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Abstract—Of 25 compounds tested. cight —namely. 3-azacytidine. gougerotin, cyclo-
heximide. pactamycin, streptovitacin A, adriamycin. daunorubicin and thicacetamide

resulted in the enhancement of liver uridine kinase activity i ciro. Puromycin and actino-
mycin D produced a slight decrease in enzyme activity. With both S-azacytidine and cyclo-
heximide. the enhancement observed was independent of adrenal sceretion. Some of the
compounds which enhanced hepatic uridine kinase activity (5-azacytidine. eveloheximide
and related glutarimide antibiotics) concomitantly suppressed the activity of the enzyme in
the thymus, while daunorubicin. adriamycin and thivacetamide were much less effective in
this respect. No relation has been found between the effect of the tested compounds on the
incorporation of orotic acid into RNA and the enhanced activity of hepatic uridine kinase.

Urining kinase is important in the treatment of experimental neoplasias with pyrimi-
dine analogues. since it catalyzes the phosphorylation of the latter to their
corresponding 5-monophosphates.!-> The deletion of uridine kinase in tumor cells
is accompanied by the development of resistance to uridine and cytidine analogues.®
Recently we have found®” that the administration of 5-azacytidine results in the
enhancement of liver uridine kinase activity by a process which is independent of
adrenal secretion. and which is unaffected by a number of compounds interfering
with DNA, RNA and protein synthesis. Cycloheximide also enhances the activity
of uridine kinase in the liver.® The ability to enhance selectively the activities of
enzymes responsible for the activation of oncolytic agents would be of considerable
consequence in cancer chemotherapy. and the present report discusses the effects of a
broad spectrum of drugs on the activity of hepatic uridine kinase.

MATERIALS AND METHODS

Chemicals. Adenosine 5'-triphosphate. S-phosphorylribose-1-pyrophosphate and
cycloheximide were obtained from Calbiochem, Luzern. 5-Azacytidine, 6-azauridine
5'-monophosphate and other tested drugs were synthesized in the Institute of Organic
Chemistry and Biochemistry, Prague. Glucagon was provided by Lilly Laboratories,
Indianapolis, 111, and hydrocortisone by Spofa, Prague. Thioacetamide was obtained
from Lachema., Brno, daunorubicin from May & Baker and adriamycin from
Pharmitalia. Actinomycin D was purchased from Merck. Sharp & Dohme, West
Point, N.Y.. and puromycin aminonucleoside from Sigma. St. Louis. Mo. Orotic
acid-2-'*C(48 uCiumole) and 6-azauridine-4.5-1*C(80 uCi umole) were provided
by the Institute for Rescarch. Production and Uses of Radioisotopes, Praguc.
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Animals and cell-free tissue extracts. Male Wistar rats (170 180 g) were kept under
standard conditions with food and water ad 1ib. In general. experiments were started
between § and 9 a.m. and drugs were administered intraperitoneally in a maximal
volume of 0-3 ml. The animals were killed by decapitation and bled. The excized livers
or tissues were homogenized in three vol. of 25 mM Tris-HCI buffer (pH 7-5)
containing 25 mM KCl and 3 mM MgCl, in a cooled glass homogenizer with a
tight-fitting Teflon pestle. Homogenates were centrifuged (10000 rev min. 20 min.
27 and the fat-free supernatant fractions used for determination of cnzvime activity,

Uridine kinase activity. The activity of uridine kinase was determined during a
10-min incubation period with O-1 mM 6-azauridine-4.5-'*C as substrate” and 4 mM
adenosine 3-triphosphate with 2 mM MgCl,. The incubation was carried out in
60 mM Tris-HCl buffer (pH 7-5) at 37 in a total volume of -3 ml with 0-1 ml of the
postmitochondrial supernatant fraction {corresponding to 25 mg wet wt of tissuc).
Aliquots of mcubation mixtures withdrawn during the incar course of the enzyme
reaction were separated chromatographically on Whatman paper No. 1 in a solvent
system composed of isobutyric acid-ammonium  hyvdroxide water (66:1-5:33).
Chromatographic spots corresponding to 6-uzauridine and 6-azauridine S'-mono-
phosphate were cut out, and their radioactivity was measured in a Packard liquid
scmtilation spectrometer in [0 ml of seintillation fluid (4 g 2.5-diphenyvioxazole. 0015 ¢
p-bis[ 2-(4-methyl-3-phenyloxazolyly]-benzencin Liter toluenc) Theactivity of uridine
kinase was expressed as pmoles of 6-azauridine phosphorylated during | hr of incuba-
tion at 37 in the presence of postmitochondrial extract corresponding to 1 g of liver.
No significant differences in the content of liver proteins alter the administration of
the tested drugs have been found.

Pyrimidine synthesis i vitro. This was measured in the liver postmitochondrial
supernatant fractions by incubating Ol mM orotc acid-2-"*C and 04 mM
5-phosphorylribose-1-pyrosphosphate with cquimolar Mg~ " ions. Analysis of the

caction mixture and the level of newly formed uridine S-monophosphate were

r
determined during a 5-min incubation period at 37 . as deseribed previously,'
g A

RESULTS

Uridine kinase activity was measured with 6-azauridine as substrate. " since this
modification allows onc to assay activity of the enzyme in unpurified cell extracts with
high sensitivity.” Moreover. thenewly formed 6-azauridine 53'-monophosphate is stable
and can be separated casily from unrcacted 6-azauridine by paper chromatography.
Data presented in Fig. 1 show that the phosphorviution of 6-arzauridine is lincar over
a 10-min incubation period and is almost proportional to the amount of tissue
extract added. Conditions for optimal phosphorylation were the same for control and
stimulated enzyme using uridine or 6-azauridine as substrates.

Only a few of the compounds tested resulted in
kinasc {Table 1). while actinomycin D and puromycin were slightly inhibitory. The
most potent drugs besides S-azacytidine and cycloheximide were streptoviticin Al
pactamycin and, at higher dosc levels. thioacetamide. It 1s notable that those
compounds which increase hiver uridine kinase activity exert their cytotoxic effects
by a different mechanism, Of the tested antimetabolites. S-uzacyudine is the only
pyrimidine analogue which enhances the activity of the enzyme. The increase of
uridine kinase in the liver in relation to the dose level of administered drugs is shown
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Fis. 1. Uridine kinase activity in cell-free liver extracts after S-azacytidine (25 mg/kg) and cycloheximide

(2:5 mg/kg) administration in vivo 24 hr before killing. Incubation was carried out at 37 in 60 mM

Tris-HCL buffer (pH 7-5) in a total volume of 1 ml with 01 mM 6-azauridine. 4 mM adenosine

S'-triphosphate and 2 mM MgCl, . (A) Incubation was carried out with 0-25 ml of the enzyvme fraction
(6-2 mg protein): (B) 10-min incubation period.

in Fig. 2. The maximal effect of S-azacytidine was achieved at a dose of 25- 40 mg/kg:
cycloheximide at 2:5-3-0 mg/kg: daunorubicin at 810 mg’kg; thicacetamide at
150 250 mg/ke.

In contrast to various hepatic amino acid-metabolizing enzymes.''"'? the increase
of uridine kinase activity observed in both male and female rats is independent of the
dietary regimen. Further. the enhancement of uridine kinase activity is imdependent of
hormonal administration. which is known to induce other enzymes.**!* It has been
reported that the effect of cycloheximide is influenced by the adrenal secretion.'?
Consequently, we undertook to investigate the effect of this drug on hepatic uridine
kinase in adrenalectomized animals, and we found that under these conditions the
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Fic. 2. Uridine kinase enhancement in the liver in relation to the dose of administered drugs. Compounds
were injected Lp. into groups of five to cight male rats 24 hr before killing and cell-free liver extracts were
immediately prepared. The assay of uridine kinase activity (umolessg of liver per hr + S, E.) was carried
outfor 10minat37 ina total volume of 0-3 mlin the presence of (1 mi of enzyme {fraction (2-5 mg protein).
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process of uridine kinase enhancement remained unaffected (Table 2). In agreement
with this finding. not only glucagon but also hydrocortisone (20 mg/kg), administered
24 and 3 hr before killing, alone or in combination with cycloheximide, were without
effect on hepatic uridine kinase in intact or adrenalectomized rats. The daily admini-
stration of hydrocortisone (4 days, 10 mg/kg daily) was also without effect. Also
L-tryptophan.'®! " another enzyme inducer. given orally or intraperitoneally (1 g/kg)
failed to influence the activity of uridine kinase.

TabLt 2. CyCLOHEXIMIDE-MEDIATED INCREASE OF URIDINE KINASE ACTIVITY IN THE LIVER OF INTACT AND
ADRENALECTOMIZED RATS*

Uridine kinase (umoles;g liver per hr + S.E.)

Conditions Intact () Adrenalectomized (")
Control 128 + 016 100 1:37 4+ 0-13 100
Cycloheximide 242 £ 021 189 2:34 + 019 17t
Glucagon 125 £ 018 98 1:30 + 0-16 95
Cycloheximide + glucagon 263 + 02 206 2:60 + 020 190

* Groups of four to six male intact and adrenalectomized rats (175 g) 3 days after operation were
given cycloheximide (12 and 0-6 mg/kg respectively) 24 hr before killing. Glucagon (1-5 mg/kg) or saline
was injected Lp. 3 and 24 hr before killing. Uridine kinase activity was assayed in cell-free liver extracts
as described in Methods.

Different tissues and organisms'®?? have been used for the studies on uridine
kinase. The activity in kidney, spleen and especially thymus, calculated per g of tissue
wet wt, is higher than that in the liver (Table 3). We were interested to know to what
extent drugs active in the liver would modify the activity of uridine kinase in other
tissues. From our earlier work it is known that S-azacytidine depresses the activity of
the thymus enzyme.” Data presented in Table 3 show that cycloheximide also leads to
the impairment of uridine kinase in the thymus, while daunorubicin and thioacetamide
weremuch lesseffective. Theactivity of uridine kinasein kidney and spleen is practically
unchanged. A similar pattern of uridine kinase modification has been observed in mouse
tissues (unpublished).

Uridine kinase activity is generally considered to reflect the relative efficiency of the
cell or tissue in utilizing preformed pyrimidine precursors by the salvage pathway.
Metabolic transformation of orotic acid is of primary importance during the synthesis
of pyrimidines de novo. For this reason we have studied the effect in vivo of the drugs

Tasrr 3. TISSUE SPECIFICITY OF THE STIMULATORY EFFECT OF VARIOUS DRUGS ON URIDINE KINASE*

Uridine kinase {gmoles; g tissue per hr)
Administered dose

(mgkg} Liver Kidney Thymus Spleen
Control 88 + (10 37+ 030 402 + 036 357 + 021
S-Azacytidine {25) 86 4+ O lo 322+ 023 216 + 013 276 4+ G143
Cycloheximide (2°5) 183 + 014 352+ 026 232 4+ 017 351 £ 025
Daunorubicin {50} 152 + 018 331 + 033 344 + 020 283 + 019
Thioacctamide (200) 192 + 017 328 + 027 343 + 627 348 + 008

* Compounds were administered L.p. to groups of four male rats (175 g) 24 hr before killing. Uridine
kinase was assayed in cell-free tissue extracts during a 10-min incubation period as described in Methods.
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TABLE 4 LFHECT OF VARIOUS DRUGS 17 0170 ON THE SYN THESIS OF PYRIMIDINES e 000 AND URIDINE KINASI
ACTIVITY AN THE CHL-FRER LIVER ENTRACTE

Transformation of orotic acid Uridine kinase
Administered dose {rmoles g liver {pmokes g liver

(mg-kg) perhr £ SO B {7 por hr + 8 F) [
Control SRR R B 100 122+ ]2 106
S-Avacviidine (25 RETREE. B o603 269 - (F1N AN
S-Azaorofate (25) 228+ 24 351 27 5 -4 103
Cycloheximide (25) 430 4+ 42 104 2SF 22 208
Thioacetamide (200 472 4 36 14 284 = 0 BRR
Daunorubicin {50) EIEREEN T T 186+ 013 [53

* Compounds were administered Lp. to groups of four to six malde rats (1175 185 @1 24 hr before killing,
Transformation of 1 x 1 * M orotic acid and uridine kKinase activity in eell-free Hver extracts were
assayed as deseribed in Methods,

thatincrease hepaticuridine kinase on the pyrimidine synthesis in cell-free liver extract.
The data presented in Table 4 show that the enhancement of uridine kinasc is not
related to the decreased pyrimidine biosynthesis de novo: (1) both 5-azacytidine and
S-azaorotic acid inhibit the transformation of orotic acid to uridine 5-mono-
phosphate.”?* while only S-azacytidine leads to the increase of uridine kinase: (2}
cycloheximide, thicacctamide and daunorubicin have no effect on the synthesis of
pyrimidines de nove from orotic acid and result in the enhancement of uridine kinasc in
the liver,

DISCUSSION

The molecular mechanismresponsible for the enhancement of hepatic uridine kinase
activity after administration ol various drugs. possessing differing modes of action, is
at present unknown. It is possible that the degradation of uridine kinasc is impaired.”
This mechanism has been demonstrated in studics on liver tyrosine aminotransferase
after the administration of various compounds including cvcloheximide® " and
S-azacytidine.” °® Uridine kinase. however. is not increased by many other
compounds known to inhibit the degradation of liver enzymes {e.g. L-tryptophan'*' 7).
Since cycloheximide and refated glutarimide antibiotics also increase the activity of
uridine kinase in the liver. it is permissible to suppose that there is no increase of
enzyme synthesis de novo. although direct immunologic evidence is missing due to the
difficulty of obtaining uridine kinasc of sufficient purity. One can assume the preferential
inhibition of the liver degradation system resulting in the inercase of hepatic unidine
kinase. The question remains. however. why another inhibitor of protein svnthesis,
puromycin. displays no stimulatory cffect on this enzyme (Table 1y Experiments are
in progress to define m more detail the molecular mechanism responsible for this
phenomenon.

Cycloheximide, streptovitacin A and pactamyein inhibit protein synthesis. acting
at various stages of polypeptide chain formation:™ *= as a result. the synthesis of
RNA is inhibited.*? The 5-azacytidine-mediated inhibition of protein synthesis in rat
liver scems to be a secondary effect. and is attributable to the enhanced degradation
of liver polyribosomes. ™" Daunorubicin and adriamycin. antitumor antibiotics of
the anthracycline group. produce only moderate increases of uridine kinase. Both
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drugs inhibit DNA and RNA synthesis®® *” by binding to DNA. Unlike the above
compounds, thivacetamide is hepatotoxic and carcinogenic and does not affect liver
protein synthesis. This drug increases the concentration of RNA in the nucleoli*!*-
and markedly enhances therate of uridine 5'-triphosphate incorporation into nucleolar
RNA.#3

Recently it has been found that the activity of ornithine decarboxylase involved in
polyamine synthesis is strongly increased in thioacetamide-treated animals.***¢
The level of polyamines is known to be highest in rapidly growing tissues. as is the
activity of uridine kinase. However. S-azacytidine blocks the mcrease of ornithine
decarboxylase observed during liver regencration®” and during the development of
mouse leukemia. ***” It is presumptive to correlate the increase of uridine kinase with
the possible enhancement of the proliferative activity of the liver after administration
of the compounds mentioned above. Although the synthesis of polyamines that is
characteristic of rapidly proliferating systems is inhibited by S-azacytidine. the admini-
stration of the drug to rats prior to partial hepatectomy results in increased mitotic
activity and enhanced DNA synthesis in regenerating liver.”® We cannot thus exclude
the possibility that the molecular mechanism responsible for the enhancement of
uridine kinase is different depending on the particular compound used.

Uridine kinase induced following S-azacytidine administralion differs from the
control enzyme preparation in its increased stability to heating.” It is not known
whether a similar change in the enzyme stability also accurs after administration of
the metabolic inhibitors used in this study, The finding of two different molecular
forms of uridine kinase in rat liver and different hepatomas”~ led us to propose that the
administration of 5-azacytidine changes the relation of the two uridine kinase species
in favor of the more heat-stable low molecular isozyme normally prevailing in
embryonic rat liver, However. comparing embryonic and adult rat livers, we were
unable to confirm the existence of multiple forms of uridine kinase.™' Moreover. the
administration of 3-azacytidine depressed liver uridine kinase activity in embryos.

Tumors arc characterized by high uridine kinase activity.?-*3 The deletion of this
enzyme in tumor cells is associated with the development of resistance to uridine and
cytidine analogues.® ¥ Unfortunately. the increase of uridine kinase activity described
here has been detected only in the liver. If it were possible to elucidate the mechanism
responsible for the enhancement of uridine kinase, and to produce this effect selectively
in hepatoma cells. the drugs might then be utilized more effectively in combination
schedules.
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