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Abstract--The toxicity and metabolism of a thymidine analogue, 5-hydroxymethyl-2'-deoxyuridine 
(5HmdUrd) were studied with human leukemia cells (HL-60) and with human platelets. 3 x 10 "M 
5HmdUrd caused a 50% inhibition in the proliferation of HL-60 cells. The compound was hydrolyzed 
to 5-hydroxymethyluracil (SHmUra) by the enzyme thymidine phosphorylase (EC 2.4.2.4) present in 
leukemia cells; this catabolic product was non-toxic. The catabolism of 5HmdUrd by human platelet 
thymidine phosphorylase could be inhibited by 6-aminothymine. The toxicity of 5HmdUrd was effectively 
reversed by deoxycytidine and 5HmdUrd increased the incorporation of deoxycytidine into dCTP and 
DNA several fold. The two latter phenomena are explicable in terms of a feedback action to ribo- 
nucleotide reductase, resulting in deoxycytidylate starvation, which is a known effect of excess thymidine. 
We report here also our preliminary observations that 5HmdUrd is active against mouse leukemia in 
vivo. 

Several 5-carbon-modified deoxyuridine derivatives 
have shown activity in antiviral or anticancer chemo- 
therapy. These include the antiviral agents 5-iodo- 
2'-deoxyuridine [1,2], 5-(2-bromovinyl)-2'-deoxy- 
uridine [3-6], and 5-trifluoromethyl-2'-deoxyuridine 
[7], as well as the anticancer agent 5-fluoro-2'-deoxy- 
uridine and its precursor molecule 5-fluorouracil 
[8-10]. We have recently demonstrated that 5-hy- 
droxymethyl-2'-deoxyuridine (5HmdUrd) is toxic 
against several types of human acute leukemia cell 
lines in vitro and the compound can be regarded as 
a potential antileukemia drug [11]. 

The present study was undertaken in order to 
characterize the metabolism of 5HmdUrd in human 
leukemia cell cultures. The results demonstrated that 
although the compound is accumulated into DNA at 
a relatively slow rate, its metabolic behavior in many 
respects resembles that of the normal analogue thy- 
midine (dThd). The preliminary tests of 5HmdUrd 
against mouse leukemia L1210 in vivo are also 
reported. 

MATERIALS AND METHODS 

Chemicals. 5HmdUrd, 5HmUra, and other bases, 
nucleosides, and nucleotides were obtained from 
the Calbiochem-Behring Corp. (La Jolla, California) 
and from Sigma Chemical Co. (St. Louis, MO); 
highly polymerized DNA was from Sigma; tetra- 
hydrouridine (THU) from the Drug Synthesis and 
Development Branch of the National Cancer Insti- 
tute (U.S.A); chromatography plates from E. Merck 
(Darmstadt, F.R.G.);  tissue culture media and anti- 
biotics from Gibco Europe Ltd. (Middlesex, U.K.), 
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and 6-aminothymine was prepared according to the 
procedure described by C. K. Cain et al. [12]. [2- 
14C]SHmdUrd (sp. act. 4.75 mCi/mmole) was syn- 
thesized as described elsewhere [11]. Other radio- 
active chemicals were purchased from Amersham 
International PLC (Amersham, U.K.). 

Cells. The human leukemia cell line HL-60 (an 
acute promyelocytic leukemia line [13]) was a gen- 
erous gift from Professor Leif Andersson, Depart- 
ment of Pathology, University of Helsinki, Helsinki, 
Finland. The cells were maintained in 50 ml culture 
flasks (A/S Nunc, Roskilde, Denmark) in RPMI 
1640 medium supplemented with 20% fetal calf 
serum, 2mM L-glutamine, penicillin (100units/ 
ml), and streptomycin (100/~g/ml). The cultures did 
not contain mycoplasm at the detection level reached 
by staining with Hoechst compound 33258 [14]. 

Cytotoxicity studies. All assays were performed on 
Cooke Microtiter V plates (Sterilin Ltd,, Middlesex, 
U.K.). The cultures were initiated with 2 x 104 cells 
in a volume of 200/~l/well with a given amount of 
5HmdUrd or 5HmUra. The cells were allowed to 
proliferate for 24-72 hr at 37 ° in a humidified, CO.- 
controlled (5%) atmosphere. The toxicity of the test 
compounds was evaluated by hemocytometric cell 
counting of viable cells [15]. 

Effects o f  deoxyribonucleosides on the toxicity o f  
5HmdUrd in 3-day cultures. The assays with other 
deoxyribonucleosides were performed on microplate 
cultures initiated with 2 x 104 cells in a volume of 
200/,l/well together with given amounts of test com- 
pounds. The cells were allowed to proliferate for 
72 hr at 37 ° in a humidified, CO2-controlled (5%) 
atmosphere. For the final 24 hr, [U-laC]-L-leucine 
(sp. act. 1.3 mCi/mmole, 0.5.uCi/ml) was added. 
After incubation the proteins were precipitated by 
0.2 N PCA and collected on a glass fiber filter (Titer- 
tek Cell Harvester Filter, Flow Laboratories, Irvine, 
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U.K.) using a multiple cell harvester (Cell Harvester 
D-001, Flow Laboratories). The radioactivity incor- 
porated into proteins was measured in a scintillation 
spectrophotometer (LKB-Wallac, 81,000). With this 
test system the handling of a large number of sim- 
ultaneous cultures is possible. The incorporation of 
lac-leucine per cell remained constant (500cpm/ 
105cells/hr) during the final 24hr of culture and 
there was a good correlation between cell numbers 
and 14C-leucine incorporation per well. 

Separation ofmetabolites. We quantitated the rate 
of degradation of 5HmdUrd while tested for its tox- 
icity by exposing exponentially growing cultures to 
[2-1aCl5tlmdUrd. Culture medium without cells ser- 
ved as blank. After a given incubation period the 
cells were centrifuged (10,000g; 2 min at +4 °) and 
2.5 vol. of ethanol were added to the supernatant. 
After 15 min in an ice bath the precipitated protein 
was removed by centrifugation (10,000g; 15 rain at 
+4°). 5HmdUrd (Rf 0.82) and the corresponding 
base (5HmUra, R t 0.77) were separated using PEI- 
cellulose thin layer chromatography and 0.4 M LiC1 
for developing. The marker molecules were localized 
under u.v. light, the spots were cut out and the 
radioactivity counted in a scintillation spectro- 
photometer. 

Degradation of 5HmdUrd, dThd, and Urd was 
examined in order to clarify the substrate spectrum 
of hydrolysis by exposing HL-60 cell cultures which 
were initiated with 2 × 105 cells per well, t o  [ 2 - 1 4 C ]  - 

5HmdUrd (0.2 #Ci/ml or 42 #M), [methyl-3H]dThd 
(5 uCi/ml or 30 uM), and [5-3H]Urd (5 #Ci/ml or 
30 F~M) for 30 min and for 4hr. After incubation 
the base and the nucleoside were quantitated as 
described above. 

The catabolism of 5HmdUrd and dThd by human 
peripheral blood platelets was studied with and with- 
out a specific inhibitor of thymidine phosphorylase, 
6-aminothymine [16, 17]. Human peripheral blood 
platelets were isolated from healthy donors as 
follows: blood was drawn into lithium-heparinized 
vacuum tubes, white cells and red cells were sep- 
arated by centrifugation (175g; 10rain), and the 
platelets were obtained from the supernatant plate- 
let-rich plasma. Two different platelet concen- 
trations (in RPMI 1640 medium supplemented with 
l(/CTc fetal calf serum) were used. Platelets were 
exposed to [2-~4C]SHmdUrd and [methyl-3H]dThd 
with and without 10 4M 6-aminothymine for 60 rain 
at 37 ° . The bases and the nucleosides were then 
separated as for HL-60 cells. 

Incorporation studies. The immediate effects of 
5HmdUrd on the incorporation of dCyd into HL- 
6(t cells was investigated with the potent cytidine 
deaminase inhibitor, THU [18]. Aliquots of 100 I~1 
(200,000cells) were placed in culture tubes con- 
taining appropriate amounts of 5HmdUrd, 1 F~Ci of 
[5-3H]dCyd (22 Ci/mmole, 20 ItCi/ml) and 10 4 M 
THU. After 15 rain at 37 ° the cells were washed 
three times with ice-cold phosphate buffered saline 
(PBS). The cells were then dissolved in 6(1(/al of 
water and 5(1 !~1 of highly polymerized carrier DNA 
(2 mg/ml). The tubes were incubated in an ice bath 
and 333 ul of (I.6 N PCA were added. Nucleic acids 
and proteins were precipitated for 15 rain and the 
supernatant was taken as an acid-soluble fraction 

after centrifugation (10,000g; 2min).  The pre- 
cipitates were then dissolved in 0.5 ml of 0.3 N KOH 
and RNA was hydrolyzed for 60rain at 37 ° [19]. 
The hydrolysate was acidified with PCA to a final 
concentration of 0.2 N and DNA together with pro- 
tein was precipitated. After centrifugation (10,000 g; 
2min) the supernatant was rejected and the pre- 
cipitate washed once with 0.5 ml of 0.2 N PCA. The 
DNA precipitate was then dissolved in 20 ul of 1 N 
NaOH and 1 ml of water, and the radioactivity was 
measured. 

The methanol-soluble radioactive dCyd metab- 
olites were isolated from washed cells bv two extrac- 

3 ° (2 i0 rain). The tions with 60c/c methanol at , 0 × 
extracts were combined and centrifuged at 10,000g 
for 15 rain. The supernatant was used as the intra- 
cellular metabolite fraction. Methanol extract (5 l~l) 
and 1 ~tl of the marker solution containing known 
amounts of Cyt, dCyd, dCMP, dCDP, and dCTP 
were spotted on PEI-cellulose plates. The plates 
were developed with 0.4 M LiC1 and dried. The u,v.- 
absorbing spots were marked, the plates were cut in 
1-2 x 1-2 cm pieces and the radioactivity counted. 

Animal experiments. The L1210 leukemic cells 
were maintained in the laboratory by weekly i.p. life 
transplant of 10 ~ cells diluted in 0.1 ml saline in 
DBA/2 female mice. The drug was dissolved in 
saline and given i.p. starting one day after the tumor 
implantation. 

RESULTS 

Toxici O' o f  5HmdUrd and 5HmUra in vitro 

The toxicity of 5HmdUrd and the corresponding 
base, 5HmUra, was analyzed in 3-day cultures of 
HL-60 cells. The dose-dependent toxicity of 
5HmdUrd was demonstrable only after the first 24 hr 
of culture, but the corresponding doses of 5HmUra 
were not toxic (Fig. 1). 

Catabolism of  5HmdUrd 

The relevance of the experiment reported above 
became obvious when the catabolism of 5HmdUrd 
was investigated. Namely, we observed that the com- 
pound was readily catabolized to the corresponding 
base by the leukemia cells in the culture. The reaction 
reached completion earlier in those cultures con- 
taining lower initial concentrations of 5HmdUrd 
(Table 1). 

We assumed that pyrimidine nucleoside phos- 
phorylase was the enzyme responsible for the catab- 
olism of 5HmdUrd. The substrate specificity of this 
enzyme was studied in some detail. We demonstrated 
that the enzyme present in intact leukemia cell cul- 
tures readily hydrolyzed dThd and to a lesser extent 
5HmdUrd, but very little, if any Urd (Fig. 2). More- 
over, we studied the catabolism of 5ttmdUrd, util- 
izing human blood platelets as a source of thymidine 
phosphorylase [16, 17, 20]. The catabolism of 
5HmdUrd was significantly slower than that of dThd 
(Fig. 3). 6-Aminothymine caused 31.8% and 38.5% 
inhibition in dThd hydrolysis and 50% and 70% 
inhibition in 5HmdUrd hydrolysis, respectively, 
depending on the platelet concentration (Fig. 3). 
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Fig. 1. Toxicity of 5-hydroxymethyl-2'-deoxyuridine (A) 
and 5-hydroxymethyluracil (B) against HL-60 cells in vitro. 
Each point is the mean (-+SD) of triplicate cultures. The 

initial cell concentration was 100/ul. 

Effect of other deoxyribonucleosides on the toxicity 
of 5HmdUrd 

The biochemical mode of 5HmdUrd action was 
further investigated by treating the leukemia cell 
cultures with the compound together with other 
deoxyribonucleosides. The toxicity of 5HmdUrd, as 
assessed by [14C]leucine incorporation in 3-day cul- 
tures of HL-60 cells, was completely reversed by 
dCyd (Table 2). Partial reversal of toxicity was also 
attained with 10 -a M dThd, but the action of 10 .3 M 
dThd could not be conclusively tested because of the 
toxicity of dThd (Table 2). No significant effects of 
other deoxyribonucleosides on the toxicity of 
5HmdUrd were seen. 

Effect of 5HmdUrd on the cellular incorporation of 
[3H]dCyd 

5HmdUrd induced a concentration-dependent 
enhancement in the incorporation of radioactivity 
from [5AH]dCyd into DNA and dCTP, and to a 
lesser extent into dCDP (Table 3). Even a little 
stronger effect was achieved with an equimolar con- 
centration of dThd (Table 3). 

Toxicity of 5HmdUrd against L1210 leukemia in vivo 

The pilot experiment demonstrated that 
5HmdUrd may prolong the survival of mice with 
L1210 leukemia. The survival times of four mice 

Table 1. Hydrolysis of [2J4C]5HmdUrd to [2-1aC]5HmUra 
in HL-60 cell culture 

Base formed (% of total)* 

5HmdUrd  5HmdUrd 
Days 30 ,uM 100 uM 

0 0 0 
1 41.0 21.5 
2 88.0 66.0 
3 93.5 95.0 

* Average of two determinations. 
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Fig. 2. Catabolism of thymidine (dThd), 5-hydroxymethyl- 
2'-deoxyuridine (5HmdUrd)  and uridine (Urd) to cor- 
responding bases by intact HL-60 cells. The incubation was 
performed at 37 ° with 2 x 105 cells in a volume of 200 #1. 
Each point represents the average of two determinations. 

given 50 mg/kg i.p. per day for five days were 53, 
21, 20 and 22 days, whereas the control animals 
survived for 12, 11, 11 and 12 days. 

DISCUSSION 

The biological activity of 5HmdUrd against non- 
human and human cells has been known for some 
time [21-23]. However, systematic screening against 
different types of human hematopoietic malignomas 
has been done only recently in our laboratory; 
5HmdUrd had a predictable toxicity against several 
human acute leukemia cell lines in vitro [11]. Fur- 
thermore, according to preliminary observations, the 
compound is also active against mouse leukemia 
L1210 in vivo. 

We demonstrated in this study that the toxicity of 
5HmdUrd became obvious only after the first 24 hr 
of culture, indicating that there is no immediate 
cytoxicity. The finding is consistent with the anti- 
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Table 2. Influence of 5HmdUrd alone and in various com- 
binations with other nucleosides in the incorporation of 

[laC]leucine into HL-60 cells in 3-day cultures 

[U-laC]-L-leucine 
5HmdUrd Additional incorporation 

(!IM) treatment (cpm/well ± SD)* 

Experiment I 
None None 12.713 + 256 
100 None 6,484 + 373 
None dCvd (100 !lM) 13.230 + 341 
100 dCvd (100 uM) 9,516 + 605 
None dThd (100 uM) 11,787 -+ 441 
100 dThd (100 uM) 10,685 + 375 
None dUrd (100 uM) 12,144 _+ 876 
100 dUrd (100 uM) 8,308 ± 1,029 
None dAde (100 uM) 9.601 + 1,079 
100 dAde (100 I~M) 5,180 -+ 300 
None dGua (100 laM) 3,861l ± 170 
100 dGua (100 ¢tM) 2,522 +- 104 

Experiment II 
None None 9,605 ± 582 
200 None 1,144 -+ 71 
None dCyd (1 mM) 10,267 + 492 
200 dCyd (1 mM) 10,447 * 105 
None dThd (1 raM) 1,199 _+ 44 
200 dThd (1 mM) 1,196 -+ 136 
None dUrd (1 mM) 2,074 ± 1ll 
200 dUrd (1 raM) 1.845 ± 58 

* The cultures were performed in triplicate. The incor- 
poration rate of ~4C-leucine was 500 cpm/10 ~ cells/hr as 
explained in Materials and Methods. 

me tabo l i c  na tu re  of the  c o m p o u n d ,  p resumably  act- 
ing as a thymid ine  ana logue  and  requi r ing  active 
cel lular  p ro l i fe ra t ion  before  its cytostat ic effects. 

5 H m d U r d  was readi ly  ca tabol ized  to its cor- 
r e spond ing  base 5 H m U r a .  It is no t ewor thy  tha t  
5 H m U r a  is also a m a j o r  ca tabol ic  product  when  
dThd  is admin i s t r a t ed  to pa t i en t s  with solid tumors :  
this obse rva t ion  made  the  au thors  ques t ion  the  role 
of 5 H m U r a  in toxicity [24]. Accord ing  to our  p resen t  
results ,  the  toxicity of 5 H m U r a  against  HL-60 cells 
was negligible w h e n  c o m p a r e d  to tha t  of 5 H m d U r d .  

The  phosphoro lys i s  of 5 -carbon  subs t i tu ted  pyrim- 
idine deoxyr ibonuc leoc ides  has been  carefully stud- 
ied: t hymid ine  phosphory la se  is highly specific for 
this class of c o m p o u n d s  (see ref. 25). The  relat ive 
rates of deg rada t ion  of dThd  and  5 H m d U r d  in the 
living cell system of this inves t igat ion para l le led  dif- 
ferences  in enzyme  kinetics m e a s u r e d  by Santi  and  
his coworkers :  relat ive Vm~: dThd  1.0 and 5 H m d U r d  

0.60, and Kin: dThd  0.187~lM and 5 t t m d U r d  
0.577 m M  [25]. Hence ,  the similarity of the kinetics 
of the ex t rac ted  enzyme [25] and the enzyme in the 
living cell system (this study) is emphas ized .  Wc 
showed that  in the living cell system very little, if 
any, phosphoro lys i s  of Urd  takes  place. Hence ,  it is 
highly conce ivable  tha t  the phosphoro ly t ic  enzyme 
in living HL-60 cells is thymid ine  phosphory lase .  

H u m a n  platelets  are a rich source of enzynaatic 
activity ca tabol iz ing 5 -ca rbon-subs t i tu ted  pyr imidine 
deoxyr ibonuc leos ides  and  it has been  observed  pre- 
viously tha t  the rate of ca tabol i sm of 5 H m d U r d  by 
the p la te le t  enzyme is slower than  that  of dThd 
[16, 17, 20]. This obse rva t ion  was conf i rmed in the 
p resen t  study. It is conceivable  that  platclcts  in 
h u m a n  blood may be an impor t an t  source of cata- 
bolizing activity if 5 H m d U r d  is given in l~il~o. We 
d e m o n s t r a t e d  here  tha t  ca tabol ism bv the platelet  
enzyme can be inh ib i ted  by 6 -amino thymine ,  which 
is r epor t ed  to be a specific inh ib i tor  of thymidine  
phosphory lase  [16, 17]. The  significance of this infor- 
ma t ion  with regard  to clinical c h e m o t h e r a p y  remains  
to be eva lua ted .  

The  toxicity of 5 H m d U r d  against  HL-60 cells \~,as 
partial ly reversed  by dThd.  This,  again,  is consis tent  
with the  behav io r  of 5 H m d U r d  as a dThd anti- 
metabol i t e .  We  were unab le  to demons t r a t e  con> 
plete  reversal  of the act ion of 5 H m d U r d  by dThd,  
since the  h igher  concen t ra t ions  of dThd were toxic 
by themselves .  O n  the o the r  hand ,  comple te  reversal  
of the toxicity of 5 H m d U r d  was a t t a ined  by using 
s imul t aneous  high concen t ra t ions  of dCyd. The bio- 
chemical  mechan i sm of this an tagon i sm is not  fully 
u n d e r s t o o d  at the molecula r  level. We would like to 
emphas ize  tha t  in this respect  5 H m d U r d  is similar to 
dThd :  dThd- induced  inhibi t ion of cell prol i ferat ion 
is p ropor t iona l  to the deple t ion  of intracel lular  
deoxycyt id ine  t r i phospha te  pools tha t  result  f rom 
b lockade  of r ibonuc leo t ide  reductase  I26,271, The 
toxicity of dThd  is re la ted to the e n d o g e n o u s  intra- 
cellular dCTP  pool as well as to the availabili ty 
of dCyd tha t  can be conve r t ed  to dCTP  via the 
pyr id imidine  salvage pa thway  [28]. Cons is ten t  with 
dCTP s ta rva t ion  in 5 H m d U r d - t r e a t e d  cells is our  
finding that  the incorpora t ion  of radioact ive d ( 'w t  
into D N A ,  d C D P  and  part icular ly  into dCTP,  via this 
salvage pa thway  was e n h a n c e d  in a dose -dependen t  
fashion when  cells were exposed to 5 H m d U r d .  

5 H m d U r d  has many  similari t ies to dThd as regards 
molecu la r  s t ructure  and,  as shown in the present  
inves t igat ion,  as regards  its metabol ic  behav ior  m 
culture.  Never the less ,  the incopora t ion  rate of the 

Table 3. Effect of 5HmdUrd and dThd on the incorporation of radioactivity from [5-~H]dCyd into DNA and into its 
precursor molecules during 15 min incubation in ~,itro 

Radioactivity incorporated (cpm/200,000 cells + SD)~ 

Treatment DNA dCTP dCDP dCMP dCvd ( ~t 

None 13,260 +- 230 2,850 -+ 220 790 + 26 1,040 +- 260 1,091) + 310 90tl ~ 151! 
5HmdUrd (10 5 M) 23,420 -+ 1,210 5,130 ± 410 1,121/ + 140 660 + 130 610 + 80 510 ~ 75 
5HmdUrd (10 4 M) 32,770 -* 1,891/ 13,880 -+ 1,110 3,310 +- 290 Sill) + 511 880 - 290 1,160 • 24!I 
5HmdUrd (10 a M) 32,020 +- 2.010 29,500 + 2,410 4,540 +_ 87(I 1,150 + 200 770 " 211~ 78o :~ 55 
dThd 110 ~ M) 52,900 +_ 2,480 43,581/ + 2,010 6,100 + 1,410 1,460 + 130 4411 ' 311 62£1 . s{t 

× The cultures were performed in triplicate, The counting cfliciencv for tritium was 27'~. 
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compound  into D N A  is repor ted  to be only 0.7-  
2.4% of that of dThd [11, 29] and it is conceivable 
that, unlike dThd,  the compound  may be excised 
from D N A  by a specific glycosylase [30]. We propose 
that 5 H m d U r d  possesses peculiar characteristics and 
that the compound  may be an interesting candidate 
for evaluat ion in clinical chemotherapy.  
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