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SUM MARY

(‘oorER, (;EOFF�REY i\I., ANI) GREER, SHELn0N: The effect of inhibition of cytidine
ileaminase by tetrahydrouridine on the utilization of deoxycytidine and 5-bromodeoxy-
cytidine for deoxyribonucleic acid synthesis. ][oi. Pharmacal. 9, 09S-703 (1973).

The efiect of cytidine deaminase activity on the utilization of deoxvcvtidine and 5-bromo-

de )xycytidine for DNA synthesis in normal and neoplastic mouse tissues was investigated

utilizing tetrahydrouridine to inhibit cytidine deaminase in vivo. Tetrahydrouridine in-
creased approximately 3-fold the incorporation of deoxycytidine into the DNA of two

tranSplantal)le lymphomas, a mammary adenocarcinoma, and bone marrow. The utilization
of deoxycytidine for DNA synthesis was also increased by tetrahydrouridine in mouse testes,
hut not in the spleen or small intestine. The toxicity of 5-fluorodeoxycytidine was similarly

increased by inhibition of cytidine deaminase. In contrast to the effect of tetrahydrouridine

on deoxycytidine, the incorporation of .-bromodeoxycytidine into DNA was decreased
approximately 70 % by inhibition of cytidine deaminase with tetrahydrouridine. This sug-
gests that the incorporation of 5-bromodeoxycytidine into 1)NA proceeds mainly by deami-

nation of the nucleoside to 5-hromodeoxyuridine, followed by phosphorylation to 5-bromo-
deoxyuridylate, rather than the alternative pathway proceeding by phosphorylation of
5-bromodeoxycytidine to 5-hromodeoxycytidylatc, followed by deamination of the nucleo-

tide to 5-bromodeoxyuridvlate.

INTRODUCTION

Catabolism (if pyrimidine nucleosides may
limit their utilization for nucleic acid svnthe-
sis in mammalian tissues and diminish the

effectiveness of pyrirnicline nucleoside ana-
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logues used clinically as antineoplastic or
antiviral agents. Neil ci a!. (1) have reported

that tetrahydrouridine, a potent itihibit r of

cytidine deaminase (EC 3.5.4.5), increased

the antileukentic activity of cytosine arabi-

noside in mice. In the present investigation
we have utilized tetrahvdrouridine to stud�
the effect of cytidine deaminase activity on

the incorporation of deoxycytidine and 5-

bromodeoxycvtidine into the DNA of normal
and neoplastie mouse tissues.

I)eoxycytidine and its 5-halogenated ana-

logues are iiot substrates for mammalian
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it ucleoside ph( sphOryJaSes (2, 3). Cytidine

dearninase thereli)re catalyzes the initial step

in deoxycytidine catabolism. 5-Bromo- or 5-
iododeoxvcyt idine is iiic )��( )rated into the

1)NA of murine cells as 5-bromo- or 5-iodo-
deoxyuridylate (4, 5). 1)eamiiiati )n of 5-

halogenated deoxycytidine analogues c� )uld

occur either tit the nucleoside level, (ata-

lvzed by (vtidille deamiiiase, or at the tnt-
cleotide level, catalyzed liv deoxvevt idylat e
deaminase. lii the first ease j)hospholvlation

would occur after d(amination and he cata-

lyzed liv thvmidine kinase. In the secotI(l
ease the deoxycytidine analogue would

be ph( )sphorylated 1�y deoxycyt idi i i kitiase

P�’��I t.o deaminatioti. In the current study
the relative activities of these two possible

path�vays for the incorporation of 5-bromo-
deoxycytidine into 1)NA are itivestigated liv

inhibition of (Vti(liile d(aIfliilLLse \Vithi t(tia-

hvdr( )uridine.

METHODS

C/icn,ieals. Ietiahvdrouridiiie was a gel!-

eroUs gift. from 1)r. Gary Neil of the Upjohn

Company aiid from I)r. Hariv \\ood of (lie

National (1ancei’ Inst it ute. 5-1 1w rodeoxv-

cytidine was purchased from Calhiochem.

{5-3Hj i)eoxycytidine and 5-hr �mi 46-3Hlde-

oxvcyt idine were purchased front New li ig-

land Nuclear Corporation. ‘slore than 99.9

of the �H label in [5�1H]deoxycytidine was

shown to be in position 5 liv halogenation

(data of the manufacturer). {5-3H]Deoxvuri-

dine was purchased from Amersham ‘Searle

and had a radiochemical purity greater t han

95

Growth uI tumors. Lvmphoma M3445 (6),

Lymphonia \ 151S3, and mammary Adeno-

carcin� ma �\ I 3659 were maintained in the

laboratory of l)i. W. F’. 1)unning (Papani-

colaou Cancer Research Institute) liv uni-

lateral subcutaneous i mplatitati 11 iii the

flanks of adult male C3H, male BALI3 /c,

and female C3H mice, resj)ectiv(lv. \lice

were bred liv 1)r. \V. F. I )unning. Purina

laboratory thow an(l water were provide(l

ad libittini (luring all experiments.

Incor/)oraiiofl 0/ /)1CCU1.’O)iS into I).\A
Nornial or tumor-bearing mice received iii-

traperitoneal inj ect ions of t (1 rahvdr iuridine

and radioactive nucleosides dissolved in

0.9 � NaCl. Mice were killed 24 hr after

iiijectioii, and tissues to in studied were

removed and stored! at - 30#{176}.
DNA WItS extracted liV a inodificat ion of

the method of Schmidt ItiI(l flj
(7). lissues were homogenized at 0#{176}in a

Sorvall ()mni\lixer in 15 nil of 5 per-

chloric acid. Precipitates were collected by

(entrifugation, washed twice withi 30 ml of

5 C; j)(rchloric acid, and extracted t lirec

times with 20 ml of (thallol-etiI(r (11).

When indicated iii l)alti(IllaI experiments,

IINA was hydrolyzed in 10 nil of 0.5 N

NaOH at 37#{176}.1)NA �Vtt5 rej)re(ipitate(l at

0#{176}by addition (If 2 ml (if 70 perchioric

acid, collected by ceiitrifugation, and washied

�vitIi 20 ml iif 5 perchli)ric acid. Nucleic

acids were hydrolyzed by heating at 90#{176}fur

45 miii in 5 ‘ p(Ichllt)iic acid. Insoluble ma-

terial WIts removed by ttntrifugation.

The radioactivity of hydrolysates was de-

termiiied by liquid scintillation (ounting.

Quenching was torrectid by thie method of

chann( 1 ratios. Ih( de( Ixyrib)( II tuclet )t ide con-

tent of hvdrtlvsates \V�5 (letermined by thie

diphenvlamine r(action (S)

RESULTS

Lj)cct of let ia/i !J(liOUiUlifl (‘ Oil 111 Co1/)0lOtWn

of (leoxycytl(linc into IJ.VA . [5-1Hj1)eoxycyt i-

dine is a SPe(ific precursor (If :IH_lal)el(d

DNA deoxycyti(lylate. It (anilot be incor-

porated into 1H-labeled DNA tlivmidvlate,
silice synthesis of thivmidvlate will result iii

the loss of 1H label from position 5. Control

(Xl)(1ifll(i its, iii \Vlii(l I t lie iiR( )rI)( )rat joli (If

[5-1H]deoxycytidine into H \A was (leter-

mined by alkaline hydrolysis, demonstrated

that t he specifi( activity (If RNA (disinte-

grations per minute per milligram) was less

than 2 (If that of I)NA isolated from the

1\ 13445 lymph )ma. Furthermore, the incor-

j)O1tttiOiI (If [5-1fl]d(( )xVUIi(liile into i1li(l(i(

acids (If thte M3445 hymphoma, nuluse spleen,

and small iiitestine was less thait 10 of

that (I1)tained withi [53Hj(I((Ix\�(\’tidiiI(� (�f�

ble I). ihie limited iil(Orpuration of [5-RH]-

deoxyuridine may have resulted fr �m the

incOrj)orat ion (If [5-#{176}I-IjIt1’Iuilitit � DNA (Ic-

oXy(ytidylate (II fi( Ifli 1adi( Ichemi(al irupu-

rity (less than 5 in the t5_iH]de Ixyliridine

pr(palati(Ii1. It shoiilol l)( not((l that the

radi( )chemical 1)UiitV (If thid [5_l�jJ(l(ox\.(\ti_
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Tk131�: 1

ii ‘tilization of 15-3Hldeorycytidinc and [5-3Hjdeoxyuridine for DNA synthesis

Mice received injections 11 days after implantation of the M3445 lymphoma and were killed 24 hr
after injection. The specific activity of I)NA isolated from tumor and normal tissues was determined

after alkaline hydrolysis of RNA for 15 hr at 37#{176}.[5-3H]1)eoxycytidine and [5-3Hldeoxyuridine were

administered at a dose of 10 tmoles/kg (60 MCi/Mmole). 1)ata are presented as picomoles of adminis-

tered precursor incorporated per milligram of J)NA, and as means ± standard deviations of the num-
bers of animals indicated in parentheses.

DNA precursor

M3445

Incorporated precursor

Small intestine Spleen

prnoles/nzg DNA

[5-3HlI)eoxycytidine 300 ± 100 (5) 1200 ± 100 (5) 1000 ± 100 (5)

5-3Hll)eoxyuridine 20 ± 10 (5) 100 ± 30 (5) 60 ± 10 (5)

T��BLI; 2

Eflect. of teirahydro uridine on in corporal ion of l3-�JI l(leoxydytidine in to DNA of mouse neoplasms

Mice received injecti(Ins 11 days after implantation (If M3445 or M5i83 and 12 days after M3659 im-
plantation. Tetrahydrouridine (400 /hmoles/kg) was injected 3() miii before [5-’Hldeoxycytidine (10

�mo1es/kg, 60 j�Ci/j�mole). Mice were killed 24 hr after inje(ti(In, and the specific activity of isolated

DNA was determined. 1)ata are presented as in Table 1.

Neoplasm 5-3HjDeoxycytidine incorporated

-Tetrah)drouridine +Tetrahydrouridine

prnoles/nzg DN.l

M3445 lymphoma
M5183 lymphoma

M3659 mammary a(lenocar( ifl(Ima

310 ± 110 (16)

550 ± 200 (10)
600 ± 160 (9)

500 ± 170 (12)’

1S0() ± 340 (10)’

1700 ± 460 (7)’

Significantly different from mice which did not receive tetrahydrouridine (P < 0.05).

dine preparation was greater than 99.9 (()

(se( METHOI)S). These results demonstrate

that the deamination of [5-3Hjdeoxvcytidinc

in tivo would prevent the incorporation of

3H label into I)NA. Therefore, if deamina-
tion is a limiting factor in deoxycytidme

utilization, the incorporati( in of [5-3Hjdeoxy -

cytidine COuld be increased liv tetrahydro-

uridine administration.

The mcorporation (If [5-3H]deoxycytidinc

into the DNA of the three mouse neoplasms

studied was increased 2-3-fold liv tetrahv-
drouridine (Table 2). The optimal dose of
tetrahydrouridine was 200-400 �moles/ kg,
administered 30 miii prior to [5-3H]deoxv-
cytidine (Table 3). Similar dose responses
were obtained when tetrahydrouridine was

administered orally instead of by intraperi-
toneal injection A similar effect of tetra-

hydrouridine Ott the incorporation of [5-�H1-

deoxycvtidine into DNA of the �\I3445 lyni-

phoma WaS observed when [5-3H]de Ixy(yti-

dine was administered at doses of 30 or 100
/1mOles/kg rather than 10 pmoles/kg Inhi-

bition of cytidine deaminase with tetrahy-

drouridine also increased the incorporation

of [5-3H]deoxyeytidine into the 1)NA of

mouse bone marrow and testes, i.)ut not of
the intestine or spleen (Table 4) It is pos-
sible that the incorporation of exogenous

deoxycytidine into DNA of the spleen or
intestine is limited liv the activity of ana-

bolic pathways, and therefore is not signifi-
cantlv affected liv inhibition of (atabolism.

Effect of teirali ydrouru/ine on in oorporatwn
of 5-broinodeoxycytidine into DNA. Adminis-

t rat ion of t etrahydrouridine resulted in ap-

proximately 70 inhibition of the incorpo-
ration of 5-hromo[G-3Hjdcoxvcvt idine into

DNA of the 1\13445 lymphoma, small intes-
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tine, and spleen (Table 5), rather than an

increase in incorporation as was observed in

the case of deoxycytidine. The incorporation
of higher doses of 5-bromo[6-3Hjdeoxycyti-
dine (50, 100, and 200 pmoles/kg) into
DNA of the M3445 lvmphoma and small
intestine was also inhibited 50-75 � by tet-

rahvdrouridine at a dose of 400 pmoles/kg.

J�1Tect of tetra/iydrouridine on toxicity of
5-fluorodeoxycytidine. Male C3 H mice r
ceived various doses of 5-fluorodeoxycyti-

dine (0, 35, 70, 180, or 350 pmoles/kg)
either with or without (ombined adminis-

tration of tetrahydrouridine (400 pmoles/
kg). Compounds were administered daily for

a 4-day period by intraperitoneal injection.

T�ILI; 3

Effect of varied doses of let rah ijdrouridine on

[5-3H ]deoxycyt jim e in eor porat ion in to 1).VA of

.113445 !!,mphoma

Mice received injections 11 days after implant a-

tion of the M3445 lymphoma. Tet rahydr( luridi ne

was administered 30 mm prier to [5-3H]deoxycyii-

dine (10 /Lmoles/kg, 60 �2Ci//1mole). The specific

activity (If isolated tumor l)NA was determined

as described in Table 2.

Tetrahydrouridine [5-3H]Deo.xycytidine incorporated

�imolcs kg prnoles mg DN.l

0 310 ± 110 (16)

50 :350 ± 100 (5)
200 40 ± 220 (15)’
400 500 ± 17(1 (11)’

Significantly different from mice which did
fl(It receive tetrahydrouridine (p < 0.05).

Tetrahvdrouridine was administered 30 mm

prior to 5-fluorodeoxycytidine. Groups of 5-
10 mice were used for each combination of

drugs. Toxic deaths were observed between

1 and 2 weeks after the initial injection of

chemicals. In those groups of mice which
did not receive tetrahydrouridine, 4 out of
10 mice which received 350 pmoles/kg of

5-fluorodeoxycytidine died of toxicity; no
deaths were observed among the mice which
received lower 5-fluorodeox\’cytidine doses.
When tetrahydrouridine was administered
together with 5-fluorodeoxycytidine, toxic

deaths occurred in the groups of mice which
received 70 �tmoles/kg (two of five mice),

180 pmoles/kg (all of 10 mice), and 350
pmoles/kg (all of 10 mice) of 5-fluorodeoxy-

cytidine. No toxicity (diarrhea or weight
loss) was observed in mice which received

tetrahydrouridine alone. These results sug-
gest that the toxicity of 5-fluorodeoxycyti-

dine was significantly increased by inhibi-
tion of cvtidine deaminase with tetrahvdro-
uridine.

DISCUSSION

Administration of tetrahydrouridine, a 1)0-

tent inhibitor of cytidine deaminase in i’itro

and in iwo, increased the incorporation of
deoxvcvtidine into the DNA of mouse 11(0-

plast id tissues, bone marrow, and testes,
suggesting that deamination of deoxycyti-
dine limits its anabolic utilization in these

tissues. Similarly, the toxicity of 5-fluoro-

deoxvcvtidine was increased! approximately
5-fold liv tetrahvdrouridine administration.

T.�nLi: 4

Effect of telrah ydrouridine on incorporation of [5-3H deoxycyl idine in 1(1 D.VA of normal mouse / issues

Tetrahydrouridine (400 �imoles /kg) was administered 30 mm prior to [5-�lI Jdeoxycyt idine (10 MmoleS/

kg, 60 �zCi/Mmole) t(I normal C311 male IfliC�. The Mpecifi( activity of isolated 1)NA was determined as

described in Table 2.

Tissue [5-3H]Deoxyctidine incorporated

- Tetrahvdrouridine +Tetrahydrouridine

puzoles/ ung DNA

Butte marrow 7S0 ± 220 (9) 2000 ± 500 (9)

Testes iSo ± 35 (9) 360 ± 90 (10)
Spleen 450 ± 200) (5) 36() ± 50) (5)
Small mt est inc 1000) ± 290) (10) 1200) ± 370 (5)

Significantly different from mice which did not receive tetrahydrouridine (P < 0.0)5).
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T�1tLF; 5

Effect of tetr(lh !Jdro juno/in o’ on in corporal ion of 5-bromo [6-�J1 d(’oxycyt idine in to 1)XA

Chemicals were administered ii days after implantation of the M3445 lymph(Ima. Tetrahydro-

lIri(line (40)0 �unioles, kg) was administered 30 nun prior to 5-bromo[6-311 ideoxyeyt idine (10 �umoles/kg,

5 1�Ci I4mole). The spe(ific a(t ivity of isolated I )NA was determined as described in Table 2.

‘l’issue 5- Bromo[6-3H]deoxycytidine incorporated

- I’etrahvdrouridine + Tetrahvdrouridine

pmoles ;ng DN.t

1�I:3445 lVfllpll(IIfla 150 ± 40 (5) 60) ± 10 (5)
Small intestine 1200 ± 300 (5) 360 ± 100 (5)

Spleen 720 ± 90 (5) 160) ± 40 (5)b

Significantly different from animals which did not receive tetrahydrouridine (p < 0.05).
Significantly dillerent from animals which did not receive tetrahydrouridine (p < 00)01).

In related studies it has been shown that

inhibition of cvtidine deaminase liv admiti -

istration of tetrahydrouridine increased the

atit ileukemie activity of c�t( )sin( arabinoside
(1). Previous work in our laboratory (9) has

demonstrated that the incorporation (If pv-

rimidine 1)115(5 into nucleic acids in rico is

also limited liv the catabolic activity of di-
hydrouracil dehtydrogenase. Catabolism u�f

purine bases has similarly been shown to
limit their utilization for nucleic acid syn-

thesis in vivo (10, 11).
Malev and �lalev (12) have shown that

t etrahydrodeoxyuridvlat e inhibits deoxycy-

t idylat e dearninast , and that t et rahydrode-

oxyuridylate increases the incorporation of

deoxycytidylate into I)NA deoxycytidylate

in ((11-free chick embryo extracts. rfIis� re-
sults are similar to those ol)taiiled in the

present investigation ; however, in the work
of Males- and Malev (12) deantinatioti was

inhibited at the level (If deoxycytidylate de-

ami nase rat hu i than cyt idine deaminase. It

is unlikely that our results with tetrahydro-

uridine reflect inhibition of deoxycytidylate
deaminase, since neith(r t etrahydrouridine
nor tetrahivdrouridylate is an effective in-
hibitor of this enzyme (12).

In contrast to the increased utilization of
deoxycvtidine for DNA synthesis whichi re-

sulted from inhibit ion of cytidine deaminase,
the incorporat ion of 5-bromodeoxycytidine
into I)NA was inhibited liv tetrahvdrouri-

dine. This suggests that the incorporation of
5-bromodeoxycytidine into I)NA pr(I(e(�ds

by deamination of the nucleoside to 5-bromo-

do ( )xyuridino , followed 1)y phosphorylation
liv thymidine kinase. The alt (rnative path-
way, involving the sequential activities of de-
oxvcyt idine kinase and de( ixycytidylate de-

aminase, appears to be relatively niactive.

This conclusion is ((insistent with the obsei-

vation that P5151 murine neoplastic mast

cells lacking thymidine kinase are resistant

to the cytotoxic effects of 5-liromodeoxycyti-

(hue (4). In the accompanying l)aPcr (13)

show that t lie iuicorporati �n of 5-bromo-

d(oxveytidlne into I)NA by the deoxy-
cvtidine kinase-deoxycytidylate deaminase

pathway is limited liv the restricted sub-
strate specificity of deoxycytidine kinase. In

contrast to 5-broniodeoxycvtidiuie, 5-fluoro-

deoxycytidine is shown to lie a good sub-
strate for deoxvevtidine kinase (13). This is
consistent with the increased toxicity of 5-
fluorodeoxvcvt idiiie which resulted from tet -

rahydrouridine administration and with the
observation (4) that PSI5Y cells lacking thy-

midine kinase retain their sensitivity to the
(.yt ot oxic effects of 5-fluorodeoxycytidine.
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