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We investigated the antitumour eVects of 1-(2,6-di¯uorophenyl)-1H,3H-thiazolo [3,4-a]benzimidazole

(TBZ) a new anti-HIV-1 agent, on human promyelocytic HL60 leukaemia, both a parental and a multi-

drug resistant form (HL60R). HL60R overexpresses P-glycoprotein and, like HL60, lacks p53 protein

expression. HL60 and HL60R show similar levels of Bcl-2 protein. In contrast to the conventional che-

motherapeutic agents daunorubicin, etoposide and mitoxantrone, TBZ caused equal or even greater

cytotoxicity in HL60R than in HL60, and this result was associated with a more marked induction of

apoptosis in the drug resistant cells. The antitumour activity of TBZ occurred in the range of concentra-

tions higher than those required to exert antiviral activity. TBZ seems to act in the presence of P-glyco-

protein and Bcl-2 and in the absence of p53 and is able to circumvent the mechanisms of drug resistance

and anti-apoptosis present in HL60R cells. # 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Drug resistance, especially in its multiple forms (multidrug

resistance, MDR), remains a major and diYcult problem to

resolve in cancer therapy. This phenomenon has often been

ascribed to strictly pharmacological factors, such as the over-

expression of the multidrug transporter P-glycoprotein [1±3],

and, more recently, also to other variables closely associated

with the biology of malignant transformation. The latter

include factors which regulate the process of apoptosis in the

cells [4±9]. Several chemotherapeutic agents can induce

apoptosis in target cells [10±14], and the wild-type oncosup-

pressor p53 protein plays a critical role in triggering apoptosis

following DNA damage or other forms of cell stress caused by

such agents. However, loss of the p53 function can often

result in an increased resistance to the apoptotic eVects of the

anticancer agents [15±18]. Various homologues of the Bcl-2

protein are also involved in apoptosis and they either pro-

mote or supress the process. Bcl-2 blocks apoptosis, and its

overexpression in malignancies is associated with a poorer

prognosis and failure to achieve response to chemotherapy

[19±20]. Clearly, these ®ndings should further the search of

new strategies and agents to overcome the MDR process.

1-(2,6-di¯uorophenyl)-1H,3H-thiazolo[3,4-a]benzimidazole

(TBZ) (Figure 1) is a new anti-HIV-1 agent and non-nucleoside

reverse transcriptase inhibitor [21±27]. It has also shown some

antitumour activity on human T-lymphoblastic CEM leukaemia

cells [21, 25]. In this paper, we have investigated the antitumour

activity of TBZ and report on its eVect on the human promye-

locytic HL60 leukaemia, both the parental (HL60) and MDR

forms (HL60R). HL60R overexpresses P-glycoprotein and, like

HL60, does not express p53 protein [28]. We also show that

HL60 and HL60R have similar levels of Bcl-2 protein.

MATERIALS AND METHODS

Chemicals

Daunorubicin, etoposide and mitoxantrone were obtained

from Sigma Chemical Company (St. Louis, Missouri, U.S.A.).
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Synthesis of TBZ

The synthesis of TBZ was carried out by a one-pot con-

densation±cyclisation reaction between 1,2-diaminobenzene,

2,6-di¯uorobenzaldehyde and 2-mercaptoethanoic acid in

boiling benzene, according to procedures previously reported

[21]. After normal work-up, the solid residue was recrys-

tallised from ethanol to produce TBZ.

Drug preparation

TBZ was dissolved in dimethylsulphoxide (DMSO) in a

stock solution at a concentration of 20 mM, stored at ÿ 20�C
and protected from light. In each experiment DMSO never

exceeded 5% and this percentage did not interfere with cell

growth.

Cell culture

Human HL60 leukaemia cells as parental or MDR HL60R

variants were grown in RPMI 1640 (GIBCO Grand Island,

New York, U.S.A.) supplemented with 10% fetal calf serum

(GIBCO), penicillin (100 U/ml) and streptomycin (100 mg/

ml) in a 5% CO2 atmosphere at 37�C.

Cytotoxicity assays

To evaluate the number of live and dead cells, the cells

were stained with trypan blue and counted on a haemocyto-

meter. The cells which showed trypan blue uptake were

interpreted as non-viable. To determine the growth inhibitory

activity of the drugs tested, 2�105 cells were plated into

25 mm wells (Costar, Cambridge, U.K.) in 1 ml of complete

medium and treated with diVerent concentrations of each

drug. After 72 h incubation, the number of viable cells was

determined and expressed as a percentage of control pro-

liferation. ic50 and ic90 were the concentrations of drug able

to inhibit the cell growth of 50% and 90%, respectively.

Flow cytometry analysis of apoptosis

The cells were washed twice in ice-cold phosphate buVered

saline (PBS) and resuspended at 1�106/ml in a hypotonic

¯uorochrome solution containing propidium iodide (Sigma)

50 mg/ml in 0.1% sodium citrate plus 0.03% (v/v) Nonidet

P-40 (Sigma). After 30 min of incubation in this solution,

the samples were ®ltered through nylon cloth, 40 mm mesh,

and their ¯uorescence was analysed, as single-parameter

frequency histograms using a FACSort (Becton Dickinson,

Mountain View, California, U.S.A.). Apoptosis was deter-

mined by evaluating the percentage of hypoploid nuclei

accumulated in the sub-G0±G1 peak after labelling with pro-

pidium iodide.

Morphological evaluation of apoptosis and necrosis

The drugs' eVects on apoptosis and necrosis were deter-

mined morphologically by ¯uorescent microscopy after

labelling with acridine orange and ethidium bromide as

described by Duke and Cohen [29]. Cells (2�105) were

centrifuged (300 g) and the pellet was resuspended in 25 ml of

the dye mixture. Ten microlitres of the mixture was placed on

a microscope slide and covered with a 22 mm2 coverslip and

examined in oil immersion with a 100� objective using a

¯uorescent microscope. Live cells were determined by the

uptake of acridine orange (green ¯uorescence) and exclusion

of ethidium bromide (red ¯uorescence) stain. Live and dead

apoptotic cells were identi®ed by perinuclear condensation of

chromatin stained by acridine orange or ethidium bromide,

respectively, and by the formation of apoptotic bodies.

Necrotic cells were identi®ed by uniform labelling of the cells

with ethidium bromide.

Evaluation of p53 and Bcl-2 protein expression

Cells (1�106) were permeabilised (in the assays of p53

and Bcl-2) or not (in the assays of P-glycoprotein) with

Figure 1. Chemical structure of 1-(2,6-di¯uorophenyl)-
1H,3H-thiazolo[3,4-a]benzimidazole (TBZ).

Figure 2. Cytotoxic activity of 1-(2,6-di¯uorophenyl)-1H,3H-
thiazolo[3,4-a]benzimidazole (TBZ) in HL60 (*) and HL60R

(&) cells. For further details see Materials and Methods.

Table 1. ic50 and ic90 of daunorubicin, etoposide and mitoxantrone in HL60 and HL60R cell lines

HL60 HL60R

ic50 ic90 ic50 ic90

Daunorubicin 0.005 (0.0017)* 0.01 (0.005) 1.0 (0.27) 7.5 (1.1)

Etoposide 0.123 (0.07) 0.35 (0.09) 5.0 (1.25) 41.2 (6.2)

Mitoxantrone 0.0025 (0.0008) 0.005 (0.001) 0.5 (0.008) 1.0 (0.28)

* Standard deviation. Concentrations in mg/ml
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Figure 3. Flow cytometry assay of cell cycle distribution of HL60 and HL60R cells after 48 h exposure to the ic90s of dauno-
rubicin, etoposide or mitoxantrone in the cell lines.
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Figure 4. Morphology of cells after 48 h exposure to daunorubicin, etoposide, mitoxantrone or 1-(2,6-di¯uorophenyl)-1H,3H-
thiazolo[3,4-a]benzimidazole (TBZ). (a) Untreated HL60 cells (HL60R showed a similar morphology); (b) HL60 cells exposed for
48 h to daunorubicin (ic90); (c) HL60R cells exposed for 48 h to daunorubicin (ic90); (d) HL60 cells exposed for 48 h to 75�M TBZ;

(e) HL60R cells exposed for 48 h to 75�M TBZ.
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Ortho-Permea®x (Ortho Diagnostic Systems, Raritan, New

York, U.S.A.) and then washed twice with PBS. Monoclonal

antibodies for P-glycoprotein (C1 FITC-conjugated; YLEM,

Rome, Italy), p53 (DO7 FITC-conjugated; Dako A/S,

Denmark, and PAB 240 PE-conjugated; Pharmingen, San

Diego, California, U.S.A. or human Bcl-2 (clone 124

FITC-conjugated; Dako), as well as their appropriate FITC-

or PE-conjugated negative controls, were added to the

samples and the cells were incubated for 40 min. After two

washes with PBS, the ¯uorescence was detected by ¯ow

cytometry.

Statistical analysis

The data reported in the ®gures represent the mean of

three or more independent experiments and the bars show

the standard deviation (SD).

RESULTS

Cytotoxicity assay

TBZ showed cytotoxic activity on both the parental and

the MDR HL60 leukaemia cells (Figure 2). The activity was

similar in the two cell lines up to a concentration of 50 mM.

At higher concentrations, TBZ was more cytotoxic in the

MDR cells. The ic50 of TBZ was approximately 50 mM in

both cell lines. However, the ic90 was approximately 150mM

in the parental HL60 cells and 100mM in the MDR cells.

The activity of TBZ was then compared with that of three

standard anticancer agents, daunorubicin, etoposide and

mitoxantrone (Table 1). These drugs were active at con-

centrations lower than TBZ in the parental cells. Never-

theless, the ic50s of daunorubicin, etoposide and

mitoxantrone were 200, 400 and 20-fold higher, respectively,

in the MDR than in the parental cells (Table 1).

Cyto¯uorimetric and morphological analysis of apoptosis

Figure 3 shows the DNA frequency distribution histograms

of HL60 and HL60R cells following their treatment for 48 h

with ic50s of daunorubicin, etoposide or mitoxantrone. For

the HL60 cell line, all three drugs and especially daunor-

ubicin caused an evident increase in a sub-diploid peak,

typical of apoptotic cells. The same phenomenon did not

occur in the HL60R cells. The morphological examination

gave very similar results. Many of the HL60 cells treated with

the drugs had apoptotic features (Figure 4b) and their relative

percentages were superimposable on those calculated on the

basis of the cyto¯uorimetric analysis. In contrast, the majority

of HL60R cells treated with daunorubicin, etoposide or

mitoxantrone were alive, as indicated by their uniform stain-

ing with acridine orange. Approximately 8±10% of them

showed necrotic features and were uniformly stained with

ethidium bromide (Figure 4c). Morphological examination

showed that TBZ induced moderate apoptosis in the parental

HL60 cells, even after a 72 h exposure to concentrations of

up to 100mM (Figure 5a). In contrast, for MDR cells,

approximately 40 and 80% were apoptotic after a 48 h expo-

sure to 75 and 100mM TBZ, respectively. 72 and 100% of

the HL60R cells were apoptotic after 72 h of exposure to 75

and 100mM TBZ, respectively (Figure 5b). Figure 4 (d,e)

shows the morphology of HL60 and HL60R cells treated for

48 h with 75 mM TBZ. Figure 6 shows the DNA frequency

distribution histograms of the HL60 or HL60R cells treated

for 48 h with 75 mM TBZ and indicates the relative increa-

ses in the sub-diploid peak. An overall comparison of the

apoptotic activity of TBZ, daunorubicin, etoposide and

mitoxantrone in the parental and MDR HL60 cells is pre-

sented in Figure 7.

Determination of P-glycoprotein, p53 and Bcl-2 protein

Flow cytometry determinations showed that, in contrast to

HL60 cells, HL60R were clearly positive for P-glycoprotein

expression (Figure 8). There was a lack of expression of p53

protein in both HL60 and HL60R cells (data not shown).

HL60 and HL60R cells showed a superimposable expression

of Bcl-2 protein (Figure 8).

DISCUSSION

TBZ (NSC 625487) has been identi®ed as the most active

derivative of a new class of anti-HIV agents, the thiazolo-

benzimidazoles [21±27]. At a concentration of approximately

1mM, TBZ has been shown to inhibit HIV-1-induced cell

killing and viral replication in several human cell lines, as well

as fresh human peripheral blood lymphocytes and macro-

phages [21, 22, 25±27]. It is an inhibitor of HIV-1 reverse

transcriptase [22, 25±27].

In this paper, we investigated the antitumour eVects that

the compound exerts on the human promyelocytic HL60

leukaemia and on one MDR, P-glycoprotein expressing, var-

iant (HL60R) of this cell line. The pro-apoptotic p53 protein

is not present in HL60 cells, owing to major deletions of its

gene [28] and, as expected, HL60R cells also lack p53 pro-

tein. In contrast, HL60 and HL60R cells showed similar

levels of the anti-apoptotic factor Bcl-2 protein.

TBZ exhibited cytotoxic activity on the cell lines when

used at concentrations higher than those reported as neces-

sary to exert antiviral activity in vitro [21, 22, 25±27]. Inter-

estingly, the activity of the compound on the drug sensitive

and resistant cells was diVerent from that shown by conven-

tional anticancer agents such as daunorubicin, etoposide and

mitoxantrone. First, TBZ produced equal or even greater

cytotoxicity in the drug resistant cells. The ic50 of TBZ was

in fact 50 mM in both the cell lines, and the ic90 was 150mM

in HL60 and 100 mM in HL60R. Moreover, TBZ induced

remarkable apoptosis in the drug resistant cells. For example,

40 and 80% of the HL60R cells were apoptotic after 48 h of

treatment with 75 and 100 mM TBZ, respectively. In con-

trast, HL60 cells showed no necrotic and scarce apoptotic

Figure 5. Percentage of apoptotic cells after 24, 48 or 72 h
exposure to 1-(2,6-di¯uorophenyl)-1H,3H-thiazolo[3,4-a]ben-
zimidazole (TBZ): 50�M (^); 75�M (&); 100�M (~). Apop-
totic cells were evaluated by morphological examination as

described in Materials and Methods.
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eVects, even after 72 h of exposure to high concentrations of

TBZ. The chemotherapeutic drugs caused evident apoptosis

in the parental cells and were unable to induce it in the drug

resistant ones, even when added at fully cytotoxic concentra-

tions (ic90s). With reference to the latter result, dauno-

rubicin, etoposide, and mitoxantrone all induce cytotoxicity

and apoptosis, at least in part, through interaction with

topoisomerase II [12±14, 30, 31]. Thus, it is possible that,

apart from P-glycoprotein expression, HL60R cells are also

endowed with a qualitative and/or quantitative defects of the

DNA enzyme, as observed in other tumour cell lines resistant

to these agents ([32] and for a review, see [33]).

Figure 7. Percentage of apoptotic cells in (a) HL60 and (b) HL60R cells after 48 h exposure to daunorubicin (DNR), etoposide
(VP16), mitoxantrone (Mitox) or 1-(2,6-di¯uorophenyl)-1H,3H-thiazolo[3,4-a]benzimidazole (TBZ) at ic90s.

Figure 6. Flow cytometric assay of cell cycle distribution of HL60 and HL60R cells after 48 h exposure to 75�M 1-(2,6-di¯uoro-
phenyl)-1H,3H-thiazolo[3,4-a]benzimidazole (TBZ).
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In conclusion, TBZ was able to overcome the P-glycopro-

tein mechanism in the HL60R cells, thus suggesting that it is

not a suitable substrate for the multidrug transporter. In

addition, it caused more apoptosis in the drug resistant cells.

This result could not be explained by a variation in the p53 or

Bcl-2 protein levels of the cell line. It suggests that TBZ

induced apoptosis through a pathway diVerent from that

related to the chemotherapeutic agents and needs to be better

clari®ed at the molecular level. Nevertheless, Del Bufalo and

colleagues [34] observed similar eVects using lonidamine, a

derivative of indazole-3-carboxylic acid. Lonidamine induced

apoptosis in two drug resistant human cancers, the MCF-7

ADR human breast cancer cell line and the LB9 glioblastoma

multiform cell line, but not in the corresponding parental

tumours. These eVects occurred independently of p53 and

Bcl-2 expression and were attributed to the interference of

lonidamine with the mitochondrial function and/or energetic

metabolism of the cells; drug resistant cells can in fact exhibit

an enhanced rate of glycolysis and an increased demand for

ATP production [35].

Although information on in vivo pharmacology and tox-

icology of TBZ is still scanty, it has been shown that the

plasma concentrations required to kill HL60 and HL60R

cells (i.e. > 50mM) are maintained for 1±2 h following the

administration of the maximum tolerated intravenous dose of

TBZ to mice [24]. TBZ is rapidly inactivated in vivo [24],

and synthetic eVorts are in progress to block its metabolism

with retention of activity. Since the present ®ndings have

suggested a possible selective activity of TBZ on MDR

tumour cells, we think that further studies aimed at better

de®ning the possible speci®city and mechanisms of its anti-

tumour and pro-apoptotic action should be carried out.
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