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Adenosine induces glioma cell proliferation by means of an antiapoptotic effect, which is blocked by
cotreatment with selective A3 AR antagonists. In this study, a novel series of N2-substituted pyrazolo-
[3,4-d ]pyrimidines 2a-u was developed as highly potent and selective A3 AR antagonists. The most
performing compounds were derivatives 2a (R1=CH3 andR2=COC6H5;Ki 334, 728, and 0.60 nM at
the humanA1, A2A, andA3ARs, respectively) and 2b (R1=CH3 andR2=COC6H4-4-OCH3;Ki 1037,
3179, and 0.18 nMat the humanA1,A2A, andA3ARs, respectively), which counteracted the effect of the
A3 AR agonists Cl-IB-MECA and IB-MECA on human glioma U87MG cell proliferation. This effect
was concentration-dependent, with IC50 values comparable to A3 AR binding affinity values of 2a and
2b, thereby suggesting that their effects were receptor-mediated. Furthermore, the antiproliferative
activity of the new compounds was demonstrated to be mediated by the block of A3 AR agonist
activation of intracellular kinases ERK 1/2.

Introduction

Adenosine is an endogenous purine nucleoside that modu-
lates awide varietyof physiological actionsby triggering specific
cellmembraneG-protein-coupled receptors (GPCRsa). Adeno-
sine receptors (ARs) are widely distributed in mammalian
tissues and have been classified into the four following sub-
classes: A1, A2A, A2B, and A3.

1-3

The adenosine A1 and A3 ARs are coupled to the Gi

protein, which inhibits adenylate cyclase. In contrast, the
A2AandA2BARs stimulate adenylate cyclase via aGs protein.
Additional couplings to other secondmessenger systems have
been described, including the stimulation of phospholipase C
(A1, A2B, and A3) as well as the activation and inhibition of
potassium and calcium channels, (A1) respectively.

4

ARs are currently of great interest as targets for therapeutic
intervention in many pathological conditions such as renal
failure, cardiac and cerebral ischemia, central nervous system
(CNS) disorders, neurodegenerative diseases, and inflamma-
tory pathologies such as asthma.5,6 Indeed, the development
of potent and selective synthetic AR antagonists has been the

subject of medicinal chemistry research for more than three
decades.5,6

The A3 AR is widely distributed in peripheral organs and is
found in high levels in the testis and in lower levels in the lung,
kidney, andheart aswell as in regionsof theCNS.7TheA3AR
is involved in a variety of important physiological processes,
including modulation of cerebral and cardiac ischemic
damage,8-10 inflammation,11 modulation of intraocular pres-
sure,12 regulation of normal and tumor cell growth,13-15 and
immunosuppression.16 Consequently, A3 AR selective anta-
gonists have beenproposed as novel anti-inflammatory drugs,
as cerebroprotective agents for preventing ischemic brain
damage, and as new agents for the treatment of glaucoma.16

Furthermore, the significant overexpression of A3 AR in
several types of tumor cells,17 together with the pro-survival
and antiapoptotic effects of A3 AR stimulation, has recently
led Baraldi et al. to propose that antagonists at this receptor
might sensitize tumor cells to chemotherapeutic drugs.14,18 In
this regard, recent studies have shown that the specific A3 AR
antagonistMRS1220blocked adenosine-mediated glioma cell
proliferation, thereby suggesting that A3 AR antagonists are
possible adjuvant agents in glioma chemotherapy.19Recently,
it has been demonstrated that extracellular regulated kinases
(ERK 1/2), as well as p38 and Akt kinases, are intracellular
phosphorylative pathways involved in A3 AR-mediated pro-
liferative effects in glioblastoma cell lines.20

Our research grouphasdeveloped several classes ofA1 andA3

ARantagonists,21-26 including the imidazo[1,2-a][1,3,5]triazines
1 (Chart 1).22,23 Among this series, derivative 1a (Chart 1, R1=
CH3 and R2 = COPh) exhibited the highest potency at the A3

ARanddemonstrated fair selectivity forA3 over theA1 andA2A
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ARs (Ki values measured on human A3, A1, and A2A ARs were
3 nM, 350 nM, and>10 μM, respectively).22,23

Furthermore, we have recently reported a series of
pyrazolo[3,4-d ]pyrimidines 2 (Chart 1) that act as adenosine
deaminase (ADA) inhibitors,27,28 which are isosterically re-
lated to imidazo[1,2-a][1,3,5]triazines 1. The most active
compound of series 2 was found to be effective at reducing
systemic and intestinal inflammatory alterations in an experi-
mental model of colitis.28

As a logical extension of these projects, we designed novel
N2-substituted pyrazolo[3,4-d ]pyrimidine derivatives of series 2
asA3ARantagonists. Indeed, a largenumberofARantagonists
featuring the pyrazolo[3,4-d ]pyrimidine scaffold have been re-
ported, but all of themhavebeenN1-substitutedandhave shown
a high affinity and selectivity for the A1 or A2A ARs.29-31

In almost all the new compounds 2, the 6 position of the
bicyclic scaffold possesses a phenyl ring in consideration of its
pharmacophoric role as evidenced in theAR antagonist series
122 and of its unfavorable effect onADA inhibitory activity.27

Substituents at the 2 position were represented by a methyl
group, in analogy to the lead compound 1a, or by a phenyl-
alkyl group known to be detrimental to ADA inhibitory
activity. Finally, the R2 substituents attached to the exocyclic
N4 were selected by taking into account literature data about

the key role of NH-acyl side chains in ligand recognition by
the A3 AR.32-36

The present paper describes the synthesis, the biological
evaluation, and themolecularmodeling studies of anumberof
pyrazolo[3,4-d ]pyrimidines 2a-u as A3 AR antagonists. Two
of the best performing new compounds, 2a and 2b, were
evaluated for their inhibitory activity on the A3 AR-mediated
glioma cell proliferation.

Chemistry

The synthesis of the target compounds 2a-uwas performed
as outlined in Scheme 1. The 3-amino-N1-substituted-4-pyr-
azolecarbonitriles 3-5 were cyclized to the corresponding
6-phenylpyrazole[3,4-d ]pyrimidines 6-8 through a reaction
with benzonitrile in the presence of potassium tert-butoxide
and under microwave irradiation according to our previously
publishedprocedure.27Cyclizationof4withboiling formamide
provided the 6-unsubstituted pyrazolo[3,4-d ]pyrimidine 9.27

The key intermediates 6-9 yielded the N4-aroyl com-
pounds 2a-c, 2g-i, 2m-o, and 2s-u by reaction with the
suitable aroylchloride in the presence of triethylamine. These
same intermediates also yielded theN4-carbamoyl derivatives
2d-f, 2j-l, and 2p-r by treatment with the appropriate
isocyanate. Both procedures were carried out under micro-
wave irradiation (Scheme 1).

Biology

The affinities of the new compounds toward human A1,
A2A, and A3 ARs were evaluated by competition experi-
ments by assessing their respective abilities to displace
[3H]DPCPX, [3H]NECA, or [125I]AB-MECA binding from

Chart 1. Structures ofKnown (1) andNew (2) A3ARAntagonists

Scheme 1. Synthesis of Target Compounds 2a-ua

aReaction conditions: (a) benzonitrile, t-BuOK, MW, or boiling formamide, 12 h;26 (b) substituted-benzoylchloride, NEt3, MW; (c) substituted-

phenylisocyanate, MW.
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transfected CHO cells. Experiments were performed as des-
cribed previously.23 Compounds 2a, 2b, 2g, and 2i-k, which
showedahighA3ARaffinity,were tested in functional assays at
human A2B and A3 ARs by measuring their effects on NECA-
mediated cAMP modulation in transfected CHO cells.37

Compounds 6-8, 2a-g, and 2i-k were also evaluated
for their inhibitory activity against bovine spleen ADA using
(þ)-EHNA as the reference standard, as previously reported.27

Compounds 2a and 2b were tested for their effect on the
proliferation of U87MG human glioma cells. U87MG cells,
which were blocked inG1 phase, were treated with the A3AR
agonists Cl-IB-MECA or IB-MECA in the absence or in the
presence of compounds 2a or 2b for 48 h. At the end of this
period, the number of living cells was determined by the
Trypan blue exclusion test. In this assay, cells with a damaged
cell membrane stain blue, while cells that maintain plasma
membrane integrity resist dye entry and remain unstained
(apoptotic and healthy cells, respectively). Finally, the effects
of the new compounds on A3 AR-mediated activation of
intracellular ERK 1/2 were evaluated by incubating U87MG
cells with Cl-IB-MECA in the presence of different 2a or 2b
compound concentrations. Following 30 min cell incubation,
the phosphorylated ERK 1/2 levels were quantified using an
ELISA kit.

Results and Discussion

Table 1 lists the binding affinities at the humanA1,A2A, and
A3 ARs of the newly synthesized 2-substituted pyrazolo[3,4-d ]-
pyrimidines 2a-u expressed as Ki values. The intermediate
products 6-8, which were also assayed, exhibited moderate
potency and selectivity for the A3 AR, and no ADA inhibitory
activity at 10 μM concentration (data not shown).

Within the set of 2-methyl derivatives (R1 = CH3), the
introduction of a benzoyl group attached to theN4 of 6 yielded
2a (R2=COC6H5),2b (R2=COC6H4-4-OCH3), and2c (R2=
COC6H4-3-Cl) and dramatically increased the potency and
selectivity at the A3AR. Among the aboveNH-acyl derivatives,
2b stood out as a subnanomolar A3 AR antagonist with micro-
molar affinity at the A1 and A2A ARs.

Replacement of the benzoylamino moiety of 2a-c with a
phenylcarbamoyl moiety to give 2d-f lowered the affinity to
all the ARs.

None of the 2-benzyl derivatives (R1 = CH2-C6H5) was
more potent at the A3 AR than the 2-methyl derivative 2b.
Generally, the structure-affinity relationships (SARs) within
the set of 2-benzyl derivatives 7, 2g-l did not exactly parallel
those of the 2-methyl derivatives 6, 2a-f. As an example, the
CONHC6H4-4-OCH3 chain attached toN4 gave the best and

Table 1. Binding Affinity at Human A1, A2A, and A3 ARs of 2-Substituted-pyrazolo[3,4-d]pyrimidine derivatives 6-8 and 2a-u

Ki (nM)a

no. R1 R2 hA1
b hA2A

c hA3
d

6 CH3 H 584.7 ( 57.0 >10000 922.0 ( 19.0

2a CH3 COC6H5 334.0 ( 32.0 728.1 ( 70.3 0.60 ( 0.10

2b CH3 COC6H4-4-OCH3 1037.0 ( 105.0 3179.0 ( 315.0 0.18 ( 0.02

2c CH3 COC6H4-3-Cl 1081.6 ( 110.0 886.0 ( 42.0 5.9 ( 0.9

2d CH3 CONHC6H5 >10000 >10000 20.9 ( 1.2

2e CH3 CONHC6H4-4-OCH3 >10000 >10000 357.9 ( 35.8

2f CH3 CONHC6H4-3-Cl >10000 >10000 29.1 ( 2.4

7 CH2-C6H5 H 312.0 ( 11.0 121.1 ( 1.0 93.0 ( 5.0

2g CH2-C6H5 COC6H5 53.0 ( 1.1 180.6 ( 1.7 3.0 ( 0.1

2h CH2-C6H5 COC6H4-4-OCH3 >10000 >10000 22.1 ( 2.4

2i CH2-C6H5 COC6H4-3-Cl >10000 >10000 3.7 ( 0.3

2j CH2-C6H5 CONHC6H5 290.0 ( 11.0 >10000 2.9 ( 0.5

2k CH2-C6H5 CONHC6H4-4-OCH3 >10000 >10000 2.9 ( 0.1

2l CH2-C6H5 CONHC6H4-3-Cl >10000 >10000 120.8 ( 11.3

8 CH2CH2-C6H5 H 2500.0 ( 170.0 1000.0 ( 200.0 503 ( 17

2m CH2CH2-C6H5 COC6H5 27.0 ( 6.1 227.0 ( 12.0 43.7 ( 2.4

2n CH2CH2-C6H5 COC6H4-4-OCH3 2400.0 ( 110.0 1136.0 ( 95.0 45.2 ( 5.3

2o CH2CH2-C6H5 COC6H4-3-Cl 1050.0 ( 99.0 314.0 ( 22.0 22.3 ( 1.3

2p CH2CH2-C6H5 CONHC6H5 1700.0 ( 123.0 96.0 ( 6.1 36.3 ( 2.1

2q CH2CH2-C6H5 CONHC6H4-4-OCH3 >10000 >10000 >1000

2r CH2CH2-C6H5 CONHC6H4-3-Cl >10000 >10000 >1000

2s CH2-C6H5 COC6H5 >10000 >10000 >1000

2t CH2-C6H5 COC6H4-4-OCH3 >10000 >10000 >1000

2u CH2-C6H5 COC6H4-3-Cl >10000 4900.0 ( 360.0 >1000

DPCPX 3.9 130 4000

NECA 14.0 20 6.2

C1-IBMECA 120 2100 11
aThe Ki values are means( SEM derived from an iterative curve-fitting procedure (Prism program, GraphPad, San Diego, CA). bDisplacement of

specific [3H]DPCPX binding in membranes obtained from hA1 AR stably expressed in CHO cells. cDisplacement of specific [3H]NECA binding in
membranes obtained from hA2A AR stably expressed in CHO cells. dDisplacement of specific [125I]AB-MECA binding in membranes obtained from
hA3 AR stably expressed in CHO cells.
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the worst results in the series of 2-benzyl (2k) and 2-methyl
(2e) derivatives, respectively.

Replacement of the 2-benzyl group of 7, 2g-l, with a
2-phenylethyl moiety to give the corresponding homologues
8, 2m-r produced a general decrease in A3 AR affinity,
probably due to unfavorable steric effects, and different
effects on the binding for the A1 and A2A ARs.

Finally, the poor affinity of compounds 2s-u for all the
ARs suggests that the 6-phenyl substituent is a key pharma-
cophoric element for the recognition of our pyrazolo[3,4-d ]-
pyrimidines with each of these receptors.

Compounds 2a, 2b, 2g, and 2i-kwere also tested at theA2B

AR by evaluating their inhibitory effects on NECA-mediated
cAMP accumulation in CHO cells stably expressing this
receptor subtype (Table 2). Interestingly, the N2-methyl deri-
vatives 2a and 2b displayed a nanomolar activity in this assay
even though maintaining a good selectivity for the A3 AR.
These products may represent promising lead compounds for
the development of potent and selective A2B AR antagonists
featuring the 2-substituted-pyrazolo[3,4-d ]pyrimidine scaf-
fold. Conversely, the other selected derivatives 2g and 2i-k

showed submicromolar/micromolar IC50 values, thereby indi-
cating a poor to moderate affinity toward the A2B AR.

Given the recent discoveries regarding non-nucleoside AR
agonists,38,39 the efficacy profiles of 2a, 2b, 2g, and 2i-kwere
evaluated in cAMP functional assays at the A3 AR (Table 2).
As expected, all of these compounds displayed full antagon-
ism with potencies similar to their binding affinity. Further-
more, when tested in the absence ofNECA, they did not show
any significant effect on the cAMP level even after stimulation

by forskolin, thereby indicating neutral antagonism (data not
shown).

Finally, compounds 2a-g and 2i-k were also evaluated
for their inhibitory activity against bovine spleen ADA using
(þ)-EHNA as the reference standard, as previously reported.27

Notably, all of the compounds tested displayed no appreciable
inhibitory activity at 10 μM concentration (data not shown).

Molecular modeling studies were undertaken to rationalize
the SARs regarding the binding of compounds 2a-u to theA3

AR.
A homology model of the human A3 AR was constructed

using as a template the recently published crystal structure of
the human A2A AR (PDB code 3EML).40

The sequence alignment between the two receptors and the
positions of the disulfide bridges were attained consistently
with what was already suggested by Moro and co-workers.41

The structure of the A3ARwas then used to perform docking
calculations on 2b, 2i, 2o, and 2t employing the software
AudoDock4 (AD4).42 The obtained docking poses were
evaluated for their consistency with the available SARs as
well as for the calculated binding free energy (ΔGAD4).

The docking results achieved for 2b revealed that this
ligand binds to the outer portion of the A3 AR being sur-
rounded byTMs III,V,VI,VII helices andELII (Figure 1a,b).
More precisely, its methyl group (R1) points to the outer part
of the receptor taking contact with the side chains of F168 and
L246 belonging to the ELII, its aroyl chain (R2) is embedded
in the fissure between TMII and TMIII, and its pendant
6-phenyl ring is oriented toward the inner portions of TMV
and TMVI.

Table 2. Potency of Compounds 2a, 2b, 2g, and 2i-k versus hA2B and hA3 Adenosine Receptor Subtypes

IC50 (nM) in cAMP assaysa

no. R1 R2 hA2B CHO cells hA3 CHO cells

2a CH3 COC6H5 49.8( 2.8 1.9( 0.1

2b CH3 COC6H4-4-OCH3 53.9( 5.9 2.4( 0.2

2g CH2-C6H5 COC6H5 272.0( 25.0 53.0( 4.3

2i CH2-C6H5 COC6H4-3-Cl 1327.0( 137.0 7.6 ( 0.7

2j CH2-C6H5 CONHC6H5 1324.0( 130.0 5.7( 0.6

2k CH2-C6H5 CONHC6H4-4-OCH3 1467.0( 130.0 8.2( 0.8
aThe data are expressed as the mean ( SEM of four independent experiments performed in triplicate.

Figure 1. Top (a) and front (b) view of the 2b/hA3 AR complex.
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As depicted in Figure 2, this binding pose allows the
pyrazolopyrimidine scaffold of 2b to engage a π-stacking
interaction with the F168 side chain and two H-bonds bet-
ween its N1 and N7 nitrogens and the N250 side chain.
Interestingly, the latter residue was found to be critical for
ligand binding at both the A3 and A2A ARs.43,44 Moreover,
the 6-phenyl ring of the ligand is embedded in a hydrophobic
cleft formed by I186, L91, W243, L246, and S247. Among
these residues, W243 was considered to play a crucial role in
receptor activation and antagonist binding.44 Additionally,
the aroyl moiety is located in a lipophilic pocket, at the
interface between TMII and TMIII, made up by L68, A69,
V72,T87, andL89. The tight interaction of this groupwith the
receptor might explain why the nature of the R2 substituent
affects so strongly the potency at the A3AR (seeKi values of 6
and 2a-f).

According to our docking calculations, 2i is oriented diffe-
rently from 2b at the A3AR. In particular, its aroyl chain (R2)
points to the extracellular portion of the receptor taking
favorable contacts with the EL2 region, while its benzyl group
(R1) is located within the lipophilic cleft at the crevice bet-
ween TMII and TMIII (Figure 3a). The above differences
might explain why for 7 and 2g-l the bulkiness of the R2

substituent (which now points to the roomier extracellular

region) influences affinity to the A3 AR to a lower extent
compared with what happens for 6 and 2a-f. The orientation
of the pyrazolopyrimidine system of 2i within the A3 AR still
allows a double H-bond with N250 and a tight interaction of
the pendant 6-phenyl ring with W243.

The docking results achieved for 2o indicate that the
binding pose of this ligand (Figure 3b) is roughly similar to
that of 2i (Figure 3a). However, for steric reasons, the
phenylethyl moiety of 2o is oriented outward the lipophilic
cleft hosting thebenzyl chain of 2i. This difference is consistent
with the drop of affinity to the A3 AR associated with the
replacement of the benzyl with the phenylethyl substituent.

Docking calculations on 2u were performed to rationalize
the lack of affinity to the A3 AR characterizing all the
compounds devoid of the 6-phenyl ring (2s-u). The binding
pose of 2u (Figure 4) resembles that of 2b, as both molecules
orient the R1 and the R2 substituents in the same receptor
regions. As expected, the absence of the 6-phenyl ring in the
structure of 2u implies the loss of crucial interactions with the
W243 side chain.

To estimate the drugability of compounds 2a and 2b,
provided with the best affinity and selectivity at the A3 AR,
we calculated some of their physicochemical properties,
namely log P, ASA, PSA, the number of H-bond donors
and acceptors, the number of atoms and bonds, the number of
rotatable bonds, and the molecular weight (Table 3).45 These
data suggest that 2a and 2b display a drug-like character and
that basically fulfill the physicochemical requirements for an
adequate distribution into the CNS.

Prompted by these results, we investigated the effects of 2a
and 2b on proliferation of the U87MG human glioblastoma
cell line.

In U87MG cells, the A3 agonists Cl-IB-MECA (100 nM)
and IB-MECA (12 nM) were able to stimulate cell prolifera-
tion. Compounds 2a and 2b counteracted the effects of both
agonists, Cl-IB-MECA and IB-MECA, with IC50 values in
the subnanomolar range, comparable to the affinity of these
compounds toward A3 AR (Figure 5). These results suggest
that the effects of 2a and 2b on cell proliferation may be
ascribed to their selective interaction with A3 AR subtype.
Furthermore, the compounds alone did not modulate glioma
cell proliferation at the tested concentrations (data not
shown), thereby demonstrating that they behave as A3 AR
antagonists.

Figure 3. Calculated binding pose for 2i (a) and 2o (b) in the hA3 AR model.

Figure 2. Calculated binding pose for 2b in the hA3 AR model.
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To explore the intracellular phosphorylative pathways
involved in A3-mediated proliferative effects, the ability of
the agonist Cl-IB-MECA (100 nM) to stimulate ERK 1/2
phosphorylation was investigated. The results, depicted in
Figure 6, demonstrated that Cl-IB-MECA induced a time-
dependent stimulation of ERK 1/2 phosphorylation with a
maximum after 30 min of cell incubation. The compounds 2a
and 2b counteracted theCl-IB-MECA-mediated activation of
ERK 1/2 with a potency corresponding to their affinity

constant values for A3 AR (Figure 7). Furthermore, the
compounds alone did not modulate ERK 1/2 activation state
at the tested concentrations (data not shown), thereby demons-
trating that they behave as A3 AR antagonists. These results
demonstrated that A3 AR induced U87MG cell proliferation
occurred through the recruitment of ERK as intracellular
phosphorylative pathway.

Conclusions

A number of pyrazolo[3,4-d ]pyrimidines with the general
formula 2 were developed as A3 AR antagonists with high
potency and selectivity. These compounds were designed by
taking the imidazo[1,2-a][1,3,5]triazine 1a (Chart 1, R1 = CH3

and R2 = COPh) as a reference structure22,23 and utilizing our
experience in the preparation of pyrazolo[3,4-d ]pyrimidines as
ADA inhibitors.27,28 The main SARs were substantiated by
docking studies performed by means of a hA3 AR model
constructed using as a template the recently published crystal
structure of the hA2A AR. The highest affinity and selectivity
toward the A3 AR were exhibited by theN2-methyl derivatives
2a (R1=CH3 andR2=COC6H5;Ki 334, 728, and 0.60 nMat
the human A1, A2A, and A3 ARs, respectively) and 2b (R1 =
CH3 and R2=COC6H4-4-OCH3;Ki 1037, 3179, and 0.18 nM
at thehumanA1,A2A, andA3ARs, respectively),which showed

Figure 4. Calculated binding pose for 2u in the hA3 AR model.

Figure 5. Effect of 2a and 2b compounds on Cl-IB-MECA or IB-
MECA-induced U87MG cell proliferation. Cells were treated for
48 h with Cl-IB-MECA (100 nM) or IB-MECA (12 nM) in the
absence or in the presence of compound 2a (0.1-10 nM) and 2b

(0.01-5 nM). Live cell counting was determined by using the trypan
blue exclusion test. Data (mean( SEM) were expressed as percent-
age of living cells with respect to control cells (set to 100%).

Table 3. Physicochemical Predicted Properties of Compounds 2a, 2b45

2a 2b

log Pa 3.8 4.0

ASA (Å2)b 675.4 609.0

TPSA (Å2)c 69.0 59.8

donor sites 1 1

acceptor sites 4 3

atom count 45 41

bond count 48 44

rotatable bond count 4 3

molecular weight 359.38 329.36
aCalculated n-octanol/water partition coefficient. bCalculated acces-

sible solvent area. cTopological polar surface area.

Figure 6. Kinetic of A3 AR-mediated ERK 1/2 phosphorylation.
U87MG cells were treated for different times (5-120 min) with 100
nM Cl-IB-MECA and then ERK 1/2 phosphorylation levels were
quantified by Fast Activated Cell-Based ELISA kits. Data (mean(
SEM) were expressed as percentage of phosphorylated ERK 1/2
with respect to control cells (set to 100%). *P < 0.05 vs control;
**P < 0.01 vs control, Student t test.

Figure 7. Effect of 2a and 2b compounds on Cl-IB-MECA induced
ERK 1/2 phosphorylation in U87MG cells. U87MG cells were
treated for 30 min with 100 nM Cl-IB-MECA in the absence or in
the presence of compound 2a (0.25-10 nM) and 2b (0.05-1 nM).
ERK 1/2 phosphorylation levels were quantified by Fast Activated
Cell-Based ELISA kits. Data (mean ( SEM) were expressed as
percentage of phosphorylated ERK 1/2 with respect to control cells
(set to 100%).
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no appreciable ADA inhibitory activity. Both compounds,
when tested on human glioma U87MG cells, counteracted the
A3 AR agonists Cl-IB-MECA- and IB-MECA-mediated pro-
liferation through the inhibition of A3 AR agonist-mediated
ERK 1/2 activation. Furthermore, the IC50 values obtained in
functional assays were comparable to their A3 AR binding
affinity constants, thereby suggesting a receptor-mediated
effect. In the light of these results and thanks to their drug-like
physicochemical properties, 2a and 2bmay represent promising
lead compounds for the development of adjuvant agents in
glioma chemotherapy.

Experimental Section

Chemistry. 1H NMR spectra were recorded on a Varian
Gemini 200 spectrometer using DMSO-d6 as the solvent. IR
spectra were recorded with a Pye Unicam Infracord model
PU956 in Nujol mulls. Melting points were determined using a
Reichert-K€ofler hot-stage apparatus and were uncorrected.
Thin-layer chromatography (TLC) was performed by using
aluminum sheets precoated with silica gel (60 F-254, Merck
0.2 mm), followed by visualization via irradiation with a UV
lamp. Flash chromatography was performed using the Flash
system (Biotage Corporation). Combustion analyses on target
compounds were performed by our Analytical Laboratory in
Pisa. All compounds showed g95% purity.

The microwave-assisted reactions were performed using a
dedicated microwave CEMDiscover (CEM Corporation). The
wattagewas automatically adjusted so as tomaintain the desired
temperature.

All reagents used were obtained from commercial sources
(Sigma-Aldrich). All solvents were of an analytical grade.

The 3-amino-1-methyl-4-pyrazolecarbonitrile 3,46 3-amino-1-
benzyl-4-pyrazolecarbonitrile 4,27 the 3-amino-1-phenylethyl-4-pyr-
azolecarbonitrile 5,27 and 4-amino-2-benzylpyrazolo[3,4-d ]pyrimi-
dine 927 were prepared essentially as previously described.

General Procedure for the Synthesis of 4-Amino-2-substituted-

6-phenylpyrazolo[3,4-d ]pyrimidine Derivatives 6-8. A mixture
of 3-amino-1-substituted-4-pyrazolecarbonitrile3-5 (10.0mmol),
benzonitrile (1.24 mL, 12.0 mmol), and potassium tert-butoxide
(0.561 g, 5.00 mmol) was mixed thoroughly and irradiated with
microwaves at 150 �C for 3 min. The cooled residue was then
diluted with ice-water, and the solid separated was filtered,
washed with water, and purified by recrystallization with the
appropriate solvent to give the target compounds 6-8 (see
Supporting Information).

General Procedure for the Synthesis of 6-Phenyl-2-substituted-
4-(substituted-aroylamino)pyrazolo[3,4-d ]pyrimidineDerivatives

2a-c, 2g-i, and 2m-o. A mixture of 4-amino-2-substituted-
6-phenylpyrazolo[3,4-d ]pyrimidine 6-8 (10.0 mmol), the suita-
ble aroyl chloride (11.0 mmol), and triethylamine (1.53 mL,
11.0 mmol) was mixed thoroughly and irradiated with micro-
waves at 110 �C for 5 min. The cooled residue was then diluted
with ice-water, and the solid separatedwas filtered and purified by
recrystallization with the appropriate solvent to give target com-
pounds 2a-c, 2g-i, and 2m-o (see Supporting Information).

General Procedure for the Synthesis of 6-Phenyl-2-substituted-

4-(substituted-phenylalkylaminocarbamoyl)pyrazolo[3,4-d ]pyrimi-
dine Derivatives 2d-f, 2j-l, and 2p-r. A mixture of 4-amino-6-
phenyl-2-substituted-pyrazolo[3,4-d ]pyrimidine6-8 (10.0mmol)
and the suitable isocyanate (11.0 mmol) was mixed thoroughly
and irradiated with microwaves at 150 �C for 3 min. The cooled
residue was then diluted with ice-water, and the solid separated
was filtered and purified by recrystallization with the appropriate
solvent to give target compounds, 2d-f, 2j-l, and 2p-r (see
Supporting Information).

General Procedure for the Synthesis of 2-Benzyl-4-(substituted-
aroylamino)pyrazolo[3,4-d ]pyrimidine derivatives 2s-u. A mixture
of 4-amino-2-benzylpyrazolo[3,4-d ]pyrimidine 927 (10.0mmol), the

suitable aroyl chloride (11.0 mmol), and triethylamine (1.53 mL,
11.0 mmol) was mixed thoroughly and irradiated with microwaves
at 110 �C for 5 min. The cooled residue was then diluted with
ice-water, and the solid separated was filtered and purified by
recrystallization with the appropriate solvent to give target com-
pounds 2s-u (see Supporting Information).

Biological Methods. Materials. [3H]DPCPX, [3H]NECA, and
[125I]AB-MECA were obtained from DuPont-NEN (Boston,
MA). Adenosine deaminase (ADA) type IX from bovine spleen
(150-200 U/mg) and adenosine were from Sigma Chemical Co.
(St. Louis, MO). All other reagents were from standard com-
mercial sources and of the highest commercially available grade.
CHO cells stably expressing human A1, A2A, A2B, and A3

receptors were kindly supplied by Prof. K.-N. Klotz, Wurzburg
University, Germany.47

Adenosine Receptor Binding Assay. Human A1 Adenosine
Receptors. Aliquots of membranes (30 μg proteins) obtained
fromA1CHOcellswere incubated at 25 �C for 180min in 500μL
of T1 buffer (50 mM Tris-HCl, 2 mM MgCl2, and 2 units/mL
ADA, pH 7.4) containing [3H]DPCPX (3 nM) and six different
concentrations of the newly synthesized compounds. Non-
specific binding was determined in the presence of 50 μM
RPIA.23 The dissociation constant (Kd) of [

3H]DPCPX in A1

CHO cell membranes was 3 nM.
Human A2A Adenosine Receptors.Aliquots of cell membranes

(30 μg) were incubated at 25 �C for 90min in 500 μL of T2 buffer
(50 mMTris-HCl, 2 mMMgCl2, and 2 units/mL ADA, pH 7.4)
in the presence of 30 nM of [3H]NECA and six different
concentrations of the newly synthesized compounds. Non-
specific binding was determined in the presence of 100 μM
NECA.23 The dissociation constant (Kd) of [

3H]NECA in A2A

CHO cell membranes was 30 nM.
Human A3 Adenosine Receptors. Aliquots of cell membranes

(40 μg) were incubated at 25 �C for 90min in 100 μL of T3 buffer
(50mMTris-HCl, 10mMMgCl2, 1mMEDTA, and 2 units/mL
ADA, pH 7.4) in the presence of 1.4 nM [125I]ABMECA and six
different concentrations of the newly synthesized compounds.
Non-specific binding was determined in the presence of 50 μM
RPIA.23 The dissociation constant (Kd) of [

125I]AB-MECA in
A3 CHO cell membranes was 1.4 nM.

Measurement of Cyclic AMP Levels on hA2B CHO and hA3

CHO Cells. Intracellular cyclic AMP (cAMP) levels were mea-
sured using a competitive protein binding method.37 CHO cells,
expressing recombinant hA2B ARs or hA3 ARs, were harvested
by trypsinization. After centrifugation and resuspension in
medium, cells (∼48000) were plated in 24-well plates in 0.5 mL
of medium. After 48 h, the medium was removed, and the cells
were incubated at 37 �C for 15minwith 0.5mL ofDMEM in the
presence of adenosine deaminase (1 U/mL) and the phospho-
diesterase inhibitor Ro 20-1724 (20 μM). The antagonism
profile of the new compounds toward A2B AR was evaluated
by assessing their ability to inhibit 100 nM NECA-mediated
accumulation of cAMP. The antagonism profile of the new
compounds toward A3 AR was evaluated by assessing their
ability to counteract 100 nM NECA-mediated inhibition of
cAMP stimulated by 1 μM forskolin. Cells were incubated in
the reaction medium (15 min at 37 �C) with different concen-
trations of the target compound (1 nM to 10 μM) and then
were treated with NECA. In parallel, aliquots of cells were
treated with the compound alone (10 μM) in the absence or in
the presence of forskolin. The reaction was terminated by the
removal of the medium and the addition of 0.4 N HCl. After
30 min, lysates were neutralized with 4 N KOH, and the
suspension was centrifuged at 800g for 5 min. For the deter-
mination of cAMP production, bovine adrenal cAMP bind-
ing protein was incubated with [3H]cAMP (2 nM) and 50 μLof
cell lysate or cAMP standard (0-16 pmol) at 0 �C for 150 min
in a total volume of 300 μL. Bound radioactivity was sepa-
rated by rapid filtration through GF/C glass fiber filters
and washed twice with 4 mL 50 mM Tris/HCl, pH 7.4. The
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radioactivity was measured by liquid scintillation spectro-
metry.

All compounds were routinely dissolved in DMSO and
diluted with assay buffer to the final concentration with the
final amount of DMSO never exceeding 2%. Percent inhibi-
tion values for specific radiolabeled ligand binding results at
1-10 μM concentration are means ( SEM of at least three
determinations. At least six different concentrations (spanning
3 orders of magnitude) were adjusted appropriately for the
IC50 of each compound examined. IC50 values were computer-
generated using a nonlinear regression formula (Graph-Pad,
San Diego, CA) and were converted to Ki values using the
known Kd values of the radioligands in the different tissues and
using the Cheng-Prusoff equation.48 Ki values were means (
SEM of at least three determinations.

Enzymatic Assay. The activity of the test enzyme was deter-
mined spectrophotometrically by monitoring the change in
absorbance at 262 nm for 2 min, which was due to the deamina-
tion of adenosine catalyzed by ADA. The change in adenosine
concentration/min was determined using a Beckman DU-64
kinetics software program (Solf Pack TM module). ADA
activity was assayed at 30 �C in a reaction mixture containing
50 μM of adenosine, 50 mM of potassium phosphate buffer,
pH = 7.2, and 0.3 nM of enzyme solution in a total volume of
500 μL. The inhibitory activity of the newly synthesized com-
pounds was assayed by adding 100 μL of the inhibitor solution
to the reaction mixture described above. All the inhibitors were
dissolved in water, and the solubility was facilitated with
DMSO, whose concentration never exceeded 4% in the final
reaction mixture. To correct for the nonenzymatic changes in
adenosine concentration and the absorption values of the test
compounds, a reference blank containing all the above assay
components except the substrate was prepared. The inhibitory
effect of the new derivatives was routinely estimated at a
concentration of 10-5 M.

Cell Culture and Cell Counting. Cells were grown in culture
flasks inRPMI 1640 supplementedwith 10% fetal bovine serum
(FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, and
2 mM L-glutamine, which were seeded in 24-well plates at
densities of 5 � 103 to 1 � 104 cells/well in 500 μL of medium
per well. Cells were grown for 24 h in 10% FBS and then were
blocked inG1 by reducing the concentration of FBS to 0.5% for
48 h. The medium was changed 2 h prior to treatment, after
which cells were treated with the A3 AR agonist Cl-IB-MECA
(100 nM) or IB-MECA (12 nM) in the absence or in the presence
of different antagonist concentrations (2a: 0.1-10 nM; 2b:
0.01-5 nM) for 48 h.

At the end of incubation time, living cell counts were deter-
mined using the Trypan blue exclusion test.19,49 Briefly, cells
were harvested with trypsin and pooled together with cells
floating in the culturemedium.An aliquot of this cell suspension
was mixed with 0.4% trypan blue in phosphate buffered saline
(PBS). Cells were scored on a phase contrast microscope using a
Burcke improved counting chamber. Cells with a damaged cell
membrane stained blue, while cells that maintained plasma
membrane integrity resisted dye entry and remained unstained
(apoptotic and healthy cells, respectively).

ERK1/2PhosphorylationAssays.A3AR-mediated activation
of ERK 1/2 phosphorylation in U87MG cells was evaluated by
kinetic studies incubating cells with 100 nM Cl-IBMECA for
different times (5-120 min). The ERK 1/2 activation was
assessed by Fast Activated Cell-Based ELISA kits following
the manufacturer’s instruction. Following stimulation the cells
were rapidly fixed to preserve activation of specific protein
modification. Each well was then incubated with primary anti-
body that recognized phosphorylated ERK 1/2. Subsequent
incubation with secondaryHRP-conjugated antibody and devel-
oping solution allowed a colorimetric quantification of phos-
phorylated ERK levels. The relative number of cells in each well
was then determined using crystal violet solution. The results

were calculated by subtracting the mean background from the
values obtained from each test condition and were expressed as
the percentage of the control (untreated cells).

To evaluate the antagonist profile of the new synthetized
compounds on A3 AR agonist-mediated ERK 1/2 activation,
the cells were treated for 30minwith 100 nMCl-IBMECA in the
presence of different 2a or 2b compound concentrations. The
levels of ERK 1/2 phosphorylation were quantified as above-
described.

Modeling Studies. HomologyModeling.The homologymodel
of the hA3 AR receptor was built using Schr€odinger Prime50

software accessible through the Maestro interface.51 Unless
otherwise stated, default parameters were used throughout.
The sequence of the hA3 AR (P33765) was aligned against the
sequence of hA2A AR (P29274). Alignment of anchor residues
within each TM domain was attained according to the sequence
alignment suggested by Moro and co-workers.41 During the
homology model building, Prime keeps the backbone rigid for
the cases in which the backbone does not need to be recon-
structed due to gaps in the alignment. The loop refinements were
carried out using Prime with default parameter settings, if not
mentioned otherwise. Prior to refinement, the protein structures
were subjected to a protein preparation step to reorientate side
chain hydroxyl groups and alleviate potential steric clashes. The
implemented loop modeling protocol consists of several steps.52

First, large numbers of loops are created by a conformational
search in dihedral angle space. Clustering of loop conformations
and side chain optimization is performed to select representative
solutions. On the basis of the user parameters, a limited number
of structures is then processed using complete energy minimiza-
tion. The top ranked solution in terms of Prime energy is
considered best. The short loops (ELI and ELIII) were refined
using default sampling rates in the initial step, while the extend-
ed highest sampling rate was chosen for the larger amino acid
loops (ELII). Side chains were unfrozen within 7.5 Å of the
corresponding loop, and the energy cutoff was set to 10 kcal.

AD4 Docking Calculations. The new version of the docking
program AutoDock (version 4, AD4),53 as implemented
through the graphical user interface called AutoDockTools
(ADT), was used to dock 2b, 2i, 2o, and 2u. Ligand structures
were built using the builder in the Maestro package of Schroe-
dinger Suite 2007 and optimized using a version ofMacroModel
also included. The constructed compounds and the receptor
structure were converted to AD4 format files using ADT
generating automatically all other atom values. The docking
areawas centered around the putative binding site. A set of grids
of 60 Å � 60 Å � 60 Å with 0.375 Å spacing was calculated
around the docking area for the ligand atom types using
AutoGrid4. For each ligand, 100 separate docking calculations
were performed. Each docking calculation consisted of 10
million energy evaluations using the Lamarckian genetic algo-
rithm local search (GALS) method. The GALS method evalu-
ates a population of possible docking solutions and propagates
the most successful individuals from each generation into the
subsequent generation of possible solutions. A low-frequency
local search according to themethod of Solis andWets is applied
to docking trials to ensure that the final solution represents a
local minimum. All dockings described in this paper were
performed with a population size of 250, and 300 rounds of
Solis and Wets local search were applied with a probability of
0.06. A mutation rate of 0.02 and a crossover rate of 0.8 were
used to generate new docking trials for subsequent generations,
and the best individual from each generation was propagated
over the next generation. The docking results from each of the
100 calculations were clustered on the basis of root-mean square
deviation (rmsd) (solutions differing by less than 2.0 Å) between
the Cartesian coordinates of the atoms and were ranked on the
basis of free energy of binding (ΔGAD4). The top-ranked com-
pounds were visually inspected for good chemical geometry.
Because AD4 does not perform any structural optimization and
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energy minimization of the complexes found, a molecular
mechanics/energy minimization (MM/EM) approach was app-
lied to refine the AD4 output. The computational protocol
applied consisted of the application of 100000 steps of the
Polak-Ribi�ere conjugate gradients (PRCG) or until the deri-
vative convergence was 0.05 kJ/mol. All complexes pictures
were rendered employing the UCSF Chimera software.54
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