
Original Paper

Augmentation of 1-�-D-Arabinofuranosylcytosine (Ara-C)
cytotoxicity in leukaemia cells by co-administration with

antisignalling drugs

A. Freund,1 J. Boos,1 S. Harkin,2 M. Schultze-Mosgau,2 G. Veerman,3 G.J. Peters3

and A. Gescher2

1Department of Paediatric Oncology, University of MuÈnster, Albert-Schweitzer-Str. 33, D-48129 MuÈnster,

Germany; 2MRC Toxicology Unit, CMHT, University of Leicester, PO Box 138, Leicester LE1 9HN, U.K.;

and 3Department of Oncology, Free University, Amsterdam, The Netherlands

The ribonucleotide reductase inhibitors hydroxyurea (HU), arabinosyl-2-¯uoroadenine (F-Ara-A)

and 2-chlorodeoxyadenosine (2-CdA) and the antisignalling drugs all-trans retinoic acid (ATRA),

staurosporine and quercetin have been reported to enhance the cytotoxicity of 1-�-d-arabinofur-

anosylcytosine (ara-C). We tested the hypothesis that the ara-C-sensitising potency of the antisignal-

ling agents is equipotent with that of the ribonucleotide inhibitors. The cytotoxicity, determined by the

3-(4,5 dimethylthiazol-2-y1-)5 diphenyltetrazolium bromide (MTT) assay, of combinations of ara-C

with the agents named above was compared in the leukaemia cell lines HL-60, ara-C-resistant HL-60

(HL-60/ara-C) and U937. Furthermore, a range of protein tyrosine kinase inhibitors, genistein, CGP

52411, tyrphostin A48 and nordihydroguaiaretic acid (NDGA), for which ara-C-sensitisation has

hitherto not been described, were included in the study. All three cell types acquired increased sensi-

tivity to ara-C when co-incubated with HU or ATRA, but their ara-C sensitivity was not aVected by

quercetin or genistein. 2-CdA, CGP 52411, tyrphostin A48, staurosporine and NDGA were active as

sensitisers against ara-C in HL-60 cells, CGP 52411 and tyrphostin A48 also in HL-60/ara-C cells, and

2-CdA, staurosporine and NDGA also in U937 cells. F-Ara-A increased ara-C toxicity in HL-60/ara-C

and U937 cells. To address the mechanism of the observed sensitisation, the in¯uence of agents with

ara-C-sensitising properties on ara-C-induced apoptosis was investigated in HL-60 cells as measured

by cell shrinkage, DNA loss and DNA fragmentation. HU, ATRA, tyrphostin A48 and NDGA aug-

mented apoptosis induced by ara-C as assessed by all three indicators. CGP 52411 decreased the eVect

of ara-C on apoptotic indicators after incubation for 4 h, but not after 12 h. The results suggest that

ATRA, CGP 52411, tyrphostin A48, staurosporine and NDGA may be suitable alternatives to the

clinically applied ribonucleotide reductase inhibitors as modi®ers of ara-C cytotoxicity in the treat-

ment of acute myeloid leukaemia. # 1998 Published by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

1-b-d-Arabinofuranosylcytosine (ara-C, cytarabine) plays

a central role in the treatment of leukaemias, particularly

acute myeloid leukaemias (AML). In the cell, ara-C is phos-

phorylated to its cytotoxic metabolite ara-cytosinetriphos-

phate (ara-CTP) via the action of a sequence of kinases.

Incorporation of ara-CTP into DNA and subsequent induc-

tion of DNA strand breaks is considered to be the major

mechanism by which ara-C exerts cytotoxicity. In clinical

studies, ara-CTP levels have been correlated with manifesta-

tions of cytotoxicity or clinical outcome [1±3]. Resistance

against ara-C is a major cause of failure of AML treatment.

Mechanistically, acquisition of ara-C resistance can involve
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several steps in the metabolic toxi®cation pathway of ara-C,

and resistance can be moderated by co-administration with

agents such as hydroxyurea (HU), 2-chlorodeoxyadenosine

(2-CdA) and arabinosyl-2-¯uoroadenine (F-Ara-A) [4].

Augmentation of cellular ara-CTP levels by these agents is

one feasible mechanism to explain the increase in cellular

sensitivity against ara-C caused by these agents. Combina-

tions of ara-C with F-Ara-A or 2-CdA are currently under

clinical phase I and II evaluation [5, 6]. Other drugs which

have been reported to sensitise cells to ara-C are the kinase

modulators quercetin [7], staurosporine [8] and bryostatin 1

[9, 10] and the diVerentiation-inducing drug all-trans retinoic

acid (ATRA) [11, 12], agents which are thought to exert

antineoplastic eVects per se via perturbation of cellular signal

transduction pathways and not via alteration of ara-C meta-

bolism. From a mechanistic standpoint, the ara-C-sensitising

activity of these agents is pertinent in the light of the fact that

ara-C itself has been implicated as a modulator of signal

transduction pathways. It has been shown to modulate the

activity of a number of kinases, including mitogen-activated

protein (MAP) kinase [13], protein kinase C [14] and cdc 2

kinase [15], to upregulate cyclin E [16], to decrease phos-

phorylation of retinoblastoma protein [17], to activate the

transcription factors NFkappa B [18] and AP-1 [19] and to

increase the rate of transcription of the c-fos and c-jun proto-

oncogenes [20]. The role which these eVects have as

mechanistic arbiters of ara-C cytotoxicity is unclear. Induc-

tion of programmed cell death (apoptosis) has been proposed

as a mechanistic component of the cell killing properties of

ara-C [21], and perturbation of signal transduction is ger-

mane to induction of apoptosis. Sensitisation of cells to ara-C

cytotoxicity by staurosporine was not accompanied by aug-

mented ara-CTP levels [8], which suggests that this, and

perhaps other, antisignalling drugs increase ara-C cytotoxicity

independent of modulation of ara-C metabolism.

The ara-C-sensitising potencies of ribonucleotide reduc-

tase inhibitors and antisignalling drugs have hitherto not been

rigorously compared. Therefore, we investigated the abilities

of CdA, F-Ara-A and HU to sensitise cells to ara-C and jux-

taposed their sensitising eYcacy with that of quercetin,

staurosporine and ATRA. Furthermore we wanted to test the

hypothesis that kinase-inhibitory antisignalling drugs other

than quercetin and staurosporine, for which sensitisation has

been demonstrated (see above), augment ara-C cytotoxicity.

Apart from quercetin and staurosporine we chose genistein,

CGP 52411, tyrphostin A48 and nordihydroguaiaretic acid

(NDGA). Quercetin, genistein and staurosporine are rela-

tively non-speci®c kinase inhibitors [22, 23], CGP 52411 and

tyrphostin A48 inhibit the epidermal growth factor (EGF)

receptor-linked protein tyrosine kinase (PTK) with relative

speci®city [24, 25], and NDGA is a selective inhibitor of pla-

telet-derived growth factor (PDGF) receptor-linked PTK

[26]. As leukaemia cell models for these investigations, we

chose human-derived HL-60 promyelocytic cells and U937

monocytic cells and a newly derived ara-C resistant variant,

HL-60/ara-C cells. Furthermore we investigated whether

sensitisation of HL-60 cells against ara-C by such agents may

be accompanied by an increase in susceptibility towards ara-

C induced apoptosis. Overall, the work was aimed at the

comparative characterisation of some known and novel

agents for their ara-C-sensitising activity with the ultimate

rationale to help enlarge the oncologist's therapeutic arma-

mentarium in the treatment of childhood leukaemias.

MATERIALS AND METHODS

Drugs and cell lines

Ara-C, HU, 2-CdA, F-Ara-A, ATRA, staurosporine, gen-

istein and quercetin were purchased from Sigma Chemical

Co. (Dorset, U.K.), NDGA from Fluka Chemie AG (Buch,

Switzerland) and tyrphostin A48 from Calbiochem (Not-

tingham, U.K.). CGP 52411 was a gift from Dr E. Buch-

dunger (Ciba-Geigy, Basel, Switzerland). Ara-C, HU, 2-CdA

and F-Ara-A were dissolved in phosphate-buVered saline

(PBS), the other drugs in dimethylsulphoxide (DMSO) or

ethanol. Stock solutions were stored at ÿ 20�C. Concentra-

tions of DMSO and ethanol did not aVect cell growth and

viability. Incubations with 2-CdA, ATRA, tyrphostin A48,

genistein and quercetin were protected from light. Strictly

speaking ATRA is a `signalling', not an `antisignalling', drug,

but for reasons of simplicity we incorporate ATRA under the

heading `antisignalling' agents.

HL-60 promyelocytic and U937 monocytic leukaemia cells

were obtained from the European Collection of Cell Cultures

(Salisbury, U.K.) and tested negative for mycoplasmal infec-

tion. An ara-C-resistant HL-60 cell line (HL-60/ara-C) was

isolated by culturing cells for 6 months in the presence of ara-

C at gradually increasing concentrations, as described pre-

viously [27]. Cells were cultured in RPMI-1640 medium

(with phenol-red) (Gibco, U.K.) supplemented with 10%

heat-inactivated fetal calf serum, glutamine (2 nmol/l), and

incubations for cytotoxicity assays included penicillin (100 U/

ml) and streptomycin (50 mg/ml). Cultures were grown under

5% CO2 in a humidi®ed atmosphere at 37�C.

Cytotoxicity assay

The cytotoxicity of ara-C without or with modulator was

determined using the 3-(4, 5 dimethylthiazol-2-yl-)5 diphe-

nyltetrazolium bromide (MTT) assay [28, 29]. Cells (106/ml

HL-60 and HL-60/ara-C; 4�105/ml U937) were seeded in

dishes with 96 round bottom wells (Nunc, Naperville,

U.S.A.) and incubated with drugs for 24 h, then centrifuged

(800 g, 5 min), washed with PBS and resuspended in a solu-

tion of MTT (5 mg/ml RPMI). After incubation for 4 h, cells

were washed in PBS and the formazan crystals were dissolved

in DMSO. Optical density was measured at 540 nm using a

plate reader (Labsystems iEMS Reader MF). Experiments

were conducted in octuplets and repeated at least twice.

Potential chemical interactions between agents and MTT

were ruled out by including tests with non-viable cells [30].

Erroneously high MTT values have been reported for cells

with compounds which cause G2 arrest [31]. This problem

was unlikely to confound the analysis described here, since

ara-C cytotoxicity is mainly S phase speci®c [32], and the

modulators were used at concentrations which were without

any, or with only marginal, cytotoxicity when used on their

own. Ara-C was used at two concentrations, 0.1 and 10 mmol/l

in HL-60 cells, 100 and 2500 mmol/l in HL-60/ara-C cells,

and 0.5 and 5mmol/l in U937 cells. The ara-C concentrations

which caused 50% cytotoxicity (ic50) were 8.7 � 0.39,

6399 � 211 and 3.2 � 0.5 mmol/l in HL-60, HL-60/ara-C and

U937 cells, respectively. Modulators were employed at the

following concentrations in HL-60, HL-60/ara-C and U937

cells, respectively: 2-CdA 0.05, 100 and 0.05 mmol/l; F-Ara-A

1, 100 and 1 mmol/l; quercetin 50, 50 and 10 mmol/l; genistein

10, 50 and 50 mmol/l; and for all three cell lines, HU

100mmol/l; ATRA 1 mmol/l; staurosporine 0.01mmol/l; CGP

52411 10mmol/l; tyrphostin A48 50 mmol/l; and NDGA
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10 mmol/l. Modulators were co-incubated with ara-C, without

a pre-incubation period. Such a protocol has been shown to

furnish signi®cant, albeit not maximal, augmentation of levels

of the active ara-C metabolite ara-CTP when incubated

together with F-Ara-A, 2-CdA and HU [33]. In preliminary

experiments we established that, using this protocol, F-Ara-

A, 2-CdA and HU signi®cantly exacerbated ara-C-induced

cytotoxicity in the cells used here. It cannot be ruled out that

scheduling plays a role in determining the interaction

between ara-C and antisignalling agents, therefore the co-

incubation protocol used here constitutes a simpli®cation.

The term `sensitisation' in the text describes supra-additive

cytotoxicity of the combination compared with the sum of

cytotoxicities of ara-C and modulator alone.

Measurement of deoxycytidine kinase activity

Deoxycytidine kinase activity in HL-60 and HL-60/ara-C

cells was determined according to Ruiz van Haperen and

associates [34]. Enzyme activity was measured at low

(10 mmol/l) and saturating (230 mmol/l) deoxycytidine con-

centrations, in the absence and presence of thymidine

(1 mM) which inhibits mitochondrial thymidine kinase 2

activity [35].

Measurement of apoptosis

HL-60 cells (1�106/lane) were exposed for 4 h to tyrphos-

tin A48 (50 mmol/l), ATRA (50 mmol/l), NDGA (10mmol/l),

HU 100 (mmol/l), CGP 52411 (10 mmol/l) or staurosporine

(0.05mmol/l) alone or in combination with ara-C (2±10mmol/l)

and analysed for markers of apoptosis. The modulators on

their own at these concentrations failed to induce apoptosis,

or caused only minimal apoptosis. Oligonucleosomal DNA

fragmentation was determined on 1.8% agarose gels as pre-

viously described [36]. Electrophoresis was conducted at

20 V for 1 h in the presence of 2% sodium dodecylsulphate

(SDS) and proteinase K (1.25 mg/ml) to ensure cell lysis,

then for 3±4 h at 100 V. Hypodiploid cells (sub-G1 peak)

were quantitated ¯ow-cytometrically as described by

Ormerod [37]. Following drug exposure, cells were ®xed by

exposure to 70% ethanol overnight at 4�C. Subsequently,

cells were washed and resuspended in a solution containing

RNaseA (0.05 mg/ml) and propidium iodide (PI, 25 mg/ml).

The DNA histogram of the PI-stained nuclei was measured

on a FACScan instrument (Becton Dickinson) (486 nm, ¯ow

rate 200 cells/sec). Clumped cells were excluded by bivariate

histogram of the peak and the integrated area of the red

¯uorescent signal. Changes in cell size were detected with a

Casy 1 counting and sizing instrument (Schaerfe System,

Reutlingen, Germany) using a 150 mm aperture.

DiVerences in cytotoxicity and apoptosis indicators were

analysed for signi®cance by Student's t-test.

RESULTS

Modulation of ara-C cytotoxicity

EVects of the ribonucleotide reductase inhibitors HU,

2-CdA and F-Ara-A, or the antisignalling drugs genistein,

quercetin, staurosporine, CGP 52411, tyrphostin A48,

NDGA and ATRA on the cytotoxicity of ara-C in HL-60,

newly derived HL-60/ara-C and U937 cells were investigated

using the MTT assay. HL-60/ara-C cells were characterised

by acquisition of 1000-fold resistance against ara-C and 333-

fold cross-resistance against gemcitabine. The resistance is

probably the corollary of the substantial decrease in deoxy-

Table 1. EVect of drugs on 1-b-d-arabinofuranosylcytosine (ara-

C)-induced cytotoxicity in three leukaemia cell lines (percentage

decrease from number of untreated control cells)

Cells

HL-60 HL-60/ara-C U937

HU 14 � 7 24 � 5 Ðy
Ara-C low conc.z 7 � 10 12 � 7 21 � 2

Ara-C high conc.x 58 � 8 24 � 4 69 � 1

HU + Ara-C low conc. 39 � 13* 36 � 7 38 � 15*

HU + Ara-C high conc. 77 � 9 65 � 9** 72 � 2

F-Ara-A 9 � 8 17 � 7 Ð

Ara-C low conc. 1 � 2 10 � 9 21 � 2

Ara-C high conc. 56 � 2 21 � 1 69 � 1

F-Ara-A + Ara-C low conc. 24 � 20 23 � 17 31 � 2*

F-Ara-A + Ara-C high conc. 58 � 7 56 � 16* 73 � 2

2-CdA 15 � 4 23 � 9 Ð

Ara-C low conc. 12 � 4 10 � 9 21 � 2

Ara-C high conc. 51 � 6 21 � 9 69 � 1

2-CdA + Ara-C low conc. 49 � 7** 14 � 7 44 � 4**

2-CdA + Ara-C high conc. 61 � 4 43 � 3 78 � 2

ATRA Ð Ð Ð

Ara-C low conc. 6 � 6 4 � 3 21 � 2

Ara-C high conc. 52 � 3 21 � 5 69 � 1

ATRA + Ara-C low conc. 12 � 5 16 � 5* 17 � 6

ATRA + Ara-C high conc. 61 � 4** 44 � 5* 76 � 1**

Staurosporine Ð 12 � 15 Ð

Ara-C low conc. 9 � 10 11 � 7 27 � 4

Ara-C high conc. 51 � 8 23 � 11 73 � 2

Staurosporine + Ara-C low conc. 39 � 5* 30 � 13 69 � 4*

Staurosporine + Ara-C high conc. 81 � 4* 58 � 9 94 � 1

Tyrphostin A48 Ð Ð Ð

Ara-C low conc. 9 � 4 6 � 3 21 � 2

Ara-C high conc. 56 � 5 19 � 4 69 � 1

Tyrphostin + Ara-C low conc. 18 � 8* 11 � 3 7 � 9

Tyrphostin + Ara-C high conc. 64 � 2 31 � 8* 71 � 2

CGP 52411 Ð 13 � 3 Ð

Ara-C low conc. 14 � 4 13 � 2 21 � 2

Ara-C high conc. 62 � 3 25 � 3 69 � 1

CGP + Ara-C low conc. 31 � 5** 35 � 14 15 � 5

CGP + Ara-C high conc. 70 � 4 46 � 3* 66 � 2

NDGA Ð 29 � 6 Ð

Ara-C low conc. 15 � 4 13 � 3 14 � 8

Ara-C high conc. 53 � 17 24 � 4 68 � 8

NDGA + Ara-C low conc. 28 � 5* 47 � 6 26 � 5*

NDGA + Ara-C high conc. 60 � 12 49 � 10 69 � 4

Cytotoxicity was measured using the 3-(4,5 dimethylthiazol-2-yl-)5

diphenyltetrazolium bromide (MTT) assay and is expressed as per-

centage reduction in cell number compared with untreated controls.

Details are described under Materials and Methods. Values are the

mean � standard deviation of three to ®ve experiments, each con-

ducted in octuplets. Drugs were used in HL-60, HL-60/ara-C and

U937 cells, respectively, at the following concentrations: HU

100mmol/l in all three lines; F-Ara-A 1, 100 and 1 mmol/l; 2-CdA

0.05, 100 and 0.05mmol/l; ATRA 1 mmol/l; staurosporine 0.01mmol/l;

tyrphostin A48 50 mmol/l; CGP 52411 10mmol/l; NDGA 10mmol/l

in all three lines. HU, hydroxyurea; F-ara-A, arabinosyl-2-¯uoro-

adenine; 2-CdA, 2-chlorodeoxyadenosine; ATRA, all-trans retinoic

acid; NDGA, nordihydroguaiaretic acid.

yNo reduction in cell number. zAra-C `low conc.' was 0.1mmol/l in

HL-60, 100mmol/l in HL-60/ara-C and 0.5mmol/l in U937 cells.

xAra-C `high conc.' was 10mmol/l in HL-60, 2500mmol/l in HL-60/

ara-C and 5 mmol/l in U937 cells.

Asterisks indicate that values are signi®cantly diVerent from the sum

of the cytotoxicities produced by the two drugs alone, e.g. in HL-60

cells HU + Ara-C low conc. value (39 � 13) was compared with HU

alone (14 � 7) + Ara-C low conc. (7 � 10). *P < 0.05, **P < 0.01.
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cytidine kinase activity which was observed in these cells.

Enzyme activity was 2.4% of that seen in wild-type HL-60

cells when measured at low, and 31% when determined at

high deoxycytidine concentrations. This discrepancy suggests

that, in terms of kinetic properties, the deoxycytidine kinase

in HL-60/ara-C diVers from that in wild-type cells.

In the combination treatments, ara-C was used at two

concentrations, which, when employed alone, caused 0±27%

and 18±73% cytotoxicity, respectively. Modulators were

employed at concentrations which on their own displayed

little or no toxicity. The most toxic modulator used was

NDGA at 10 mmol/l, which killed 29% of HL-60/ara-C cells

under the conditions of the assay. The results are shown in

Table 1. HU was the most potent modulator of the ribonu-

cleotide reductase inhibitors, sensitising all three cell lines

against ara-C. 2-CdA and F-Ara-A were eYcacious in U937

cells, the former also at low ara-C concentrations in HL-60,

and the latter also at high ara-C concentrations in HL-60/ara-

C cells. Of the antisignalling drugs, ATRA, staurosporine,

CGP 52411, tyrphostin A48 and NDGA augmented ara-C

toxicity (Table 1), but quercetin and genistein did not

(results not shown). ATRA was exquisitely active in all three

cell lines. Ara-C-sensitising potencies of the kinase inhibitors

diVered between cell types. CGP 52411, tyrphostin A48,

staurosporine and NDGA were eVective in HL-60 cells. CGP

52411 and tyrphostin A48 were also eVective in HL-60/ara-C

cells, whilst staurosporine and NDGA were also eVective in

U937 cells. In contrast, CGP 52411 and tyrphostin A48

failed to increase ara-C cytotoxicity in U937 cells.

EVects on ara-C-induced apoptosis

Incubation of HL-60 cells with ara-C induced apoptosis as

assessed by the occurrence of a sub-G1 peak in the ¯ow

cytogram of the cells, DNA fragmentation and cell shrinkage.

We wanted to test the hypothesis that the sensitisation of HL-

60 cells to ara-C described above for HU, ATRA and certain

kinase inhibitors was the consequence of an increase in cel-

lular susceptibility towards ara-C-induced apoptosis. Figure 1

shows the eVect of the modulators on the abundance of

ara-C-induced hypodiploid cells (sub-G1 peak); Table 2

Figure 1. EVect of 1-�-dd-arabinofuranosylcytosine (ara-C) alone, tyrphostin A48 (T-A48, 50�mol/l), all-trans retinoic acid
(ATRA, 50�mol/l), nordihydroguaiaretic acid (NDGA, 10�mol/l), hydroxyurea (HU, 100�mol/l), staurosporine (Stauro,
0.05�mol/l) and CGP 52411 (10�mol/l) alone or in combination with ara-C on percentage of cells in sub-G1 (hypodiploid cells)
as detected by ¯ow cytometry. Cell cycle distribution in untreated controls was as follows: sub-G1 8 � 3%, G1 49 � 7%, S 22 � 3%,
G2 21 � 6%. The increase in sub-G1 peak observed with combinations of ara-C with ATRA, NDGA or HU were compensated for
by corresponding reductions in cell abundance in S and G2 (ATRA: S 17 � 3%, G2 14 � 5%, NDGA: S 12 � 4%, G2 11 � 4%; HU: S
6 � 2%, G2 7 � 3%). For details of the ¯ow cytometric method see Materials and Methods. Values are the mean � three separate
observations, asterisks indicate that the value is signi®cantly diVerent from that for cells exposed to ara-C alone (*P < 0.05,

**P < 0.01).
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highlights alterations by the modulators of ara-C-induced

decrease in cell volume, and Figure 2 demonstrates their

in¯uence on ara-C-induced DNA laddering. ATRA, NDGA

and HU increased all three indicators of ara-C-induced

apoptosis, and tyrphostin A48 exacerbated ara-C-elicited cell

shrinkage (Table 2) and DNA fragmentation (Figure 2a). In

contrast, CGP 52411 and staurosporine did not increase the

eVect of ara-C on cell cycle distribution, cell volume or DNA

fragmentation. Thus, the results presented in Figures 1 and 2

and Table 2 suggest that ATRA, NDGA and HU augmented

ara-C-induced apoptosis as assessed by three criteria and

tyrphostin A48 by two, whilst staurosporine and CGP 52411

failed to enhance ara-C-induced apoptosis. CGP 52411

actually decreased ara-C-induced hypodiploid cells (Figure 1)

and DNA laddering at the 4 h time point (Figure 2b); after a

longer incubation time (12 h) CGP 52411 did not modulate

ara-C-mediated DNA fragmentation (Figure 2c). Further-

more, the eVect of CGP 52411 on ara-C-induced events was

speci®c, as it did not alter apoptosis elicited by etoposide

(result not shown).

DISCUSSION

The major objective of this study was to compare strin-

gently a series of known and novel agents for their potency to

sensitise leukaemia cells to ara-C cytotoxicity. Our results

allow the following conclusions to be made as to the sensi-

tivity of the chosen leukaemia cell ®ne panel towards the

investigated drug combinations. Of the ribonucleotide

reductase inhibitors, HU was a more eYcacious modi®er of

ara-C cytotoxicity than 2-CdA or F-Ara-A. It sensitised not

only U937 and HL-60 cells to ara-C, but also the ara-C-

resistant HL-60 counterpart, which is consistent with a

previous observation in ara-C-resistant HL-60 cells [38].

ATRA and the kinase-inhibitory antisignalling drugs CGP

52411, tyrphostin A48, NDGA and staurosporine were

eVective ara-C sensitisers exhibiting potencies comparable

with those of the ribonucleotide reductase inhibitors.

The results described above for staurosporine and ATRA

are in accordance with previous reports [9, 11, 12], but the

lack of ara-C sensitisation by quercetin is inconsistent with

results obtained by Teo®li and colleagues [7]. Whilst these

Table 2. EVect of hydroxyurea (HU), all-trans retinoic acid

(ATRA), staurosporine, tyrphostin A48, CGP 52411 and

nordihydroguaiaretic acid (NDGA) alone and in combination

with 1-b-d-arabinofuranosylcytosine (ara-C) on HL-60 cell

volume (percentage decrease compared with untreated cells)

HU 8 � 2

Ara-C (2mM) Ðy
HU + Ara-C 30 � 7**

ATRA 9 � 2

Ara-C (2mmol/l) Ð

ATRA + Ara-C 12 � 2*

Staurosporine Ð

Ara-C (5mmol/l) 12 � 3

Staurosporine + Ara-C 7 � 8

Tyrphostin A48 9 � 3

Ara-C (2mmol/l) 5 � 3

Tyrphostin + Ara-C 12 � 6*

CGP 52411 6 � 6

Ara-C (5mmol/l) 14 � 8

CGP + Ara-C 13 � 9

NDGA 15 � 3

Ara-C (2mmol/l) Ð

NDGA + Ara-C 24 � 5**

Decrease in cell volume was measured as described under Materials

and Methods. Values are the mean � standard deviations of three to

four experiments, the volume of untreated cells was 1068 � 94 ¯.

Drug concentrations used were: HU 100mmol/l; ATRA 50 mmol/l;

staurosporine 0.05 mmol/l; tyrphostin A48 50mmol/l; CGP 52411

10mmol/l; NDGA 10mmol/l.

yNo change in cell volume.

Asterisks indicate that values are signi®cantly diVerent from the

volume of cells exposed to ara-C alone, *P < 0.05, **P < 0.01.

Figure 2. EVect of 1-�-dd-arabinofuranosylcytosine (ara-C)
alone and in combination with tyrphostin A48 (50�mol/l),
nordihydroguaiaretic acid (NDGA, 10�mol/l), all-trans reti-
noic acid (ATRA, 50�mol/l), hydroxyurea (HU, 100�mol/l)
(a), or with staurosporine (0.05�mol/l) (b) and CGP 52411
(10�mol/l) (b, c) on ara-C-induced DNA fragmentation in
HL-60 cells. Incubation time was 4 h (a, b) or 12 h (c). DNA
fragmentation was assessed as described under Materials and
Methods, the gels shown are representative of two separate

experiments.
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authors found potentiation of ara-C cytotoxicity by quercetin,

we did not detect any evidence of sensitisation. This dis-

crepancy is diYcult to rationalise, as the same cell type was

used (HL-60) in both studies. It is conceivable that the eVect

of quercetin is so marginal that it is only detectable when the

interaction between the drugs is evaluated by the isobole

method [39], as carried out by Teo®li and colleagues [7].

Whatever the reason for the disparity, in the experiments

described above, CGP 52411, tyrphostin A48, NDGA and

staurosporine were undoubtedly far superior to quercetin in

this leukaemia cell panel. Inhibition of EGF receptor PTK by

CGP 52411 and tyrphostin A48 [24, 25] could be considered

as a potential mechanism of ara-C sensitisation. However,

this notion is untenable because HL-60 cells lack EGF

receptors [40]. The nature of the protein kinase(s), the inhi-

bition of which renders cells more vulnerable to the cytotoxic

attack of ara-C, and how such inhibition might impact on

mechanisms of ara-C action, remain to be elucidated.

The results outlined above allow the tentative conclusion

that sensitisation of HL-60 cells towards ara-C by tyrphostin

A48, ATRA, NDGA and HU may be explained, at least in

part, by the enhancement of ara-C-induced apoptosis. Intri-

guingly, CGP 52411 exerted a paradoxical eVect on ara-C-

induced apoptosis with inhibition after incubation for 4 h,

although not after 12 h. Staurosporine did not enhance ara-

C-induced apoptosis, which is surprising in view of two pre-

vious reports, according to which it augmented apoptosis in

HL-60 cells [8, 41]. As the conditions described by these

authors were somewhat dissimilar in terms of incubation time

and drug concentration to those used in the experiments

described here, it appears that induction of apoptosis by

staurosporine is exceedingly sensitive to even subtle experi-

mental diVerences. The mechanism which underlies the

heightened proclivity of cells to succumb to ara-C-mediated

cytotoxicity and apoptosis does not appear to be inevitably

linked to augmentation of cellular ara-CTP levels as shown

for staurosporine [8]. Ultimately it will be desirable to ®nd

out whether or not antisignalling agents other than staur-

osporine aVect ara-C metabolism.

From the clinical viewpoint, the results presented above

suggest that HU and ATRA might be considered for co-

administration with ara-C in the treatment of acute promyelo-

cytic leukaemia as well as perhaps other AML subtypes. For

HU, this proposition is propitious in the light of its relatively

low rate of toxic side-eVects vis-a-vis those of 2-CdA and F-

Ara-A [42]. In addition, the kinase inhibitors CGP 52411,

tyrphostin A48, NDGA and staurosporine may possess clin-

ical potential as sensitisers of ara-C cytotoxicity. As toxicity

has been described for the latter two compounds [43, 44],

CGP 52411 and tyrphostin A48 may be superior in terms of

clinical applicability. Consistent with the results described

above, staurosporine, and its less toxic N-benzoyl cogener

CGP 41251, were recently found to enhance ara-C-induced

apoptosis in a multidrug-resistant HL-60 subline [45].

Novel strategies to overcome resistance to ara-C are the

subject of considerable research eVorts, and recent proposals

proVer the use of an anti-bcl-2 antisense oligonucleotide [46]

and gene therapy with a human deoxycytidine kinase gene

[47]. The results presented here suggest that new antisignal-

ling drugs, which are small molecules, remain a fertile hunt-

ing ground in the search for novel ara-C combination

partners, eventually leading to the enlargement of the ther-

apeutic armamentarium to combat AML.
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