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Abstract - Aclarubicin (ACLA), which belongs to the antracycline class of antineoplasic 

agents, has been demonstrated as a differentiating agent of human leukemia, including HL-60 

cells. We report here on the incidence of ACLA-induced differentiation on matrix 

metalloproteinase (MMP) expression and cell invasiveness. The aim of this study was to 

investigate the involvement of reactive oxygen species (ROS) as mediators of ACLA-induced 

effects. By using a fluorescent probe, we showed that subtoxic (i.e. differentiating) 

concentration of ACLA generate reactive oxygen species in HL-60 cells. ACLA-

differentiated cells exhibited an increased proMMP-9 secretion which has been observed by 

gelatin zymography and immunoassay. Antioxidants were able to inhibit ACLA-induced 

differentiation and proMMP-9 secretion. Furthermore, RT-PCR showed that ACLA increased 

MMP-9 and tissue inhibitor of MMP (TIMP-1) expression in a ROS-dependent manner. In 

addition, the migration and invasion capacities of HL-60 cells were enhanced by ACLA 

treatment, but only partially reversed by antioxidants. Altogether, these results evidenced 

ROS as messengers of ACLA-induced differentiation and MMP-9 expression. 
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INTRODUCTION 

 
 Aclarubicin (ACLA) belongs to the anthracycline class of antineoplasic agents widely 

used in conventional cancer chemotherapy of solid tumor and leukemia (1). While 

anthracyclines cytotoxic effects are commonly accepted to be due to DNA-intercalation and 

interaction with the nuclear enzymes DNA-topoisomerases (2), additional targets have been 

proposed such as alteration of the mitochondrial function (3), and production of free radicals 

(4, 5). The ability of anthracyclines to produce reactive oxygen species (ROS), in cells or 

tissues has been demonstrated with high concentration, as commonly used in cytotoxic 

chemotherapy (4, 5). Then, oxidative damages consecutive to anthracycline treatment were 

thought to explain the high cardiotoxicity of these drugs (6). Besides, when used at subtoxic 

concentration (nanomolar range) anthracycline, and especially ACLA, are potent 

differentiation inducers of solid tumor and leukemia (7, 8). It should be noticed that the 

subtoxic concentration of ACLA used in differentiation studies was 50-200 times lower than 

the plasmatic concentration found in patients undergoing classical chemotherapeutic treatment 

(9). 

 The human leukemia cell line HL-60 is derived from the peripheral blood of a 36 year 

old woman and represent a widely used model of acute myeloid leukemia type 2 (AML-2) 

(10). When exposed to differentiation inducers such as all-trans-retinoic acid (ATRA) or 

phorbol esters, HL-60 cells can be committed toward granulocytic or monocytic pathways, 

respectively (11, 12). Induction of granulocytic differentiation of HL-60 cells can also be 

achieved with subtoxic concentration of ACLA, whereas other anthracyclines were inefficient 

(13, 14). Cell differentiation was associated with adhesion and migration modifications as 

recently described in ATRA-treated leukemia cells (15, 16). Furthermore, several groups have 

shown that differentiation of HL-60 cells, when induced by either ATRA or phorbol ester, is 

accompanied with changes in their matrix metalloproteinases (MMPs) expression (17-19). 
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 MMPs are a family of zinc-dependent endopeptidases that degrade all of the 

components of extracellular matrix (20, 21). MMP-2 and MMP-9 (gelatinases A and B), 

which are secreted as the latent forms proMMP-2 and proMMP-9, are the more frequently 

found in leukemia cells or cell lines (22). MMPs expression, secretion and activity are highly 

regulated, particularly by a family of highly specific inhibitor proteins called tissue inhibitors 

of metalloproteinases (TIMPs) (20, 23). Therefore, secretion of MMP-9 and/or MMP-2 was 

thought to be involved in the invasive properties of malignant cells (24), including leukemia 

(25, 26). Nevertheless, biological significance of MMPs and TIMPs expression is complex 

since TIMPs could also have growth-promoting effects and numerous MMPs as well as other 

matrix-degrading enzymes could be involved in the invasive process (20-24). 

 In the present work, we aimed first at evaluating the effect of ACLA on MMP and 

TIMPs expression, and invasiveness of HL-60 cells. The second aim was to investigate the 

role of ROS as mediators of ACLA-induced differentiation and increased MMP-9 expression. 

The results show that ROS are involved in ACLA-induced differentiation and MMP-9 

overexpression, but only partially in ACLA-enhanced invasion. 

 

MATERIALS AND METHODS 

 

Chemicals 

 Matrigel®, a basement membrane preparation extracted from murine Engelbreth-Holm-

Swarm tumors, was purchased from BD Biosciences (Le Pont de Claix, France). The C2938 

fluorescent probe (6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate, di(acetoxymethyl 

ester)) was from Molecular Probes (Eugene, Oregon). ACLA and the antioxidants N-

acetylcysteine (NAC) and pyrrolidine dithiocarbamate (PDTC) were purchased from Sigma 
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(L'Isle d'Abeau Chesnes, France), and were prepared as previously described (27), except 

NAC which was buffered to pH 7.4 with sodium hydroxide. 

 

Cell culture 

The human leukemia HL-60 cell line from the American Type Culture Collection (CCL-

240) was maintained in RPMI 1640 medium plus glutamax (Life Technologies, Saint Quentin 

en Yvelines, France) supplemented with 15% heat-inactivated fetal calf serum (Life 

Technologies) under standard culture conditions. The presence of serum is required for 

differentiation induction in classical culture media but interferes with MMPs determination 

(gelatin zymography and immunoassays). Therefore, for all experiments, serum-free cultures 

of exponentially growing cells were performed in UltraCULTURE medium (BioWhittaker, 

Emerainville, France) supplemented with 2 mM L-glutamine, which allow both 

differentiation and MMP determination (28). The cell number and viability were determined 

by the Trypan blue dye-exclusion method. 

 

Differentiation assay 

After 3 days of treatment with 25 nM ACLA, and in the presence or absence of 

antioxidants, the differentiation of HL-60 cells was assessed by nitroblue tetrazolium (NBT) 

dye reduction as previously described (11-13, 28). Cells containing blue-black formazan 

granules, indicative of the ability of HL-60 cells to generate superoxide anion during a 

phorbol ester-induced respiratory burst, were scored as differentiation positive. In addition, 

cytospin of control or ACLA-treated cells were stained with Wright-Giemsa, and analysed by 

microscopy to allow the observation of granulocytic features (i.e. multilobular nucleus, 

prominent cellular indentation) as previously described (28). 
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Spectrofluorimetric determination of ROS 

 ROS were detected by using the carboxyfluoresceine derivative C2938 as described by 

Quillet-Mary et al. (29). Cells (1.106/ml) were treated with 25 nM ACLA for 30 min to 6 h, 

washed, then incubated with 5 µM C2938 in RPMI-1640 without phenol red (Sigma) for 30 

min at 37°C. In some experiments PDTC was added 1 h before and during ACLA treatment at 

the final concentration of 1µM. After 3 washes in PBS, cells were resuspended in RPMI-1640 

without phenol red and the fluorescence intensity was recorded between 505 and 600 nm with 

an excitation wavelength of 495 nm and a maximal emission wavelength of 520 nm. 

 

Analysis of gene expression by RT-PCR 

Total RNAs were extracted by using TRIZOL® reagent (Life Technologies) and 1 µg 

was reverse transcribed by using the reverse transcription system from Promega 

(Charbonières, France). One tenth of the resultant cDNAs were then amplified with 

recombinant Taq-DNA polymerase (Life Technologies) as followed: 94°C/90 sec; then n 

cycles consisting of 94°C/30 sec, Tm/60 sec and 72°C/60 sec, and a final elongation step of 

72°C/10 min. The primer sequences, Tm values, and number of PCR cycles used were: 

MMP-9, sense GCGGAGATTGGGAACCAGCTGTA, antisense 

GACGCGCCTGTGTACACCCACA, Tm 68°C, n=30; TIMP-1, sense 

TCAGGCTATCTGGGACCGCAGGGA, antisense ACCATGGCCCCCTTTGAGCCCCTG, 

Tm 68°C, n=24 (29); TIMP-2, sense CGAGAAACTCCTGCTTGGGG, antisense 

CTCGGCAGTGTGTGGGGTC, Tm 68°C, n=27 (30); GAPDH, sense 

CTCTGCCCCCTCTGCTGATGC, antisense CCATCACGCCACAGTTTCCCG, Tm 60°C, 

n=23. The PCR products were analysed on a 1.4% agarose gel stained with ethidium bromide. 
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Gelatin zymography 

Gelatinolytic activities in cell culture supernatants and cellular extracts were analyzed 

according to Heussen and Dowdle (32) with slight modifications. Cell culture supernatants 

were harvested after 3 days of culture in UltraCULTURE medium in the presence or absence 

of 25 nM ACLA and/or antioxidants. Cellular extracts were then obtained after lysis in 0.1 M 

Tris-HCl pH 8.1, 0.4% Triton X-100. An appropriate volume of cell culture supernatant or 

cellular extract corresponding to an equal amount of cells (1-5 x 103 cells) was applied to 10% 

SDS-polyacrylamide gels containing 1 mg/mL gelatin. After electrophoresis, SDS was 

removed from the gel by two incubations in 2% Triton X-100 during 30 minutes. After 

overnight incubation at 37°C in TCS buffer (50 mM Tris-HCl pH 7.4, 0.2 M NaCl and 5 mM 

CaCl2), the gels were stained for 90 minutes with Coomassie Blue. Proteolytic activities were 

evidenced as clear bands against the blue background of stained gelatin. In some experiments, 

10 mM EDTA were added to the TCS buffer in order to assess the MMP nature of the 

gelatinolytic activities. The human fibrosarcoma HT-1080 cell line, which constitutively 

secrete proMMP-9 (92 kDa) and proMMP-2 (72 kDa) (33), was used as an internal control for 

MMP expression, as described elsewhere (28). 

 

Invasion and migration assay 

In vitro invasion was determined in the Matrigel-based assay as described previously by 

Janiack et al (34). Briefly, 13-mm polycarbonate filters of 8-µm pore size (Costar, 

Cambridge, MA) were coated with 50 µg Matrigel. The lower compartments of the transwell 

chambers were filled with serum-free UltraCULTURE® medium. Following indicated 

treatment, cells suspended in UltraCULTURE® medium were placed in the upper 

compartments (4 x 105 cells/chamber) and incubated for 6 hours at 37°C, in 5% CO2. After 

incubation, cells that had migrated through the Matrigel-coated filters were recovered from 
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the lower compartments and counted. The percentage of invasion was calculated by 

considering the number of cells in the initial cell suspension as 100%. To study cell 

migration, filters were not coated with Matrigel and subsequent procedure was the same as for 

the invasion assay. Each experiment was performed in triplicate for each sample, and repeated 

at least three times. 

 

Enzyme-linked immunosorbent assay (ELISA) 

Following indicated treatment, the MMP-9, TIMP-1 and TIMP-2 proteins levels were 

quantified by ELISA (Biotrak, Amersham-Bioscience, Orsay, France) in conditioned media 

from 105 cells, according to the manufacturer’s instructions. 

 

Statistics 

Results from at least three independent experiments were given as mean ± SD, and one-

way ANOVA with Student-Newman-Keuls post-hoc comparison was used for statistical 

significance with p ≤ 0.01. 

 

RESULTS 

 

Inhibition of ACLA-induced differentiation by antioxidants 

Previous studies have determined the optimal differentiating dose of ACLA in the 20 to 

30 nM range (13, 28). Here, we have used a 25 nM concentration of ACLA to induce an 

average of 68% of cells being positive in the NBT-test after 3 days of treatment. The 

cytologic observation of ACLA-treated cells after Wright-Giemsa coloration confirmed the 

granulocytic differentiation of HL-60 cells (not shown). This differentiation was accompanied 

with a marked inhibition of cell growth (59%) but no cytotoxicity (less than 5% of dead 
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cells). As shown in Fig. 1, the ACLA-induced differentiation of HL-60 cells was strongly 

inhibited by antioxidants. Both NAC (5 mM) and PDTC (1 µM), which have no significant 

effect on control cells, decreased the ACLA-induced differentiation to an average of 15% and 

19% after 3 days of co-treatment, respectively. It is important to notice that NAC and PDTC 

increased the cell growth inhibition to an average of 70% and that higher concentration of 

these antioxidants became cytotoxic to HL-60 cells (not shown). 

 

ROS production in ACLA-treated cells 

In order to show ROS production in ACLA-treated HL-60 cells, we have used the 

carboxyfluoresceine derivative C2938, which is internalized in cells, then cleaved by 

intracellular esterase, and fluoresces in the presence of ROS (29). Cells were first treated with 

25 nM ACLA for periods varying from 30 min to 6 h, washed, and then incubated at 37°C in 

the presence of 5 µM C2938. The ROS production was determined by the measurement of the 

520 nm fluorescence level in control and ACLA-treated cells at each time point. The results 

depicted in Fig. 2 shows a ROS production in ACLA-treated cells, which is maximal after 3 h 

of ACLA-treatment, and then declined to control level. In addition, the co-treatment of cells 

with ACLA and the antioxidant PDTC (1 µM) inhibited the ACLA-induced ROS production 

(Fig. 2), indicating that fluorescence augmentation was related to ROS production. According 

to the literature, the antioxidant NAC has been avoided as it interfered with the fluorescence 

determination (35). 

 

ACLA-induced MMP-9 expression was inhibited by antioxidants 

Untreated HL-60 cells have been previously described to express mainly MMP-9 

gelatinase activity (21, 36). Gelatin zymography analysis of cell culture supernatants indicated 

that proMMP-9 secretion was strongly increased by ACLA treatment and inhibited in the 
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presence of NAC and PDTC (Fig. 3A). Nevertheless, the inhibition of ACLA-induced 

proMMP-9 secretion was lower with PDTC than with NAC. This can be explained by the fact 

that PDTC alone increase the proMMP-9 secretion in control cells (Fig. 3A). The ROS-

mediated increase of proMMP-9 in ACLA-treated cells, and the inhibitory effect of 

antioxidants, were confirmed by the quantification of proMMP-9 in cell culture supernatants 

by ELISA assay (Table I). Furthermore, the appearance of active MMP-9 could be observed 

in whole cell lysates from ACLA-treated cells, and was inhibited in the presence of 

antioxidant (Fig. 3B). At the mRNA level, MMP-9 gene expression was enhanced in the 

presence of ACLA, and NAC and PDTC acted as inhibitors of the ACLA transcriptional 

effect (Fig. 4). As observed with gelatin zymography, PDTC alone act as a weak stimulator of 

MMP-9 gene expression (Fig. 4). 

 

Effect of ACLA and NAC on TIMP-1 and TIMP-2 expression and secretion 

TIMPs are the physiological inhibitors of MMPs activity and their expression and/or 

secretion is thought to be coordinated with MMPs control. TIMP-1 and TIMP-2 levels were 

therefore determined by ELISA assay in cell culture supernatants. The results indicated that 

TIMP-1 secretion was increased in ACLA-treated cells with respect to control cells and 

strongly decreased in the presence of NAC together with ACLA (Table II). By contrast, 

TIMP-2 level was not significantly affected by ACLA-treatment (Table II). In addition, RT-

PCR analysis showed that TIMP-1 mRNA expression was up regulated in ACLA-treated 

cells, whereas TIMP-2 mRNA level remained unchanged (Fig. 4). The antioxidants, NAC and 

PDTC, inhibited the effect of ACLA on TIMP-1 mRNA level, and were without effect on 

TIMP-2 mRNA level (Fig. 4). 

 

Cell migration and invasiveness were increased by ACLA treatment 
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The above results suggest that ACLA is a modulator of the migration and/or invasion 

capacity of HL-60 cells. We have used transwell filters recovered, or not, by a Matrigel® 

layer to evaluate cell invasion or migration, respectively. As shown in Fig. 5A, an average of 

3% of control HL-60 cells were able to cross the Matrigel® layer and the filter, this 

percentage was increased to 26% for ACLA-treated cells. The co-treatment with NAC slightly 

reduced the percentage of invasive cells to 21% (p<0.05, Fig. 5A), suggesting the 

involvement of MMP-9, the expression of which was ROS-dependent. Furthermore, cell 

migration (i.e. in the absence of Matrigel®), which is independent of matrix degrading 

enzymes, was increased by ACLA treatment, but was unaffected in the presence of NAC (Fig. 

5B). 

 

DISCUSSION 

 

 Differentiation of leukemia cells has prompted increasing research interest as an 

alternative or support to conventional cytotoxic chemotherapy (37, 38). In addition to the well 

documented effect of ATRA (39, 40), some other molecules, including ACLA (7, 8) and 

butyric acid (38, 41), appear as potential differentiating agents. In particular, ACLA induces 

differentiation of K562 and HL-60 human leukemia cell lines (8, 12, 13). Nevertheless, the 

molecular mechanisms by which ACLA induces differentiation of leukemia cells are poorly 

understood. In the K562 cell line, a model of erythroid differentiation, we have previously 

demonstrated that ACLA act at the transcriptional level by increasing specific transcription 

factor synthesis and DNA-binding (8, 42). Furthermore our recent results suggested the 

involvement of oxidative stress in the ACLA-triggered differentiation of K562 leukemic cells 

(27). In these studies, subtoxic concentrations of ACLA were used to induce the erythroid 

differentiation of the human K562 cell line, and antioxidants were shown to inhibit the ACLA 
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effect (27). Here we have used the human HL-60 cell line to confirm the involvement of ROS 

production in the mechanism of action of ACLA in an other differentiation model. The clear 

inhibition of ACLA-induced HL-60 differentiation by antioxidant indicates that the ACLA-

triggered ROS production is sufficient to engage most of the cells in the granulocytic 

differentiation pathway. However, the reason why only 75% of cell differentiate, and why the 

granulocytic pathway rather than the monocytic one is stimulated remain to be elucidated. 

As a marker of both leukemia cell differentiation and invasive phenotype, we are 

interested in MMP expression in HL-60 cells. Previous reports have shown that HL-60 cells 

expressed and produced predominantly proMMP-9 (22, 36), which may contribute to 

leukemia dissemination (25, 26). We showed here that ACLA was able to increase the 

proMMP-9 secretion, and moreover induce the apparition of active MMP-9. Our present 

results also demonstrated that ACLA-treatment increase both migration (without Matrigel®) 

and invasion (with Matrigel®) capacities of HL-60 cells. Nevertheless, cell migration, which 

does not involve matrix degrading enzymes, was independent of ROS generation. By contrast, 

a part of the ACLA-triggered increase of invasion was mediated by ROS. This support the 

involvement of the ROS-dependent modulation of MMP-9 and TIMP-1 expression in the 

invasion process. However, other MMPs or matrix degrading enzymes would be stimulated 

by ACLA and involved in the ACLA-triggered enhancement of cell invasiveness. Such 

enzymes would be stimulated by ACLA through ROS-independent signal transduction 

pathway(s). 

Results of RT-PCR analysis suggest that MMP-9 and TIMP-1 were up-regulated by 

ACLA at the transcriptional level and that ROS are mediators of this ACLA-effect. It is 

therefore tempting to hypothesize a role for redox-sensitive transcription factors such as NF-

κB and/or AP-1 which binding sites are present in the MMP-9 and TIMP-1 promoters (20-

24). Stimulation of NF-κB by anthracycline drugs (mainly daunorubicin) is quite 
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controversial (43-45). According to a previous report from Piret and Piette (45), we found in 

preliminary experiments that ACLA did not stimulate NF-κB DNA-binding in HL-60 cells 

(DR and BC, unpublished data). By contrast, AP-1 DNA-binding was markedly increased 

between 1 and 3 hours after ACLA-treatment and then return to control level (DR and BC, 

unpublished data). This result is in agreement with the ROS-dependent stimulation of AP-1 

DNA-binding by daunorubicin previously reported by Mansat-de Mas et al. (35). 

Nevertheless, further experiments are needed to identify the components of AP-1 complex 

which may be sensitive to ACLA, and how they are involved in MMP-9 and TIMP-1 gene 

expression. 

To conclude, our results show for the first time that ACLA-induced differentiation and 

MMP-9 increased expression in HL-60 cells was mediated by the generation of ROS. In 

addition, our work show that ACLA increased HL-60 cell invasiveness, in part in a ROS 

dependent way. 

 

Acknowledgements: This work was supported by a joint grant from “Association Régionale 

pour l’Enseignement et la Recherche Scientifique” (ARERS) and Ligue Nationale contre le 

Cancer, Comité de l’Aisne. 



Aclarubicin-induced differentiation and invasiveness 

 14

REFERENCES 

 

1. Hortobagyi GN: Anthracyclines in the treatment of cancer. An overview. Drugs 54: 1-7, 

1997. 

2. Gewirtz DA: A critical evaluation of the mechanisms of action proposed for the 

antitumor effects of the anthracycline antibiotics adriamycin and daunorubicin. 

Biochem Pharmacol 57: 727-741, 1999. 

3. Papadopoulou LC and Tsiftsoglou AS: Mitochondrial cytochrome c oxidase as a target 

site for daunomycin in K-562 cells and heart tissue. Cancer Res 53: 1072-1078, 1993. 

4. Doroshow JH: Anthracycline antibiotic-stimulated superoxide, hydrogen peroxide, and 

hydroxyl radical production by NADH dehydrogenase. Cancer Res 43: 4543-4551, 

1983. 

5. Powis G: Free radical formation by antitumor quinones. Free Radic Biol Med 6: 63-101, 

1989. 

6. Horenstein MS, Vander Heide RS and L’Ecuyer TJ: Molecular basis of anthracycline-

induced cardiotoxicity and its prevention. Mol Genet Metab 71: 436-444, 2000. 

7. Casazza AM: Anthracyclines as inducers of tumor cell differentiation. In: Bioactive 

Molecules. Lown JW (ed.) Elsevier Science, Amsterdam, pp715-734, 1988. 

8. Jeannesson P, Lahlil R, Chénais B, Devy L, Gillet R, Aries A, Morceau F and 

Trentesaux C: Anthracyclines as tumor cell differentiating agents: effects on the 

regulation of erythroid gene expression. Leuk Lymphoma 26: 575-587, 1997. 

9. Ando S, Nakamura T, Kagawa D, Ueda T, Nishimura T, Kubo A, Tsutani H, Sasada M 

and Uchino H: Pharmacokinetics of aclarubicin and its metabolites in humans and their 

disposition in blood cells. Cancer Treat Rep 70: 835-841, 1986. 



Aclarubicin-induced differentiation and invasiveness 

 15

10. Dalton WT, Ahearn MJ, McCredie KB, Freireich EJ, Strass SA and Trujillo JM: HL-60 

cell line was derivated from a patient with FAB-M2 and not FAB-M3. Blood 71: 242-

247, 1988. 

11. Breitman TR, Selonick SE and Collins SJ: Induction of differentiation of the human 

promyelocytic leukemia cell line (HL-60) by retinoic acid. Proc Acad Sci USA 77: 

2936-2940, 1980. 

12. Perkins SL and Yunis AA: Pattern of colony-stimulating activity in HL-60 cells after 

phorbol-ester-induced differentiation. Exp Hematol 14: 401-405, 1986. 

13. Schwartz EL and Sartorelli AC: Structure-activity relationships for the induction of 

differentiation of HL-60 human acute promyelocytic leukaemia cells by anthracyclines. 

Cancer Res 42: 2651-2655, 1982. 

14. Stöcker U, Schaefer A and Maquardt H: DMSO-like rapid decrease in c-myc and c-myb 

mRNA levels and induction of differentiation in HL-60 cells by the anthracycline 

antitumor antibiotic aclarubicin. Leukemia 9: 146-154, 1995. 

15. Zang C, Liu H, Ries C, Ismair MG and Petrides PE: Enhanced migration of the acute 

promyelocytic leukemia cell line NB4 under in vitro conditions during short-term all-

trans-retinoic acid treatment. J Cancer Res Clin Oncol 126: 33-40, 2000. 

16. Tallman MS, Anderson JW, Schiffer CA, Appelbaum FR, Feusner JH, Ogden A, 

Shepherd L, Rowe JM, Francois C, Larson RS and Wiernik PH: Clinical description of 

44 patients with acute promyelocytic leukemia who developped the retinoic ATRA 

syndrome. Blood 95: 90-95, 1998. 

17. Devy L, Noël A, Baramova E, Bajou K, Trentesaux C, Jardillier JC, Foidart JM and 

Jeannesson P: Production and activation of matrix metalloprotease-9 (MMP-9) by HL-

60 promyelocytic leukemia cells. Biochem Biophys Res Commun 238: 842-846, 1997. 



Aclarubicin-induced differentiation and invasiveness 

 16

18. Ries C, Lottspeich F, Dittmann KH and Petrides PE: HL-60 leukemia cells produce an 

autocatalytically truncated form of matrix metalloproteinase-9 with impaired sensitivity 

to inhibition by tissue inhibitors of metalloproteinases. Leukemia 10: 1520-1526, 1996. 

19. Davis GE and Martin BM: A latent Mr 94,000 gelatin-degrading metalloprotease 

induced during differentiation of HL-60 promyelocytic leukemia cells: a member of the 

collagenase family of enzymes. Cancer Res 50: 1113-1120, 1990 

20. Vincenti MP: The matrix metalloproteinase (MMP) and tissue inhibitor of 

metalloproteinase (TIMP) genes. Transcriptional and posttranscriptional regulation, 

signal transduction and cell-type-specific expression. Methods Mol Biol 151: 121-148, 

2001. 

21. Nagase H and Woessner JF Jr: Matrix metalloproteinases. J Biol Chem 274: 21491-

21494, 1999. 

22. Janowska-Wieczorek A, Marquez LA, Matsuzaki A, Hashmi HR, Larratt LM, Boshkov 

LM, Turner AR, Zhang MC and Edwards DR: Expression of matrix metalloproteinases 

(MMP-2 and –9) and tissue inhibitors of metalloproteinases (TIMP-1 and –2) in acute 

myelogenous leukaemia blasts: comparison with normal bone marrow cells. Br J 

Haematol 105: 402-411, 1999. 

23. Brew K, Dinakarpandian D and Nagase H: Tissue inhibitors of metalloproteinases: 

evolution, structure and function. Biochim Biophys Acta 1477: 267-283, 2000. 

24. Westermarck J and Kahari VM: Regulation of matrix metalloproteinase expression in 

tumor invasion. FASEB J 13: 781-792, 1999. 

25. Matsuzaki A and Janowska-Wieczorek A: Unstimulated human acute myelogenous 

leukemia blasts secrete matrix metalloproteases. J Cancer Res Clin Oncol 123: 100-106, 

1997. 



Aclarubicin-induced differentiation and invasiveness 

 17

26. Sawicki G, Matsuzaki A and Janowska-Wieczorek A: Expression of the active form of 

MMP-2 on the surface of leukemic cells accounts for their in vitro invasion. J Cancer 

Res Clin Oncol 124: 245-52, 1998. 

27. Chénais B, Andriollo M, Guiraud P, Belhoussine R and Jeannesson P: Oxidative stress 

involmement in chemically induced differentiation of K562 cells. Free Radic Biol Med 

28: 18-27, 2000. 

28. Devy L, Hollender P, Munaut C, Colige A, Garnotel R, Foidart JM, Noël A and 

Jeannesson P: Matrix and serine protease expression during leukemic cell 

differentiation induced by aclacinomycin and all-trans-retinoic acid. Biochem 

Pharmacol 63: 179-189, 2002. 

29. Quillet-Mary A, Jaffrézou JP, Mansat V, Bordier C, Naval J and Laurent M: Implication 

of mitochondrial hydrogen peroxide generation in ceramide-induced apoptosis. J Biol 

Chem 272: 21388-21395, 1997. 

30. Stetler-Stevenson M, Mansoor A, Lim M, Fukushima P, Kehrl J, Marti G, Ptaszynski K, 

Wang J and Stetler-Stevenson WG: Expression of matrix metalloproteinases and tissue 

inhibitors of metalloproteinases in reactive and neoplastic lymphoid cells. Blood 89: 

1708-1715, 1997. 

31. Brassart B, Randoux A, Hornebeck W and Emonard H: Regulation of matrix 

metalloproteinase-2 (gelatinase A, MMP-2), membrane-type matrix metalloproteinase-1 

(MT1-MMP) and tissue inhibitor of metalloproteinases-2 (TIMP-2) expression by 

elastin-derived peptides in human HT-1080 fibrosarcoma cell line. Clin Exp Metastasis 

16: 489-500, 1998. 

32. Heussen C and Dowdle EB: Electrophoretic analysis of plasminogen activators in 

polyacrylamide gels containing sodium dodecyl sulfate and copolymerized substrates. 

Anal. Biochem. 102: 196-202, 1980. 



Aclarubicin-induced differentiation and invasiveness 

 18

33. Moll UM, Youngleib GL, Rosinski KB and Quigley JP: Tumor promoter-stimulated Mr 

92,000 gelatinase secreted by normal and malignant human cells: isolation and 

characterization of the enzyme from HT1080 tumor cells. Cancer Res 50: 6162-6170, 

1990. 

34. Janiak M, Hashmi HR and Janowska-Wieczoreck A: Use of the matrigel-based assay to 

measure the invasiveness of leukemic cells. Exp Hematol 22: 559-565, 1994. 

35 Mansat-de Mas V, Bezombes C, Quillet-Mary A, Bettaieb A, D'orgeix AD, Laurent G 

and Jaffrezou JP: Implication of radical oxygen species in ceramide generation, c-Jun 

N-terminal kinase activation and apoptosis induced by daunorubicin. Mol Pharmacol 

56: 867-874, 1999. 

36. Ries C, Kolb H and Petrides PE: Regulation of 92-kD gelatinase release in HL-60 

leukemia cells: tumor necrosis factor-alpha as an autocrine stimulus for basal- and 

phorbol ester-induced secretion. Blood 83: 3638-46, 1994. 

37. Beere HM and Hickman JA: Differentiation: a suitable strategy for cancer 

chemotherapy? Anti-cancer Drug Design 8: 299-322, 1993. 

38. Waxman S: Differentiation therapy in acute myelogenous leukemia (non-APL). 

Leukemia 14: 491-496, 2000. 

39. Fenaux P, Chomienne C and Degos L: All-trans retinoic acid and chemotherapy in the 

treatment of acute promyelocytic leukemia. Semin Hematol 38: 13-25, 2001. 

40. Zhang JW, Wang JY, Chen SJ and Chen Z: Mechanisms of all-trans retinoic acid-

induced differentiation of acute promyelocytic leukemia cells. J Biosci 25: 275-284, 

2000. 

41. Newmark HL and Young CW: Butyrate and phenylacetate as differentiating agents: 

practical problems and opportunities. J Cell Biochem Suppl 22: 247-253, 1995. 

42. Morceau F, Chénais B, Gillet R, Jardillier JC, Jeannesson P and Trentesaux C: 

Transcriptional and posttranscriptional regulation of erythroid gene expression in 



Aclarubicin-induced differentiation and invasiveness 

 19

anthracycline-induced differentiation of human erythroleukemic cells. Cell Growth 

Differ 7: 1023-1029, 1996. 

43. Boland MP, Foster SJ and O’Neill LAJ: Daunorubicin activates NFκB and induces κB-

dependent gene expression in HL-60 promyelocytic and Jurkat T lymphoma cells. J 

Biol Chem 272: 12952-12960, 1997. 

44. Sokoloski JA, Hodnick WF, Mayne ST, Cinquina C, Kim CS and Sartorelli AC: 

Induction of the differentiation of HL-60 promyelocytic leukemia cells by vitamin E 

and other antioxidants in combination with low levels of vitamin D3: possible 

relationship to NF-kappaB. Leukemia 11: 1546-1553, 1997. 

45. Piret B and Piette J: Topoisomerase poisons activate the transcription factor NF-kappaB 

in ACH-2 and CEM cells. Nucleic Acids Res 24: 4242-4248, 1996. 



Aclarubicin-induced differentiation and invasiveness 

 20

 

Table I. Determination of proMMP-9 level in HL-60 cell cultures. 

proMMP-9 (ng/105 cellules)a Antioxidant 

treatment Control ACLA 

None 0,86 ± 0,51b 5,53 ± 1,76c 

NAC 0,51 ± 0,37 0,64 ± 0,45d 

PDTC 1,60 ± 0,62 2,62 ± 0,24d 

 

a The level of proMMP-9 secretion was determined by ELISA in 3 days culture supernatants 

of control and ACLA-treated HL-60 cells in the presence or absence of antioxidant (NAC, 5 

mM; PDTC, 1 µM). b Data are the mean ± SD of three independent experiments, each done in 

triplicate. c Value significantly different from the control according to one-way ANOVA with 

Student-Newman-Keuls post-hoc comparison (p<0.01). d Value significantly different from 

ACLA (p<0.01). 
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Table II. Determination of TIMP-1 and TIMP-2 levels in HL-60 cell cultures. 

 

Treatment 

TIMP-1 

(ng/105 cellules)a 

TIMP-2 

(ng/105 cellules)a 

Control 3.82 ± 0.96b 2.33 ± 0.57 

NAC 2.23 ± 0.88 2.25 ± 0.31 

ACLA 15.54 ± 6.11c 3.78 ± 2.08 

ACLA + NAC 5.60 ± 0.87d 4.46 ± 2.60 

 

a The levels of TIMP-1 and TIMP-2 was determined by ELISA in 3 days culture supernatants 

of control and ACLA-treated HL-60 cells in the presence or absence of NAC (5 mM). b Data 

are the mean ± SD of three independent experiments, each done in triplicate. c Value 

significantly different from the control according to one-way ANOVA with Student-

Newman-Keuls post-hoc comparison (p<0.01). d Value significantly different from ACLA 

(p<0.01). 
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FIGURE LEGENDS 

 

Fig. 1. Inhibition of ACLA-induced differentiation by antioxidants. HL-60 cells were 

treated, or not (Control), for 3 days with 25 nM ACLA in the presence, or absence, of 5 mM 

NAC or 1µM PDTC. The percentage of differentiation was assessed by the NBT test. Data 

are the mean ± SD of five independent experiments. Statistical significance was tested with 

one-way ANOVA with post-hoc Student-Newman-Keuls comparison; columns with different 

letters significantly differ from each other (p<0.01). 

 

Fig. 2. ROS production in ACLA-treated cells. HL-60 cells were treated, or not, for the 

indicated time with 25 nM ACLA in the presence, or absence, of 1µM PDTC before 

incubation with 5 µM of C2938 probe for 30 minutes. For each time point, the fluorescence 

intensity was recorded by spectrofluorimetry (λex, 495 nm;  λem, 520 nm) and results were 

expressed as the relative fluorescence intensity (%) with respect to untreated cells. Results are 

the mean ± SD of three independent experiments. *Values significantly different from control 

according to one-way ANOVA with post-hoc Student-Newman-Keuls comparison (p<0.01). 

 

Fig. 3. Gelatin zymography analysis of (pro)MMP-9 expression. HL-60 cells were treated, 

or not (Control) for 3 days with 25 nM ACLA in the presence, or absence, of 5 mM NAC or 

1µM PDTC. (A) Conditioned media were then harvested and proMMP-9 expression was 

analysed by gelatin zymography. (B) Whole cell lysates were prepared from an equal amount 

of cells and analyzed by gelatin zymography allowing the detection of active MMP-9 as 

indicated by the arrow. Result from a typical experiment representative of three. 
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Fig. 4. RT-PCR analysis of MMP-9 and TIMPs gene expression. HL-60 cells were treated, 

or not (Control) for 3 days with 25 nM ACLA in the presence, or absence, of 5 mM NAC or 

1µM PDTC. Total mRNAs were then extracted and RT-PCR was performed as described in 

the Materials and Methods section. Result from a typical experiment representative of three. 

 

Fig. 5. ACLA-mediated increase of HL-60 cells invasiveness and migration. HL-60 cells 

were treated, or not (Control) for 3 days with 25 nM ACLA in the presence, or absence, of 5 

mM NAC. (A) The % of invasive cells was determined as the % of cells which have crossed 

the Matrigel®-coated filter after a 6h incubation period. (B) The % of migrating cells was 

determined as previously with uncoated filters. Results are the mean ± SD of three 

independent experiments, each done in triplicate. Statistical significance was tested with one-

way ANOVA with post-hoc Student-Newman-Keuls comparison; columns with different 

letters significantly differ from each other (p<0.01). 
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