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EICAR (5-ethynyl- l-~-~-ribofuranosylimidazole-4- 
carboxamide) is a cytostatic agent that inhibits murine 
leukemia L1210 and human lymphocyte CEM cells at 
a 50% inhibitory concentration of 0.80-1.4 pM, re- 
spectively. EICAR causes a rapid and marked inhibi- 
tion of inosinate (IMP) dehydrogenase (EC 1.1.1.205) 
activity in intact L1210 and CEM cells reflected by a 
concentration-dependent accumulation of IMP  and de- 
pletion of  GTP  and  dGTP levels. EICAR 5’-monophos- 
phate is a potent inhibitor of purified L1210 cell IMP 
dehydrogenase (KJK,,, 0.06). Inhibition of IMP dehy- 
drogenase by EICAR 5’-monophosphate is competitive 
with respect to  IMP. L1210  cells that were selected for 
resistance to the cytostatic action of EICAR proved to 
be adenosine kinase-deficient. Also, studies with other 
mutant L1210 and CEM cell  lines  revealed that aden- 
osine kinase,  as  well as an alternative  pathway, may 
be responsible for the conversion of EICAR to its  5’- 
monophosphate. Purified 2‘-deoxycytidine  kinase, 2‘- 
deoxyguanosine kinase, cytosolic 5’-nucleotidase, and 
nicotinamide dinucleotide (NAD) pyrophosphorylase 
do not seem to be markedly involved in the metabolism 
of EICAR. 

Recently, the 5-alkynyl-l-~-D-ribofuranosylimidazole-4- 
carboxamides have  been identified as broad  spectrum  anti- 
viral  agents.  Their  antiviral  activity  spectrum  is  similar  to 
that of ribavirin. 5-Ethynyl-l-~-~-ribofuranosylimidazole-4- 
carboxamide  (EICAR)’ (l), the  most  potent congener of this 
class of compounds,  has 10-100-fold greater  antiviral  potency 
than ribavirin. In  addition  to  its  antiviral  activity,  EICAR 
also  exhibits  antileukemic  activity in mice (2). 

From  the  antiviral  activity  spectrum of EICAR  it  can be 
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inferred  that  its mode of action  must  be similar to  that of 
ribavirin (1). Ribavirin has been  identified as  an  inhibitor of 
IMP dehydrogenase (3-6). Consequently,  ribavirin leads to a 
reduction in the  guanine nucleotide pool levels. The  fact  that 
the  antiviral effects of ribavirin  are readily  reversed following 
exogenous addition of guanosine  (5,6)  indicates  that ribavirin 
may  indeed act via depletion of GTP pools. Similar observa- 
tions have been made for EICAR (1). 

Inhibition of IMP dehydrogenase may be postulated as the 
target for the  cytostatic  action of EICAR. IMP dehydrogenase 
has  also  been proposed as  the  target enzyme  for the  anticy- 
tostatic  activity of tiazofurin (2-P-~-ribofuranosylthiazole-4- 
carboxamide) (7-14). Tiazofurin is cytotoxic to a  series of 
tumor cell lines in vitro and displays a selective anticancer 
activity i n  vivo. We have now investigated the mode of anti- 
metabolic action of EICAR  in L1210 and  CEM cells. We 
identified the role of IMP dehydrogenase as a target enzyme 
for  EICAR in  both cell-free systems  and  intact cells. Also, the 
5’-monophosphate of EICAR  (EICAR-MP) was found  to 
markedly  inhibit purified L1210 IMP dehydrogenase. 

MATERIALS AND  METHODS 

Compounds-The synthesis of EICAR  has been  described  previ- 
ously (2).  EICAR was  kindly  provided  by  Dr. A. Matsuda  (Hokkaido 
University,  Sapporo,  Japan).  Ribavirin (Virazole) was obtained from 
ICN  Pharmaceuticals  (Costa  Mesa,  CA).  Tubercidin was obtained 
from Sigma. Tiazofurin  and mycophenolic  acid were generously sup- 
plied by Dr. D. G. Johns  (National  Cancer  Institute,  National  Insti- 
tutes of Health,  Bethesda,  MD). The  structural formulae of EICAR, 
ribavirin,  and mycophenolic  acid are depicted in Fig. 1. The nucleo- 
sides  (guanosine, adenosine) were obtained from  Sigma. EICAR-MP 
was synthesized according to a  previously  published  procedure  (15). 
Briefly, EICAR was phosphorylated  to  the  5’-O-monophosphate  with 
Pocl3  in (CH30)3PO.  After  workup, the  reaction  mixture was de- 
salted on  a  XAD  column and  the  monophosphate was further purified 
by ion-exchange  chromatography  on  diethylaminoethyl cellulose. The 
obtained yield was 77%. 

Radiochemicals-The radiolabeled precursors [methyl-3H]2’-deox- 
ythymidine ([meth~l-~HIdThd),  [5-3H]2’-deoxycytidine  ([fb3H] 
dCyd),  [5-3H]uridine  ([5-3H]Urd), [2,EL3H]adenine, [2,8-3H]adeno- 
sine,  [2,8-3H]hypoxanthine,  [G-3H]hypoxanthine  and [2,8-3H]inosine 
were obtained  from  Amersham Belgium SA/NV (Brussels,  Belgium), 
Moravek Biochemicals Inc.  (Brea, CA) or NEN,  DuPont de Nemours 
(Dreiech,  Germany).  Their specific radioactivities were 40, 18.7, 27, 
25, 30.8, 22, 5, and 25 Ci/mmol,  respectively.  [8-14C]IMP (specific 
radioactivity: 50 mCi/mmol) was from  Amersham. 

Cells-Murine leukemia L1210 cells were obtained from the Amer- 
ican Type  Culture Collection (ATCC) (Rockville, MD). The  human 
lymphocyte CEM cells and  the biochemical mutants derived  thereof, 
i.e. CEM/HxGPRT-  (hypoxanthine/guanine  phosphoribosyltrans- 
ferase-deficient),  CEM/dCK- (2’-deoxycytidine kinase-deficient), 
CEM/AK-  (adenosine  kinase-deficient), CEM/dCK-AK-  (2”deoxy- 
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FIG. 1. Formulae of EICAR, ribavirin, tiazofurin, and my- 
cophenolic acid. 

cytidine kinase- and adenosine kinase-deficient) cells, were kindly 
provided by Prof. Dr. S. Eriksson and Dr. A. Karlsson (Karolinska 
Institute). Murine lymphoma S49 cells were obtained from Dr. B. 
Ullman (Oregon Health Sciences University, Portland,  OR). 

Cytostatic Assays-All assays were performed in 96-well microtiter 
plates (Falcon, Beckton Dickinson, Grenoble, France). To each well 
were added 5-7.5 X lo4 cells and a given amount of the  test compound. 
The cells were  allowed to proliferate for 48 h (L1210) or 72 h (CEM, 
S49) at 37 "C in a humidified Con-controlled atmosphere. At the end 
of the incubation period, the cells were counted in a Coulter Counter 
(Coulter Electronics Ltd.,  Harpenden  Herts,  United Kingdom). The 
IC60 (50% inhibitory concentration) was defined as  the concentration 
of compound that reduced the number of viable cells by 50%. 

Inhibition of Incorporation of Radiolabeled  Nucleotide Precursors in 
Tumor Cell Nucleic  Acids-The incorporation of [2,8-3H]adenine, 
[2,8-3H]adenosine, [5-3H]dCyd, and [5-3H]Urd into cellular nucleic 
acids was measured in 96-well microtiter plates (Falcon). To each 
well  were added lo5 CEM cells, 0.25  pCi of the radiolabeled precursor, 
and a given amount of the  test compound. The cells were  allowed to 
proliferate for 20-24 h at 37 "C. At  the end of this incubation period, 
the contents of the wells (200 pl) were  washed with cold phosphate- 
buffered saline, twice with cold 10% trichloroacetic acid, twice with 
cold 5% trichloroacetic acid, and once with 70% ethanol. The filters 
were then allowed to dry and assayed for radioactivity. 

Preparation of Cell Extracts and Determination of Nucleotide and 
2'-Deoxynucleotide  Pools-For intracellular nucleotide (NTP) pool 
measurements, 5 x IO5 CEM or L1210 cells/ml were incubated with 
varying concentrations of ribavirin, mycophenolic acid, tiazofurin, or 
EICAR for 6 or 24 h in cell culture  bottles  containing  5 ml of cell 
suspension. Then,  the cells were centrifuged, washed with RPMI 1640 
medium, and precipitated with ice-cold methanol (60%). After stand- 
ing for 10 min on ice, the precipitate was  removed by centrifugation 
at 7260 X g, and the  supernatants were analyzed by HPLC using a 

3.8) (buffer B)  to 250 mM (NH4)HzP04 + 50 mM KC1 (pH 4.5) (buffer 
Partisphere SAX-10 column. A gradient of 7 mM (NHdHZPO4 (pH 

C) was used to separate the nucleotides as described previously (16). 
For dNTP pool measurements, CEM cells were  grown at 37 "C in 

Eagle's medium containing 7.5% bicarbonate and 7% heat-inactivated 
fetal calf serum. Ten million exponentially growing cells were incu- 
bated for 24 h in the presence of the  test compounds at  the concen- 
trations indicated. Nucleotides were extracted with 0.3 M perchloric 
acid after which the acid was  removed by the method of Khym (18). 
The extracts were then subjected to sodium periodate (NaIO4) oxi- 
dation before HPLC analysis (19). Deoxyribonucleoside triphos- 
phates were separated by HPLC (Gilson HPLC system) at room 
temperature on a  Whatman  Partisil 10-SAX anion-exchange column 
(4.6 X 250 mm) using isocratic elution of  0.4 M ammonium phosphate 
(pH 3.6) containing 4% acetonitrile at a flow rate of  1.5 ml/min. All 

nucleotides were detected by their relative absorbances at 260 and 
280 nm and quantified by comparison with known standards. 

Incorporation of [G-3H]Hypoxanthine into Purine Nucleotide Pools 
of L1210 Cells"L1210 cell cultures (5 X io5 cells/ml; 5 ml) were 
incubated for 5.5 h  in the presence of -1 p~ [G-3H]Hx (20 pCi) and 
various concentrations of EICAR. Then, cell extracts were prepared 
as described above and radiolabeled IMP,  GMP,  GDP, GTP, AMP, 
ADP, and  ATP were separated on a  Partisphere SAX-10 column 
using a gradient of 7 mM (NH4)H2P04  (pH 3.8) (buffer B)  to 250 mM 
(NH4)H2P04 + 50 mM KC1 (pH 4.5) (buffer C)  as described previously 
(17). The radiolabeled fractions were then assessed for radioactivity. 

Inhibition of IMP Dehydrogenase by Test Compounds in Intact 
Cells-The activity of IMP dehydrogenase in the intact CEM cells 
was measured by estimation of 3H release from [2,8-3H]IMP that had 
been formed in the cells from [2,8-3H]hypoxanthine or [2,Eb3H] 
inosine in the reaction catalyzed by IMP dehydrogenase (17). Briefly, 
300  pl  of a cell suspension were  mixed with 60 11 of RPMI 1640 
medium or test compound and 40 pl (4 pCi) of radiolabeled Hx or 
Ino. A t  various times, 100 p1 of the reaction mixture were withdrawn 
and mixed with 250 pl of a freshly prepared cold suspension of carbon 
black in 5% trichloroacetic acid. After centrifugation at 1100 X g for 
10 min, 200-p1 samples of the  supernatants were analyzed for radio- 
activity. The amount of free 3H in the reaction mixture (before 
incubation with the cells) was less than 10 and 2% of the amount of 
labeled Hx and Ino added, respectively. 

When evaluated upon longer incubation times with the CEM cells, 
5-ml cell cultures (5 X lo6 cells/ml) were incubated in the presence 
of the  test compounds. Immediately after addition of the  test com- 
pounds, 0.5  ml  of the cell cultures were withdrawn, added to test 
tubes  containing 1 pCi  of [2,8-3H]Hx  (final Hx concentration: 0.4 
p ~ ) ,  and further incubated at 37 "C. After a 30-min incubation period, 
a cold suspension of carbon black (100 mg/ml) was added to precipi- 
tate cells and unreacted [2,8-3H]Hx. After centrifugation, the amount 
of released 3H was determined. At 2,  4, and 6  h  after initiation of the 
incubation of the CEM cells with the  test compounds, the amount of 
released 3H was determined as described above. 

IMP Dehydrogenase Purification from L1210 Cells-Male DBA/2 
mice (25 g) were inoculated intraperitoneally with murine leukemia 
L1210/0 cells (lo7 cells/animal), and ascites fluid was harvested after 
7 days. Cells were then washed trice with phosphate-buffered saline 
and collected by centrifugation for 30 min at 2500 X g. The cellular 
pellet was used as enzyme source. The enzyme was prepared using a 
modification of the method of Ikegami et al. (20, 21). Cells were 
resuspended in 100 mM KH2P04/KnHP04  (pH 7.2) which contained 
1 mM EDTA, 1 mM dithiothreitol, 2 pg/ml pepstatin  A (Sigma), 2 
pg/ml leupeptin (Sigma), 2 pg/ml aproturin  (Sigma), 40 pg/ml bes- 
tatin (Sigma), 1 mM phenylmethanesulfonyl fluoride (Sigma). The 
cell suspension was then freeze-thawed (three times) and homoge- 
nized in a Dounce tissue grinder (Wheaton; pestle B, 15 strokes). 
Then,  the cellular extract was centrifuged at 100,000 X g  for 90 min 
and  the  supernatant containing IMP dehydrogenase activity precip- 
itated with 25% ammonium sulfate. Then, hydroxylapatite (HA) 
column chromatography and  IMP-Sepharose affinity column chro- 
matography were performed. The HA fraction was highly stable and 
did not show any substrate/product degradative activities. The purity 
of the enzyme fraction derived from the IMP-Sepharose column was 
examined by SDS-polyacrylamide gel electrophoresis and gave a 
single protein  band of 60 kDa. 

IMP Dehydrogenase  Assay-The reaction mixture contained in a 
final volume of  25 pl: 100 mM Tris-HC1 (pH 8.0), 100 mM KC1, 3 mM 
EDTA, 0.25 mM or 0.5 mM NAD+, various concentrations of  [8-14C] 
IMP (0.03-0.3 mM) (Amersham; 125,000 dpm/assay), EXCAR-MP 
(0.002-0.025  mM), and  an appropriate  amount of  enzyme. Reaction 
mixtures were incubated for 5 or 10 min at 37 "C, and 2-pl aliquots 
were then withdrawn, spotted on polyethylene glycol-cellulose plates, 
and fast-dried, whereafter the plates were  developed in 0.1 M KHzPOI 
(pH 3.9). The corresponding IMP  and  XMP spots were cut  out and 
the radioactivity was determined by liquid scintillation counting. 

Selection of L1210  Cells Resistant to the Cytostatic  Effect of EI- 
CAR-The parental L1210/0 cells were seeded into tissue culture 
bottles (75 cm2) (Falcon) at a density of 2 X lo5 cells/ml in a total 
volume of  20 ml of growth medium supplemented with EICAR (2 
p ~ ) .  After 3-4 days, the cells were distributed to two new tissue 
culture bottles, again in the presence of  20 ml of growth medium plus 
EICAR (2 p ~ ) .  During the subsequent subcultivations (4-7 days 
each), cells were centrifuged at 318 X g for 10 rnin and resuspended 
in 20 ml  of growth medium containing 2 pM EICAR. An EICAR- 
resistant cell line (designated L121O/EICAR-2)  was selected after 
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about 10 passages. The uncloned  L121O/EICAR-2  cell line was main- 
tained in normal growth  medium.  No  selective pressure was required 
for maintaining the mutant cell  line. 

Nicotimmide Mononucleotide  (NAD') Pyrophosphorylase Assay- 
The 100,000 X g supernatant of CEM/O,  CEM/PY9, CEM/PY9 TR, 
S49, and S49/200G  cell extracts were dialyzed overnight in 50 mM 
Tris-HC1 (pH 7.4). The reaction  mixture at a volume of 100 pl 
contained 30 mM Tris-HCl (pH 7.0), 15 mM MgCL, 2.5 mM ATP, 
and 0.5 mg of protein. The reaction was initiated by addition of 3.75 
mM NAD+ as the substrate, and the reaction mixture was incubated 
for 30 min at 37 "C. The reaction was terminated by the addition of 
15 pl of 4N perchloric  acid, and the reaction mixture was neutralized 
on ice with  KOH. The reaction product  nicotinamide  monophosphate 
was separated from the substrate NAD+ on an anion-exchange SAX 
HPLC  column using 10 mM ammonium phosphate (pH 4.0) as the 
mobile phase. 

Adenosine Kinase  Assay-The  100,000 X g supernatants of L1210/ 
0 and L1210/EICAR-2 cell extracts were used as the enzyme source. 
The assay method bas been  described by Ives and Wang (22) and 
modified by Bohman  and  Eriksson (23). The reaction  was carried  out 
in  the presence of 10 p~ erythro-9-[3-(2-hydroxynonyl)]adenine to 
inhibit adenosine  deaminase  activity. 

5'-Nucleotidase Assay-Human T-cell leukemia  blast  cell  cytosolic 
5'-nucleotidase was purified 3000-fold and used as enzyme source. 
The assay mixture (50 pl) contained 1 mM IMP as the phosphate 
donor, 500 mM KCl, 50 mM MgCl,, 100 mM Tris-HC1 (pH 7.4), 1 mM 
[2,8-3H]inosine  (0.5  pCi) as the substrate, and 8 pg of purified protein. 
The reaction  mixture was incubated at 37 "C for 60 min and termi- 
nated by adding 20 p1 of the reaction  mixture to 80 pl of ice-cold 
water. Then, a portion of this mixture was applied onto a DE-81 disk 
(Whatman), washed with water, and dried.  Radiolabeled IMP was 
extracted from the filter with 1 ml of 0.1 M HC1 and 0.2 M KCl, and 
radioactivity was determined. 

RESULTS 

Inhibition of L1210 and CEM  Tumor Cell Growth  by  EICAR, 
Ribauirin,  Tiazofurin,  and  Mycophenolic Acid-With an IC50 
of  0.39-0.53 p ~ ,  mycophenolic  acid  was the  most  potent,  and 
with an ICeo of  33-52 pM, ribavirin was the  least  potent 
inhibitor of L1210 and  CEM cell proliferation. The IC50  of 
EICAR  for L1210 and  CEM cell  growth was 0.79 and 1.4 PM, 
respectively (Table  I).  Tiazofurin was 10-fold  more inhibitory 
to L1210 than  CEM cell proliferation (IC6*: 4.9 and 46 p ~ ,  
respectively),  whereas the  other  compounds showed similar 
cytostatic  activity  against  both cell lines. 

A series of biochemical mutants of CEM cells (i.e. CEM/ 
dCK-,  deficient  for 2"deoxycytidine kinase;  CEM/AK-, de- 
ficient for adenosine kinase; CEM/AK- dCK-,  deficient  for 
dCK  and AK; and  CEM/HxGPRT-,  deficient for hypoxan- 
thine/guanine phosphoribosyltransferase) were also  included 
in  our  investigation. Mycophenolic  acid and  tiazofurin proved 
equally cytostatic  against  all  the  mutant  and wild-type CEM 
cells. EICAR and  ribavirin were 5-fold  more inhibitory  to 
CEM/dCK- cell proliferation,  but 5-7-fold (EICAR) or >lo- 
fold (ribavirin) less inhibitory  to  CEM/AK-  and  CEM/AK- 
dCK- cell proliferation  (Table  I).  Both  EICAR  and  ribavirin 
proved  equally cytostatic  against CEM/O and  CEM/Hx- 

GPRT- cells. Tubercidin was equally inhibitory  to CEM/O, 
CEM/dCK-,  and  CEM/HxGPRT- cell proliferation,  but 150- 
fold less inhibitory  to  adenosine  kinase-deficient CEM/AK- 
cell proliferation  (Table  I). 

Inhibitory  Effects of Various  Test  Compounds  on  EICAR- 
and  Tiazofurin-resistant Cell Lines-Murine L1210/0 cells 
were selected  for their  ability  to grow in  the  presence of 2 p M  
EICAR  and  designated L121O/EICAR-2. Murine lymphoma 
S49 cells were selected for resistance  to  tiazofurin  after  mu- 
tagenization  with  ethylmethanesulfonate  (1%) for 24 h and 
subsequent growth in  the  presence of 200 pM tiazofurin  and 
designated  S49/200G-TR. CEM/O cells were first made  re- 
sistant  to  pyrazofurin  as described by Verhoef et al. (24). The 
resulting  mutant cell  line, designated  CEM/PY9, proved 
2500-fold less sensitive  to  the  cytostatic  action of pyrazofurin 
than  the wild-type CEM/O  (IC50: 0.1 p~ for  wild-type CEM/ 
0 as  compared  with 250 p~ for CEM/PY9).  This cell line was 
then subject to  the  mutagenization  and selection  procedure 
(as described  above) to  obtain  tiazofurin-resistant  CEM/PY9 
cells (designated  CEM/PY9-TR).  This cell  line did  not show 
a further  change  in  its  sensitivity  to pyrazofurin  (Ic50: 280 
W ) .  

When  evaluated  against  the  mutant L121O/EICAR-2 line, 
ribavirin,  EICAR,  and  tubercidin showed a 5-,  lo-,  and 100- 
fold,  respectively,  decreased antiproliferative  activity, whereas 
tiazofurin  and mycophenolic  acid were equally  active against 
both wild-type L1210 cells and  EICAR-resistant L1210 cells 
(Table 11). When  examined for its  cytostatic  activity  against 
S49  and  S49/200G-TR cells, tiazofurin proved  completely 
inactive  against  the  S49/200G-TR cell line (IC50:  3.9 and 
>500 p ~ ,  respectively). The  other  compounds including EI- 
CAR and  ribavirin were equally inhibitory  to  the growth of 
wild-type S49  and  mutant cells (Table 11). The  CEM/PY9- 
T R  cell line showed  only 2-3-fold lower sensitivity  to myco- 
phenolic  acid and EICAR than  the  corresponding  CEM/PY9 
cell line. Ribavirin  and  tiazofurin  did  not show inhibitory 
activity  against  CEM/PY9 T R  cell proliferation  (Table 11). 

Effects of Guanosine,  Guanine, and Adenosine  on  the  Cyto- 
static  Activity of Various  Test  Compounds against L1210 
Cells-Both guanosine  and  guanine,  but  not  adenosine, were 
able  to markedly  reverse the  cytostatic  activity of EICAR, 
tiazofurin,  and mycophenolic  acid. Guanosine,  guanine,  and 
adenosine were not  able  to significantly  reverse the  cytostatic 
activity of ribavirin  and  tubercidin  (Table 111). 

Effects of Various  Test  Compounds  on  the Ribonucleotide 
Pools of L1210 Cells-EICAR, ribavirin,  and  tiazofurin caused 
a marked  increase  in IMP pool levels and a marked decrease 
in GTP pools of L1210 cells. IMP pool levels, that were below 
the  detection  limit  in  untreated cells, raised up  to 311, 509, 
and 538  nmol/lOg L1210 cells  in the presence of the highest 
concentrations of the  test  compounds (i.e. 20 p~ tiazofurin, 
100 pM ribavirin,  and 20 p~ EICAR)  (Table IV).  Concomi- 

TABLE I 
Inhibitory effects of IMP dehydrogenase inhibitors on the proliferation of L1210 cells and different mutant GEM  cells 

IC,". 
Compound 

L1210/0 CEM/O CEM/AK-  CEM/dCK-  CEM/AK-dCK-  CEM/HxCPRT- 

EICAR 
Ribavirin 33 f 13 52 f 9 >500 9.4 f 3.7 >500 
Tiazofurin 4.9 k 2.3 46 f 18 80 f 30 19 f 4 68 f 12 33 f 1 

71 f 0 

Mycophenolic acid 0.39 k 0.27 0.53 +. 0.53 0.78 f 0.05 1.3 f 0.1 0.43 f 0.01 
Tubercidin 0.27 f 0.12 0.22 f 0.06 33 f 1 0.34 & 0.01 

P M  

0.79 f 0.27 1.4 f 0.1 9.5 f 1.8 0.30 f 0.03 6.8 f 0.8 0.65 f 0.02 

50% inhibitory concentration. 
*Data (fS.D.) are the means for three to five independent experiments, 
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TABLE I1 
Inhibitory  effects of EZCAR  on  different  EZCAR-  and  tiazofurin-resistant  tumor cells 

Compound 
IC$. 

L1210/0 L121O/EICAR-2 s49 S49/200G-TR CEM/O CEM/PY9  CEM/PY9-TR 

EICAR 0.79 f 0.27  8.2 + 0.8  0.23 f 0.13 0.06 +. 0.01  1.0 f 0.8 12 f 7 13 f 3 
Ribavirin 33 f 12 155 + 9 10 f 1 5.8 & 2.3 48 f 10 >>500 
Tiazofurin 

>>500 
4.9 f 2.3 3.8 f 1.1 3.9 f 0.8  >>500 50 f 8 320 f 42 >>.500 

Mycophenolic acid 0.39 f 0.27  0.30 f 0.08 0.21 f 0.09 0.25 +. 0.03 0.78 f 0.45 0.8 f 0.5 
Tubercidin 0.27 f 0.12  25 & 1 

1.2 f 0.9 

50% inhibitory concentration. 
Data (*S.D.) are  the  means  for two to four independent  experiments. 

TABLE I11 
Effect of guanosine,  guanine,  and  adenosine  on  the  inhibitory  effect  of  test  compounds  against L1210/0 cell proliferation 

IC6,Q.b 

Upon  addition of 
Compound 

As such  Guanosine  Guanine Adenosine, 
100 p M  25 pM 100 pM 25 pM 100 pM 

P M  

EICAR 
Ribavirin 
Tiazofurin 
Mycophenolic acid 0.41 0.10 318 + 28  0.46 f 0.12  403 + 30 1.1 k 1.3 0.39 f 0.08 
Tubercidin 0.14 f 0.02 0.08 f 0.01 0.11 f 0.01  0.08 f 0.01 0.11 k 0.01 0.14 f 0.05 

P M  W 
0.96 + 0.13 59 f 2 4.7 f 4.1  76 f 31 1.7 k 0.4 0.83 f 0.04 

26 f 4 41 + 5  67 f 12 66 f 8 66 k 18 22 f 1 
4.8 f 2.1 249 f 95 6.8 f 5.2  285 & 74  4.2 i- 0.5 4.8 k 1.5 

50% Inhibitory  concentration. 
* Data f S.D. are  the mean of three  independent  experiments. 

TABLE IV 
Effects of I M P  dehydrogenase  inhibitors o n  NTP pool leuels i n  

L1210/0 cells 

Compound Incubation  Concen-  Percentage of control", 
time tration IMP  GTP  ATP  CTP  UTP 

h P M  

EICAR 6 
6 

0.2 
1 

6 5 
6 20 

Tiazofurin 6  5 
6 20 

Ribavirin 6 5 
6 20 
6 100 

ND' 
>868 
>574 

>lo76 
>648 
>622 
ND 
>626 

>lo18 

39 96 97 
13 85 203 
12 77  239 
6.5 67  240 

30  90  207 
14 75 262 
31 102 140 
12 74 165 
16 77  252 

125 
240 
267 
266 
220 
252 
157 
185 
263 

EICAR 24 0.2 180 64 100 102 113 
24 1 78 63 137 156 169 
24 5 4 8  91 158 152 138 
24  20 <18 74 152 133 125 

Tiazofurin 24 5 111 121 148 122 128 
24 20 75 137 179 177 162 

Ribavirin 24 5 200 46 90 96 107 
24 20 140 41 121 139 195 
24 100 143 87 181 182 188 

Control values per lo9 untreated cells upon 6 h of incubation were 
as follows: <50 nmol (IMP), 787 nmol (GTP), 2.68 pmol (ATP), 275 
nmol (CTP),  and 715 nmol (UTP).  Control values per lo9 untreated 
cells upon 24 h of incubation were as follows: 271 nmol (IMP), 495 
nmol (GTP), 1.37 pmol (ATP), 296 nmol (GTP)  and 653 nmol (UTP). 

* Data  are  the mean  for two independent  experiments. 
ND,  not  detectable ( 6 0  nmol/103  cells). 

tantly,  GTP pools  decreased to  about 7-14%  of the  control 
levels. Intracellular  IMP pools were equal  to  control levels at  
the lowest compound  concentrations  tested (i.e. 5 PM ribavirin 
and 0.2 PM EICAR),  whereas at  these  concentrations  GTP 
levels were reduced by 60 to  70%. EICAR, tiazofurin,  and 
ribavirin  had a slight  concentration-dependent  inhibitory ef- 
fect on  ATP levels and a more pronounced  stimulatory effect 
on  CTP  and  UTP levels (Table IV). 

TABLE V 
Inhibitory  effects of EZCAR  and  ribauirin  on N T P  and d N T P  pool 

leuels i n   C E M  cells 
NTP  and  dNTP pools were examined after 24 h of incubation of 

the  test compounds with  the cells. 
Percentage of control". 

IMP  ATP  dATP  GTP  dGTP 
Compound Concentration 

P M  

EICAR 0.4  777 133 100 44 70 
1.0 1212 90 89 22 40 
5.0 1059 128 70 15 22 

Ribavirin 5.0 685 128 88 51 96 
20 925 102 46 31 60 
50  867  97 31 20  37 

Control values per lo3 untreated cells were as follows: 130 nmol 
(IMP), 1.54 pmol (GTP), 22.7 nmol (dGTP), 6.58 pmol (ATP),  and 
30.6 nmol (dATP). 

Data  are  the  mean for two independent experiments. 

After 24 h of incubation,  IMP pool levels were back to 
control levels, and  GTP pool levels were partially  restored  in 
EICAR  and  ribavirin-treated L1210 cells, whereas  the  GTP 
levels were increased in  the  tiazofurin-treated L1210 cells. In 
contrast with the  slight decrease of the  ATP levels noted  after 
a 6-h  incubation period, ATP levels were increased  (up  to 
1.5-2-fold) at   the highest  concentrations of all  test com- 
pounds.  The  stimulatory effects of the compounds on  the 
UTP  and  CTP levels that  had been observed after  6-h  incu- 
bation were still visible after 24-h incubation  (Table IV). 

Effects of EICAR and Ribavirin on  the Ribonucleotide and 
2'-Deoxyribonucleotide Pools of CEM Cells-EICAR and  ri- 
bavirin  had a pronounced  stimulatory effect on  the  IMP pools 
upon  incubation of CEM cells for 24  h: 7-12-fold at 0.4, 1.0, 
and 5.0 p~ EICAR  and 6-9-fold at 5.0,20, and 50 p~ ribavirin 
(Table V). On  the  other  hand,  EICAR  and  ribavirin decreased 
GTP  and  dGTP pool levels in  a concentration-dependent 
way. In  fact,  EICAR was >lO-fold  more  efficacious in decreas- 
ing GTP  (and  dGTP) pools than ribavirin.  At 5 p ~ ,  EICAR 
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decreased GTP  and  dGTP pools to  15  and 22% of the  control, 
whereas  ribavirin  achieved such effect  only at  a concentration 
of 50 p ~ .  At all  compound  concentrations  evaluated  ribavirin 
and EICAR  effected  a greater decrease of GTP levels than of 
dGTP levels. At compound  concentrations  that  resulted  in 
similar decreases of GTP  and  dGTP pool levels (i.e. 50, 20, 
and 5 p~ for ribavirin,  and 5 ,  1,  and 0.4 p~ for EICAR), 
ribavirin  caused  a  more pronounced  reduction of the  dATP 
pools than EICAR (Table V). 

Incorporation of  [G-3H]Hx in Purine Nucleotide Pools of 
L1210 Cells-When L1210 cells were exposed to  EICAR  at 5, 
2, 0.5, and 0.2 p~ for 5.5 h,  together with -1 PM [G-3H]Hx, 
the radiolabel  was  efficiently incorporated  into  adenine  nu- 
cleotide  pools (Table VI). Irrespective of the  concentration of 
EICAR,  the  total  percentage of radiolabeled AMP,  ADP,  and 
ATP ranged  between 91  and 97%. The highest  amount of 
radiolabel was found  in  ATP (89-96%). In  contrast,  the 
radiolabel found  in GTP decreased  progressively from 8% 
(control)  to 0.6% (2 p~ EICAR).  Incorporation of [G-3H]Hx 
into  the  IMP pools  markedly increased  as a function of the 
EICAR  concentration (0.14% for  control  to 1.7-2.2% for 2.0 
and 0.5 p~ EICAR, respectively) (Table VI). 

Inhibitory Effects of Various Test  Compounds on  Tritium 
Release from [G-3H]Hyponanthine in L1210/0 and CEM/O 
Cells-Examination of tritium release  from [G-3H]hypoxan- 
thine  in L1210 and  CEM cells represents a  reliable method 
to  measure  IMP dehydrogenase activity  in  intact cells (17). 
Mycophenolic  acid was 2-4-fold superior  to  ribavirin  and 
EICAR and >25-fold superior  to  tiazofurin  in  inhibiting  trit- 
ium  release  from [G-3H]hypoxanthine  in  CEM cells  when the 
cells were not  preincubated  with  the  compounds  (Table VII). 
However, a 2-h  preincubation period of intact  CEM cells  with 
mycophenolic  acid, EICAR,  ribavirin,  or  tiazofurin  further 
increased  the  inhibitory  potency of the  test  compounds by 
4-, 20-, 3-,  and >4-fold,  respectively. Prolonged  incubation of 
the  CEM cells with the  test  compounds before measurement 
of tritium release (i.e. 4 and 6 h)  did  not  result  in a further 
increase of the  inhibitory effect of the  test  compounds  (data 
not  shown). If exposed  for 2 h to  the cells prior  to  addition of 
[ G-3H]  hypoxanthine, mycophenolic  acid and  EICAR also 
proved to be equally potent  inhibitors of IMP dehydrogenase 
in  intact L1210 cells (ICs0: 1.2 and 0.91 FM, respectively); 
ribavirin  and  tiazofurin were 5-6-fold less inhibitory 
(Table  VI). 

Inhibitory Effects of Various Test Compounds on IMP De- 
hydrogenase Activity of Intact  EICAR-resistant  L1210/EI- 
CAR-2 and  Tiazofurin-resistant  CEMIPYS TR Cells-EICAR 
was 25- and 15-fold  less inhibitory  to  tritium release from  [G- 
3H]Hx  in  CEM/PY9 TR  and L1210/EICAR-2  cells,  respec- 

TABLE VI 
Incorporation of [G-3H]Hx  into  the  IMP,  guanine,  and  adenine 

nucleotide pools of EICAR-treated  L1210/0 cells 
Percent 3H in poolb Total 3H in  IMP 

+ guanine nucleo- 
IMP  GMP  GDP  GTP AMP  ADP  ATP ~$e~t~~~''s EICAR" 

P M  dpm 
0 0.14 0.11 0.86 8.0 0.37 1.5 89 1,093,242 
0.2 1.3 0.10 0.96 4.5 0.60 2.8 90 1,134,491 
0.5 2.2 0.04 0.72 1.5 0.62 2.1 93 540,218 
2.0 1.7 ND' 0.94 0.58 0.35 1.8 95 292,570 
5.0 1.4 0.04 0.93 0.33 0.46 1.8 96 261,280 

"EICAR was incubated with L1210/0 cells together  with +1 p~ 

Data  are shown for one individual experiment.  Essentially  similar 

ND, not detectable. 

[G-3H]Hx for 5.5 h. 

data were obtained  in a  second independent  experiment. 

TABLE VI1 
Inhibitory  effects of I M P  dehydrogenase  inhibitors on tritium release 

from  [G-3H]hypoxanthine in  L1210 and CEM cells 
Upon prein- Ic50"' 

Compound cubation of 

pound 
test L1210/0 CEM/O 

h @M 

EICAR 0 17 f 14 18f 1 
2 0.91 f 0.13 0.94 f 0.24 

Ribavirin 0 10 f 5 
2 

9.5 f 3.5 
5.8 f 3.1 3.5 f 1.1 

Tiazofurin 0 37 k 14 >>IO0 
2 5.4 f 1.2 26 f 9 

Mycophenolic acid 0 
2 

0.56 f 0.21 4.3 f 3.5 
1.2 f 0.5  0.96 f 0.21 

~ ~~~ ~~ 

50% inhibitory Concentration. 
Values obtained for CEM/O cells without preincubation  with the 

test compounds were derived from experiments using [2,8-3H]hypo- 
xanthine. 

~~ 

TABLE VI11 
Effect of I M P  dehydrogenase  inhibitors on  tritium release from [G- 
3H]hypoxanthine  in  intact  L1210/0,  L1210/EICAR-2,  CEM/O,  and 

CEMIPYS TR cells 

CM 
EICAR 0.91 f 0.13 13 f 3 0.94 t 0.24 24 f 5 
Ribavirin 5.8 f 3.1 43 k 2 3.5 f 1.1 >lo0 
Tiazofurin 5.4 f 1.2 >50 26 f 9 >250 
Mycophenolic 1.2 f 0.5 1.3 t 0.5 0.96 f 0.21 0.95 f 0.42 

acid 
50% inhibitory  concentration. 
CEM cells were incubated  for 2 h  with the  test compounds  prior 

to addition of [G-3H]Hx. 

tively, than  in wild-type CEM/O and L1210/0 cells. Also, 
ribavirin  and  tiazofurin  had  no much inhibitory effect on 
tritium release  from [G-3H]Hx  in  CEM/PY9 TR  and L1210/ 
EICAR-2 cells. In  contrast, mycophenolic  acid was equally 
inhibitory  to  tritium release from  [G-3H]Hx  in CEM/O, CEM/ 
PY9  TR, L1210/0, and L1210/EICAR-2 cells. The values 
of the  IMP dehydrogenase inhibitors for tritium release  from 
[G-3H]Hx  in  CEM  and L1210 cells closely corresponded  with 
the IC50 values of the  test  compounds for CEM  and L1210 
cell growth, except for ribavirin  that proved 6-20-fold more 
inhibitory  to  tritium release  from [G-3H]Hx  in CEM/O and 
L1210/0  cells than  to CEM/O and L1210/0 cell proliferation 
(Table  VIII). 

Inhibitory Effect of EICAR 5'-Monophosphate on  Purified 
IMP Dehydrogenase of L1210/0 Cell.-The  ICs0  of EICAR- 
M P  for  purified IMP dehydrogenase,  measured in  the  pres- 
ence of either 0.25 or 0.50 mM NAD' and a fixed concentration 
of IMP (40 p ~ ) ,  was 10 p ~ .  With  increasing  IMP  concentra- 
tions (i.e. 60, 80, 100, and 130 p ~ ) ,  the ICeo of EICAR-MP 
for IMP dehydrogenase  progressively increased  to reach 15 
pM in  the  presence of 0.25 mM NAD+ and 20 p~ in  the 
presence of  0.50 mM NAD' at  the highest IMP concentration 
tested (130 p ~ ) .  

The  kinetic  parameters (K,, Ki, V,.J were determined for 
IMP dehydrogenase  derived from  both  the HA and  IMP- 
Sepharose column chromatography  fractions  (Table  IX).  The 
K ,  of IMP for partially purified IMP dehydrogenase (HA 
fraction) was 106-118 and 68-78 PM in  the  presence of 0.25 
and 0.50 mM  NAD', respectively. The  corresponding Vmax 
values were 0.9-1.2 pmol of XMP/h/mg of protein.  The Ki 
values of EICAR-MP  in  the  presence of 0.25 and 0.50 mM 
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TABLE IX 
Kinetics  for  inhibition  by EICAR-MP of IMP dehydrogenase  purified  from L1210 cells 

Enzyme preparation” Incubation 
time 

min mM w o l l h l m g  P M  WM 

10 
5 

10 

NAD’ VmaX KmI,(IMP) Ki(E1CAR) KJK, 

Hydroxylapatite  fraction 5 0.25 1.2 & 0.1 106 & 19 17 2 2 0.16 
1.2 & 0.0 118 & 3 7.1 2 0.1 0.06 

0.50 1.1 5 0.1 78 & 14 11 2 1 0.15 
0.95 & 0.07 68 & 10 6.1 2 0.6 0.09 

IMP-Sepharose affinity 10 0.50 0.41 & 0.09 185 k 63 10 2 2 0.06 
chromatography 

See  “Materials  and Methods.” 

Time of preincubation ( min ) 

FIG. 2. Preincubation of  IMP dehydrogenase (HA fraction) 
with various concentrations of EICAR-MP. EICAR-MP 0 p~ 
(O), 4 p M  (A), 8 p M  (V), 12 pM (0) was incubated at  37 “C at indicated 
time  intervals  with enzyme prior  to start of the  assay (0.1 mM [8-14C] 
IMP, 0.25 mM NAD+; 10  min a t  37 “C). The enzyme activity  is 
relative to  that at zero time. 

NAD+ ranged from 7.1 to 17 pM and 6.1 to 11 p ~ ,  respectively. 
Consequently, the KJK, of EICAR-MP was between 0.06 
and 0.16. This  points to  the marked inhibitory potency of 
EICAR-MP  against IMP dehydrogenase. The Ki values of 
EICAR-MP  (in the presence of  0.25 or 0.50 mM NAD+) were 
2-fold lower in a  10-min enzyme assay than in a  5-min enzyme 
assay (Table IX). These findings suggest a progressive inac- 
tivation of the enzyme in function of time. 

Therefore, we measured IMP dehydrogenase activities after 
preincubation of the enzyme preparation with different con- 
centrations of EICAR-MP. As evident from  Fig. 2, a concen- 
tration-dependent  inactivation of the enzyme occurred in 
function of the preincubation time. In fact, preincubation of 
the enzyme for 60 min in the presence of 12 ~ L M  EICAR-MP 
afforded more than 70% of inactivation of the enzyme (Fig. 
2). 

The K,,, of IMP was about 3-fold higher for the purified 
IMP dehydrogenase (IMP-Sepharose  fraction) than for the 
partially purified enzyme (HA  fraction)  (Table  IX). However, 
the Ki/K,,, value for EICAR-MP for the purified enzyme was 
comparable with that found for the partially purified enzyme 
(0.06 uersza 0.09, respectively) (Table  IX).  Inhibition of IMP 
dehydrogenase by EICAR-MP is competitive with respect to 
the substrate (IMP),  as demonstrated by the Lineweaver- 
Burk plots (data  not shown) and Dixon plots (Fig. 3). 

Biochemical Characterization of EICAR- and Tiazofurin- 
resistant Cells-No marked differences in  the incorporation 
rate of [2,8-3H]adenine (in  the presence or absence of 30 p M  
2‘-deoxycoformycin (dCF), [5-3H]dCyd, [rneth~l-~H]dThd 
and [5-3H]Urd into nucleic acids of the EICAR-resistant 
L1210  cells and wild-type L1210/0 cells were noted (data  not 
shown). In  contrast, [2,8-3H]adenosine incorporation in the 
L121O/EICAR-2  cell line was decreased by only 10% in the 
absence of dCF (57,003 and 50,650  cpm [2,8-3H]Ado-derived 
radiolabel incorporated into trichloroacetic acid-insoluble ma- 

0 4 8 12 14 
I E I C A R - M P I ( p M )  

FIG. 3. Inhibition of L1210 IMP dehydrogenase by EICAR- 
MP in the presence of 0.26 mM NAD’. The reaction  mixture (for 
details  see  “Enzyme Assay”)  was incubated for 10 min a t  37 “C. Dixon 
plots were derived  from the  Lineweaver-Burk double-reciprocal  plots. 
Substrate  concentrations were 40 pM (X), 60 p M  (v), 80 pM (n), 100 
p M  (A), and 130 pM (0). 

terial of L1210/0 and L121O/EICAR-2  cells, respectively), 
whereas it was decreased by 94% in the presence of dCF 
(51,921 and 3348  cpm [2,8-3H]Ado-derived radiolabel incor- 
porated  into trichloroacetic acid-insoluble material of L1210/ 
0 and L121O/EICAR-2  cells, respectively). Clearly, the  EI- 
CAR-resistant L1210  cell line has  a severely decreased poten- 
tial to incorporate exogenously added adenosine into  trichlo- 
roacetic acid-insoluble material under conditions where aden- 
osine deamination by dCF is prevented. 

EICAR inhibited incorporation of the radiolabeled nucleo- 
tide precursors in nucleic acids of the L1210/0 and L1210/ 
EICAR-2 cell lines to a similar extent regardless of the  nature 
of the precursor ( i e .  adenine, adenosine, 2‘-deoxycytidine, 
thymidine, or uridine): the ICso ranging from 0.62 to 5.5 ~ L M  
for the L1210/0  cell line and from 11 to 39 pM for the L1210/ 
EICAR-2 cell line (Table X). In fact, these values closely 
correspond to  the cytostatic activity of EICAR against the 
different L1210  cell lines (ICso:  0.79 p~ for L1210/0 and 8.2 
ptM for LlSlO/EICAR-2). 

Analysis of the crude L1210/0 and L1210/EICAR-2 cell 
extracts revealed that adenosine kinase activity is markedly 
decreased in L1210/EICAR-2 as compared with L1210/0  cells 
(Table  XI). Indeed, L121O/EICAR-2 cells seem to contain 
only 5% of the adenosine kinase activity present in wild-type 
L1210/0  cells. These observations strongly suggest that aden- 
osine kinase is (one of) the activating (phosphorylating) en- 
zyme(s) of EICAR. Also CEM/PY9 cells that were selected 
for resistance against pyrazofurin, proved adenosine kinase- 
deficient. NAD pyrophosphorylase levels of CEM/PY9 cells 
were similar to those in wild-type CEM/O cells.  However, 
CEM/PY9 TR cells that were selected for resistance against 
tiazofurin, had 3-fold lower NAD pyrophosphorylase levels 
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TABLE X 
Inhibitory effect of EZCAR on  the  incorporation of radiolabeled 
nucleosides and nucleobases into trichloroacetic acid-insoluble 

material of LI210/0 and L1210/EICAR-2 cells 

Addition of 
I C d  

L1210/0 LlZlO/EICAR-Z 

PM 
[2,8-3H]Ade 0.97 f 0.01 
[2,8-3H]Ado 

14 & 12 
0.62 f 0.30 11 -+ 10 

[2,8-3H]Ade + dCF (30 p ~ )  1.4 f 0.1 29 & 21 
[2,8-3H]Ado + dCF (30 pM) 1.3 f 0.2 21 f 13 

39 
[ methyL3H]dThd 1.3 f 0.2 27 
[5-3H]Urd 0.92 18 
Data (rtS.D.) were the means for one to three independent exper- 

[5-3H]dCyd 5.5 

iments. 

TABLE XI 
Adenosine kinase and NAD pyrophosphorylase  activities  in  extracts 

of wild-type and mutant  L1210, S49, and CEM cell lines 
Activity 

Cell line 
Ado kinase NAD pyrophos- 

phorylase 

nmol/h/mg protein” 
CEM  156 13.6 
CEM/PY9 6.0 
CEM/PY9 T R  

11.9 
2.0 

s49 186 
4.7 

S49/200G TR 148 
24.4 
4.7 

L1210/0 31 NDb 
L121O/EICAR-2 1.4 NDb 

Data are the means for at least two independent experiments. 
* ND, not determined. 

than  the wild-type CEM/O cells. When  S49 cells were selected 
for resistance  against  tiazofurin,  adenosine  kinase levels were 
slightly  affected, whereas  NAD  pyrophosphorylase levels were 
reduced by 5-fold (Table  XI).  These  observations  indicate 
that NAD pyrophosphorylase  plays an  important role  in the 
cytostatic  action of tiazofurin. 

DISCUSSION 

In  cancer cells, the  activities of key enzymes of the de nouo 
biosynthesis  are  often  substantially elevated. Therefore,  these 
de nouo enzymes  could be envisaged as  target enzymes for 
anti-cancer  chemotherapy  (4). Weber (14)  has  shown  that 
IMP dehydrogenase levels are  substantially  elevated  in a 
series of hepatoma cell lines  as well as  other  tumor cells (i.e. 
human myelocytic leukemia  cells). These  observations,  to- 
gether with the  recent  finding  that  tiazofurin,  an  inhibitor of 
IMP dehydrogenase, is effective in  the  therapy of patients in 
blast crisis of chronic granulocytic  leukemia (25, 26),  provide 
a strong  incentive for the  development of IMP dehydrogenase 
inhibitors  as  candidate  drugs for anticancer  chemotherapy. 
Here we have  shown that  EICAR  has  potent  inhibitory  activ- 
ity  (as  its  5’-monophosphate)  against purified IMP dehydro- 
genase and  also effects  severe inhibition of IMP dehydrogen- 
ase  activity  in  intact  tumor cells. In  this respect, EICAR  is 
superior  to  tiazofurin by at least 1 order of magnitude. More- 
over, we  now demonstrated a close correlation between inhi- 
bition of tumor cell proliferation by EICAR  and  inhibition of 
IMP dehydrogenase activity in the  intact  tumor cells. The 
marked depletion of intracellular GTP pools, and  concomitant 
increase of IMP pool levels, further  corroborates  the  concept 
that  IMP dehydrogenase is  the  principal  target  enzyme  for 
EICAR  in  intact  tumor cells. 

The  observations  that  IMP  and  GTP pools were restored 

after 24 h of incubation of L1210, but  not  CEM, cells  with 
EICAR may be suggestive  for  a rapid detoxification of EICAR 
in  function of incubation  time  in L1210 cells and/or a revers- 
ible inhibition of IMP dehydrogenase that  can be easily 
overcome by cellular  metabolic intervention.  This  phenome- 
non was not observed  for CEM cells, where GTP pools were 
still markedly suppressed  after a  24-h incubation period  with 
EICAR. In  fact, we found that  GTP levels of L1210 cells to 
which EICAR  had  been exposed a t  1 PM (after which the  test 
compound was removed by two subsequent washing steps), 
were completely restored  within 3 h following incubation of 
the L1210 cells in  the absence of the compound. If the cells 
had  been exposed to 5 or 20 PM EICAR, GTP levels were 
restored by -70% following a 3-h  incubation period  in the 
absence of the compound. At 6  h after removal of the drug, 
GTP pools were similar  to  control for all  EICAR-treated cell 
cultures.  In  contrast,  CEM cells to which EICAR had been 
exposed at   1 ,5 ,   and 20 KM for 16 h contained  40,25,  and 22%, 
respectively, of control GTP levels; 59, 28, and 20%, respec- 
tively, of control GTP levels at  3.5 h;  and 79, 69, and 40%, 
respectively, of control GTP levels at  6.5 h after which the 
test  compound was removed. Thus, EICAR seems  to have  a 
longer lasting  cytostatic effect  in CEM cells than L1210 cells. 
Also, EICAR-exposed  cell cultures  from which the compound 
was  removed  by  two subsequent washing steps, resumed cell 
growth at  a rate  similar  to  that of the unexposed  cells  within 
20 h.  Moreover, the cell cultures  eventually reached the  same 
cell density  in  their  plateau growth phase  as  the  untreated 
cells (data  not  shown). 

The VmaX value of IMP dehydrogenase in  the purified sam- 
ple of the  IMP-Sepharose  affinity  chromatography is -2-fold 
lower than  that  found  for  the  IMP dehydrogenase preparation 
from  the HA fraction.  This is obviously due to  the  instability 
of the highly  purified IMP dehydrogenase. Our  observations 
are in agreement  with  those of Yamada et al. (21), who 
recommend  to stabilize the enzyme preparation by high con- 
centrations of bovine serum  albumin (10  mg/ml) and by using 
one more IMP-Sepharose  step  to remove  bovine serum  albu- 
min before starting  kinetic  studies. However, this  method was 
not successful in  our  hands. Also, we were unable  to stabilize 
highly  purified IMP dehydrogenase by a mixture of bovine 
serum  albumin, glycerol, and NAD. The  inactivation of IMP 
dehydrogenase by preincubation with EICAR-MP seems to 
occur in a biphasic  manner. A similar  phenomenon  has also 
been reported by Yamada et al. (21) for  ribavirin  5’-mono- 
phosphate.  The  reason is unclear. This issue has  to be a 
matter of further  investigation.  Since  our  data  presented here 
in Fig. 2 closely resemble to  the  inhibition curves obtained by 
preincubation of IMP dehydrogenase  with  ribavirin 5’-mon- 
ophosphate ( Z l ) ,  it may be concluded that  EICAR-MP,  akin 
to  ribavirin-MP, probably shares  the  binding  site  on  IMP 
dehydrogenase  with IMP  and  XMP  (21).  It is assumed  that 
the observed  progressive inactivation of the enzyme by EI- 
CAR-MP  (in  the  absence of IMP) does not  perturb  the  kinetic 
measurements,  since  (i)  the  presence of IMP  in  the  kinetic 
assay may  have  a stabilizing effect on  the enzyme, (ii) Vmax 
values for IMP dehydrogenation by the  HA enzyme prepara- 
tion were identical when the enzyme was incubated for  5 or 
10 min,  and  (iii)  straight  lines  in  the Lineweaver-Burk plots 
have  been  obtained  (data  not  shown) (regression  coefficient 
r >0.99). 

Ribavirin  is metabolized (to  its  5’-monophosphate) by 
adenosine  kinase,  and  tiazofurin  is  primarily metabolized via 
5”nucleotidase  to  its  5’-monophosphate  and via NAD  pyro- 
phosphorylase  to  its NAD analogue,  tiazole-4-carboxamide 
adenine dinucleotide before they  can  act as inhibitors of IMP 
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dehydrogenase. Our observations that EICAR, unlike tiazo- 
furin, is equally inhibitory to partially NAD pyrophosphoryl- 
ase-deficient tumor cells (i.e. CEM/PYS-TR and S49/200G- 
TR) as  to  the corresponding wild-type cells (i.e. CEM/PY9 
and  S49), argues against the role of a  putative NAD analogue 
of EICAR in the inhibition of IMP dehydrogenase in intact 
tumor cells. 

Like ribavirin, EICAR proved less inhibitory to  the prolif- 
eration of tumor cells (i.e. CEM/PY9) that  are deficient in 
adenosine kinase activity. Also, the fact that adenosine ki- 
nase-deficient tumor cells (i.e. L1210/EICAR-2) emerge un- 
der selective pressure of EICAR points to adenosine kinase 
as (one of) the activating (phosphorylating) enzyme(s) of 
EICAR. 

In AK-deficient CEM cells the cytostatic activity of EICAR 
was only 5-7-fold decreased. This contrasts with the cytostatic 
activity of ribavirin which  was decreased by at least 2 orders 
of magnitude in CEM/AK- cells as compared with wild-type 
cells.  Also,  L1210 cells selected for resistance against EICAR 
(2 p ~ )  proved to be AK-deficient but were still sensitive to 
the inhibitory effects of EICAR at concentrations in excess 
of 10 pM. These observations may point to yet another  met- 
abolic pathway (in  addition to adenosine kinase) in the  intra- 
cellular activation of EICAR. One  possible pathway may  be 
the hydrolysis of EICAR by purine nucleoside phosphorylase 
to  the 5-ethynylimidazole-4-carboxamide (EICA), followed  by 
conversion of EICA to EICAR-MP via the action of HxGPRT. 
Our findings that EICAR is equally cytostatic  against CEM/ 
0 and  HxGPRT-deficient  CEM/HxGPRT- cells do not favor 
this hypothesis. But  it should be pointed  out that these 
findings cannot rule out the role of purine nucleoside phos- 
phorylase in the activation of EICAR, because the CEM/ 
HxGPRT- cells contain normal levels of adenosine kinase 
that can compensate for the deficiency in HxGPRT (Table 
I). However, our findings that  the cytostatic activity of EICAR 
is not markedly influenced by the presence of a  purine nucle- 
oside phosphorylase inhibitor (ICm: 0.92 and 0.99 pM, respec- 
tively) makes a  prominent role of purine nucleoside phospho- 
rylase in the cytostatic activity of EICAR unlikely. We  could 
not find a marked affinity of EICAR for purified cytosolic 5'- 
nucleotidase (the enzyme responsible for the phosphorylation 
of tiazofurin), purified human cytosolic 2"deoxycytidine ki- 
nase, and purified human mitochondrial 2'-deoxyguanosine 
kinase (data  not shown). Thus,  the hypothetical alternative 

pathway by which EICAR may  be phosphorylated (activated) 
remains subject to  further investigation. 

In conclusion, EICAR is one of the most potent  inhibitors 
of IMP dehydrogenase described to date,  as  attested by (i)  its 
strong  cytostatic activity, (ii)  its marked inhibitory effect on 
IMP dehydrogenase in  intact  tumor cells; (iii) the profound 
depletion of GTP and dGTP pools; and  (iv)  the low KJK, 
value of EICAR 5'-monophosphate for the purified IMP 
dehydrogenase. 
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