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Abstract

In this study, we have evaluated the ‘‘in vitro’’ modulatory activity of a series of pyrazolotriazolopyrimidine derivatives (PTP-d) in

sensitizing malignant melanoma cells to the chemotherapic drugs: taxol and vindesine. To that end, we have described the impact of

chemotherapeutic agents on the cell cycle and on the induction of apoptosis when used alone or in combination with PTP-d. We have

demonstrated that four PTP-d reduced chemotherapic drugs EC50 doses of the G2/M accumulation with an average of 1.7-fold for taxol and

9.5-fold for vindesine when challenged on A375 human melanoma cell line. This sensitization activity was also confirmed by analyzing

the apoptosis degree induced by the chemotherapic drugs. Interestingly, PTP-d had no effects on the response to cytotoxic agents by skin-

derived human keratinocyte cells, NCTC 2544. Therefore, we have investigated the signaling pathway sustaining the sensitizing effect of

PTP-d, providing functional evidence that active compounds are able to inhibit multidrug resistance-associated ATP-binding cassette drug

transporter. These results suggested that PTP-d hold great promise for the treatment of multidrug resistance in cancers, leading to potential

new therapies for melanoma.

# 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The incidence of cutaneous melanoma has been rapidly

increasing, with an estimate of 47,700 new cases diagnosed

in 2000 in the United States [1]. Melanoma is cured in most

cases by surgery, but once the metastatic phase develops, it

is almost always fatal. Patients with metastatic melanoma

survive an average of 4–6 months [2]. There have been
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furyl)-pyrazolo-[4,3e]-1,2,4-triazolo[1,5-c]pyrimidine; MRE 3046F20, 5-

N-(4-methylphenyl-carbamoyl)amino-8-methyl-2(2-furyl)-pyrazolo-

[4,3e]-1,2,4-triazolo[1,5-c]pyrimidine; MRE 3056F20, 5-N-(4-sulphonyl-

phenyl-carbamoyl)amino-8-propyl-2(2-furyl)-pyrazolo-[4,3e]-1,2,4-triazo-

lo[1,5-c]pyrimidine; MRE 3062F20, 5-N-(4-phenyl-carbamoyl)amino-8-

butyl-2-(2-furyl)-pyrazolo-[4,3e]-1,2,4-triazolo[1,5-c]pyrimidine; MRE

3100F20, 5-N-(4-diethylamino-phenyl-carbamoyl)amino-8-methyl-(2(2-

furyl)-pyrazolo-[4,3e]1,2,4-triazolo[1,5-c]pyrimidine); MTT, 3-[4,5-di-

methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Pgp, P-glycopro-

tein; PTP-d, pyrazolotriazolopyrimidine derivatives; Rh123, rhodamine

123; RNase, ribonuclease; SEC50, the concentrations of PTP-d exerting the

50% of the sensitizing activity.
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Abbreviations: DAPI, 40,60,-diamino-2-phenyl-indole; DMEM, Dulbec-

co’s Modified Eagle’s Medium; EC50, dose exerting the 50% of the G2/M

arrest; ECMAX, dose exerting the maximal apoptosis; EMEM, Minimum

Essential Medium Eagle’s with Earle’s Salts; FACS, fluorescence-activated

cell sorter; FMAX, maximal fluorescence; FRES, residual fluorescence; MDR,

multidrug resistance; MRE 3008F20, 5-N-(4-methoxy-phenyl-carbamoyl)a-

mino-8-propyl-2(2-furyl)-pyrazolo-[4,3e]1,2,4-triazolo[1,5-c]pyrimidine;

MRE 3042F20, 5-N-(4-sulphonyl-phenyl-carbamoyl)amino-8-methyl-2(2-



relatively few new chemotherapeutic agents in the past

several years that have demonstrated any activity in this

disease. Taxol and vindesine have demonstrated antitumor

activity in patients with melanoma [2,3]. Unfortunately,

taxol and vindesine are subject to the problem of multidrug

resistance (MDR), which results from the overexpression

of the P-glycoprotein (Pgp). It is noteworthy that MDR is a

common phenomenon in malignant melanoma [4]. As

mechanisms of resistance are identified, new drugs may

increase the sensitivity of melanoma to chemotherapeutic

treatments.

Recently, there has been considerable interest in the

involvement of adenosine in tumor priming and progres-

sion [5–8]. Adenosine can be released from a variety of

cells throughout the body, as the result of increased meta-

bolic rates, in concentrations that can have a profound

impact on the vasculature, on immuno-escaping, and on the

growth of tumor masses [9]. It is recognized that the

concentrations of this nucleoside are increased in cancer

tissues and in hypoxia [10,11].

Therefore, it is not surprising that adenosine has been

shown to be a crucial factor in determining the cell

progression pathway, either to apoptosis or a cytostatic

state [12–19]. In particular, it has been demonstrated that

adenosine may arrest keratinocyte proliferation [5].

Four different adenosine receptors have been identified

and pharmacologically characterized: A1, A2A, A2B, and

A3 [9]. In particular, activation of A3 adenosine receptor

blocks ultraviolet (UV)-irradiation-induced apoptosis [16],

impairs cell proliferation, but also improves cell survival of

human melanoma cells [7].

This has important consequences: it seems likely that the

A3 adenosine receptor subtype may be the target for the

development of a new series of antitumoral drugs [20–23].

Thus, the goal of our work was to characterize the

sensitizing activity to taxol and to vindesine by a series

of selective A3 receptor antagonists PTP-d. The results

obtained with the human malignant melanoma cell line

A375 have been compared with the human skin-derived

keratinocyte cell line NCTC 2544. The aim was to gain

insight into the direct potential role of A3 adenosine

receptor blockage in counteracting the occurrence of

MDR, frequently observed in malignant skin-derived cells.

2. Materials and methods

2.1. Chemicals and reagents

A375 and NCTC 2544 cells were obtained from Amer-

ican Tissue Culture Collection (ATCC). Tissue culture

media and growth supplements were obtained from Bio-

Whittaker. Unless otherwise noted, all other chemicals

were purchased from Sigma. MRE 3046F20, 5-N-(4-

methylphenyl-carbamoyl)amino-8-methyl-2(2-furyl)-pyra-

zolo-[4,3e]-1,2,4-triazolo[1,5-c]pyrimidine;MRE3100F20,

5-N-(4-diethylamino-phenyl-carbamoyl)amino-8-methyl-

(2(2-furyl)-pyrazolo-[4,3e]1,2,4-triazolo[1,5-c]pyrimi-

dine); MRE 3008F20, 5-N-(4-methoxy-phenyl-carbamoyl)-

amino-8-propyl-2(2-furyl)-pyrazolo-[4,3e]1,2,4-triazo-

lo[1,5c]pyrimidine, MRE 3042F20, 5-N-(4-sulphonyl-phe-

nyl-carbamoyl)amino-8-methyl-2(2-furyl)-pyrazolo-[4,

3e]-1,2,4-triazolo[1,5c]pyrimidine; MRE 3056F20, 5-N-

(4-sulphonyl-phenyl-carbamoyl)amino-8-propyl-2(2-fur-

yl)-pyrazolo-[4,3e]-1,2,4-triazolo[1,5-c]pyrimidine; MRE

3062F20, 5-N-(4-phenyl-carbamoyl)amino-8-butyl-2-(2-

furyl)-pyrazolo-[4,3e]-1,2,4-triazolo[1,5-c]pyrimidinewere

synthesized by Prof. P.G. Baraldi, University of Ferrara,

Italy. Ribonuclease (RNAse) was purchased from Boeh-

ringer.

2.2. Cell culture

Cells were maintained in DMEM (A375) or EMEM

(NCTC 2544) medium containing 10% fetal calf serum,

penicillin (100 U/mL), streptomycin (100 mg/mL), and L-

glutamine (2 mM).

2.3. Colony formation assay

Exponentially growing A375 cells were seeded at

300 cells per well in 6-well plates and treated with taxol

and A3 adenosine receptor antagonists. After 7 days of

growth the cells were fixed and stained with 1/10 Giemsa/

PBS. Colonies of greater than 30 cells were scored as

survivors. For each treatment, six individual wells were

scored.

2.4. Morphological analysis

To recover all seeded cells, the adherent culture fraction

was trypsinized and mixed with the supernatant fraction.

Then, the cell suspension was spun to a slide fixed,

permeabilized, and stained with DAPI [7]. Slides were

observed on Zeiss Axiophot fluorescent microscope.

2.5. Flow cytometry analysis

Cells were permeabilized in 70% (v/v) ethanol/PBS and

stained with a PBS solution containing 20 mg/mL propi-

dium iodide and 100 mg/mL RNAse and then analyzed by

FACS (Becton-Dickinson). The content of DNA was eval-

uated by the Cell-LISYS program (Becton-Dickinson).

Cell distribution among cell cycle phases and apoptotic

cells were evaluated as previously described [7].

2.6. Rhodamine 123 (Rh123) efflux assay

Cells were loaded with 50 ng/mL Rh123 for 30 min at

378. The cells were washed and resuspended in dye-stain-

ing agent-free medium for 3 hr at 378 to allow Rh123

efflux. The fluorescence of Rh123 was analyzed by flow
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cytometer (residual fluorescence (FRES)). The fluorescence

was compared with Rh123-loaded cells maintained at 48 to

prevent drug export (maximal fluorescence (FMAX)). To

evaluate the ability of PTP-d to interfere with drug efflux

activity of MDR-associated ATP-binding cassette drug

transporters, Rh123-loaded cells were resuspended in

dye-staining agent-free medium in the presence of PTP-

d (10 mM). Cells from each cell line that had not been

exposed to Rh123 were used as negative controls.

2.7. ATPLite assay

The intracellular ATP concentration was determined

with a luminescent ATP detection kit (ATPLite-M by

Packard) according to the manufacturer’s directions. Light

units generated by ATP in each sample were normalized to

control (solution with known ATP concentration) and

expressed as the absolute ATP levels.

2.8. 3-[4,5-Dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) assay

The number of living cells was determined evaluating

the mitochondrial dehydrogenase activity by using MTT,

as previously described [7]. All individual drug concentra-

tions were done in four separate wells, and each experi-

ment repeated three times.

2.9. Statistical analysis

All values in the figures and text are expressed as

mean � SD of N observation (with N � 3). Data sets were

examined by ANOVA and Dunnett’s test (when required).

A P value less than 0.05 was considered statistically

significant. Representative images obtained by FACS

and by fluorescent microscope observation are reported,

with similar results having been obtained in at least three

different experiments.

Dose–response curves of cell cycle alteration were

analyzed with the nonlinear least-squares curve fitting

program Prism (GraphPAD). The G2/M phase accumula-

tions were fitted with sigmoidal dose–response function

obtaining the dose exerting the 50% of the G2/M arrest

(EC50 and SEC50). The sub-G1 (apoptosis) accumulation

curves were fitted with Gaussian distribution obtaining

the dose exerting the maximal apoptosis (ECMAX) by mean

value.

3. Results

At first, we evaluated whether the A3 adenosine receptor

antagonist MRE 3008F20 [24] could enhance the toxic

effect of a conventional chemotherapic drug. We per-

formed colony formation assay experiments on A375

melanoma cells treated with increased concentrations of

taxol (0.75, 2.5, and 7.5 ng/mL).

Taxol at 0.75 ng/mL reduced the number of colonies

(64 � 3% respect to untreated cells), whereas at 2.5 ng/mL

it abrogated the colony formation ability of A375 cells.

MRE 3008F20 showed low toxicity at 0.1 and 1 mM,

reducing the number of colonies by 13 � 5% and

20 � 4%, respectively. When 0.1 mM MRE 3008F20

was assayed with taxol at 0.75 ng/mL, we observed a

strong reduction of the number of the colonies (29 � 5%

respect to untreated cells); furthermore, MRE 3008F20 at

1 mM completely abolished the colony formation ability of

A375 cells simultaneously treated with 0.75 ng/mL taxol

(Fig. 1).

Prompted by these observations, we performed an acute

treatment of A375 cells with MRE 3008F20 in combina-

tion with antimitotic drugs. After 24 hr, we observed that

the antimitotic drug taxol (25 ng/mL) induced a profound

modification of the nuclei morphology of A375 cells. The

nuclei of treated cells were irregular, fragmented, and the

chromatin was often condensed (Fig. 2B). When taxol and

MRE 3008F20 (10 mM) were used in combination, we

observed an increased number of cells in mitosis (Fig. 2C).

To better quantify the amount of cells blocked in G2/M

phases, we performed flow cytometer analysis.
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Fig. 1. Colony formation assay of A375 cells. The values represent the mean � SEM of four independent experiments. T: taxol, 0.75 ng/mL; M0.1: MRE

3008F20, 0.1 mM; M1.0: MRE 3008F20, 1.0 mM; T þ M0.1: taxol plus MRE 3008F20, 0.1 mM; T þ M1.0: taxol plus MRE 3008F20, 1.0 mM treated cells.
�P < 0:01 vs. control DMSO-treated cells; #P < 0:01 vs. taxol-treated cells. Analysis was by ANOVA followed by Dunnett’s test.
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Taxol (25 ng/mL) reduced the percentage of cells in G0/

G1 phases and increased the number of cells in G2/M

phases (Fig. 2E), whereas 1 nM vindesine did not alter

significantly cell proliferation if compared with drug

vehicle-treated cells (Fig. 2H and G, respectively). When

MRE 3008F20 was used in combination with taxol

(Fig. 2F) or with vindesine (Fig. 2I), A375 cells accumu-

lated in G2/M phases.

We analyzed the sensitivity of the A375 cell line to taxol

and vindesine. At 24 hr post-exposure, taxol and vindesine

induced a dose-dependent cell accumulation into G2/M cell

cycle phases (Fig. 3A and C, empty symbols) and a parallel

decrease of the G0/G1 population (data not shown). We

found that the concentration exerting the 50% of the G2/M

accumulation (EC50) was 16:60 � 2:00 ng/mL and 1:90�
0:20 nM for taxol and vindesine, respectively. Further-

more, our analyses showed that EC50 values of taxol and

vindesine for the decrease of G0/G1 population were not

significantly changed with respect to EC50 values of G2/M

arrest. The S-phase population, representative of replicat-

ing DNA, was uninformative because it was not appreci-

ably changed. In A375 cells, the percentage of apoptotic

cells increased progressively with taxol concentration,

reaching the maximum value (ranging from 35 to 53%

of total culture, on different experiments) at 6 ng/mL

(Fig. 3B, empty symbols). An increase of the taxol con-

centration resulted in a decrease of A375 cells at sub-G1.

The taxol concentration exerting the maximal apoptosis

(ECMAX) was 6:00 � 0:63 ng/mL. A similar analysis was

performed with vindesine obtaining ECMAX value of

3:54 � 0:42 nM.

After this preliminary analysis A375 cells were treated

with vindesine and taxol in the presence of 10 mM MRE

3008F20 (Fig. 3A and C). MRE 3008F20 reduced taxol

and vindesine EC50 values by 1.9- and 4.0-fold, respec-

tively. Similar results were obtained analyzing EC50 values

calculated for the G0/G1 population (data not shown).

Furthermore, MRE 3008F20 (10 mM) reduced ECMAX

value by 2.0- and 2.1-fold, for taxol and vindesine, respec-

tively (Fig. 3B and D).

We quantified the ability of other PTP-d (MRE 3062F20,

MRE 3046F20, MRE 3100F20, MRE 3042F20, and MRE

Fig. 2. Cytospun of A375 cells treated with DMSO (A), taxol, 25 ng/mL (B); taxol, 25 ng/mL plus MRE 3008F20, 10 mM (C). Flow cytometry analysis of

A375 cells treated with drug vehicle as control (D and G) or with vindesine, 1 nM (H) alone; taxol, 25 ng/mL (E) alone. Cells were treated with vindesine

plus MRE, 3008F20 10 mM (I) or with taxol plus MRE 3008F20, 10 mM (F).
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3056F20) [25] to sensitize A375 cells to vindesine and

taxol (Table 1A and B). We verified whether the sensitizing

activity observed by malignant melanoma cells was repro-

ducible in the principal epidermis cytotype: the human

keratinocyte.

For this, we chose human normal keratinocytic cell

line NCTC 2544, having a pattern of surface A3 adeno-

sine receptor expression similar to the A375 cell line.

In particular, we have previously demonstrated that

the density of A3 receptors is 291 � 50 fmol/mg and

-2 -1 0 1 2 3
0

10

20

30

40

50

60

70

A
po

pt
os

is
 %

-10.5 -10.0 -9.5 -9.0 -8.5 -8.0 -7.5
0

5

10

15

20

25

30

A
p

o
p

to
si

s 
%

-0.5 0.0 0.5 1.0 1.5 2.0 2.5
0

100

200

300

400

log [taxol] (ng/mL) log [taxol] (ng/mL)

G
2/

M
  (

%
 o

f c
on

tr
ol

)

-11 -10 -9 -8 -7 -6
0

100

200

300

400

500

log [vindesine] (M) log [vindesine] (M)

G
2/

M
  (

%
 o

f c
on

tr
ol

)

(A)

(C)

(B)

(D)

Fig. 3. Typical dose–response curve of A375 cells exposed to vindesine (A and B) and taxol (C and D) alone (open symbols) or in the presence of 10 mM

MRE 3008F20 (filled symbols). Panels A and C show the number of cells arrested in G2/M phases calculated as percentage of untreated cells (control), panels

B and D the accumulation (% of total living cells) of the sub-G1 (apoptosis) population.

Table 1A

Induction of G2/M accumulation of A375 and NCTC 2544 cells by taxol and vindesine with or without PTP-d and verapamil treatment

A375 NCTC 2544

Taxol (EC50)a Vindesine (EC50)b Taxol (EC50)a Vindesine (EC50)b

DMSO 16.60 � 2.00 1.90 � 0.20 2.69 � 0.28 0.89 � 0.08

MRE 3008F20 8.60 � 0.81* 0.48 � 0.05# 2.41 � 0.30 0.70 � 0.06

MRE 3062F20 8.26 � 0.75* 0.10 � 0.02# 2.50 � 0.31 0.72 � 0.06

MRE 3046F20 11.71 � 1.15* 0.39 � 0.03# 2.63 � 0.28 0.60 � 0.07

MRE 3100F20 10.27 � 0.94* 0.19 � 0.02# 2.72 � 0.26 0.80 � 0.07

MRE 3042F20 17.01 � 1.54 1.80 � 0.20 2.69 � 0.24 0.82 � 0.09

MRE 3056F20 16.30 � 2.47 1.95 � 0.21 2.41 � 0.29 0.76 � 0.07

Verapamil 7.50 � 0.94* 0.49 � 0.04# 2.50 � 0.30 0.73 � 0.08

Values are expressed as mean � SE of four independent experiments. PTP-d and verapamil were used at 10 mM. EC50 values were obtained by analyzing

G2/M accumulation dose–response curve.
a Values expressed as ng/mL of taxol.
b Values expressed as nM of vindesine.
* P < 0:01 vs. taxol DMSO; analysis by ANOVA followed by Dunnett’s test.
# P < 0:01 vs. vindesine DMSO; analysis by ANOVA followed by Dunnett’s test.
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337 � 26 fmol/mg of protein on A375 and NCTC 25442

cell lines, respectively [26].

We identified the EC50 values of vindesine- and taxol-

mediated cell cycle distribution alteration (G2/M accumu-

lation) under treatment with the PTP-d series or with drug

vehicle (Table 1A). The values of ECMAX were also

reported for each cell line in the Table 1B.

On one hand, in A375 cells, MRE 3042F20 and MRE

3056F20 did not enhance taxol and vindesine antiproli-

ferative and apoptotic activity, while MRE 3008F20, MRE

3062F20, MRE 3046F20, and MRE 3100F20 reduced EC50

and ECMAX values with similar efficacy.

On the other hand, NCTC 2544, despite higher sensi-

tivity to antimitotic drugs than melanoma cells did not

show any increased sensitivity by PTP-d treatment. To

better investigate the ability of PTP-d to sensitize malig-

nant melanoma cells to taxol and vindesine, A375 cells

were treated with vindesine (1 nM) with increasing con-

centrations of PTP-d. The rank order of potency was: MRE

3062F20 > MRE 3008F20 > MRE 3046F20 > MRE 31-

SEC50) were reported in Table 2. Surprisingly, SEC50 values

did not agree with inhibitory equilibrium binding constant

(Ki) of PTP-d observed in binding experiments for the

adenosine A3 receptor [25,26]. These experimental evi-

dences suggested the involvement of a cell-specific factor

that was present in A375 while absent in NCTC 2544 cells.

Due to the occurrence of MDR in melanoma, in order to

evaluate the involvement of MDR-associated ATP-binding

cassette drug transporter, A375 and NCTC 2544 cells were

treated with verapamil, a well-known MDR phenotype

reverter and a Pgp inhibitor [27]. As shown in Table 1A

and B verapamil reduced the EC50 and ECMAX doses of

chemotherapic drugs in A375 cell line but not in NCTC

2544. Therefore, we have evaluated the involvement of

Pgp-like activity by Rh123 retention assay: a functional

assay for MDR-associated ATP-binding cassette drug

transporter. A375 cells, loaded with Rh123 and then

cultured in Rh123-free medium, show to be composed

by two populations characterized by a FRES having a mean

fluorescence intensity lower than FMAX (Fig. 4A, black

filled area). The population with the lowest fluorescence,

accounting for 30 � 5% of total cells, represents the cells

expressing functional MDR-associated ATP-binding cas-

sette drug transporter and having low intracellular level of

Rh123 (Fig. 4A, gate i). On the contrary, NCTC 2544 cells

show a FRES chromatogram comparable to FMAX (Fig. 4B,

black filled area and gray filled area, respectively), con-

sistent to the absence or undetectable level of drug pump-

ing activity in these cells.

To ensure that the Rh123 efflux observed in A375 cells

was mediated by the Pgp-like pumping activity and not by

other transporters, we performed a new set of Rh123

retention experiments in the presence of probenecid

(1 mM), inhibitor of MRP [28] and verapamil as specific

Pgp inhibitor. We found that probenecid did not inhibit

Rh123 efflux (Fig. 4D) while verapamil abrogated Rh123

Table 1B

Induction of apoptosis of A375 and NCTC 2544 cells by taxol and vindesine with or without PTP-d and verapamil treatment

A375 NCTC 2544

Taxol (ECMAX)a Vindesine (ECMAX)b Taxol (ECMAX)a Vindesine (ECMAX)b

DMSO 6.00 � 0.63 3.54 � 0.42 2.69 � 0.23 2.50 � 0.27

MRE 3008F20 3.04 � 0.32* 1.66 � 0.20# 2.55 � 0.24 2.34 � 0.25

MRE 3062F20 3.28 � 0.34* 2.04 � 0.21# 2.57 � 0.27 2.48 � 0.15

MRE 3046F20 4.32 � 0.45* 1.63 � 0.18# 2.65 � 0.21 2.53 � 0.14

MRE 3100F20 4.10 � 0.47* 1.99 � 0.17# 2.43 � 0.29 2.39 � 0.21

MRE 3042F20 6.45 � 0.78 3.33 � 0.34 2.56 � 0.23 2.00 � 0.23

MRE 3056F20 6.30 � 0.81 3.60 � 0.37 2.48 � 0.24 2.37 � 0.24

Verapamil 3.51 � 0.29* 2.29 � 0.34# 2.70 � 0.21 2.44 � 0.20

Values are expressed as mean � SE of four independent experiments. PTP-d and verapamil were used at 10 mM. ECMAX values were obtained by analyzing

sub-G1 accumulation dose–response curve.
a Values expressed as ng/mL of taxol.
b Values expressed as nM of vindesine.
* P < 0:01 vs. taxol DMSO; analysis by ANOVA followed by Dunnett’s test.
# P < 0:01 vs. vindesine DMSO; analysis by ANOVA followed by Dunnett’s test.

Table 2

Adenosine receptor antagonist parameters of sensitizing activity to

vindesine and binding affinity to A3 adenosine receptor in A375 cells

SEC50 (mM) Ki (nM)

MRE 3008F20 0.55 � 0.06 3.1 � 0.3a

MRE 3062F20 0.43 � 0.04 2.3 � 0.2a

MRE 3046F20 0.57 � 0.06 3.0 � 0.3a

MRE 3100F20 0.97 � 0.10 30.0 � 2.5b

MRE 3042F20 >10 25.0 � 3.0b

MRE 3056F20 >10 30.0 � 3.1b

Values are expressed as mean � SE of four independent experiments.

SEC50: adenosine receptor antagonist dose that induces the 50% of the

sensitizing activity to vindesine, calculated on G2/M accumulation dose–

response curve. Ki: equilibrium constant of binding affinity at human A3

adenosine receptor.
a Merighi et al. [26].
b Baraldi and Borea [25].2 Personal communication.
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efflux (Fig. 4C), suggesting that Rh123 exits from A375

cells via Pgp-like mediated transport.

We report that PTP-d were able to inhibit Pgp-

like mediated Rh123 efflux. In the presence of MRE

3008F20, Rh123 yielded a FRES chromatogram compar-

able to FMAX (Fig. 4E, black filled area and gray filled area,

respectively), consistent with a complete blockage of Pgp-

like mediated Rh123 transport in A375 cell line.

Table 3 summarizes the percentage of cells expressing

Pgp-like activity (% of Rh123 negative cells) in the pre-

sence of adenosine receptor antagonists. We observed that

MRE 3100F20, MRE 3008F20, MRE 3062F20, and MRE

3046F20 are strong inhibitors of Pgp activity, while MRE

3042F20 and MRE 3056F20 did not interfere with drug

efflux. These data strongly suggest the existence of a

structure–activity relationship for the inhibition of Pgp-

like drug expulsion activity mediated by adenosine recep-

tor antagonists.

To further investigate the role of PTP-d in modulating the

Pgp-like transport of chemotherapic drugs, we measured the

intracellular ATP content of A375 cells (12 � 1 nmol/

106 cells). We found that PTP-d did not modify the intra-

cellular concentration of ATP (10 � 2 nmol/106 cells,

10 mM for 24 hr).

To exclude that Rh123 efflux could be consequent to

strong cell vitality reduction, we evaluated the toxicity of

PTP-d by MTT assay. No significant reduction of cell

viability was found under PTP-d (up to 10 mM for

24 hr) treatment.

Fig. 4. Representative flow chromatograms of Rh123 accumulation by A375 cells (A and C–E) and NCTC 2544 cells (B) in the presence of verapamil,

10 mM (C); MRE 3008F20, 10 mM (E); probenecid, 1 mM (D); or drug vehicle (A and B). FMAX: gray filled area; FRES: black filled area. Rh123 unstained

cell chromatogram is reported as unfilled area. Cells with active Rh123 efflux were scored by gate ‘‘i’’.

Table 3

Rhodamine 123 efflux (Rh123) assay in A375 cells in the presence and

absence of PTP-d and verapamil

Treatment Concentration

(mM)

% of Rh123

negative cells

DMSO 30 � 5

MRE 3100F20 10 0.4 � 0.5*

MRE 3008F20 10 0.5 � 0.5*

MRE 3062F20 10 1.0 � 0.5*

MRE 3046F20 10 7 � 2*

MRE 3042F20 10 31 � 3

MRE 3056F20 10 28 � 4

Verapamil 10 0.2 � 1.0*

Values are expressed as mean � SE of four independent experiments.
* P < 0:01 vs. DMSO; analysis by ANOVA followed by Dunnett’s test.
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4. Discussion

This is the first study to show that various ligands of the

A3 adenosine receptor (pyrazolo[4,3e]1,2,4-triazolo[1,5-

c]pyrimidine derivatives) exert sensitizing activity to taxol

and vindesine in human melanoma A375 cell line. Con-

versely, this effect has not been observed in normal ker-

atinocytic NCTC 2544 cell line. Furthermore, sensitizing

enhancement by active PTP-d was only observed at a

concentration about 1000-fold higher than that required

for their specific binding to the high-affinity A3 receptor

[25,26], thus questioning the relationship between the

sensitizing effect of active PTP-d and their receptor bind-

ing. Moreover, no sensitizing activity to taxol and vinde-

sine by MRE 3042F20 and MRE 3056F20 (PTP-d with

high affinity to A3 adenosine receptor) was found. This

would emphasize that A3 adenosine receptor expression is

not a prerequisite for PTP-d sensitizing activity.

We have characterized, for the first time, the sensitivity

of melanoma and keratinocytic cell lines to taxol and to

vindesine analyzing the apoptotic degree (ECMAX) and the

alteration of cell distribution among the different cell cycle

phases (EC50). Taxol and vindesine are microtubule inter-

fering agents that cause apoptosis and alter cell prolifera-

tion arresting cell progression into G2/M cell cycle phases.

We have demonstrated that four PTP-d reduced che-

motherapic drugs EC50 doses of the G2/M accumulation

with an average of 1.7-fold for taxol and 9.5-fold for

vindesine when challenged on A375 cell line. This sensi-

tization activity was also confirmed by analyzing the

degree of apoptosis induced by the chemotherapic drugs.

In contrast, sensitizing activity of PTP-d was completely

absent in NCTC 2544 cells.

Furthermore, we have demonstrated that the presence of

MDR-associated ATP-binding cassette drug transporter

activity is necessary to assure the PTP-d-induced sensiti-

zation to taxol and to vindesine. Previous studies reported

that melanoma cell line expresses functional Pgp [4,29,30].

Similarly, in our work, A375 cells produced a drug efflux

activity, whereas in NCTC 2544 cells we were unable to

demonstrate any Rh123 efflux. The use of the MRP

inhibitor probenecid (1 mM) in Rh123 experiments con-

firmed that Rh123 efflux was mediated by Pgp-like

pump. Treatment with a reverter agent (verapamil) showed

the importance of an ATP-dependent drug transporter in

inducing resistance to taxol and vindesine in A375 cell

line. Furthermore, these findings underline the ‘‘reverter-

like’’ behavior of the active PTP-d. Finally, different

expression of MDR-associated ATP-binding cassette drug

transporter activity in A375 and NCTC 2544 cell lines may

explain the inability of verapamil and PTP-d to sensitize to

chemotherapic drugs NCTC 2544 cells lacking Pgp-like

expression.

To further investigate the role of PTP-d in modulating

transport of chemotherapic drugs, we measured the intra-

cellular ATP content and cell viability under PTP-d treat-

ment. We found that PTP-d did not modify the intracellular

concentration of ATP. Consequently, we can exclude that

PTP-d block Pgp-like activity by reducing the energetic

intracellular stores necessary for active drug efflux. In view

of the documented evidences suggesting that allosteric

regulatory sites are distinct from transport sites on Pgp

[31], we hypothesize that active PTP-d may be able to

interact with a binding site on MDR-associated ATP-

binding cassette drug transporter as modulators or sub-

strates. Additionally, active PTP-d may be able to control

ATP hydrolysis produced during the drug transport.

Further studies are required to underscore the nature of

the interaction of PTP-d with MDR-associated ATP-bind-

ing cassette drug transporter and to characterize their

potential sites of binding.

In contrast to the four active PTP-d, MRE 3042F20 and

MRE 3056F20 were unable to inhibit Pgp-like activity in

A375 cells. These findings suggest the existence of a

structure–activity relationship of PTP-d interaction with

MDR-associated ATP-binding cassette drug transporter. It

is not an easy task to rationalize the data collected in the

present work into sound and consistent structure–activity

relationships. Nevertheless, some useful preliminary con-

clusions can be extracted from the limited series of com-

pounds studied. First, we observed that the presence of a

phenyl-carbamoyl-amino derivative on N5 of the 2-furyl-

pyrazolo-triazolo-pyrimidine basal structure is a common

feature of this series of PTP-d: no conclusion can be drawn

about this substituent per se, since it is an invariant feature

in all compounds tested. Second, we underline that MRE

3042F20 and MRE 3056F20 have a SO3H substituent that

confers to them a higher hydrophilic character with respect

to active PTP-d (Fig. 5). Accordingly, it has been reported

that lipophilicity is one of the common features of MDR

reverting agents [32,33]. Nevertheless, there is no evidence

to decide whether the detrimental effect of MRE 3042F20

and MRE 3056F20 is due to hydrophilicity as such or

results from an unfavorable pharmacophoric contribution

of an anionic group such as SO3
�.

These observations can be useful in the design of more

potent PTP-d molecules able to block MDR-associated

ATP-binding cassette drug transporters.

Although in this study, we have performed experiments

of PTP-d and antitumor drug co-treatment in human tumor

and normal cell lines ‘‘in vitro’’, and there may be impor-

tant differences with ‘‘in vivo’’ system, our data strengthen

the notion that PTP-d may represent a potential new class

of pharmacologic drugs, improving conventional antic-

ancer therapies in patients affected by skin-derived cell

malignancies. Moreover, we have provided a molecular

mechanism to explain how PTP-d can sensitize melanoma

cells to conventional chemotherapic drugs, such as taxane,

and ‘‘Vinca’’ alkaloid derivatives by impairing Pgp-like

activity. If our present findings are confirmed with ‘‘in

vivo’’ studies, they might suggest that a combination of

PTP-d with chemotherapic drugs would be beneficial to
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counteract the occurrence of MDR, frequently observed in

melanoma.
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