
[CANCER RESEARCH 35, 156-163,January 1975J

SUMMARY

Isozymes of carbamyl phosphate synthetase (CPS), CPS
I, a mitochondrial enzyme found exclusively in liver and
involved in urea synthesis, and of CPS II, a soluble
cytoplasmic enzyme widely distributed in animal tissues,
were assayed in rat liver and in a series of rat liver
neoplasms ranging widely in growth rate and degree of
differentiation. CPS I was absent from fast-growing, poorly
differentiated hepatomas, such as the Novikoff hepatoma
and Morris hepatomas 3924A and 9098F, but was present in
slow-growing, well- and highly differentiated Morris hepa
tomas. However, there was no close correlation between the
growth rate or degree of differentiation and the CPS I
activity. Activity was very high, at levels comparable with
normal liver at about 9 units/g, in slow-growing hepatomas
21, 47C, and 28A but was very low in other slow-growing,
highly differentiated hepatomas 96l8A, 66, and 16. CPS II
activity was present in normal liver and all hepatomas
examined, but with very low activity, of the order of 1% or
less of that of CPS I activity, with maximal values at 5 to 70
milliunits/g. Again, there was no clear correlation with
growth rate; the activity was lowest in fast-growing, poorly
differentiated hepatomas.

A striking observation was a marked lowering of CPS I
activity in livers of rats bearing large, slow-growing tumors
that have high CPS I activity. As the tumors grew larger
and the liver CPS I decreased, a relatively constant total
CPS I activity was maintained, suggesting the existence of a
homeostatic mechanism. The effect was not observed in rats
bearing either fast-growing hepatomas or slow-growing
hepatomas with low CPS I activity and was not due to some
specific nutritional effects of the tumor on the host.

INTRODUCTION

Previous studies have shown that, in rat liver neoplasms,
there is variable retention or loss of certain key enzymes
associated with hepatic function, depending on their growth
rate and degree of differentiation (6, 26, 35, 36, 38â€”40).It
has been proposed that the loss of those enzymes that are
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under host regulation and play a key role in hepatic func
tion and their replacement by isozymes that are geared to
growth rather than function may represent a molecular
basis for the lack of growth control that characterizes the
neoplastic state (38â€”40).In further exploration of this
problem we are now reporting data on the CPS's2 CPS I
EEC 2.7.2.5 (NH4)] is unique to the adult, differentiated
liver cell, is present only in mitochondria, and represents
an essential step in a vital hepatic function, namely urea
synthesis (5); whereas CPS II EEC 2.7.2.9 (glutamine)] is
widely distributed among tissues, is exclusively in the
soluble portion of the cell cytoplasm, and is assumed to
supply carbamyl phosphate for pyrimidine synthesis, a
necessary step in cell growth (16). We were prompted there
fore to examine the variation in activity ofthese isozymes in
the Morris hepatomas, a series of rat liver tumors varying
widely in growth rates and degree of differentiation (25, 26,
28).

This enzyme has been studied in tumors by several
previous investigators. Ono et a!. (29, 30) reported high
activities of CPS, presumably isozyme I, in a series of
moderate to slow-growing, well-differentiated Morris hepa
tomas, but found little or no activity in fast-growing, poorly
differentiated Morris hepatomas or the Novikoff hepatoma
or in any of the Yoshida hepatomas. Hager and Jones ( I3.
14) reported low activities of CPS II in the Ehrlich ascites
carcinoma, at 1.76 nmoles/min/g cells at 37Â°(14), and
found about 2 nmoles/min/g tissue ofCPS II activity in 17-
to 20-day-old rat fetal liver ( I3). Yip and Knox (4 1) assayed
a series of nonhepatic rat tissues and transplantable mam
mary tumors and found CPS II values for normal tissues
ranging from 0.05 to 2.3 nmoles/min/g and values from 1.2
to I I .2 nmoles/min/g for the tumors. In 16-day-old fetal rat
liver, the observed CPS II activity was 5.8 nmoles/min/g.
They found no CPS I activity in any of the normal or
neoplastic cell types examined.

MATERIALS AND METHODS

Tumor-bearing Animals. The Morris hepatomas used in
this study were carried by bilateral transplantation in the
femoral muscle in male Buffalo rats at Howard University
and then shipped periodically to Philadelphia. The Novikoff
hepatoma is carried in Sprague-Dawley rats, obtained from
Charles River Breeding Laboratory, Wilmington, Mass., by
bilateral i.m. or s.c. transplantation or i.p., where it grows
as free cells in the ascites fluid. Animals were fed ad !ibitum

2 The abbreviations used are: CPS, carbamyl phosphate synthetase:

OTC, ornithine transcarbamylase.
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on Ralston Purina rat chow and all were housed at a
constant temperature of 25Â°with 12 hr of light daily,
automatically controlled. The general properties of the
Morris and Novikoff hepatomas used in this study are
described in Table I.

Chemicals. [â€˜4CJSodium bicarbonate (4.2 mCi/m mole)
was obtained from New England Nuclear, Boston, Mass.;
N-acetyl-i.-glutamate and ATP were obtained from Sigma
Chemical Co., St. Louis, Mo.; cetyltrimethylammonium
bromide and N-phenyl-p-phenylenediamine monohydro
chloride (Semidine) were obtained from Fisher Scientific
Co., Pittsburgh, Pa.; and other chemicals were purest
available commercial reagents.

Preparation of CPS I Enzyme Extract. Tumor-bearing
animals were killed by decapitation and the tumors and host
livers were immediately excised and placed in an ice bath at
0-4Â°. After being washed in cold water and blotted, the
tissues were weighed and I g was placed in a tightly fitted
Teflon coaxial homogenizer and then homogenized in 9
volumes (w/v) of a 0.1% solution of the detergent, cetyl
trimethylammonium bromide. This treatment extracts over
95% of the enzyme in a soluble form (3). In those instances
in which tumor CPS I was very low, repeated extractions
were conducted. The crude homogenate was then cen
trifuged at 39,000 x g for lO mm and the supernatant
fraction was decanted and dialyzed for 2 hr against a
solution containing 0.25 M sucrose, 0.2 M glycerol, 3 mM

@-mercaptoethanol, and 0.05 M phosphate, buffered to pH
7.5. This procedure was found by us to stabilize the enzyme
preparations for at least 2 weeks.

Preparation of OTC. Acetone powder was prepared from
fresh beef liver according to the method of Burnett and
Cohen (4), and OTC was purified from the acetone powder
according to the procedure of Paik and Kim (32) up to the
2nd ammonium sulfate step. All operations were carried out
at 0-4Â°.

Assayof CPS I. The assayprocedureusedin thesestudies
was modified from the method of Brown and Cohen (3).
Each vessel contained 100 units OTC, 0.1 ml 1.0 M
phosphate buffer at pH 7.5, 0. 1 ml 0. 1 M L-ornithine at pH
7.5, 0.1 ml 0.2 M MgSO4, 0.1 ml 0.1 M ATP at pH 7.0, 0.1
ml 0. 1 M N-acetyl-L-glutamate at pH 7.0, 0. 1 ml I .0 M
NH4C1, 0.1 ml 1.0 M NaH'4C03 containing 2 @zCi,and
0.1 ml crude enzyme extract in a final volume of 1.0 ml.
The reaction was carried out for I5 mm at 37Â°and then
stopped by the addition of 5.0 ml 0.5 M HCIO4. The mix
ture was then centrifuged, and the supernatant was col
lected and aerated with CO2 for 10 mm to remove all un
reacted 14C02.

Citrulline Determination. The citrulline produced in this
assay was determined either colorimetrically, using the
method of Hunninghake and Grisolia (15) to measure
citrulline formation at 550 nm, or radiochemically by a
modification of the method of Marshall and Cohen (22,
23). Radioactivity incorporation into citrulline was deter
mined by adding 0. I-mi portions of each sample to 10 ml
Bray's scintillation fluid and counting in a Packard Tn
Carb scintillation spectrometer. Quenching effects were
corrected by conversion of cpm to dpm using a [â€˜4C]tol

uene standard. Protein concentrations of the tissue extracts
were determined by the method of Lowry et a!. (2 1), using
bovine serum albumin as a standard. A unit of activity is
defined as the amount of enzyme that catalyzes the for
mation of 1.0 @smoleof citrulline in I mm at 37Â°.Under
the conditions used in these assays there was a partial
dependence of OTC and ammonia and complete depen
dence of Mg2@, L-ornithine, ATP, and N-acetyl-L
glutamate. In the complete system the reaction rate was
proportional to the enzyme content over a protein
range of 0 to 2 mg (Chart 1) and was linear with time over
60 mm (Chart 2). These charts demonstrate excellent
correlation between the colonimetnic and radiochemical
methods but, to ensure the validity of the assays, colon
metric and radiochemical assays were carried out routinely
on all samples.

Assayof CPS II: Preparation of Cytosol Extract. Tissues
were weighed and homogenized for 3 to 5 mm in a glass
homogenizer with a Teflon pestle containing 4 volumes
(w/v) of a solution of 0.25 M sucrose, 0.2 M glycerol, 3

mM @-mercaptoethanol, 0.5 M phosphate, 0.01 M

MgC12 , and 0.01 M ATP at pH 7.0 as described by Yip
and Knox (41 ). The homogenate was centrifuged at
105,000 x g for 30 mm, and the supernatant fraction was
drained off and dialyzed in cellophane for 2 hr at 6Â°against
the same medium described for CPS I.

Enzyme Assay. Each assay mixture contained: 60 units
OTC; 0. 1 ml 0.05 M L-ornithine; 0. 1 ml 0.3 M ATP; 0. 1 ml
0.3 @iMgCI2; 0. 1 ml I .0 M phosphate buffer at pH 7.5; 0.1
ml 0.01 M L-glutamine; 0.1 ml 0.05 M NaH'4C03, with a
specific activity of4.2 mCi/mmole; and 0.2 ml tissue extract
in a final volume of 1.0 ml. The incubation was carried out
for 30 mm at 37Â°and then stopped by the addition of0.5 ml
10% tnichloroacetic acid. The mixture was centrifuged, and
the supernatant was transferred to a scintillation vial. To
each tube were added 0.5 ml L-citrulline solution ( 1 mg/mI)
and 0.2 ml 6 N HCI. The tubes were then recentnifuged and
the supernatant was transferred to scintillation vials. The

Chart I . CPS activity asa function of protein concentration.CPS I was
assayed in a rat liver extract as described in â€œMaterialsand Methods.â€•
Incubation was conducted for I 5 mm at 37Â°,and citrulline was determined
colorimetrically and radiochemically, as shown in the left ordinate. CPS II
was assayed radiochemically in a 105,000 x g supernatant of rat testes, as
described in the text. Incubations were conducted for 30 mm at 37Â°and
citrulline was determined radiochemically, as shown in the right ordinate.
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vials were placed under an infrared lamp and the contents
were evaporated to dryness to remove free â€˜4C02.The
resultant residue was dissolved in H20 and transferred to a
1- x 4-cm Dowex 50-Hf column, washed with 50 ml water,
and eluted with 20 ml 0.5 M ammonium acetate. Fractions
of 0.5 ml of the eluate were transferred to scintillation vials
containing 10 ml Bray's solution and counted as described
for CPS I assay. Under the conditions used the rate as
determined with rat testes enzyme was proportional to the
enzyme concentration over the range 0 to 2 mg protein
(Chart 1) and was linear with time over a 60-mm period
(Chart 2). Citrulline formation wasnegligible in the absence
of ATP, Mg2@, L-glutamine, or OTC and was very low in
the absence of L-Ornithine. Ion-exchange chromatography
of the product formed on Dowex 50 gave an exact coinci
dence of radioactivity with citrulline and thus established its
identity with L-citrulline (Chart 3).

Because of the very low activities of CPS II, special
problems were encountered in the assay of this isozyme
when CPS I is also present. In rat liver, for example, CPS I
activity is about 9 units/g. A direct assay of the cytosol,
from which the bulk of the mitochondria was removed by
centnifugation at 105,000 x g and careful removal of the
supernatant fluid, gave CPS II values approximately 70
milliunits/g or about 1/100 of the CPS I activity in the
mitochondria. The high dependence of CPS I on N-acetyl
L-glutamate minimizes the possible contamination with
mitochondnial CPS I when CPS II is assayed in the absence
of the cofactor; however, the wide discrepancy in activities
still leaves open the possibility of contamination. In view of
the report by Tatibana and Ito (37) that UTP strongly
inhibits CPS II without affecting CPS I activity, considera
ble effort was directed toward utilizing this property to
correct for possible contamination with CPS I. However,
the inhibition by UTP proved to be extremely complex and
in fact could be overcome completely by manipulating the
ratio of UTP to Mg2@. The uncertainty about contamina
tion still remains unresolved; therefore, the values obtained
for CPS II activity in tissues with a high CPS I activity
can be considered only maximal values.

RESULTS

Characteristics of Hepatomas. Properties of the hepato
mas used in this study are given in Table I. Tumors are
arranged in the order ofthe average time between transfers,
which gives a rough approximation of their rate of growth,
given in Column 4 as the average growth rate in cm
diameter per month. This ranges from about 0. 1 cm/month
in the slowest growing hepatomas to over 2 cm/month in
the fastest growing 3924A and Novikoff hepatomas.

The degree of differentiation is based on cellular mor
phology and tissue architecture as observed by histological
examination (28). For conveniencethesetumors have been
divided into 3 groups characterized as highly, well-, or
poorly differentiated. In gross appearance, the highly and
well-differentiated tumors resemble liver in color and
consistency, the cells are large and are arranged in sheets,
the nuclei are round with large nucleoli, and there are
occasional double-nucleated cells. The poorly differentiated
hepatomas are firm and gray or white, the cells are smaller
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Chart 2. CPS activity as a function of time. Conditions were the same as
for Chart I, with 2 mg protein held constant, and time ofincubation at 37Â°
varied from 0 to 60 mm. R, citrulline determined radiochemically.

Chart 3. Ion-exchange chromatography of CPS II reaction product.
The assay conditions were the same as those described for CPS II, except
that the incubation was allowed to proceed for 2 hr before the reaction was
stopped by the addition of 0.05 ml of 10% trichloroacetic acid. The
supernatant was transferred to scintillation vials and evaporated to dryness
as described, and the residue was dissolved in H20 and transferred to a IS
x 25-cmDowexSO-H column. The column waswashedsuccessivelywith
50 ml of I@I2O: I , 2, and 4@ HCI: and 0.5 M ammonium acetate, and I .0-mi

fractions were collected. The labeled product was found to elute in the
ammonium acetate fraction, which coincided with the pattern for citrulline,
as determined colorimetrically by the method of Archibald (2). Citrulline is
given in the left ordinate as absorbance at 490 nm, and radioactivity is
given as dpm in the right ordinate.

with great variations in size and pattern, they are laid down
in crowded sheets, and mitoses are frequent. A more
detailed description of the gross and microscopic character
istics of these tumor lines may be found in earlier reviews
(25, 26).

CPS I Activities in Hepatomas and Liver. Data from CPS
I assays on liver tumors are given in Chart 4, left, and data
on normal and host livers are given in Chart 4, right. These
results leave no doubt that CPS I is active in many
hepatomas. In 3 slow-growing, highly differentiated tumors,
hepatomas 21, 47C, and 28A, the activity levels were
extremely high (from 12 to 16 units/g) and are in the same
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hepatomas, namely 47C, 6, and 5 l23C, also had well-below
normal activities of this enzyme.

CPS II Activity in Liver and Hepatomas. As depicted in
Table 2, CPS II activity was very low in all tested tissues in
comparison with that of CPS I in liver and those tumors
that contain CPS I. As cited in the experimental section,
the assay of CPS II in presence of CPS I in liver is uncer
tam, owing to the approximately hundred- to thousand-fold
higher activity of CPS I. Interference from the overwhelm
ing activity of CPS I was minimized by omission of
N-acetylglutamate from the assay medium, and by as
complete as possible separation of the mitochondnia from
the cytosol by centnifugation. Thus the value of96 milliunits
of CPS II activity per g found in normal rat liver as
compared with approximately 10 units ofCPS I activity per
g establishes that CPS II activity is, at most, only of the
order of 1.0% ofthe CPS I activity. In most instances, much
lower values for host liver CPS II activities were found;
these ranged from 96 to 76 milliunits/g for host livers of
Novikoff hepatoma and hepatoma 20, respectively, down to
about 12 to 38 milliunits/g for other tumor host livers: In
the hepatomas, CPS II activities were also extremely low
and there was no clear correlation with growth rate or
degree of differentiation. CPS II activity was highest in
Hepatoma 7787, a tumor with relatively low CPS I activity;
even so, the level at 78 milliunits/g is still only 2.6% of the
CPS I activity. In other hepatomas with high CPS I
activity, such as 5123C and 20, the CPS II activity was only
I to 2% of the CPS I activity. The 3 hepatomas that had
lowest CPS I activity, 9618A, 3924A, and Novikoff, had
lowest CPS II activity (about 5 milliunits/g). This would
suggest that higher values in the other hepatomas might be
due to contamination with CPS I. At any rate, despite the
uncertainties of the CPS II assays, we can conclude that all
of the tumors have CPS II activity, which is very low
compared with CPS I activity levels and is not correlated
with the growth rate or degree of differentiation of the
tumors.

Relationship between Tumor Growth and Hepatic CPS I
Activity. Since the drop in liver CPS I seemed to be most
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Chart 4. CPS I activity in rat hepatomas and host livers. Horizontal
bars, mean activity of4 or more animals: horizontallines, 2 x SE.

range as normal liver. In contrast, 2 of the fastest growing,
poorly differentiated hepatomas, the 3924A and the Novi
koff, had negligible activities. However, the correlation
breaks down when the whole range of hepatomas is
compared. In general, CPS I activity was present in most of
the slow-growing, well- to highly differentiated tumors, but
the activities were not closely correlated with the growth
rate. In several striking examples, activity was extremely
low in hepatomas 66 and 9618A, 2 typical slow-growing,
highly differentiated hepatomas. Activity was also low,
although not negligible, in 2 other slow-growing, highly
differentiated hepatomas, 16 and 20. Hepatoma 5l23C, a
well-differentiated but moderately rapidly growing tumor,
had about as high activity as all but the 3 most active
hepatomas.

CPS I Activity in Liver. In normal liver, CPS I activity
was relatively constant at about 9 Â± 1 units/g, and in most
instances the livers of the host rats bearing the tumors had
activities that fell in the same range (Chart 4, right).
However, a striking observation made earlier by Ono et a!.
(29, 30) was confirmed, in that we found extraordinarily low
CPS I activity in the livers of rats bearing hepatomas 21,
28A, and 44, at about one-tenth of that of normal liver.
Although less striking, livers of rats bearing several other
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Table I

Characteristics of Morris hepatonias
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Chart 5. Relationship between the growth of hepatomas and hepatic
CPS I activity. Upper left, 47C: upper right, 21: lower left, 20; lower
right, Novikoff hepatoma. CPS I was assayed as described with each
set of points representing I animal. Shaded portion, range of this en
zyme in livers of 12 normal animals. 0, colorimetric assay: â€¢,radio
chemical assay: â€¢,colorimetric assays ofhepatoma CPS-I.

28A, 44, 5123C, and 47C as total tumor CPS I activitiÃ§s
increased with tumor growth, we were led to consider the
possible existence of some homeostatic mechanism that
maintains a constant total CPS I activity in the whole
animal. On the basis of the tumor and liver weights and
their CPS I activities, we calculated the sums of the CPS I
activities during tumor growth for each of the 21 and 28A
tumors and the corresponding host livers, and these are
plotted in Chart 7. These data point to a remarkable
constancy of total CPS I activity at around 400 to 500
units/kg body weight. It appears that, as the tumors grew
and their total CPS I increased, the total liver CPS I
decreased correspondingly to maintain the level of the
enzyme constant in the whole animal. This pattern is
representative of the other 3 hepatomas, 44, 5 123C, and

D. Lawson et a!.

Table 2

CPS II activity in rat hepatomas and host livers
Assay procedure is given in the text and activity is expressed in milliunits/g Â±SE.

pronounced when the tumors were large, a systematic study
was made of the effect of tumor growth on liver CPS I
activity. Results for hepatoma 47C are shown in Chart 5,
upper left. CPS I activity in the hepatomas remained high
throughout the period of tumor growth. However, as the
tumors grew beyond 10 g, the hepatic CPS I activity fell,
and when the tumors reached 30 g, the liver CPS I activity
was down to about 20% of the normal value. With hepatoma
21, shown in Chart 5, upper right, the tumor activity
remained high while the activity of host liver fell abruptly
after the hepatoma reached 10 g and was extremely low
when the hepatoma reached 20 g. Similar patterns were
obtained for liver-host systems for hepatomas 28A and
5123C.

That a fall in hepatic CPS I activity does not occur
invariably with hepatoma growth is shown in the lower
panels of Chart 5. With hepatoma 20 (Chart 5, lower left),
whose CPS I activity is low compared with liver, there was
no lowering of liver CPS I activity, up to a tumor weight of
25 g; and when little or no CPS I was present, as in the
Novikoff hepatoma (Chart 5, lower right), growth up to 20
g did not lower the liver CPS I activity below the normal
range.

CPS I Activity in Rat Liver during Fasting. To determine
whether the depression of hepatic CPS I activity could be
attributed to some alteration in the nutritional state of the
tumor-bearing animals, the activity was measured during
prolonged periods of fasting. An experiment carried out
with male Buffalo rats gave results shown in Chart 6. In
these animals, liver CPS I activity was initially at about 10
units/g and, after 7 days of fasting, it remainedat this high
level. Non-tumor-bearing male CFN rats, whose liver CPS
I activity is about one-half of that of the Buffalo rats, were
also fasted for periods up to 4 days. Chart 6 shows that CPS
I activity actually increased during this period from an
initial level of about 4 units/g to 9 units/g. These findings
indicate that the observed decrease in liver CPS I activity in
rats bearing certain hepatomas is not due to a poor
nutritional state but to some intrinsic property of the
tumors.

Total CPS I Activity in Tumor-bearing Rats. Since
hepatic CPS I decreased in host rats bearing hepatomas 21,
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ferentiation. Apparently, the degree of retention of CPS
I in hepatomas is sporadic and not subject to the same
gene control displayed for these other liver-type isozymes.
The most striking anomaly is the low activity of this iso
zyme in hepatoma 9618A, a tumor that grows extremely
slowly and appears to bear the closest resemblance to
liver of all hepatomas examined (25, 26).

CPS II Activity in Relation to Growth. From previous
results with other enzymes, we had anticipated that CPS II
activity might be increased in fast-growing, poorly differen
tiated hepatomas over its levels in the slow-growing,
well-differentiated hepatomas. However, our assays, al
though admittedly only approximate, indicate clearly that
CPS II activity, which appears to be present in all
hepatomas, is not increased in fast-growing, poorly differen
tiated hepatomas, even though CPS I is apparently nearly
or completely absent. Indeed, the paradoxical situation
emerges that the activity observed in fast-growing tumors (5
milliunits/g) is only about one-third ofthe minimal rate that
is required to provide sufficient carbamyl phosphate for
pynimidine synthesis in cells with a doubling time of
approximately 24 hr. Evidently, either these tumors have a
higher CPS II activity in vivo or other mechanisms may be
involved in pynimidine biosynthesis.

Lowered CPS I Activity in Livers of Host Rats. Probably
the most remarkable finding of this study is the lowered
liver CPS I activity in rats bearing the slow-growing CPS
I-containing hepatomas. This effect was originally observed
by Ono et a!. (30) in livers of host Buffalo rats bearing
hepatomas 5 123C, 7800, and 73 16 and in livers of AC I rats
bearing the Reuben H-35 hepatoma but not in livers of rats
bearing the Novikoff hepatoma. This phenomenon has been
confirmed and explored further in our present investigation.
That the decrease in liver CPS I activity occurs in rats
bearing only certain slow-growing tumors argues against
some nonspecific, possibly nutritional effect. This view is
supported by the absence of any such effect of dietary
deprivation on CPS I activity in livers of normal rats.
Moreover, the absence of any effect on livers of host rats
bearing very large, rapidly growing Novikoff hepatomas
suggests that tumor size alone is not responsible; and the
absence of effect of hepatoma 20, which grows slowly but
has relatively low CPS I activity, shows that a long period of
tumor growth is also not responsible. As the total tumor
CPS I activity rises with the growth of the tumor, the liven
CPS I activity drops, to maintain a relatively constant level
of this isozyme in the whole animal. This suggests the
presence of some homeostatic mechanism operating at the
level of the whole animal and prompts the corollary
suggestion that the level of CPS I may have an important
bearing on the nitrogen metabolism of the whole animal.
The possible functional significance of this finding is
currently being examined by measurement of urea synthesis
in both livers and hepatomasand by measuring blood urea
and its urinary excretion levels in the host rats.

The effect of tumor growth in lowering CPS I activities in
livers of host rats is superficially similar to the lowering of
liver catalase in tumor-bearing animals, first observed many
years ago by Greenstein and Andervont (9- 12). This effect
differs, however, in that lowering of liver catalase is
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Chart 7. Total CPS I activity in livers and tumors of rats bearing
hepatomas 21 and 28A.

47C, the liver CPS I of which also dropped as the tumors
grew.

DISCUSSION

The present work confirms and extends previous studies
of Ono et a!. (29, 30) in demonstrating: (a) the retention in
well-differentiated hepatomas of an enzyme, CPS I, that is
closely linked to liver function; and (b) the loss of this
enzyme in fast-growing, poorly differentiated hepatomas.
These results, however, differ in several respects from
previous studies of other enzymes. With glucose-ATP
phosphotransferases, aldolases, pyruvate kinases, and phos
phorylases (6, 35, 36, 39, 40), there was a close correspon
dence between the level of liver isozyme retained and the
growth rate and degree of differentiation. Although CPS
I was lost in fast-growing, poorly differentiated hepatomas,
its activity in those tumors in which it was retained was
not closely correlated with the growth rate or degree of dif
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Inst., 2: 589-594, 1942.
13. Hager, S. E., and Jones, M. E. Initial Steps in Pyrimidine Synthesis in

Ehrlich Ascites Carcinoma In Vitro. II. Synthesis of Carbamyl
Phosphate by a Soluble, Glutamine-Dependent Carbamyl Phosphate
Synthetase. J. Biol. Chem., 242: 5667-5673, 1967.

14. Hager, S. E., and Jones, M. E. A Glutamine-Dependent Enzyme for
the Synthesis of Carbamyl Phosphate for Pyrimidine Biosynthesis in
Fetal Rat Liver. J. Biol. Chem., 242: 5674-5680, 1967.

15. Hunninghake, D., and Grisolia, S. A Sensitive and Convenient

Micromethod for Estimation of Urea, Citrulline and Carbamyl
Derivatives. Anal. Biochem., 16: 200-205, 1966.

16. Jones, M. E. Vertebrate Carbamyl Phosphate Synthetase I and II.
Separation of Arginine-Urea and Pyrimidine Pathways. In: Urea and
the Kidney, International Congress Series No. 195, pp. 35-47.
Amsterdam: Excerpta Medica Foundation, 1970.

17. Kampschmidt, R. F. Mechanism of Liver Catalase Depression in

Tumor-bearing Animals. A Review. Cancer Res., 25: 34-45, 1964.
18. Kampschmidt, R. F., Adams, M. E., and McCoy, T. A. Some Effects

of Toxohormone. Cancer Res., /9: 236-239, 1959.
19. Kampschmidt, R. F., Mayne, M. A., Goodwin, W. L., and Clabaugh,

W. A. Duplication of Some of the Systemic Effects of Four Different
Tumors by Extracts from Those Tumors. Cancer Res., 20: 368-372,
1960.

20. Kampschmidt, R. F., and Schultz, G. A. Absence ofToxohormone in

Rat Tumors Free of Bacterial Contamination. Cancer Res., 23:
751755, 1963.

21. Lowry, 0. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J.

Protein Measurement with the Folin Phenol Reagent. J. Biol. Chem.,
193: 265-275, 1951.

22. Marshall, M., and Cohen, P. P. An Immunochemical Study of
Carbamyl Phosphate Synthetase. J. Biol. Chem., 236: 718-724, 1961.

23. Marshall, M., Metzenberg, R. L., and Cohen, P. P. Purification of
Carbamyl Phosphate Synthetase from Frog Liver. J. Biol. Chem., 233:
l02@l05,1958.

24. Miller, L. L. Changes in Rat Liver Enzyme Activity with Acute

Inanition. Relation of Loss Enzyme Activity to Liver Protein Loss. J.
Biol.Chem.,Il3@l2l,1948.

25. Morris, H. P., and Meranze, D. R. Induction and Some Characteris
tics of â€œMinimalDeviationâ€•and Other Transplantable Rat Hepato
mas. Recent Results Cancer Res., 44: 103- I 14, 1974.

26. Morris, H. P., and Wagner, B. P. Induction and Transplantation of

Rat Hepatomas with Different Growth Rates (Including Minimal
Deviation Hepatomas). Methods Cancer Res., 4: 125-152, 1968.

27. Nakahara, W., and Fukuoka, F. A. Chemistry of Cancer Toxin
Toxohormone. Springfield, Ill.: Charles C Thomas, Publisher, 1961.

28. NoweIl, P. C., Morris, H. P.. and Potter, V. R. Chromosomes of
Minimal Deviation Hepatomas. Cancer Res., 27: 1565 1579, 1967.

29. Ono, T. Enzyme Patterns and Malignancyof Experimental Hepato
mas. Gann, 1: 189-205, 1966.

30. Ono, T., Blair, D. G. R., Potter, V. R., and Morris, H. P. The
Comparative Enzymology and Cell Origin of Rat Hepatomas. IV.
Pyrimidine Metabolism in Minimal-Deviation Tumors. Cancer Res..
23: 240-249, 1963.

31. Ono, T., Ohashi, M., and Yago, N. The Effect of Toxohormone on

Iron Metabolism. Gann, .51. 213-221, 1960.
32. Paik, W. K., and Kim, S. Enzymatic Synthesis ofN-Acetyl-l -Lysine.

Arch. Biochem. Biophys.. 108: 221 229, 1964.
33. Rechcigl, M., and Wollman, S. H. Effects of Hypophysectomy on the

Lowering of Organ Catalase by a Transplanted Tumor. J. Natl.
Cancer Inst., 31: 651-670, 1963.

34. Riley, E. E. Depression of Liver Catalase by Various Agents. Cancer
Res.,/9:285-289,1959.

35. Sato, K., Morris, H. P., and Weinhouse, S. Characterization of

Glycogen Synthetases and Phosphorylases in Transplantable Rat
Hepatomas. Cancer Res., 33. 724- 733, 1973.

36. Schapira, F. Isozymes and Cancer. Cancer Res., 18: 77 153, 1972.

nonspecific to tumor type (9, 17, 27, 33) and is not wholly
limited to tumor tissues (1, 7, 20, 24, 34). Moreover, it
occurs rapidly after tumor induction or injection of tumor
fractions (8, 18, 19, 31) and ismost pronounced in hosts
bearing the Novikoff hepatoma (17, 27), a tumor that has
no effect on CPS I activity of host livers. The lowering of
liven catalase has been attributed to the presence of a tu
mon component, termed toxohormone (20, 27), that inhibits
the formation or enhances the destruction of liver catalase.
The existence of such a circulating factor to account for
lowering of liver CPS I activity is now being explored by
means of parabiosis. Other possible explanations for the
lowered liver CPS I activity in terms of hormonal, dietary,
or environmental effects seem unlikely in view of its appar
ent specificity to hepatomas having high CPS I activity.
According to Ono et a!. (30), OTC was also depressed in
liven of some rats bearing Morris hepatomas, but the ef
fect was marked in only 1 instance, namely, in rats bearing
hepatoma 7800. Thus the effect does not appear neces
sanily to include the other enzymes of the urea cycle, al
though further work is needed to resolve this question.
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