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ABSTRACT

The treatment of K562 human myeloblastic leukemia cells and YAC-
1 murine lymphoma cells with cadeguomycin at concentrations over 0.6
fiM significantly enhanced the cytotoxicity of l-/3-D-arabinofuranosylcy-
tosine (ara-C). The degree of potentiation depended upon the antibiotic
concentration. The treatment with 75 MMcadeguomycin for 18 h increased
cellular uptake of |'ll|ara-C '"'" K562 ct'lls and formation of ara-C

nucleotides, as well as incorporation into nucleic acids. The level of the
diphosphate of ara-C plus the triphosphate of ara-C was approximately
10 times higher in the cadeguomycin-treated cells than in the untreated
cells by 30 min of incubation with ['H|ara-( . The extracts of 15 MM

cadeguomycin-treated K562 cells showed increased activity of formation
of ara-C nucleotides, resulting in 4- to 5-fold higher formation of the di-
and triphosphates of ara-C than the control cell extracts. Cadeguomycin
did not significantly change the level of ribonucleotide and deoxyribonu-
cleotide pool in K562 cells. The mechanism of potentiation of ara-C by

cadeguomycin was discussed.

INTRODUCTION

We have isolated a new nucleoside antibiotic from a strain of
Streptomyces hygroscopicus and designated it cadeguomycin
(Fig. 1) because the chemical structure is 7-carboxy-7-deaza-
guanosine (1, 2). The antibiotic displays a unique property of
enhancing uptake of pyrimidine nucleosides into K562 human
myelogenous leukemic cells and YAC-1 murine lymphoma
cells, and it potentiates cytotoxicity of ara-C4 in vitro and in

vivo (2-5). Cadeguomycin-treated K562 cells show higher activ
ity of pyrimidine nucleoside and/or nucleotide kinases (5). The
antibiotic retards growth of s.c. solid IMC carcinoma and
pulmonary metastasis of Lewis lung carcinoma in mice (4).

We have studied the mechanism of potentiation by cadeguo
mycin of ara-C cytotoxicity for K562 and YAC-1 cells and
found that the antibiotic enhances ara-C nucleotide formation,
accompanied with augmentation of cellular uptake of ara-C.
The results are presented in this paper.

MATERIALS AND METHODS

Chemicals. [S-3H]ara-C (25.6 /iCi/mmo!) was a product of Amersham
International, Amersham, Buckinghamshire, England. ara-C was pur
chased from Yamasa Shoyu Co., Tokyo, Japan, and ara-CMP and ara-
CTP were from Sigma Chemical Co., St. Louis, MO. DNA polymerase
I of Escherichia coli was a product of Seikagaku Kogyo Co., Tokyo,
Japan. Cadeguomycin was generously prepared by Meiji Seika Kaisha,
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Ltd., Tokyo, Japan, as described previously (1,2). Cadeguomycin was
dissolved in PBS and sterilized by Millipore filtration.

Cell Culture. K562 cells (human myelogenous leukemia) (6) and
YAC-1 cells (murine T-cell lymphoma induced by Molony leukemic
virus) (7) were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum, benzylpenicillin (100 units/ml),
and streptomycin (100 Â¿ig/ml)in a humidified atmosphere containing
5% CO2 at 37'C.

Effect of Cadeguomycin, Guanosine, and ara-C on the Growth of K562
or YAC-1 Cells. The cells (2 x IQ4/ml) were cultured in a 24-well
plastic plate (2 ml of cell suspension/well) at 37'C in the medium

described above in the presence of various concentrations of the drugs,
which were added at Day 0. The viable cell number was determined by
a trypan blue dye exclusion method after 5 days except as stated
otherwise.

Cellular Uptake of [3H]ara-C by K562 Cells. Exponentially growing
K562 cells (5 to 7 x 105/ml) were pretreated with cadeguomycin (75
Â¿IM)for 18 h, and the cell number was adjusted to 1 x IO''/nil in a

cadeguomycin-containing medium. High cell density was used to obtain
a sufficient amount of [3H]ara-C incorporated into the cells. The cell
suspension (1 ml) containing |'H]ara-C (0.5 jiCi/ml, 0.02 Â¿IM)was

layered on 0.3 ml of sterilized oil mixture in a plastic tube described
previously (8) and incubated at 37*C in a water bath with occasional

shaking. The cells were sedimented at 15,000 rpm for 30 s with an
Eppendorf model 5312 centrifuge at 15, 30, 60, 120, and 180 min. The
cell pellet was solubili/od in 0.5 ml of Protosol (New England Nuclear)
by incubation at 37'C overnight, and the radioactivity was determined

by addition of 10 ml of Chemilume (Packard) in a liquid scintillation
spectrometer.

Determination of | ' 11|ara-( Incorporated into the Acid-insoluble Frac
tion of K562 Cells. Cellular uptake of [3H]ara-C was carried out as
mentioned above, except that the cell suspension (3 x 106/0.5 ml) and
2 pCi/ml (0.078 Â¿IM)of [3H]ara-C were used. Incubation was stopped

at 30, 60, 120, 180, and 240 min, and the cells were sedimented with
the Eppendorf centrifuge as described above. After sedimentation, 0.1
ml of 0.2 N perchloric acid was added to the cell pellet. The cells were
suspended homogeneously in the acid solution and kept in an ice bath
for 30 min. The acid-insoluble materials were separated by centrifuga-
tion, washed twice with 0.2 N perchloric acid, and dissolved in Protosol
(0.5 ml). The radioactivity was measured as described above.

Separation of |'II|ara-< and Its Nucleotides on TLC. An aliquot (10

i/1)of the acid-soluble fraction obtained as mentioned above was spotted
on a Silica Gel 6(ll-':Mplastic sheet (0.2 mm in thickness; Merck) and

developed by a mixture of l M ammonium hydroxide and isobutyric
acid (3:5). Cold ara-C, ara-CMP, and ara-CTP were simultaneously
developed as markers. The nucleosides and nucleotides were detected
by UV light, the spots were cut off, and the radioactivity was counted
in a liquid scintillation spectrometer. The radioactivity of the mixture
of [3H]ara-CDP and [3H]ara-CTP was determined, because of poor

separation of dCDP and dCTP (5).
ara-C and Its Nucleotide Kinase Activities of the Cell Extracts. After

incubation with cadeguomycin (0, 3, 15, or 75 JIM)for 18 h, K562 cells
(approximately 7 x 10s/ml) were harvested by sedimentation, and the

cell extracts were prepared by the procedure described previously (5);
briefly, the cells were washed with PBS and homogenized in 20 HIM
sodium phosphate buffer, pH 7.0, with a Dounce homogenizer. The
cell extracts, the supernatant of centrifugation at 105,000 x g for 60
min, were extensively dialyzed against 10 HIMTris-HCl, pH 8.0, to
remove cadeguomycin and nucleotides from the extracts and used for
the enzyme reaction. The reaction mixture, in 0.1 ml, consisting of 50
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Fig. 1. Chemical structure of cadeguomycin.

HIMTris-HCl, pH 8.0, S IHMATP, 4 IHMMgCl2,10 mMdithiothreitol,
the cell extracts (45 /ig of protein), and 1 Â¿Â¿Ci(4.4 Â¿/M)of [3H]ara-C,
was incubated at 37*C for 30 or 60 min and kept in boiling water for 2

min to terminate the reaction. Formation of total ara-C nucleotides
was measured by a disc method (5, 9, 10), and separation of ara-CMP,
ara-CDP, and ara-CTP was performed by TLC analysis described
above.

Measurement of Ribonucleoside Triphosphate Pools. K562 cells (ap
proximately 7 x 10"/inI), treated with 15 pM cadeguomycin for 18 h,

were washed with ice-cold PBS and extracted with 0.4 ml of 5% TCA
for 15 min at 41. The acid-soluble extracts were neutralized by
extraction with 1.1 volume of 0.5 M tri-n-octylamine in 1,1,2-trichlo-
rotrifluoroethane. The neutralized extracts were directly analyzed by
high-performance liquid chromatography. The samples were injected
onto a 4.6- x 250-m m SAX-1251-N column (Senshu Scientific Co.,
Tokyo, Japan) and eluted with a linear gradient from 0.2 to 0.64 M
KHjPO4 (pH 3.5) containing 5% acetonitrile at a flow rate of 1 ml/
min at room temperature. Each ribonucleoside triphosphate was de
tected by absorbance at 260 nm, and the amount of each was calculated
by comparing the size of the peak to that of a standard solution
containing a known amount of compound.

Measurement of Deoxyribonucleoside Triphosphate Pools. K562 cells,
treated with 0, 0.6, 3, or 15 *iMcadeguomycin for 18 h, were washed
with ice-cold PBS and extracted with 1 ml of 60% methanol for 24 h
at -20"C. The methanol-soluble extracts were evaporated to dryness in
a few minutes at 37*C, and the residue was dissolved in water. For

determination of deoxyribonucleoside triphosphate pools, the DNA
polymerase assay was performed, followed by the method of Lowe and
Grindey (11) with slight modifications. The reaction mixture contained
the following in a Ima] volume of 0.1 ml: 60 HIMTris-1 ICI, pH 7.2; 5
mM MgCl2; 0.9 mM 2-mercaptoethanol; 0.6 units of DNA polymerase
I (/â€¢-'.coli); 3 /ig of nicked calf thymus DNA; 600 pmol of three

deoxyribonucleoside triphosphates in excess (including the radiolabeled
compound at a specific activity of 300 Â¿tCi/Mmol);and 0 to 90 pmol of
the limiting amount of one deoxyribonucleoside triphosphate or the
cellular extracts. The reaction was continued for 90 min at 18*C, and

80 u\ were spotted on a Whatman DE81 paper disc. The disc was
washed twice in 5% TCA-1% sodium pyrophosphate and once in
ethanol. The disc was dried, and the radioactivity was determined in a
liquid scintillation spectrometer.

RESULTS

Effect of Cadeguomycin on the Growth of K562 Cells. Cade
guomycin at various concentrations was introduced to the cul
ture of K562 cells at Day 0, and the effect on the growth was
determined after 18 h and 5 days by counting viable cells. The
antibiotic did not affect growth of K562 cells at every concen
tration examined after 18 h and inhibited it at the concentra
tions over 15 /Â¿Mafter 5 days (Fig. 2).

Potentiation by Cadeguomycin of ara-C Cytotoxicity in K562
and YAC-1 Cells. The effect of ara-C on the growth of K562
cells was studied in the absence or presence of 0.6 /jMcadeguo
mycin, which did not significantly affect growth. As illustrated
in Fig. 3, the cytotoxicity of ara-C was markedly enhanced by
cadeguomycin. The 1CÂ»of ara-C was 0.35 /IM in the absence

Â£ 50

o
O

0.12 0.6 3 15

Cadeguomycin (uM)

75

Fig. 2. Effect of cadeguomycin on the growth of KS62 cells. Two ml of cell
suspension (2 x HI4-ml) were cultured in a 24-well plastic plate at 37*C with

various concentrations of cadeguomycin, and the viable cells were determined
after 18 h (O) or 5 days (â€¢).Each point represents the mean of triplicate
determinations.

100
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Fig. 3. Effect of cadeguomycin on ara-C cytotoxicity for K562 cells. Two mlof cell suspension (2 x I04/m'l) were cultured in a 24-well plastic plate at 37'C

with various concentrations of ara-C in the absence of (O) or presence (â€¢)of 0.6
Â¿AIcadeguomycin. The viable cells were determined after 5 days, and the average
of triplicate determinations is presented.

Table 1 Enhancement of ara-C cytotoxicity by cadeguomycin

Cadeguomycin
(MM)0

0.12
0.60
3.0

IS1CÂ»

of ara-COÃ•M)K562

cells0.35
(1)"

0.198 (2)
0.0250(14)
0.0062 (56)

<0.0041 (>85)YAC-1

cells0.103

(1)
0.0350(3)
0.0220(5)
0.0087(12)
0.0033 (31)

* Numbers in parentheses, degree of enhancement: ratio of 1CÂ»of ara-C in the

absence to that in the presence of cadeguomycin.

of cadeguomycin and 0.025 UMin the presence of cadeguomy
cin; the degree of potentiation was 14. Deoxyguanosine and
guanosine, the related compounds to cadeguomycin, did not
show any potentiation activity even at 75 /Â¿M(data not shown).
Potentiation of ara-C by cadeguomycin was also observed in
mouse T-cell lymphoma YAC-1 cells. The ICso of ara-C against
K562 and YAC-1 cells depended upon cadeguomycin concen
trations, and the degree of potentiation was higher in K562
than in YAC-1 cells (Table 1).

Cellular Uptake of [3H]ara-C by Cadeguomycin-treated K562

Cells. K562 cells were treated with 75 Â¡IMcadeguomycin for 18
h as described in "Materials and Methods." The total uptake
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of [3H]ara-C increased rapidly up to 20 min and then gradually

decreased in the untreated cells, but increased linearly during
the 3-h incubation in the cadeguomycin-treated cells. The
amount of [3H]ara-C uptake of the cadeguomycin-treated cells
was about 3-fold higher than that of control cells at 3 h (Fig.
4).

As shown in Fig. 5, incorporation of [3H]ara-C into the acid-
insoluble fraction was linearly increased during the 4-h incu
bation in the cadeguomycin-pretreated cells, whereas in control
cells, it reached a plateau after 1-h incubation with [3H]ara-C.

The incorporation was consistently higher in the former than

1 2 3
Incubation time (hr)

Fig. 4. Uptake of |'H |ani ( by 75 MMcadeguomycin-treated (â€¢)and -untreated

(O) K562 cells. Points, mean of triplicate samples; bars, SD.
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in the latter during the incubation period, and the former
showed an approximately 3-fold higher incorporation than the
latter at 4 h.

The radioactivities in the acid-soluble fractions were analyzed
on TLC. As summarized in Table 2, approximately 90% of the
radioactivity was [3H]ara-C, and 3% was (3H]ara-CDP plus ara-
CTP in the fraction of control cells by 30-min incorporation.
However, in the cadeguomycin-treated cells, the level of [3HJ-
ara-C was low, and that of [3H]ara-CDP and ara-CTP was
greatly increased even by 15-min incorporation. The level of
ara-CDP plus ara-CTP was approximately 10-fold higher in
the former than in the latter by 30-min ara-C incorporation.
These results suggested that ara-C is phosphorylated to ara-
CTP, the active form, more efficiently in the cadeguomycin-
pretreated cells than in the untreated cells.

Enzymatic Formation of ara-C Nucleotides by Extracts of
Cadeguomycin-treated or -untreated K562 Cells. Since ara-C
nucleotide formation in K562 cells was enhanced by cadeguo-
mycin, the activity of ara-C and its nucleotide kinases in the
extracts of the cadeguomycin-treated cells was comparatively
studied with that of the untreated cells, using a filter method
and TLC. The enzymatic activity of ara-C nucleotide synthesis
was enhanced by the 18-h treatment of K562 cells with cade-
guomycin: approximately 2-fold higher with 75 /IM of the
antibiotic (Fig. 6). ara-C nucleotides synthesized by the cell
extracts were analyzed by TLC. It revealed that approximately

Table 2 Analysis ofpHJara-C incorporated into the acid-soluble fraction of
K562 cells

K562 cells were treated with 75 MMcadeguomycin for 18 h and incubated with
[3H)ara-Cfor 15 or 30 min.

Cadeguo-
mycin
(MM)075075Incubation

with
ara-C
(min)15

30ara-C

(fmol/106cells)2300

Â±272" (89)*

620 Â±40(36)2040

Â±55 (88)
870 Â±44 (34)ara-CMP

(fmol/10*cells)203

Â±32 (8)
597 Â±33(35)186

Â±16 (8)
823 Â±165 (33)ara-CDP

+ ara-CTP
(fmol/10Â»cells)84

Â±18 (3)
495 Â±51(29)87

Â±10 (4)
839 Â±142 (33)

' Mean Â±SD.
* Numbers in parentheses, percentage of total [3H]ara-C and its nucleotides.
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Fig. 5. Incorporation of |'H]ara-C into the acid-insoluble fraction of K562 Fig. 6. Formation of ara-C nucleotides by the extracts of cadeguomycin-treated
cells. O, control; â€¢,cadeguomycin-treated cells (75 MM,18 h). Points, mean of K562 cells (disc paper method). Cadeguomycin: O (O); 15 (A); and 75 (â€¢)MM.
triplicate determinations; bars, SD. Points, mean of triplicate determinations; bars, SD.
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80% of the nucleotide formed by the extracts of 3 or 15 UM
cadeguomycin-treated cells was ara-CDP plus ara-CTP,
whereas approximately 80% of the nucleotide formed by control
extracts was ara-CMP. The level of ara-CDP plus ara-CTP was
4- to 5-fold higher in the cadeguomycin-treated cells than in
the untreated cells (Table 3). The results suggested that cade-
guomycin enhances the activity of ara-C nucleotide kinases in
K562 cells. No direct effect of cadeguomycin on the enzymatic
activity of cell extracts of phosphorylating ara-C and its nucleo-
tides was observed (data not shown).

Effect of Cadeguomycin on the Level of Ribonucleoside and
Deoxyribonucleoside Triphosphate Pools. Since ara-C uptake is
influenced by the level of nucleotide pool, especially by the level
of dCTP, in cells, we examined the level of ribonucleoside and
deoxyribonucleoside triphosphate pools in cadeguomycin-
treated and untreated K562 cells. As summarized in Table 4,
intracellular pools of CTP, UTP, dCTP, and TTP did not
significantly change after 18 h of cadeguomycin treatment. This
suggests that the enhancement of uptake of thymidine, uridine,
deoxycytidine, and ara-C in the cadeguomycin-treated cells is
not due to the change of these nucleoside and nucleotide pools.

DISCUSSION

Cadeguomycin retards tumor growth and metastasis in as
sociation with modification of the immune system (4), although
it shows weak cytotoxicity in culture (5). The antibiotic has a
unique property of enhancing pyrimidine nucleoside incorpo
ration into K562 and YAC-1 cells (1,3, 5). The enhancement
is due to the increase of activity of pyrimidine nucleoside and
nucleotide kinases, including deoxycytidine kinase (5), which is
responsible for initial phosphorylation of ara-C. Thus, we have
examined the effect of cadeguomycin on ara-C cytotoxicity and
found that the antibiotic treatment of K562 and YAC-1 cells
greatly enhanced the growth-inhibitory activity of ara-C; i.e.,
the degree of potentiation with 15 /Â¿Mcadeguomycin was more
than 85 times in K562 cells (Table 1). The pretreatment with
cadeguomycin enhanced the cellular uptake of [3H]ara-C (Fig.

4), although the initial uptake was lower than that in control

Table 3 ara-C and its nucleotide kinase activities of the extracts of
cadeguomycin-treated and -untreated K562 cells

K562 cells were treated with cadeguomycin for 18 h, and the cell extracts wereincubated with | 'I I|;ira ( ' for 60 min in a reaction mixture described in "Materials
and Methods."

Pretreatment
with

cadeguomy
cin

(MM)0

315Nucleotide

formed
(pmol/mgprotein/h)ara-CMP847

Â±14Â°(79)*

231 Â±10 (21)
359 Â±14 (24)ara-CDP

+ara-CTP222

Â±49 (21)
858 Â±48 (79)

1121 Â±20(76)
â€¢Mean Â±SD.
* Numbers in parentheses, percentage of total Â¡'I IÂ¡araC nucleotides.

cells. The lower initial uptake of [3H]ara-C by the cadeguomy
cin-treated cells may be due to the presence of cadeguomycin
in the medium, which may share the transport carrier of nu-
cleosides in common with ara-C. The reason of the decrease of
[3H]ara-C once incorporated into control cells (Fig. 4) is not
clear. It might be due to conversion of ara-C to ara-U or ara-
UMP by deoxycytidine or dCMP deaminase in control cells.
These enzyme activities are blocked in cadeguomycin-treated
cells (data not shown). It will be discussed later again. ara-C is
converted to ara-CTP which competes with dCTP for DNA
polymerase and is incorporated into DNA, leading to cell death
(12-15). In the cadeguomycin-treated K562 cells, formation of
ara-CTP (Table 2) and its incorporation into nucleic acid (Fig.
5) were significantly higher than those in control cells. More
over, the extracts of cadeguomycin-treated cells displayed in
creased activity of ara-CDP and ara-CTP formation (Table 3).

Several investigators have tried to potentiate ara-C cytotox
icity by combination with various nucleoside analogues. Thy
midine enhances the antileukemic effect of ara-C in culture and
animal systems (16-18) by lowering the intracellular dCTP
pool and preventing feedback inhibition of deoxycytidine kinase
by dCTP (19, 20), resulting in an increase of S-phase cells (21).
ara-C is an S-phase-specific agent. Deoxyguanosine reduces the
intracellular pool of dCTP and inhibits HL60 and K562 leu-
kemic cell growth (20) and produces synergism with ara-C in
these cells (22, 23). The pretreatment of LSI78Y lymphoma
cells with ara-U enhances the cytotoxicity of ara-C by delaying
cell progression through S phase and by increasing deoxycyti
dine kinase (24). Cadeguomycin did not significantly change
the level of the dCTP pool in K562 cells (Table 4). Cadeguo
mycin showed much higher potency of stimulation of ara-C
cytotoxicity than thymidine, deoxyguanosine, and ara-U. The
former displays a significant potentiation even at a concentra
tion as low as 0.6 /U,M.whereas the latter require concentrations
higher than 100 n\i for their potentiation. In fact, we observed
that neither deoxyguanosine nor guanosine at 75 UM showed
the potentiation activity of ara-C.

Potentiation of ara-C by cadeguomycin was not significantly
observed in mouse LI210 and FM3A and human MOLT-3
cells. However, recently we have isolated ara-C-resistant FM3A
and MOLT-3 cells by a stepwise increase of ara-C concentration
in the culture and found that cadeguomycin strongly potentiates
ara-C activity in these cell lines and overcomes the resistance.
These cells show a higher activity of dCMP deaminase, which
inactivates ara-C by converting ara-CMP to ara-UMP, than the
parental cells. The activity of dCMP deaminase in K562 cells
is higher than that in other cells in which potentiation of ara-C
by cadeguomycin is not observed, and the activity of the enzyme
in K562 cells was strongly blocked by cadeguomycin treatment.
It may partly explain the cell specificity of cadeguomycin for
ara-C potentiation and suggests that cadeguomycin is useful for
treatment of ara-C-resistant cells which have become ara-C

Table 4 Intracellular pools of CTP, UTP, dCTP, and TTP in KS62 cells
Cells were incubated for 18 h with or without cadeguomycin. CTP and UTP pools were determined by high-performance liquid chromatography analysis and

expressed as nmol/107 cells. dCTP and TTP pools were by the DNA polymerase method and expressed as pmol/107 cells.

nmol/107 cells
Cadeguomyoin(MM)

CTP0
21.3 Â±3.2"(100)*

0.6 NDC

3 ND
15 24.7 Â±4.5 (116)UTP79.7

Â±7.3 (100)
ND
ND

108.1 Â±9.9(136)pmol/107

cellsdCTP41

Â±1 (100)
36 Â±3 (88)
33 Â±3 (80)
36 Â±3 (88)TTP629

Â±74 (100)
727 Â±67 (116)
624 Â±87 (99)
762 Â±179(121)

" Mean Â±SE of duplicate samples.
* Numbers in parentheses, percentage of control.
' ND, not determined.
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resistant by increased activity of dCMP deaminase. Details will
be presented elsewhere.

Cadeguomycin did not show any direct activity on pyrimidine
nucleoside kinases and dCMP deaminase. It is important to
examine whether cadeguomycin is phosphorylated in cells and
then shows its biological activity. To know the real active
metabolite of cadeguomycin, we are now trying to synthesize
cadeguomycin mono-, di-, and triphosphates chemically.
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