
the enzymes that regulate such reactions early in the course
of transformation.

For some time, theme has been a general belief that the
level of the enzyme ODC4 is directly related to cellular
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growth rates. This has been based upon such observations
as the high level found in embryonic tissues (7) and the
increase seen in liver after partial hepatectomy (7). We had
previously noted (1) that this is not universally true, in that
the level in colonic mucosa is essentially equal to that found
in resting adult liver. ODC activity in regenerating liver is
about 50-fold greater than that of the colonic mucosa and
about 7-fold greater than that of the duodenal mucosa.
Since the rates of cell division of colonic and duodenal
mucosa and regenerating liven are of the same order of
magnitude, the concept that there is a direct relationship of
ODC to mitotic index is an oversimplification. A 2nd tissue
that is mitotically active but does not have a high level of
ODC is the stomach mucosa. The correlation between the
low level of ODC in these 2 rapidly dividing tissues and the
high incidence of cancer at these sites is striking. To ex
plone this anomaly further, we assayed the amounts of ODC
in tissues as a function of age. Chant 1 shows that levels of
ODC in all the tissues examined (intestines, liven, and brain)
were high in fetuses. Decreased levels were found in both
newborn and weanling mats.In adult rats, the levels of ODC
activity in small bowel were comparable to levels in the
fetus, but those in brain, liven, and stomach were very low.
Colonic ODC activity slowly decreased, and by the end of 6
months, it was at the same level as that of liven.

ODC activity is high in the small bowel. However, when
we compared the amounts of ODC in the dividing cells of
the duodenum crypt, we found the specific activity pen mg
protein to be only 3-fold that in nondividing cells of the
villus tip (Table 1). In view of the fact that there is about 3
times as much protein pen cell in the villus tip as is found in
crypts, the ODC/cell is essentiallythe samein all parts of the
duodenal mucosa. This is also contrary to the concept that
ODC is directly related to the rate of cell division. The high
ODC activity in the tip cannot be due to enzymes synthe
sized in the crypt that are then carried to the tip as the cells
migrate, since the enzyme has a haif-lifein ViVOof about 10
to 15 mm (11). Furthermore, we have shown that, 1 hr after
administration of cycloheximide (5 mg/kg), the level of ODC
was reduced to 10 and 20% of control values in crypt and tip
cells, respectively.

The regulation of ODC activity is complex and does not
appear to be the same in tip and in crypt cells. Cyclic
adenosine 3':5'-monophosphate and compounds that in
crease its concentration either caused a slight increase in
ODC in tip cells on had no effect. In the cmypts, however,
their initial effect was to inhibit ODC activity. These me
sponses must be compared with changes in ODC in the liver
where large increases have been seen by us and others (3)3
hr after the administration of the compounds. A qualitatively
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Effects of cAMPâ€•on ODC of colon andliverAnimals

were killed 3 hr after i.p. administration of compounds
or 0.9% NaCIsolution.Tissue

Compound given ODCactivit?Colon

54 Â±11'Colon
Dibutyryl cAMP 85

Colon Theophylline 1279
Liver 14 Â±4
Liver Dibutyryl cAMP 254
Liver Theophylline398,,

cAMP, cyclic adenosine 3' :5'-monophosphate; dibutyryl cAMP,

dibutyryl cyclic adenosine 3' :5'-monophosphate.
1@pmoles CO2/50 mm/mg protein.

e Mean Â±S.D.

Effects of carcinogens onODCAAF

was given in the diet; 120 mg of compound were mixedwith200
g Purina rat chow and 200 ml of water. Mix was fed adlibitumfor

6 weeks. DMH was given s.c. as a solution containing 5mg/mIin
buffered EDTA solution. Rats received a weekly injection of2mg/kg

body weight. ODC was assayed by determinations ofâ€˜@CO2liberated
from [1-'4C]omnithine(2).Tissue

Control AAF ControlDMHLiver

4 317 106Colon
4 9 4202Duodenum

554 737 371440Jejunum
441 757 400188Ileum
1171 1112 1027 913

ODC levels in duodenal crypts andvilliDuodenal

mucosa was sliced, as previously described, withaplaning
apparatus (4). Sections from 6 animals were pooledforanalyses
that were carried out by a previously describedmethod,on

the basisof collection of â€˜4CO2(2).Thevaluespresentedarethemean
Â±S.D. of analysis of 5 such groups. Cycloheximide wasgivenat

5 mg/kg i.p. 1 hr before the rats werekilled.Enzyme

activity (pmoles C02/50mm/mgprotein)CycloheximideSection

ControltreatedVillus

tip 304 Â±4265Mid-villus
345 Â±5860Upper

crypt 453 Â±7555Lower
crypt 1045Â±71 109

Biochemical Changes in Preneop!astic Rodent Intestines

Table 2
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Chart 1. The levels of ODd in several rat tissues as a function of age. The
values are given as pmoles â€˜4C02liberated from 11-Â°Clornithinein 50 mm per
mg protein. Fetal intestines were assayed in toto and were not subdivided
into small and large bowel.

Table 1

mined whether the observed changes are manifested
throughout the mucosa or whether they are concentrated in
tip or villus cells.

When they develop, tumors can have activities of thou
sands of pmoles pen 50 mm pen mg protein. This raises the
question of whether the increases could be due to the
presence of a small number of microscopic tumors in an
otherwise normal (in terms of ODC) tissue. The biggest
argument against this is the fact that AAF-caused elevations
in the liver can be seen within 1 week, and the values are
almost 20 times normal by 2 weeks. Although many more
studies with a variety of carcinogens are needed before one
can generalize, it is nonetheless striking that the colonic
mucosa that does develop so many tumors should have a
very low ODC level despite its mitotic activity and that its
ODC level is specifically elevated by a compound that is a
colon carcinogen. Similarly, a liver carcinogen specifically
elevates liver ODC from its inherently low level.

A 2nd enzyme that has been often associated with rapidly
growing tissues is TdRK. This belief is based largely on the
fact that thymidine incorporation into cells occurs primarily
during mitosis. An example is that, in the intestines of
experimental animals, thymidine label is found primarily
in crypt cells (6). in studies in this laboratory, it has been
shown that, under suitable assay conditions, TdRK can be
demonstrated in homogenates of nondividing villus tip cells
at almost the same level as is seen in homogenates of the
mitotically dividing crypt cells (8). In studies of patients with
hereditary premalignant lesions and of rats that had been
treated with intestinal carcinogens, high in vivo activity of
TdRK can be demonstrated (6). In earlier studies (9), we had

similar response to that seen in the liver is found in the
colon (Table 2), although themeare quantitative differences.

The peculanities of this enzyme and the differences in
regulation seen in various tissues, especially the cancer
prone colon, led us to wonder about the effect carcinogens
might have on ODC. For this reason we administered a colon
carcinogen, DMH, and a liven carcinogen, AAF, to rats
for extended time periods. At a time when past experience
had shown that tumors would begin to be visible in DMH
treated animals, they were killed and their tissues were
analyzed for ODC activity. The AAF-fed animals were killed
before tumors were found. As can be seen from Table 3,
there is a pronounced increase in ODC in those tissues that
are the primary sites of activity of the particular carcinogen
given. This certainly suggests a kind of change that is more
than simply an increased rate of growth. This is particularly
true in the normal colon in view of the high rate of cell
division and replacement of the colonic mucosa.

DMH does cause a modest drop in ODC levels of the

jejunum, and it does cause some tumors in all pants of the
small intestines. AAF raises duodenum and jejunum levels
somewhat but does not cause tumors. With these changes,
however, one must bear in mind the fact that the initial ODC
levels are very high in these tissues, and we have not deter
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Changes in TdRK with age and the effects ofDMHPC
values are the ratio of activities in assay-containingcrudephospholipase

C to the assaydone without it (8). DTTand GSHarethe
percentageactivity compared to the standard (TdRK)assayofassays

done with 0.42 m@idithiothreitol and 0.25 mMglutathione,respectively.
DMH-treatedanimals receiveds.c. injections of 2mgIkg

for 21 weeks. Fetal intestines were not divided into â€œsmallâ€•andâ€œlarge,â€•
but were assayedas totalintestines.Tissue

TdRK PC DTTGSHFetalgut

400 1.27 10917Neonatal
gut 117 5.92 10249Weanling

(50-60 94 5.30 8844g)
jejunumRat

jejunum (90 48 7.5 8583g)Rat

jejunum (180 6.2 24.1 63124g)Ratjejunum

5.7 36.9 68112(310-350
g)Ratjejunum

4.8 32.7 59110(450-500
9)DMH-treated

(non- 4.6 27.2 65113mal)DMH-treated

(ab- 8.3-30 15-26 55-6544-75normal)Tumors

67-223 1.6-7.6 99 20

Treatedanimals were sacrificed 17 hr after a single injectionofDMH
(60 mg/kg body weight).@moles

IMP formed/mm/mgproteinControl

TreatedJej
unu mTip

3.29.3Mid
6.82.3Crypt

14.46.9Cecal
colonSurface

10.820.6Mid
28.733.6Crypt
36.134.9Rectal

colonSurface
7.68.1Mid

21.024.1Crypt
34.9 34.6

w.j. Ball,Jr.,eta!.
We had previously reported that PC, DTT, and GSH are

effectorsthat might be useful in distinguishingbetween
normal and abnormal TdRK in humans (9). Rat intestinal
fetal and tumor TdRK are less extensively stimulated by PC
than is the enzyme from normal adult tissue. The enzyme
from the intestines of DMH-treated rats shows a pattern of
response intermediate between that shown by the enzyme
from the normal gut and that from tumors. Similarly, there is
a response pattern to DTT and GSH that shows that the
enzyme from the bowel of rats that are going to get tumors
is intermediate between normal and tumor enzyme. Al
though these changes are not great, they suggest a pattern
and are suggestive that a tumor-fetal enzyme form does
exist and that it begins to appear in the gut before the
tumorsperse. Similar changes are seen in the colon, and in
this tissue, too, DMH-treated rats have an intestinal enzyme
intermediate between that of normal colon and that of tu
moms.However, the changes are smaller than those of the
small bowel.

A question that is raised and one that is certainly relevant
to the purpose of this meeting is what kinds of changes are
seen much earlier than 4 months? Could analyses at an
earlier time reveal more subtle differences and would it be
easier to see these differences if the enzyme of crypt and
that of the nondividing cells of tip and flat mucosa were
examined separately? Because the amounts of material
available after sectioning the mucosa are much smaller, we
have assayed only the quantity of enzyme in treated and
untreated mats. Rats treated for 21 weeks showed about
twice as much TdRK in villus tips and two-thirds as much in
the crypts. The ratio of activity in the small bowel crypt to
villus decreased from 5-6:1 to 2-3:1.

The jejunum and colon of a group of animals were then
examined 17 hr after they had received a single injection of
DMH. The data show that, in the jejunum, the specific
activity of TdRK in the tip fraction was tripled, while that of
the crypt was one-half that of the control value (Table 5). In
the colon, a somewhat different pattern was seen. The
colon was divided into decal and rectal regions. In the cecal
section, an increase was seen in the flat mucosa, but no
change was seen in the crypt. In the rectal end, no change
was seen after 17 hr. In more recent work there are indica

Table 5

demonstrated that TdRK of tumors had kinetic properties
and heat lability properties that in several respects were like
the fetal TdRK rather than like that of normal adult intestinal
mucosa. These led us to further studies of the immunologi
cal properties of TdRK from term placenta and normal and
malignant intestinal mucosa of humans. The enzyme from
malignant cells was antigenically more like the enzyme
from surface cells than like that from cnypts. The enzyme
from placental extracts and from premalignant polyps was
similar to the tumor enzyme (10). It was also of interest that
extracts from a number of malignant cells of diverse origins
were antigenicaily similar to the TdRK from colonic flat
mucosal cells, with the 1 exception being leukemic leuko
cytes. These observations led us to try to learn something
about the time course of events occurring in the rat from the
fetal stage to old animals, as measured by qualitative and
quantitative changes in TdRK, and to evaluate any perturba
tions in the sequence brought about by the carcinogen
DMH.

From the data in Table 4, it can be seen that the TdRK of
fetal intestines is distinctive quantitatively and in response
to PC, DTT, and GSH as compared to postpartum small
bowel. Furthermore, there is a relatively orderly progression
of changes from fetal, through newborn, to adult mats.The
intestines of the animals that had received weekly injections
of DMH for 4 months were divided into 2 groups on the basis
of their gross morphological appearances. In no case were
sections of the gut that contained actual polyps on tumors
used; the tumors were assayed individually. The TdRK activ
ity of the tumors was extremely high and is comparable to

that of the fetal on neonatal intestines. The abnommal-ap
peaning bowel from the DMH-treated rats had a somewhat
higher than normal value, and one is tempted to speculate
that it should be possible to select areas that may not
appear to be malignant histologically but that could have
higher TdRK values.

Table 4
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Biochemical Changes in Preneoplastic Rodent Intestines

tions that, after a longer time period (about 2 days), the
changes in the colon are magnified and, at this time, the flat
mucosa TdRK of the rectal section is about twice the con
trolvalue.

It is not possible to attribute these early changes to can
cinogen-specific actions in view of the more general action
of DMH as an alkylating agent that can damage colonic DNA
(5). However, the surface-specific action is in accordance
with the concept that tumors of the colon can result pniman
ily from damage to nondividing cells.

There appear to be changes in 2 enzymes, at least, that
can be attributed to the immediate and to the long-term
action of carcinogens. The evidence suggests that these
changes are harbingers of malignant transformation. Fur
ther work is needed to assess their significance in humans
and their generality as indicators of cancer.
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