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ABSTRACT

The effects of guanine coadministration on the metabolism and biolog
ical activity of 6-thioguanine (6-TG) were studied in human promyelocytic
leukemia cells (HL-60). Cell growth, cytotoxicity (cloning assay), and
cell differentiation were measured, along with nucleotide metabolism.
Guanine was efficiently salvaged by HL-60 cells; at 200 /iM, guanine
suppressed the formation of 6-TG mononucleotides and abolished 6-TG
incorporation into nucleic acids. Similarly, guanine antagonized 6-TG
cytotoxicity in a dose dependent fashion. Furthermore, guanine (200 Â«tM)
fully suppressed the 6-TG (10 pM) induced HL-60 cell differentiation,
which suggests that cell differentiation at pharmacological 6-TG concen
trations is dependent on the anabolism of the drug to active nucleotides.
6-TG given alone reduced GTP levels and DNA synthesis rates in HL-
60 cells, while a major intracellular 6-TG metabolite, 6-thioguanosine
S'-monophosphate, accumulated to high levels (â€¢-100/Â»M).It is suggested
that accumulation of 6-thioguanosine S'-monophosphate and a resultant

partial block of the de novo biosynthesis of guanine nucleotides is
responsible for 6-TG induced cell differentiation in HL-60 cells.

INTRODUCTION

6-Thioguanine has shown activity against human leukemias.
Metabolism to its nucleotide metabolite, 6-TGMP,3 via

HGPRTase is thought necessary to express cell toxicity. While
6-TGMP inhibits phosphoribosylpyrophosphate amidotrans-
ferase and thus de novo purine biosynthesis (l, 2), other possible
mechanisms for the toxicity of 6-TG include sequential block
ade of guanine nucleotide biosynthesis (3-6) and 6-TG incor
poration into RNA with subsequent impairment of RNA mat
uration (7-10). Other reports suggest that incorporation of 6-
TG into DNA is primarily responsible for the cell toxicity of
this drug (11-15). In addition to its cytotoxic activity, 6-TG
has also been demonstrated to induce myeloid differentiation.
The differentiation inducing effect of 6-TG on HGPRTase
deficient HL-60 promyelocytic leukemia cells was proposed to
be caused directly by the free 6-TG base, rather than by its
nucleotide metabolites (16-19).

One approach to assess the relative importance of the various
proposed mechanisms of action of 6-TG is to manipulate its
cellular metabolism with the concurrent addition of other
agents. Coadministration of guanine and 6-TG is expected to
lead to competition for cellular formation and utilization of
their respective nucleotides. In this report we show that guanine
strongly inhibits 6-TG metabolism in human promyelocytic
leukemia HL-60 cells. The activation of 6-TG, added in phar-
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macological concentrations, to its nucleotide metabolites ap
pears to be required for differentiation in HL-60 cells.

MATERIALS AND METHODS

Chemicals and Reagents. All chemicals and reagents were of analyt
ical grade and were obtained from the following sources: mycophenolic
acid (Calbiochem Brand Biochemicals, San Diego, CA); acetonitrile,
l,l,2-trichloro-l,2,2-trifluoromethane, and perchloric acid (J. T. Baker
Chemical Co., Phillipsburg, NJ); 6-thioguanine, guanine, tri-n-octyla-
mine, DMSO, NBT reduction kit, 12-O-tetradecanoylphorbol-13-ace-
tate, ATP, GMP sodium salt, and 6-thioguanosine (Sigma Chemical
Co., St. Louis, MO); [8-14C]-6-TG (56 mCi/mmol) [Moravek Biochem

icals, Inc., Brea, CA; it was further purified by HPLC on a CiÂ»reverse
phase column (Alltech Associates, Deerfield, IL)]; [mefA.y/-3H]thymi-
dine and [5-3H]uridine (Amersham, Arlington Heights, IL); Giemsa

stain (Fisher Scientific Co., Fair Lawn, NJ); Aquasol (New England
Nuclear, Boston, MA). 6-TGMP was generously provided by Dr. R. L.
Miller from Wellcome Research Laboratories (Research Triangle Park,
NC).

Apparatus. HPLC analysis was performed with UV detection at 254
nm as described earlier (20). Cell counts were determined on a model
ZF Coulter Counter (Coulter Electronics, Hialeah, FL). Radioactive
analyses were performed on a Beckman l,S 7X00 liquid scintillation
counter (Beckman Institute, Palo Alto, CA). The NBT dye incubated
cells were fixed onto a slide by cytospin (Shandon Southern Instru
ments, Inc., Sewickley, PA).

Cell Culture. Human promyelocytic HL-60 cells were maintained in
RPMI 1640 containing 2 g/liter Nal K ( ), and supplemented with 10%
fetal calf serum, 100 units penicillin, and 100 UKstreptomycin/ml at
37Â°Cin a 10% humidified incubator.

Growth experiments were performed in Costar tissue culture plates
(24 wells, 2 ml/well) in at least duplicate sets. Cells in the logarithmic
growth phase were incubated in complete medium at an initial cell
density of ~2 x 10!/ml with various concentrations of the chemical

agents to be tested either individually or in combination for up to 96 h.
Cell growth after drug exposure was determined by counting the cell
number in a Coulter Counter and was expressed as the percentage of
control growth. Cell survival was determined after exposure of HL-60
cells to 6-TG (10 *JM)in the presence or absence of 200 pM guanine for
48 h by subsequent cloning assay in semisoft agar (21). A concentration
of 200 MMguanine was selected for all experiments reported here, since
this level did not affect cell growth and completely reversed the effects
of l ÃŸ\\mycophenolic acid, an IMP dehydrogenase inhibitor.

[8-14C]-6-TGIncorporation into DNA and RNA. Forty ml of HL-60
cells, at a density of 3-4 x IO5 cells/ml, were incubated at 37Â°Cwith
10 MM6-TG and 0.75 fid [8-l4C]-6-TG in the presence or absence of

200 JIMguanine for 3.5 h. After incubation, the cells were harvested by
centrifugation. The cell pellet was washed twice with phosphate buffered
saline (pH 7.4) and precipitated with 200 n\ 0.4 M perchloric acid. The
cell pellet was kept in an ice bath for 30 min and then centrifuged to
separate the supernatant and the pellet. The acid soluble supernatant
was removed and used for nucleotide pool analysis. The PCA insoluble
pellet was washed twice with water and then resuspended in 300 nl 0.3
N KOH overnight in order to hydrolyze RNA to free ribonucleotides.
Acidification with 400 n\ 0.8 Mperchloric acid precipitated DNA, while
free ribonucleotide remained in the supernatant. The supernatant and
precipitate were separated by centrifugation; then each was suspended
in 10 ml Aquasol and analyzed by liquid scintillation counting.

Tracer Incorporation into DNA and RNA. The ability of exogenous
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guanine to reverse the DNA and RNA synthesis inhibition caused by
6-TG was measured by incorporation of [/wefA>'/-3H]thymidineand [5-
3H]uridine into DNA and RNA. HL-60 cells at a density of 2 x 10s
cells/ml were incubated with 10 MM6-TG in the presence or absence of
200 MMguanine at 37Â°C.At the appropriate times, duplicate samples

of 1 ml cell suspension were removed and 0.5 nCi of either [methyPH]-
thymidine or [5-3H]uridine was added to the cell suspension 45 min

prior to harvest. The cell suspension was filtered through Whatman
GF/B glass filter paper presoaked with ice-cold 0.4 N PCA. The acid
insoluble precipitate was washed twice with 5 ml 0.4 N PCA, dissolved
in 10 ml Aquasol, and analyzed by liquid scintillation counters.

HL-60 Cell Differentiation. HL-60 cells were inoculated in fresh
medium at a density of 2 x 10' cells/ml together with 360 MMDMSO
or 10 ^M 6-TG in the presence or absence of 200 MMguanine. Cell
suspensions were incubated in volumes of 20 ml for up to 5 days. At
various intervals, 2 ml of the cell suspension were removed from the
flask, of which 0.5 ml was used for cell density determination and 1.5
ml for assessment of cell differentiation.

Functional differentiation of HL-60 cells in culture was quantitated
by the reduction of NBT dye by a modification of a previously described
method (22, 23). Briefly, the cells, washed twice with RPMI 1640 and
resuspended at a concentration of 1 x 1(1''cells/ml, were incubated at
37Â°Cfor 30 min in RPMI 1640 with 100 Mg/ml 12-O-tetradecanoyl-

phorbol-13-acetate with 0.1% NBT. After incubation, cells were placed
onto slides by cytospin, dried, and further stained with Wright-Giemsa
stain. The percentage of cells that contained blue-black formazan
deposits, the product of NBT dye reduction, was determined by direct
microscopic inspection of at least 200 cells/slide.

Preparation of Crude HL-60 Enzyme Extract. HL-60 cells in mid-log
phase were harvested, washed twice with phosphate buffered saline, pH
7.4, and resuspended in 25 HIMTris (pH 7.4), 20 mM KC1,6 min MgCl,
and 1 mM dithiothreitol. The cell suspension was homogenized in an
ice bath using a Brinkmann Polytron (Westbury, NY) for three 15-s
periods at a setting of 10. The homogenate was centrifugea at 17,000
x g for l h to remove the cell debris, and the resulting supernatant
(crude enzyme extract) was used for enzyme assays.

Assay of GMP Kinase. The enzyme activity was assayed in 100 mM
Tris buffer, pH 8.0, containing 200 mM KC1, 20 mM MgCl2, 2 mM
ATP with GMP as the substrate, and various volumes of 1 mM 6-
TGMP. The reaction was started by adding 10 M'crude HL-60 enzyme
extract to 490 M!reaction mixture, and it was kept at 37Â°Cfor 7.5 min

before 22 M' concentrated PCA were added to stop the reaction. The
mixture was neutralized with 440 M' l,l,2-trichloro-l,2,2-trifluoro-
ethane/tri-n-octylamine (78:22), and the aqueous layer was analyzed by
HPLC for GDP and GTP.

HPLC Analysis of Nucleotide Pools. PCA extracts from either cell
pellets or GMP kinase assays were chromatographed on a Partisil 10
SAX column (250 x 4.6 mm) with isocratic elution with solvent A (5
mM potassium citrate-0.2 M KC1, pH 3.6) at 2 ml/min for 5 min
followed by a linear gradient, maintaining total flow rate of 2 ml/min,
reaching 100% solvent B (0.8 M NH4H2PO4-0.4 M KCl, pH 3.6) in 20
min. The eluent was monitored at 280 nm, and fractions were also
collected and analyzed by liquid scintillation counting when [8-uC]-6-

TG was used.

RESULTS

Effect of 6-TG on HL-60 Cell Growth and Differentiation.
The 50% growth inhibition concentration of 6-TG was 10 MM,
when measured over 48 h of drug exposure. Higher doses of 6-
TG failed to completely suppress the growth of HL-60 cells
over 48 h, possibly because of its differentiation effect or its
delayed toxicity, or both. After 60 h of drug exposure, no
further cell growth was observable (Fig. 1). Indeed, colony
forming ability following a 2-day drug exposure was abolished
by as little as 5 MM6-TG (Table 1). Furthermore, the majority
of the cells exposed to 10 MM6-TG for over 80 h were NBT
reduction positive, indicative of cell differentiation (Fig. 1).

The effects of guanine on 6-TG inhibition of cell growth,
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Fig. 1. Guanine effect on 6-TG induced cell differentiation in HL-60 cells.
Cells (density, 2 x IO5) were incubated with 10 Â«Â¿M6-TG and 200 Â«iMguanine.

DMSO was chosen as a positive control inducing agent. Functional differentiation
was quantitated by the NBT test. Each point was assayed in duplicate samples
from one representative experiment. Similar results were obtained in three inde
pendent experiments.

Table 1 Cytotoxicity of 6-TG against HL-60 cells in the presence or absence of
200 MMguanine, measured by a semisoft agar cloning assay (21)

6-TG concentration
(XM)0510

SO%

of growth"
with or without
200 MMguanine-100

Â±16
63 Â±15

0
0
0+100

Â±18*
100 Â±14
83 Â±23
20 Â±12
23 Â±12

" Mean Â±SD, n = 9, 3 independent experiments. Drug exposure was for 48 h.
* The addition of 200 /IM guanine alone caused a small (8%) reduction of cell

growth compared to control. Data in the presence of 200
normalized to 100% (no 6-TG added).

guanine were

cytotoxicity, and cell differentiation were determined next. The
addition of guanine partially reversed the growth inhibitory
effects of 6-TG (Fig. 1), with only small changes of the guanine
effect in the concentration range from SO to 300 MMon the
inhibition by 10 pM 6-TG. We subsequently selected 200 MM
guanine, which had minimal effects on cell growth and differ
entiation when added alone. Over a 96-h incubation, 200 MM
guanine shifted the 50% inhibitory concentration value of 6-
TG (cell count) to 25 MM;hence, while guanine reversed 6-TG
growth inhibition it failed to completely suppress 6-TG effects
(see also Fig. 1). The same results are found for 6-TG cytotox
icity as determined with the colony forming assay (Table 1),
which confirmed the inability of 200 MMguanine to fully reverse
the cytotoxicity of 6-TG.

The direct evaluation of the cytotoxicity of 6-TG is compli
cated by the simultaneous cell differentiation process (16, 19).
Therefore, the fraction of differentiated cells (NBT reduction
positive cells) was also measured in the presence of both 10 MM
6-TG and 200 MMguanine (Fig. 1; DMSO was used as a positive
control of cell differentiation). While guanine had only small
effects on overall cell growth for at least 90 h of incubation, it
did suppress the ability of 6-TG to induce cell differentiation,
and cell growth did recover after 90 h in incubations containing
both 6-TG and guanine. Guanine alone did not cause measur-
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able cell differentiation in separate experiments.
Guanine Effect on 6-TG Metabolism. The acid soluble fraction

of HL-60 cells, treated with 10 MM[S-^CJ-o-TG over 8 h in the

presence or absence of 200 MMguanine, was analyzed by HPLC
to reveal 6-TG nucleotide formation. 6-TGMP (3.5 min reten
tion) and 6-TGTP (22 min) were the predominant intracellular
metabolites of 6-TG. While 6-TGTP coeluted with ATP, the
6-TGMP peak could be measured by both 14Cactivity and UV

absorbante, which was not interfered with by endogenous sub
stances. Another metabolite peak, observed by monitoring ra
dioactivity of [8-'4C]-6-TG, was tentatively identified as 6-

TGDP, on the basis of its position in the HPLC record (12 min
retention). Furthermore, an addition I4C peak eluting after 6-
TGTP was detected in a location where 6-thio-2'-deoxyguano-
sine 5'-triphosphate is expected to elute (26 min retention).

The identity of the 6-TGMP peak was confirmed by comparison
to authentic TGMP and by alkaline phosphatase treatment,
followed by reverse phase HPLC and comparison with authen
tic 6-thioguanosine. The addition of guanine (200 MM)largely
suppressed 6-TG nucleotide formation in HL-60 cells (Fig. 2).
Similar declines were observed for all 6-TG nucleotide metab
olites, measured by their 14Cactivity in HPLC eluent fractions.

We also determined the effects of 200 MMguanine on [8-14C]-
6-TG incorporation into DNA and RNA. Guanine abolished
6-TG incorporation into nucleic acids to nondetectable levels.
Failure of 6-TG to reach RNA and DNA paralleled the reduc
tion of metabolism to 6-TG mononucleotides and a concomi
tant 5-fold increase of guanine nucleotides, such as GTP.

Nucleotide and Nucleic Acid Metabolism. Relative DNA and
RNA syntheses during drug treatment were measured in HL-
60 cells with [3H]dThd and [3H]uridine, respectively. Guanine

alone (200 MM) increased the level of tracer incorporation,
presumably by changing pyrimidine nucleotide metabolism
without affecting nucleic acid synthesis. When considering this
effect of guanine, only a small reduction (~20-30%) with 10
MM6-TG was noticed for [3H]uridine incorporation into RNA

(data not shown), in both the presence and absence of guanine.
However, [3H]dThd incorporation into DNA was more strongly
inhibited by 6-TG (Fig. 3). The latter effect of 6-TG was fully
reversed by guanine.

GTP levels were also measured in HL-60 cells (control: 27
nmol/108 cells) exposed to 10 MM6-TG. GTP levels decreased

by 20% at 24 h and by 40% at 48 h, while ATP levels remained
unchanged. Two hundred /JMguanine caused the GTP levels to
rise 4- to 5-fold, and 6-TG (10 MM)no longer affected GTP
pools in the presence of 200 n\i guanine.
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Fig. 2. Time course of 6-TGMP accumulation in S-49 cells and HL-60 cells
exposed to 10 pM 6-TG in the absence or presence of 200 H.Mguanine.

24

TIME
Fig. 3. Reversal of 6-TG caused DNA synthesis inhibition by guanine. HL-60

cells were incubated with 10 JIM 6-TG in the presence or absence of 200 n\i
guanine. At appropriate times, O.SÂ¿iCiradiolabeled thymidine was added to 1 ml
cell suspension, 45 min prior to harvest, and 'II incorporated into nucleic acid

was measured. Each point was obtained from duplicate samples in one represent
ative experiment. Similar results were obtained in two independent experiments.

Effect of 6-TGMP on GMP Kinase. 6-TGMP accumulates to
high concentrations in mammalian cells after 6-TG administra
tion, as shown here (Fig. 2) as well as by other investigators
(24). This observation suggests that 6-TGMP may be very
slowly metabolized to 6-TGDP and/or degraded to 6-thiogu
anosine. It has previously been shown (6, 25) that 6-TGMP
acts as a competitive inhibitor of GMP kinase from a number
of sources with KÂ¡values reported to be in the range of 50 MM
to 2.8 mM. therefore, its effect on GMP kinase from HL-60
cell extracts was determined by adding varying concentrations
of GMP (ranging from 25 to 150 MM)to two fixed concentra
tions of 6-TGMP (50 and 100 MM).However, 6-TGMP failed
to measurably affect the amounts of GDP and GTP generated
from GMP (data not shown) and thus failed to inhibit GMP
kinase at these pharmacological concentrations. Further,
TGMP itself served as a very poor substrate (> 10-fold lower
rate of phosphorylation to 6-TGDP than observed for the
conversion of GMP to GDP).

DISCUSSION

The presence of guanine can compete with 6-TG at different
loci along the guanine metabolic pathways. In HL-60 cells, the
formation of 6-TG mononucleotide was significantly reduced
by guanine (200 MM).Furthermore, 6-TG incorporation into
nucleic acids was abolished because of the greatly elevated levels
of guanine nucleotides competing for RNA and DNA synthesis.
Since toxic effects of 6-TG were reduced, but not abolished by
guanine, it is therefore likely that at least a portion of 6-TG
toxicity is unrelated to its incorporation into RNA and DNA.

6-TG has been shown to induce cell differentiation in human
promyelocytic leukemia HL-60 cells (16-19). Cell differentia
tion was also induced by 6-TG in a HGPRTase deficient mutant
of HL-60, albeit at rather high concentrations (HIM)(19). Since
this mutant lacks the capability of converting 6-TG to its
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corresponding nucleotides, these authors (17-19) concluded
that the parent 6-TG is the active form that initiates the cell
differentiation process in HL-60 cells. However, 6-TG caused
cell differentiation of the wild-type HL-60 cells at a much lower
concentration (10 MM).With the suppression of 6-TG nucleo-
tide formation in HL-60 cells by competition with guanine for
either purine base transport across the membrane (26) or
HGPRTase (5), 6-TG (10 UM)induced cell differentiation was
also abolished. This result indicates that at pharmacologically
relevant concentrations, 6-TG induced cell differentiation of
HL-60 cells is dependent upon its anabolism to 6-TG nucleo
tides such as 6-TGMP. At very high 6-TG concentrations (1
HIM),other mechanisms may prevail (19).

Purine nucleotide metabolism plays an important role in the
control of cell differentiation. Differentiation of HL-60 cells
was associated with consistent alterations in purine metabolism
(27), specifically decreased intracellular guarniate pools (23,
27). 6-TGMP was reported to inhibit phosphoribosylpyrophos-
phate amidotransferase (1), IMP dehydrogenase (1, 5), GMP
kinase (6, 25), and noncompetitively HGPRTase. However, the
addition of exogenous guanine expanded intracellular guanine
nucleotide pools (4- to 5-fold increase in the GTP pool) both
in the presence and absence of 6-TG, arguing against a potent
salvage inhibition by 6-TG. Furthermore, we confirm the find

ing of Miller et al. (25) that the alleged inhibition of GMP
kinase stems from an artifact in the spectrophotometric assay
used previously (6), and TGMP had little effect at pharmaco
logical concentrations on GMP kinase of HL-60 cells. Never

theless, the drug at 10 Â¿IMcaused a reduction of the GTP pool
in HL-60 cells and substantially inhibited [3H]dThd incorpo

ration into DNA. These two events are generally associated
with guanine starvation, e.g., by IMP dehydrogenase inhibitors
(20), and similar effects of 6-TG were previously observed in
L1210 cells (28). These results suggest that 6-TG induced
differentiation of HL-60 cells is caused by partial guanine
nucleotide depletion.
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