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animals at the time they were killed were as follows:
hepatoma 5 123C generation I I2 (265 to 325 g), hepatoma
7777 generations 120 to 122 (170 to 250 g), hepatoma
96l8A generation 9 (320 to 400 g), hepatoma 9618A2
generation 114 (130 to 170 g), and kidney tumor MK3
generation 17 (280 to 340 g). The histology and growth
properties of the tumors were described previously (16-18).
In studies on regenerating liver in rats weighing 100 to 125
g, approximately 66% of the liver was removed by the
technique of Higgins and Anderson (9) 25 hr before
injection of 3H-labeled amino acids. Rats weighing 120 to
170 g were used for experiments on control, non-tumor
bearing animals.

Reagents. Sodium cyanate was purchased from K and K
Laboratories, Plainview, N. Y. A mixture of 15 3H-labeled
L-amino acids (Catalog No. NET 250, Lot No. 287-1212)
was obtained from New England Nuclear, Boston, Mass.
The composition of this mixture per mCi was as follows:
[3-3H]alanine (6.8 @zg,80 @.tCi),[3-3H]arginine (8.06 jzg, 70
MCi), [2,3-3H]aspartic acid (7.5 jzg, 80 @iCi),[3-3H]glutamic
acid (6.1 zg, 125 MCi), [2-3Hjglycine (8 @g,40 MCi),
[3-3Hjhistidmne (15.2 .tg, 15 @iCi),[4,5-3Hjisoleucine (2.02
;zg, 50 MCi), [4,S-3H]leucine (3.07 zg, 140 jzCi), [4,5-3H]ly
sine (66.4 @zg,60 @zCi),[3-3H]phenylalanine (6.8 @zg,80 @tCi),
[3,4-3H]proline (4.6 ;zg, 50 @tCi),[G-3H]serine (31 @zg,40

@ [G-3H}threonine (66 @tg,50 @tCi),[3,5-3H@tyrosine (3
;zg, 40 MCi), and [G-3H]valine (90. 1 zg, 80 @tCi).

Preparation of Tissues and Assay Methods. Rats treated
with sodium cyanate were given i.p. injections between 9
and I I a.m. All rats were illuminated from 6 a.m. to 7 p.m.
and were killed 1 hr after injection of 3H-labeled amino
acids. In experiments on the incorporation of 3H-labeled
amino acids into cytoplasmic and nuclear proteins the
isotope was administered at a level of 50 jzCi/ 100 g body
weight. Tissues were homogenized with 9 volumes ofO.32 M
sucrose-3 mM MgC12-5 mM NaHSO3 . After filtering
through cheesecloth, the homogenate was centrifuged at 800
x g for 8 mm. The supernatant was designated as the
cytoplasmic fraction, and 0.5 ml of this fraction was mixed
with 4.5 ml 0.5 N perchloric acid. Radioactivity of the
acid-soluble fraction was measured and the acid-insoluble
fraction was washed 3 times with S ml 5% trichloroacetic
acid and dissolved in 3 ml 1 N NaOH by heating at 70Â°for 5
mm. The crude nuclear pellet was suspended in 2.2 M
sucrose-3mM MgC12-5 mr@iNaHSO3 and was centrifuged
in the No. 30 rotor of the Beckman Model L ultracen
trifuge at 25,000 rpm for 60 mm. The nuclear precipitate

SUMMARY

Sodium cyanate at a dose level of 125 or 250 mg/kg i.p.
caused an inhibition of incorporation of 3H-labeled amino
acids into cytoplasmic and nuclear proteins of the rapidly
growing hepatoma 7777 and the slowly growing hepatoma
9618A. There was no inhibitory effect on 3H-labeled amino
acid incorporation into protein in the livers of rats bearing
these tumors. Studies on the effects of sodium cyanate on
incorporation of 3H-labeled amino acids into total acid
insoluble material indicated that a greater than 85% inhibi
tion could be achieved in hepatoma 5l23C, hepatoma
96l8A2, and the MK3 kidney tumor with either little or no
effect in host liver, kidneys, brain, skeletal muscle, intestinal
mucosa, and regenerating liver after partial hepatectomy.

INTRODUCTION

We have recently reported that sodium cyanate at a dose
level of 125 or 250 mg/kg i.p. caused an inhibition of
[3H]thymidine incorporation into DNA in 5 Morris hepa
toma lines (14). The initial objective of this investigation
was to examine the effect of cyanate on nuclear protein
synthesis to form part of a continuing study of the
relationship between the synthesis of DNA and chromo
somal proteins (12, 13). However, the more interesting
aspect of the action of cyanate on 3H-labeled amino acid
incorporation into protein proved to be a differential effect
between tissues rather than discriminatory action on the
synthesis of different proteins. In this report we wish to
record the greater sensitivity of 4 hepatomas and 1 kidney
tumor in a comparison of the action of cyanate on
3H-labeled amino acid incorporation into protein in several
normal and neoplastic tissues.

MATERIALS AND METHODS

Animals. Experiments were performed with male Buffalo
rats. Water and food (Wayne Lab-Blox) were available ad
libitum. Tumors were transplanted bilaterally in a s.c.
position. The tumors used and the weight range of the
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was washed 3 times with 0.25 M sucrose-3 mM MgCl2-5
mM NaHSO3-1% Triton X-lOO and twice with 0.14 M

NaCI-5 mM NaHSO3 . Histone fractions were extracted
from the nuclei by Method 1 of Johns (10). The nuclear
residue was extracted twice with 4 ml 1 N perchloric
acid for 15 mm at 700 The residual protein after cx
traction of histones and nucleic acids was dissolved in
1 N NaOH. In experiments on the incorporation of 3H-
labeled amino acids into total protein, the isotope was ad
ministered at a level of 20 .tCi/ 100 g body weight. Tissue
(200 mg) was homogenized with distilled water and made
up to 10 ml in 0.5 N perchloric acid. Radioactivity of acid
soluble and acid-insoluble material was determined as
described above for cytoplasmic proteins. Radioactivity
measurements were made with a Beckman LS-25O liquid
scintillation counter with a counting efficiency of approxi
mately 40%. Protein was assayed by the procedure of
Lowry et al. (15).

Expression and Evaluation of Results. Data are presented
as means of a stated number of experiments Â±S.E. The
results were subjected to statistical evaluation by the t test
for small samples. Differences between means giving p <
0.05 were considered to be significant.

RESULTS

The effects of sodium cyanate on amino acid incorpora
tion into acid-soluble fractions and cytoplasmic proteins are
presented in Table I for the slowly growing hepatoma
96l8A, the rapidly growing hepatoma 7777, and their
respective host livers. There was no significant effect of
cyanate at a dose level of 125 mg/kg body weight on amino
acid incorporation into the acid-soluble fractions of these
tumors, but at a level of 250 mg/kg body weight there was a
39% inhibition of mean incorporation in hepatoma 96l8A
and a 3 1% inhibition in hepatoma 7777. In contrast, the

incorporation into the acid-soluble fraction of the liver of
rats bearing hepatoma 96l8A was not significantly changed
and there was increased radioactivity at both drug levels in
the livers ofrats bearing hepatoma 7777. Changes of greater
magnitude were seen in the incorporation of amino acids
into cytoplasmic proteins of the tumors. There was a 91%
inhibition for mean incorporation into cytoplasmic proteins
of hepatoma 96l8A in rats receiving sodium cyanate, 250
mg/kg body weight, and a 76% inhibition in hepatoma
7777, but there was no significant effect on the host livers of
these animals. The effect of sodium cyanate on amino acid
incorporation into nuclear proteins was similar to the
influence on cytoplasmic protein synthesis (Table 2). Again
there was inhibition of incorporation of amino acids into
both histones and nonhistone nuclear proteins of the tumors
at both dose levels of cyanate, and, at the same time, there
were no significant changes in the host livers.

In view of the similar degree of inhibition for the
incorporation of amino acids into the different protein
fractions examined in the hepatomas, subsequent observa
tions on amino acid incorporation were done with the total
acid-insoluble material. The influence of a lower dose of
cyanate (75 mg/kg body weight) or a more prolonged
exposure to the drug (5 and 24 hr) on amino acid
incorporation into hepatoma 7777 and host liver is shown in
Table 3. Administration of 75 mg sodium cyanate per kg
body weight did not have a statistically significant effect on
amino acid incorporation into the tissues examined. At a
level of 250 mg sodium cyanate per kg body weight, there
was a mean 75% inhibition of amino acid incorporation
into protein 5 hr after administration of the drug. At 24 hr
after drug treatment there was evidence of recovery of
amino acid incorporation into tumor protein which did not
differ significantly from control values. On the other hand,
amino acid incorporation into host liver protein was signifi
cantly increased (47%) 24 hr after cyanate treatment. The
only significant change in the incorporation of 3H-Iabeled

Table I

Effect ofcyanate on amino acid incorporation into acid-solublefractions and cytoplasmic proteins

Sodium cyanate was administered i.p. at the stated dose level I hr before injection of 3H-labeled
amino acids (50 MCi/lOO g body weight).

a Mean Â±S.E.
bp < 0.01.

cp < 0.05.
dp < 0.001.
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Table 2

Efftct of cyanate on nuclear protein synthesis

Sodium cyanate was administered i.p. at the stated dose level I hr before injection of â€˜H-labeled amino acids (50 MCi! 100 g body
weight).

a Mean Â±SE.
bp < 0.01.

cp < 0.05.
dp < 0.001.

Table 3

Efftct on cyanate dose and time ofadministration on amino acid incorporation into hepatoma 7777 and host
liver

Sodium cyanate was administered i.p. at the stated dose level. At a given time after treatment with cyanate
the rats received an i.p. injection of 3H-labeled amino acids (20 MCi! 100 g body weight).

a Mean Â±SE.
â€œp< 0.001.
Cp < 0.01.

amino acids into tissue acid-soluble fractions in this series
of experiments was a 50% increase in the host livers at 5 hr
after rats received 250 mg sodium cyanate per kg body
weight.

In order to examine further the tissue specificity of
cyanate induced inhibition of 3H-labeled amino acid incor
poration into protein, the effects on hepatic tissues were
compared with those on muscle, brain, kidney, and a kidney
tumor (Table 4). The effect of sodium cyanate, 250 mg/kg
body weight, on the MK3 kidney tumor was similar to that
on hepatomas. There was a small inhibition of 3H-labeled
amino acid incorporation into the acid-soluble fraction
(39%) and a large inhibition of incorporation into acid
insoluble material (95%). The kidneys referred to in Table 4
were those of rats bearing the MK3 tumors. After cyanate
treatment they showed a small but significant elevation
(22%) of radioactivity in the acid-soluble fraction but a

decreased incorporation (27%) of 3H-labeled amino acids
into the acid-insoluble fraction. The data for muscle and
brain in Table 4 were obtained from tissues of rats bearing
either hepatoma 5l23C or the MK3 kidney tumor. The
nature of the tumor did not appear to influence the amino
acid incorporation into muscle or brain. In both these
normal tissues the incorporation into protein was not
significantly changed by the cyanate, but a dose level of 250
mg/kg body weight caused small increases of radioactivity
in the acid-soluble fraction (p < 0.01). The response of
regenerating liver after partial hepatectomy of control rats
resembled that of host livers of tumor-bearing rats in as
much as 250 mg cyanate per kg body weight caused an
increased incorporation of 3H-labeled amino acids into the
acid-soluble fraction (58%) without significant effect on
incorporation into acid-insoluble material.

Studies with another rapidly dividing but nonmalignant
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tissue, the intestinal mucosa, are presented in Table S.
Under the conditions studied, there was no significant ef
fect of cyanate on 3H-labeled amino acid incorporation into
the acid-soluble or acid-insoluble material of intestinal
mucosa. The data for mucosa recorded in Table 5 are for
the colon, but the mean values for tissue taken from the
small intestine of these rats differed by less than 13% from
the results obtained for colon mucosa and showed a similar
lack of response to the drug. The data obtained for liver
in these normal rats resembled those previously obtained
in tumor-bearing animals and provided no evidence for
long-term toxicity of the drug treatment. Liquid scintilla
tion counting of 10 @.tlblood from these animals indicated

that there was no significant difference in the circulating
levels of RH-labeled amino acids in the different groups
of animals.

DISCUSSION

The major current interest in the clinical use of cyanate is
for the therapy ofsickle cell anemia. For this application the
potential neurotoxicity of cyanate is of concern (7). Al
though cyanate caused no mortality in the tumor-bearing
rats used in this work, we did observe the characteristic
toxic effects that have been reported by others including
apparent lethargy with occasional convulsions, increased

Table 4

Effect ofcyanate on amino acid incorporation in rat tissues

Sodium cyanate was administered i.p. at the stated dose level I hr before injection of3H-labeled amino acids
(20 @Ci/l00 g body weight).

a Mean Â±SE.
bp < 0.05.

C p < 0.01.

â€œp< 0.001.

Table 5

Incorporation of amino acids in liver and intestinal mucosa of normal rats treated with cyanate

Sodium cyanate was administered i.p. (250 mg/kg body weight) at the stated time interval before injection
of 3H-labeled amino acids (20 j@Ci/100 g body weight).

a Mean Â±S.E.
â€œp< 0.01.

2324 CANCER RESEARCH VOL. 35

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2395220/cr0350092321.pdf by guest on 19 M

ay 2023



Cyanate and Amino Acid Metabolism

sensitivity to sound, and partial hind-limb paralysis during
the 1st 1 to 2 hr after treatment, with weight loss over a
24-hr period (2, 3, 5, 8, 14, 19). Previous work on the
turnover of brain proteins after cyanate treatment yielded
equivocal results (6), and in our work there was no evidence
for an inhibitory effect on protein synthesis despite the
neurological symptoms observed.

Studies on the activities of enzymes related to glycogen
metabolism have suggested that the synthesis of some
proteins in liver is affected by cyanate (8). In our rats
bearing hepatoma 7777 the gross appearance of the host
liver 24 hr after receiving sodium cyanate, 250 mg/kg body
weight, suggested the development of fatty liver and may be
a reflection of effects on hepatic metabolism. No gross
change in appearance was detected in the livers of normal
rats 72 hr after treatment with cyanate, and in general any
significant changes in isotope incorporation into liver were
small in magnitude in our experiments. It remains to be
established which if any of the effects of cyanate on amino
acid metabolism in normal and neoplastic tissues are due to
changes in amino acid pool size.

As cyanate had an inhibitory effect on total incorporation
of 3H-Iabeled amino acids into the tumors examined and a
greater effect on incorporation into protein, there is evi
dence for either increased amino acid catabolism or at least
2 cyanate-sensitive sites in these tissues. One target could be
amino acid entry into the tumor cell and the 2nd could be at
some point in amino acid metabolism. It is known that
cyanate carbamylates a variety of proteins so that multiple
points of attack are not improbable. We have observed
previously that entry of [â€˜4C]cyanate does not differ signifi
cantly in hepatoma and liver cells (14). We infer, therefore,
that the differential effects of cyanate on 3H-labeled amino
acid incorporation in tumors and their tissues oforigin are a
reflection ofdifferences in the metabolism ofamino acids in
normal and malignant cells. The means by which neoplasms
appear to function as â€œnitrogentrapsâ€• is of long-standing
interest in cancer research (4). No entirely satisfactory
answer is available to this question, but further information
on the cyanate-sensitive aspects of amino acid metabolism
in tumors may provide pertinent information.

In using the term â€œtumorselectiveâ€• we do not wish to
imply that cyanate is tumor specific and without effect on
amino acid metabolism in normal tissues. An inhibitory
effect on hemoglobin synthesis has been recorded ( I ), and in
this work a significant inhibition of 3H-labeled amino acid
incorporation into protein was seen in kidney. However, the
degree of inhibition was selective between liver and kidney
tumors and their tissues of origin. The regenerating liver
and intestinal mucosa are rapidly growing but nonmalig
nant tissues in which 3H-labeled amino acid incorporation
differed from that of [3H]thymidine incorporation into
DNA, which we have previously observed to be inhibited by
cyanate in regenerating liver and intestinal mucosa (14).
The inhibition of DNA synthesis by cyanate in a variety of
tissues including regenerating liver and intestinal mucosa
prompted us to speculate that cyanate may be an inhibitor
of ribonucleotide reductase activity resembling hydroxy
urea. The general inhibition of 3H-labeled amino acid

incorporation into protein by cyanate would not be expected
for a compound the sole action of which was to inhibit
ribonucleotide reductase but does not exclude this as 1
possible action of the drug. Inhibitors of DNA synthesis
generally cause an inhibition of histone synthesis even when
they are without effect on the synthesis of other proteins ( I2,
13). It will be of interest to examine the effect of cyanate on
histone synthesis in regenerating liver to see if the relat ion
ship holds true.

Another area for future investigation is the tumor
specificity of cyanate action, which could be tested not only
in other tumors of the liver and kidney but also of in tumors
of other organs. Before any thoughts can be entertained on
the value ofcyanate in cancer therapy, it will be necessary to
examine the action ofthe compound at less toxic dose levels.
Due to the cumulative effects of cyanate on the carbamyla
tion of proteins, it may be possible to develop a regimen
with acceptable neurotoxicity but with a significant effect on
macromolecular synthesis in tumors. Other investigators
have noted that nitrosoureas decompose to form isocya
nates which resemble the reactive tautomer of cyanate,
isocyanic acid, in their antisickling properties ( I I , 20), and
we have noted that antineoplastic properties may also be
common features of these molecules ( 14).

ACKNOWLEDM ENTS

We are grateful to Charity Jackson and Louise Lawson for their
technical assistance, to Mabel Fladger for her secretarial assistance, and to
Dr. Vincent G. Allfrey for inspiring our interest in the action of cyanate.

REFERENCES

1. Alter, B. P., Kan, Y. W., and Nathan, D. G. Inhibition of Hemoglobin
Synthesis by Cyanate in vitro. Blood. 43: 57 68, 1974.

2. Alter, B. P., Kan, Y. W., and Nathan, D. G. Toxic Effects of
High-dose Cyanate Administration in Rodents. Blood. 43: 69-77,
1974.

3. Birch, K. M., and Schlitz, F. Actions ofCyanate. Brit. J. Pharmacol.,
1.@186-193,1946.

4. Busch, H. An Introduction to the Biochemistry of the Cancer Cell, pp.
353 381. New York: Academic Press, Inc., 1962.

5. Cerami. A., Allen, T. A., Graziano, J. H., DeFuria, F. G., Manning, J.
M.. and Gillette, P. N. Pharmacology of Cyanate. 1. General Effects
on Experimental Animals. J. Pharmacol. Exptl. Therap., 185:
653-666,1973.

6. Fando, J., and Grisolia, S. Carbamylation of Brain Proteins with
Cyanate in Vitro and in Vivo. European J. Biochem., 47. 389-396,
1974.

7. Gillette, P. N., Peterson, C. M., Lu, Y. S., and Cerami, A. Sodium
Cyanate as a Potential Treatment ofSickle Cell Disease. New EngI. J.
Med.,290:654-660,1974.

8. Haut, M. J., Toskes, P. P., Hildebrandt, P. K., Glader, B. E., and
Conrad, M. E. in Vivo Hepatic and Intestinal Toxicity of Sodium
Cyanate in Rats: Cyanate-induced Alterations in Hepatic Glycogen
Metabolism. J. Lab. Clin. Med., 85: 140-154, 1975.

9. Higgins, G. M., and Anderson, R. M. Experimental Pathology of the
Liver: Restoration of the Liver of the White Rat following Partial
Surgical Removal. Arch. Pathol., 12: 186-202, 1931.

10. Johns, E. W. Studies on Histones 7. Preparative Methods for Histone

2325SEPTEMBER 1975

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2395220/cr0350092321.pdf by guest on 19 M

ay 2023



M. A. Lea et al.

Fractions from Calf Thymus. Biochem. J., 92: 5S@59, 1964.
I 1. Johnson, R. W., and Grossman, A. Alteration of Tyrosine Amino

transferase Multiple Form Patterns by Antisickling Agents and a
Decomposition Product of Antitumor Agents. Biochem. Biophys. Res.
Commun., 59: 1242-1249,1974.

12. Lea, M. A., Khalil, F. L., and Rey, M. 1. Action of Miracil D and
Related Compounds on Histone Synthesis and Phosphorylation in
Regenerating Liver. Chem.-Biol. Interactions, 7: 367-374, 1973.

13. Lea, M. A., Khalil, F. 1., Rey, M. I., and Morris, H. P. Effects of'
Formamidoxime on Macromolecular Synthesis in Regenerating Liver
and Hepatomas. Chem.-Biol. Interactions, 6: 339@349, 1973.

14. Lea, M. A., Koch, M. R., Allfrey, V. G., and Morris, H. P. Inhibition
by Cyanate of DNA Synthesis in Hepatomas. Cancer Biochem.
Biophys., in press.

15. 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.

16. Miyaji, H., Morris, H. P., and Wagner, B. P. Histological Study of
Some Primary and Transplantable Hepatic Tumors in Rats. in: H.
Busch (ed), Methods in Cancer Research Vol. 4, pp. 153 178. New
York: Academic Press, Inc., 1968.

17. Morris, H. P., and Wagner, B. P. Induction and Transplantation of
Rat Hepatomas with Different Growth Rate (Including â€˜@Minimal
Deviationâ€• Hepatomas). in: H. Busch (ed.), Methods in Cancer
Research, Vol. 4, pp. 125 152. New York: Academic Press, Inc., 1968.

18. Morris, H. P., Wagner, B. P., and Meranze, D. R. Transplantable
Adenocarcinomas of the Rat Kidney Possessing Different Growth
Rates. Cancer Res., 30: 1362- 1369, 1970.

19. Shaw, C.-M., Papyannopoulou, T., and Stamatoyannopoulos, G.

Neuropathology of Cyanate Toxicity in Rhesus Monkeys. Pharma
cology, 12: 166-176, 1974.

20. Wheeler, G. P., Bowdon, B. J., and Hammack, W. J. Anti-Sickling
Activity of Nitrosoureas. Biochem. Biophys. Res. Commun., 54.
1024-1029,1973.

2326 CANCER RESEARCH VOL.35

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2395220/cr0350092321.pdf by guest on 19 M

ay 2023




