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’ INTRODUCTION

Chronic myeloid leukemia (CML) is a hematopoietic stem
cell cancer that arises following a reciprocal genetic translocation
between chromosomes 9 and 22.1 This translocation produces
the Philadelphia (Ph) chromosome that encodes for a constitu-
tively activated fusion protein: the oncogenic tyrosine kinase Bcr-
Abl.2 The understanding of the central role played by Bcr-Abl in
the pathogenesis of CML gave birth to the so-called “targeted
therapy” that culminated with the FDA-approval of imatinib
(IM) (Figure 1), currently used as frontline therapy.3 The initial
enthusiasm generated by the high response rate to IM-treatment
was, however, dampened by the insurgence of drug resistance,
especially in the advanced phases of the disease, which can be
caused by both Bcr-Abl-dependent mechanisms (e.g., point
mutations in the kinase domain of the enzyme and Bcr-Abl gene
amplification) and Bcr-Abl-independent mechanisms (activation
of alternative pathways, e.g., Src family kinases).4 Despite the fact
that the targeted therapy era started as a hunt for selective kinase

inhibitors,5 the aim has recently changed to the identification of
compounds acting on multiple targets (dirty drugs) in order to
overcome the drug resistance often connected to the activation
of alternative signaling pathways.6 Multitargeted cancer chemo-
therapy was, in fact, proven to be very effective in treating
a number of tumors such as breast, prostate, and esophageal
cancer. Examples of multikinase inhibitors currently used in
anticancer therapy can be represented by Sunitinib (which
targets PDGFRs, VEGFRs, RET, CSF1R, FLT3, and c-Kit),
approved for the treatment of renal cell carcinoma and IM-
resistant gastrointestinal stromal tumor, and Sorafenib (which
targets PDGFRs, VEGFRs, c-Kit, and RAF), approved for the
treatment of renal cell carcinoma and hepatocellular carcinoma
(Figure 1).7 IM itself has been shown to act not only on Bcr-Abl
but also on c-Kit and PDGFR kinases.8 An alternative approach
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ABSTRACT: A family of dual Src/Abl inhibitors characterized
by a substituted pyrazolo[3,4-d]pyrimidine scaffold was pre-
viously reported by us and proved to be active against several
tumor cell lines. Among these compounds, a promising antil-
eukemia lead (1) has been recently identified, but, unfortu-
nately, it suffers from substandard pharmaceutical properties.
Accordingly, an approach for the optimization of the lead 1 is
described in the present work. A series of more soluble
pyrazolo[3,4-d]pyrimidine derivatives were rationally designed
and proved to maintain the dual Src/Abl activity of the lead.
Selected compounds showed an interesting activity profile against three different leukemic cells also in hypoxic conditions, which are
usually characterized by imatinib-resistance. Finally, in vitro ADME properties (PAMPA permeation, water solubility, microsomal
stability) for the most promising inhibitors were also evaluated, thus allowing the identification of a few optimized analogues of lead
1 as promising antileukemia agents.
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has been recently investigated to overcome the drug resistance
to common ATP-competitive inhibitors: compounds targeting
sites outside the ATP-binding cleft (allosteric inhibitors) have
been identified and proven effective against IM-sensitive and
IM-resistant leukemic cells both alone and in combination with
common drugs.9

Among the many proteins targeted by the kinase inhibitors,
c-Src (hereinafter referred to as Src) proved to play an important
accessory role in the field of leukemia: studies with Src dom-
inant�negative mutants in fact provided enough evidence to
implicate Src in the proliferation of Bcr-Abl-expressing cells,
while its overexpression seems to be implicated in Bcr-Abl-
mediated leukaemogenesis and IM-resistance.10 Moreover, since
Src shares significant sequence homology and remarkable struc-
tural resemblance with the active form of Abl, several Src
inhibitors showed potent Bcr-Abl inhibitory activity and were
successfully used as second generation antileukemia drugs. This
approach allowed the identification of dual Src/Abl inhibitors
such as Dasatinib and Bosutinib, which are effective drugs for the
treatment of IM-resistant patients (Figure 1).11 The significance
of dual Src/Abl inhibition in overcoming IM-resistance has been
recently highlighted by Konig and colleagues: Dasatinib showed
in fact potent Src inhibition in CML progenitors, inhibiting both
Bcr-Abl-dependent and -independent Src activity, in contrast to
IM that inhibited only Bcr-Abl-dependent Src activity.12 The
importance of Src inhibition in CML treatment has also been
confirmed by a recent study on the antiangiogenic compound
ZD6474 (Vandetanib) (Figure 1), which has been found re-
sponsible for the growth arrest and apoptosis in IM-sensitive and
IM-resistant leukemic K-562 cells.13 Another important factor
responsible for drug resistance is represented by the presence of

specific niches within the bonemarrowmicroenvironment where
a subpopulation of leukemic cells can evade chemotherapy
and acquire a drug-resistant phenotype.14 Leukemic cells
infiltrating the bone marrow in rats proved to be markedly
hypoxic and were able to proliferate in virtue of their adaption
capacity to the hypoxic microenvironment.15 Although hy-
poxia is known to be associated with both radio- and chemo-
resistance in solid tumors, its role in leukemia has been poorly
investigated, particularly in the context of resistance to tar-
geted therapies. A very interesting study has recently shown
that hypoxia-selected CML cells did not express the Bcr-Abl
protein, thereby accounting for their complete resistance to
IM treatment.16 It has, therefore, been suggested that a reliable
biological evaluation of antileukemic compounds should account
for the “in situ normoxia” conditions:17 for the bone marrow
compartment, this oxygen concentration has been estimated at
from 0% to 4%.18

In the past few years, our research group has conducted
extensive studies on a new family of dual Src/Abl inhibitors
endowed with a pyrazolo[3,4-d]pyrimidine scaffold. Several mem-
bers of this family were found to induce apoptosis and reduce cell
proliferation in different solid tumor cell lines (A431, 8701-BC,
SaOS-2, and PC3).19 Other members of this family were able to
inhibit the proliferation of three Bcr-Abl-positive human leukemia
cell lines (K-562, KU-812, and MEG-01), to reduce Bcr-Abl
tyrosine phosphorylation and to promote apoptosis of Bcr-Abl-
expressing cells.20 Among these inhibitors, a promising antileuke-
mia lead (compound 1, Figure 1) has recently been identified and
proven to be active (LD50 range: 0.7�4.3 μM) in Ba/F3 cell lines
transducing both the wild type (WT) p210Bcr-Abl construct (IM-
sensitive) and three of the most common mutations associated

Figure 1. Selected first- and second-generation TKIs.
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with IM-resistance in vivo (T315I, Y253F, and E255K).21 Un-
fortunately, the pharmaceutical properties of compound 1 are
substandard, mainly due to its low water solubility. Accordingly,
the present study describes a lead optimization approach to
develop novel analogues of compound 1 as promising antileuke-
mia agents. Molecular modeling studies, previously conducted by
us, predicted two different binding modes within Src and Abl for
our collection of substituted pyrazolo[3,4-d]pyrimidines, depend-
ing on the C6-functionalization on the central heterocyclic
scaffold.22Taking into account the above-described docking poses,
a series of polar moieties have been introduced on the C4 and C6
water exposed positions of the pyrazolo[3,4-d]pyrimidine scaffold

(Table 1), trying to improve the in vitro ADME properties of the
compounds while maintaining the dual Src/Abl activity of lead 1.
The compounds showing the best predicted ADME properties
were then synthesized and screened in a cell-free assay for their
dual Src/Abl activity. The most active inhibitors, representative of
the two classes (C4- and C6-substituted derivatives), were then
selected for further biological evaluation in different leukemia cell
lines (K-562,MEG-01, and KU-812) under normoxic and hypoxic
conditions. In vitroADMEproperties (PAMPApermeation, water
solubility, and metabolic stability) were also experimentally eval-
uated for the most interesting compounds in order to have a
reliable indication of their plasma level after oral administration.

Table 1. Predicted ADME Properties and Experimental Enzymatic Activities for the Synthesized Compounds

aA = CH2CHCl; B = CHdCH. b Predicted octanol/water partition coefficient; range of recommended values (�2.0)�(þ6.5). c Predicted aqueous
solubility; range of recommended values (�6.5)�(þ0.5). d Prediction of binding to human serum albumin; range of recommended values
(�1.5)�(þ1.5). e Predicted apparent Caco-2 cell permeability in nm/s; range of recommended values, <25 poor; >500 great. f Ki values toward
isolated Abl calculated according to the following equation: Ki = ID50/{E0 þ [E0(Km(ATP)/S0)]}/E0, where E0 and S0 are the enzyme and the ATP
concentrations (0.005 and 0.012 μM, respectively).

http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-002.png&w=324&h=60
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Overall, these efforts led to the discovery of a few compounds
characterized by an activity profile similar to that of lead 1 but
endowedwith better water solubility and permeation and low first-
pass metabolism. Finally, the experimental ADME data were
integrated with the prediction obtained by the software MetaSite,
thus allowing us to propose the most likely sites of metabolism
(So-M) of our compounds. This information could guide the
design of further improved pyrazolo[3,4-d]pyrimidine derivatives
as promising antileukemia drugs.

’RESULTS AND DISCUSSION

Molecular Modeling.Docking studies recently conducted by
our research group on a collection of highly functionalized
pyrazolo[3,4-d]pyrimidine derivatives highlighted the structural
features responsible for their dual Src/Abl inhibitory activity.22

Different binding modes within the ATP pocket of Src and Abl
were identified, depending on the functionalization of the C6
position of the pyrazolo[3,4-d]pyrimidine ring: as an example,
the proposed binding modes for the C6-unsubstituted lead 1 and
the closely related C6-substituted derivative 18 are reported in
Figure 2. In detail, the C6-unsubstituted derivative 1 binds to
both enzymes, positioning the pyrazolo[3,4-d]pyrimidine core

within the adenine region, while the side chains at N1 and C4 are
directed toward hydrophobic regions I and II, respectively,
establishing the classical hydrogen bonds with the hinge region
(Met318 in Abl; Met343 in c-Src) (Figure 2A,B). However, the
C6-substituted derivative 18 showed two different binding
modes within the ATP pocket of Src and Abl. In detail, the
presence of the C6-substituent induced a reorientation of the
pyrazolo[3,4-d]pyrimidine nucleus within the Abl binding site,
maintaining the N1- and C4-side chains within hydrophobic
regions I and II, respectively, and allowing the C6-substituent to
interact with hydrophobic region II (Figure 2C). A hydrogen
bond interaction was also identified between the C4 amino group
and Met318. Within the Src binding pocket, the pyrazolo[3,4-
d]pyrimidine nucleus of 18 was still accommodated in the
adenine region, but the C4 substituent was located in hydro-
phobic region I, while hydrophobic region II hosted the N1 side
chain. Two hydrogen bond interactions were also found, one
involving the C4 amino group and the side chain of Thr340 and
the other between the N2 of the pyrazolo[3,4-d]pyrimidine
nucleus and the NH-backbone of Met343 (Figure 2D).
Taking into account the above-described binding modes, we

sought to alter the structure of lead 1 in such a way as to maintain
the dual Src/Abl activity while improving the pharmaceutical

Figure 2. (A)Graphical representation of the bindingmodes of compound 1 (yellow sticks) into the ATP binding site of Abl (pale green sticks) and (B)
Src (light blue sticks). (C) Graphical representation of the bindingmodes of compound 18 (magenta sticks) into the ATP binding site of Abl (pale green
sticks) and (D) Src (light blue sticks). For the sake of clarity, only a few residues are labeled, nonpolar hydrogen atoms are omitted, and hydrogen bond
interactions are represented by black dashed lines.

http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-004.jpg&w=480&h=361
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properties: a series of analogues, predicted asmore water-soluble,
were thus designed by introducing different polar moieties in the
solvent-exposed C4 and C6 positions of the pyrazolo[3,4-
d]pyrimidine scaffold. The virtual library of compounds, de-
signed by combining the opportune substituents in N1, C4, and
C6, was docked within the ATP pocket of Src and Abl: as a result,
only those derivatives showing better predicted activity and
ADME properties with respect to lead 1 were selected for the
next synthesis (see Table 1). The predicted ADME properties
have been calculated using the QikProp 2.5 protocol, implemen-
ted in Maestro8.5,23 and the results obtained were compared
with those of the reference compounds 1, 18, and IM. In
particular, four descriptors were determined and analyzed: QP-
LogP, QP-LogS, QP-LogK, and QP-Caco (Table 1). All the new
compounds were predicted to have a great Caco-2 cell perme-
ability (QP-Caco values larger than 500) and a better aqueous
solubility with respect to lead compound 1 (QP-LogS between
�4.7 and �7.5). Concerning the lipophilicity of the selected
compounds, the predicted octanol/water partition coefficient

(QP-LogP) was lower than that of lead 1, while the predicted
binding to human serum proteins (QP-LogK) fell in the range of
recommended values. In detail, compounds 17a�d were char-
acterized by the presence of a polar 4-picolyl or a 2-picolyl moiety
bound to the C4-amino group: these substituents can in fact be
considered as more soluble bioisosters of the fluoro-phenyl ring
characteristic of the lead and were predicted to have better
ADME properties than 1 and additional polar contacts in the
solvent accessible region. A representative example is reported in
Figure 3A: the 4-picolyl-derivative 17c docked within Abl
showed a binding mode highly superimposable to that of lead
1, with the picolyl group located in the solvent-exposed portion
of the hydrophobic region II and giving a weak hydrogen bond
interaction with Asn322.
However, compounds bearing a polar moiety in C6 were all

characterized by the typical binding mode previously described
for the other C6-substituted derivatives, and the polar group
seems to influence only the ADME properties of the designed
derivatives with a general improvement in comparison with the

Figure 3. (A) Graphical representation of the binding modes of compound 17c (orange sticks) and 1 (yellow sticks) into the ATP-binding site of Abl
(pale-green sticks). (B) Graphical representation of the binding modes of compound 15b (green sticks) and 18 (magenta sticks) into the ATP binding
site of Abl (pale-green sticks). For the sake of clarity, only a few residues are labeled, nonpolar hydrogen atoms are omitted, and hydrogen bond
interactions are represented by black dashed lines.

Scheme 1. Preparation of Pyrazolo[3,4-d]pyrimidines Having a Polar Group in C6a

aReagents and conditions: a) 3-chloroperoxybenzoic acid, CHCl3, r.t., 6 h; b) NaOH, EtOH, reflux, 5 h; c) 2-aminoethanol, DMSO, butan-1-ol,
90 �C, 12 h.

http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-005.jpg&w=480&h=183
http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-006.png&w=347&h=161
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reference compounds 1 and 18 (Table 1, entries 7�16). As an
example, compound 15b showed the same key interactions of 18
within the catalytic site of Abl, while, as expected, the C6-
substituent of 15b seemed to occupy the solvent-accessible
region (Figure 3B).

Chemistry. Compounds bearing a polar moiety in C6
(Table 1, entries 7�16) were synthesized as reported in
Schemes 1�3. Compound 3a was prepared starting from
compound 2a, previously reported by us,19a by oxidation of the
methylthio group in C6 with 3-chloroperoxybenzoic acid in
CHCl3 (Scheme 1). Compounds 5b and 6c were synthesized
starting from 2b,c, which were initially dehydrohalogenated by
refluxing with NaOH to give the corresponding N1-unsaturated
derivatives 4b,c. Oxidation of the latter intermediates with
3-chloroperoxybenzoic acid in CHCl3 gave the 6-methylsulfonyl
derivatives 5b,c. Finally, compound 6c was obtained by nucleo-
philic substitution of the methylsulfonyl group with 2-ami-
noethanol in dimethylsulfoxide (DMSO) at 90 �C for 12 h in
good yield.
The synthesis of compound 11 is reported in Scheme 2. Starting

from the intermediate 7,19a oxidation with 3-chloroperoxybenzoic
acid in CHCl3 at room temperature afforded the corresponding
6-methylsulfonyl derivative 8 in good yield (57%). The latter
intermediate was treated with an excess of morpholine in DMSO
at 100 �C for 3 h to give 1-(2-hydroxy-2-phenylethyl)-6-morfolin-
4-yl-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-one 9, which
was in turn treated with the Vilsmeier complex (POCl3/DMF)
in CHCl3 to obtain the dihalogenated compound 10. Reaction of
10 with a little excess of 3-chloroaniline in absolute ethanol gave
the desired compound 11.
Synthesis of compounds 15a�f is reported in Scheme 3.

Alkylation of the C6 thiocarbonyl group of the intermediate
1219a with 4-(2-chloroethyl)morpholine gave the 6-(2-morpho-
lin-4-ylethyl)thio derivative 13, which was in turn treated with
the Vilsmeier complex (POCl3/DMF) in CHCl3 at reflux for 8 h
to obtain the dihalogenated compound 14 in good yield (75%).
Finally, the reaction of 14with an excess of the appropriate amine
in toluene at room temperature afforded compounds 15a�d in
yields ranging from 60 to 70%. Differently, the aniline derivatives
15e,f were obtained by a reaction of 14 with the appropriate
aniline in absolute ethanol at reflux for 3�5 h.
Synthesis of compounds bearing a polar moiety in C4

(17a�d) is reported in Scheme 4. The synthesis of the substrates
16a,b has already been reported by us.22c A microwave-assisted
procedure has been developed to accelerate the introduction of
the appropriate amine in C4, which usually requires a long
reaction time under standard conditions. Accordingly, treating

Scheme 2. Preparation of Pyrazolo[3,4-d]pyrimidines Having a Polar Group in C6a

aReagents and conditions: (a) 3-chloroperoxybenzoic acid, CHCl3, r.t., 12 h; (b) morpholine, DMSO, 100 �C, 3 h; (c) POCl3/DMF, CHCl3, reflux, 12
h; (d) 3-chloroaniline, abs. EtOH, reflux, 5 h.

Scheme 3. Preparation of Pyrazolo[3,4-d]pyrimidines
Having a Polar Group in C6a

aReagents and conditions: (a) 4-(2-chloroethyl)morpholine, NaOH,
EtOH, DMF, reflux, 6 h; (b) POCl3/DMF, CHCl3, reflux, 8 h; (c)
method A, amine, toluene, r.t., 24 h; method B, aniline, abs. EtOH,
reflux, 3�5 h.

Scheme 4. Preparation of Pyrazolo[3,4-d]pyrimidines
Having a Polar Group in C4a

aReagents and conditions: (a) RNH2, AcOH, dioxane, 150 �C, μW
10 min.

http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-007.png&w=338&h=158
http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-008.png&w=240&h=147
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compounds 16a,b with 1.5 equiv of the appropriate amine and
1.5 equiv of acetic acid in dioxane at 150 �C under microwave
irradiation afforded compounds 17a�d in yields ranging from 50
to 70% after only 10 min.24

Biology.The synthesized compounds were initially tested in a
cell-free assay to evaluate their affinity toward Src and Abl
enzymes in comparison with IM (see Table 1): all the com-
pounds, with the exception of 15d, maintained the dual Src/Abl
inhibitory profile of lead 1, while generally showing an improve-
ment of the predicted ADME properties (as described in the
previous section). In particular, an inverse relationship between
the bulkiness of the C4 substituent (R2) and Src inhibitory
activity was found for the most interesting compounds 15b,c,e,f:
the C4-anilino derivatives 15e,f were the most active (Ki = 0.19
and 0.21 μM, respectively), and the C4-benzylamino derivatives
15b,c showed decreased activity (Ki = 2.9 and 1.2 μM, res-
pectively), while the C4-phenylethyl derivative 15d was com-
pletely inactive. Although these compounds showed Abl inhibi-
tory activity comparable to that of lead 1, compounds 15e,f
proved to be more effective than 1 as dual Src/Abl inhibitors.
The most interesting compounds, representative of the two

classes of inhibitors (C4- and C6-substituted derivatives), were
then evaluated for their antiproliferative activity on three human
leukemia cell lines (K-562,MEG-01, and KU-812) using lead 1 as
a reference (Table 2). These compounds showed antiproliferative
activity toward the three cell lines in the range from low-micromolar
to micromolar concentration, and all the cell lines seemed to be
equally sensitive to the treatment with the inhibitors in normoxic
conditions. Compounds 1, 6c, 11, 15b, and 17c showed the best
biological profile in terms of antiproliferative activity in normoxic
conditions and were therefore selected to test their antiproliferative
activity toward leukemic cells also in hypoxic conditions.
Hypoxia is an important environmental factor to be considered

in the biological investigation of potential antileukemia agents
because bone marrow is intrinsically hypoxic in nature.25 Hypoxia
is known to be associated with both radio- and chemo-resistance in
solid tumors, but its role in leukemia has been poorly investigated,

particularly in the context of resistance to targeted therapies.
Preliminary investigations on the role of hypoxia in leukemia
and IM-resistance showed that low oxygen concentration sup-
presses Bcr-Abl expression and phosphorylation, conferring com-
plete IM-resistance.16 It has also been recently reported that
human Bcr-Abl(þ) cells engrafted in the bone marrow of
immunodeficient mice survive under severe hypoxia and that
hypoxia-adapted Bcr-Abl(þ) cell lines exhibit stem cell-like char-
acteristics, including resistance to Abl TKIs and higher transplan-
tation efficiency.26 Hypoxic adaptation is mainly provided by
hypoxia-inducible factor-1 (HIF-1), which orchestrates cellular
adaptation to hypoxia by transactivating about 100 genes.27

In order to explore the effect of hypoxia on the activity of the
selected compounds, the three cell lines were cultured at 2% O2,
and, as expected, HIF-1R expression was significantly increased
after 3 h of incubation.28 We initially explored the effect of 1, 11,
and 17c on HIF-1R expression on K-562 cells, but they did not
show any influence on HIF-1R accumulation (Figure 4A). To
further understand themechanism of action of these compounds,
we decided to evaluate the phosphorylation of signal transducer
and activator of transcription 5 (STAT-5), a transcription factor
downstream of Bcr-Abl directly activating Bcl-xL that works as an
apoptosis inhibitor at the mitochondrial level, in addition to the
phosphorylation of Src. Previous studies with Src dominant-
negative mutants suggested in fact that Src kinases play a role in
the proliferation of Bcr-Abl expressing cell lines and that over-
expression of Src kinases is implicated in Bcr-Abl-mediated
leukemogenesis and in IM-resistance.29 As a result, compound
1 markedly reduced Src and STAT-5 phosphorylation on K-562
cells with respect to control both in normoxic and hypoxic
conditions (Figure 4B). On the same cell line, 17c reduced Src
phosphorylation with respect to the control and showed an
increased effect in hypoxic conditions. STAT-5 phosphorylation
was almost abolished in hypoxic conditions and significantly
reduced in normoxia (Figure 4C). On the same line of action was
compound 15b, which also showed a better effect on the
reduction of c-Abl phosphorylation in hypoxic conditions with

Figure 4. Antiproliferative properties of selected compounds (50 μM) both in normoxic and in hypoxic conditions. (A) The effect of compounds 17c,
1, and 11 on the expression of HIF-1R in hypoxic condition was analyzed byWestern blot. (B�D)The effects of compounds 1 (panel B), 17c (panel C),
11 (panel D), 15b (panel E), 15e (panel F), and 15f (panel G) on the phosphorylation of c-Abl, STAT-5, and Src in K-562 cells in normoxia and hypoxia,
after 3 h of treatment, were detected using specific antibodies. Anti-β-actin antibody was used as the protein loading control. The membranes were
visualized with luminescent substrates. The figure is a representative gel of three similar experiments.

http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-010.jpg&w=453&h=194
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respect to the normoxic conditions (Figure 4E). Of great interest
were the results obtained with compounds 15e and 15f: these
derivatives were in fact able to almost abolish the phosphoryla-
tion of c-Abl, STAT-5 and Src in both experimental conditions
(Figure 4F and G). However, compound 11 showed less
pronounced activity against both STAT-5 and Src phosphoryla-
tion (Figure 4D). The same results were obtained on the other
cell lines for all the selected compounds (data not shown).

The reduction of STAT-5 phosphorylation levels mediated by
the inhibitors strongly suggested that the effects on proliferation
and apoptosis of leukemia cells are a consequence of the
inhibition of Bcr-Abl kinase activity. Moreover, inhibition of
STAT-5 phosphorylation caused by our compounds and the
involvement of STAT-5 in apoptosis control via Bcl-xL suggested
that we should investigate the proapoptotic effect for some
selected compounds. Knowing that the sequential activation of
caspases plays a central role in the execution phase of cell
apoptosis, we analyzed caspase-3 activity, which catalyzes the
cleavage of poly-ADP-ribose-polymerase (PARP): compounds 1
and 11 showed higher induction of caspase-3 both in normoxic
and hypoxic conditions (Figure 5A). Accordingly, the effect of
the compounds on PARP degradation was investigated: the
proapoptotic activity of 1, 11, and 17c on K-562 cells was tested
using a PARP assay (Roche Diagnostics, Milano, Italy). Immu-
noblot analysis of uncleaved and cleaved PARP after 72 h of
treatment with the specified compounds evidenced a significant
increase of the cleaved PARP, which was even more evident in
hypoxic conditions for 1 and 11 (Figure 5B). Enhancement of
the cleaved PARP level demonstrated that cells were induced in
apoptosis. In particular, compounds 1 and 11 showed a pro-
apoptotic effect in hypoxic conditions toward K-562 cells.
Despite its significant antiproliferative activity, compound 17c
showed less intense proapoptotic activity; this might be inter-
preted as a more pronounced cytostatic effect rather than
proapoptotic activity. However, it should also be considered that
the time of cellular exposure to the compoundsmight be relevant
for apoptotic induction.
The functional contribution of CAs to hypoxic tumor growth

and progression has long been hypothesized, and a number of
studies evidenced that CAs are key pro-survival enzymes during
tumor hypoxia. Carbonic anhydrases (CA) are zinc metalloen-
zymes that catalyze the reversible hydration of CO2 to form
HCO3

�. In particular, CA IX (previously calledMN) is related to
cell proliferation and oncogenesis,30 is a major downstream
target of HIF-1R, and is overexpressed in a wide spectrum of
human cancers, including breast cancer and nonsmall cell lung
cancer, but not in normal tissue.31 The significant inhibition of
expression of CA IX shown in Figure 5C could explain the effect
of compound 11 despite its reduced effect on STAT-5 and Src
inhibition.

Table 2. Antiproliferative Activity of Selected Compounds Towards K-562, MEG-01, and KU-812 Cell Lines Both in Normoxic
and Hypoxic Conditions

IC50 (μM)a normoxia IC50 (μM)a hypoxia

entry compound K-562 MEG-01 KU-812 K-562 MEG-01 KU-812

1 1b 9.2 ( 1.9 6.2 ( 0.4 8.1 ( 0.8 2.8 ( 0.2 6.1 ( 2.4 13.3 ( 4.7

2 17a 36.5 ( 4.4 37.4 ( 5.5 56.4 ( 5.4 ndc nd nd

3 17b 37.5 ( 4.3 23.8 ( 10.1 40.6 ( 9.0 nd nd nd

4 17c 12.7 ( 1.3 14.6 ( 2.6 10.1 ( 9.8 20.4 ( 2.3 43.5 ( 9.0 >100

5 17d 30.6 ( 2.5 16.6 ( 3.6 31.4 ( 0.1 nd nd nd

6 11 12.2 ( 3.1 7.7 ( 1.2 2.2 ( 6.5 4.6 ( 0.1 15.0 ( 5.3 16.1 ( 4.9

7 3a 35.8 ( 2.1 41.4 ( 7.8 36.1 ( 2.4 nd nd nd

8 6c 2.3 ( 0.7 12.9 ( 2.9 nd 8.1 ( 2.9 34.0 ( 7.4 nd

9 15b 3.1 ( 0.7 23.7 ( 1.6 nd 5.1 ( 0.8 19.7 ( 5.8 nd

10 15e 4.5 ( 0.2 6.1 ( 1.2 nd nd nd nd

11 15f 2.2 ( 0.3 nd nd 4.7 ( 0.4 nd nd
a IC50 values are the means ( SEM of a series separate assays, each performed in triplicate. bUsed as the reference compound. c nd = not determined.

Figure 5. Proapoptotic effect of compounds 1, 11, and 17c both in
normoxic and hypoxic conditions. (A) Caspase-3 activity in K-562 cells
treated with compounds 17c, 1, and 11 in normoxia and hypoxia. (B)
Detection of cleaved PARP in K-562 cell extracts. Immunoblot analysis
was performed using anti-PARP specific antibodies. An antirabbit
secondary antibody conjugated with peroxidase and a peroxidase sub-
strate revealed the presence of PARP cleavage products in apoptotic
cells. The antibody recognized both the uncleaved PARP (116 kD) and
the larger cleaved fragment (85 kD). (C) CA IX mRNA expression was
examined by qRT-PCR after treatment of K-562 cells with compounds
17c, 1, and 11 in normoxic and hypoxic conditions. Cells were treated
for 72 h with 10 μM of the specified compound. Results are representa-
tive of three independent experiments.

http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-011.jpg&w=240&h=206
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In Vitro ADME Study. In recent years, there has been
considerable discussion on the importance of optimizing the
absorption, distribution, metabolism, and excretion (ADME)
properties of drug candidates, in addition to their efficacy, to
increase the rate of drug discovery successes and to advance high
quality candidates to clinical studies. Early property assessment
and optimization provide the opportunity for earlier correction
of property limitations, thus reducing the risk of drug failure in
advanced phases. In this regard, a few in vitro experiments can be
easily conducted to quickly establish the absorption/stability of
drug candidates in an early phase: aqueous solubility, parallel
artificial membrane permeability assay (PAMPA), and human
liver microsome (HLM) stability determination.32 These experi-
ments have in fact proven to be reliable indicators of plasma
exposure level after oral administration.33 Accordingly, the most

active compounds previously identified (1, 17c, 11, 15b, 15e,
15f, 6c) were submitted to a thorough ADME study to identify
among them promising drug candidates endowed with better
water solubility and permeation and low first-pass metabolism
(Table 3). Compounds 1934 and 2022c (Table 3, entries 8�9),
having a different functionalization on the N1 side chain, were
also analyzed in this part of the study to get a bigger picture of the
ADME properties of the pyrazolo[3,4-d]pyrimidine family.
Results of the in vitro ADME study are reported in Table 3.
Passive membrane permeability has been initially evaluated

with the PAMPA assay applying a validated protocol recently
developed by us for poor water-soluble pyrazolo[3,4-d]pyri-
midine:35 although the presence of a cosolvent (DMSO) proved
to slightly decrease the permeability of the compounds, a good
correlation was found with the experimental data, and overall,

Table 3. In Vitro ADME Properties of Selected Compounds 17c, 11, 15b, 15e, 15f, 6c, 19, and 20 compared to Those of Lead 1
(Representative in Silico ADME Properties Are Also Reported)

aA = CH2CHCl; B = CHdCH; C = CH2CHMe. b Predicted octanol/water partition coefficient; range of recommended values (�2.0)�(þ6.5).
c Predicted apparent Caco-2 cell permeability (in nm/s); range of recommended values <25 poor; >500 great. d PAMPA see Experimental Section for
details. e Expressed as the percentage of unmodified parent drug. fM=mass of the parent drug; M1�3 = experimental mass of the identified metabolites
(the numbers correspond to the proposed sites of metabolism, as indicated in the above general structure); the percentage of each single metabolite
experimentally determined via LC-MS is reported in parentheses. gThe structure of the metabolites predicted by Metasite is reported in Table S2 of the
Supporting Information. hThe two oxidized metabolites M3a are predicted by Metasite to be an epoxide and the ketone; see Table S2, Supporting
Information for details.

http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-012.jpg&w=139&h=93
http://pubs.acs.org/action/showImage?doi=10.1021/jm1012819&iName=master.img-013.jpg&w=471&h=281
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this protocol gives useful insights in ranking the intestinal absorp-
tion of lipophilic compounds. The solubility of compounds 1,
17c, 11, 15b, 15e, 15f, 6c, 19, and 20 was then evaluated
following the method developed by Avdeef et al.,36 and results
were expressed in μg/mL. Metabolic stability was finally eval-
uated by incubating the above-mentioned compounds with 5 μL
of man-pooled HLM for 1 h at 37 �C in order to simulate first-
pass metabolism. The parent drugs and metabolites were sub-
sequently determined by LC-MS analysis (see Experimental
Section for details). The metabolic stability reported in Table 3
is expressed as the percentage of the unmodified parent drug
remaining in the mixture, while the different metabolites (M1-
M3 in Table 3) were separated in HPLC and analyzed via mass
spectrometry. The information on the metabolites’ mass ob-
tained with the latter spectroscopic studies was then integrated
with the in silico metabolites’ prediction obtained with the soft-
ware Metasite37 (predicted metabolites are reported in the
Supporting Information, Table S2), thus allowing us to propose
likely sites of metabolism (SoM_1�3, Table 3). However, while
most of the experimental metabolites were predicted by Meta-
Site, M3b was never identified by the software as a possible
metabolite. This could have resulted from a less common P450-
catalyzedmetabolic reaction (an oxidative dehalogenation on the
linker X). A clear understanding of themetabolic transformations
for this class of compounds could give useful insights for their
further optimization and for the implementation of the software
MetaSite. Accordingly, a thorough study on the characterization
of each single product of the P450-mediated metabolic transfor-
mation is currently ongoing and will be reported in due course.
The interpretation of the ADME data and their translation

into optimized drug candidates also requires an understanding of
the structure�metabolism relationship (SMR) and the accurate
identification of the soft spots of the molecules to design novel
compounds with improved PK profiles. Overall, the ADME
investigation on our pyrazolopyrimidine derivatives highlighted
good metabolic stability (ranging from 75 to 95%) and mem-
brane permeability (ranging from 2.6 to 16.6 � 10�6 cm/s) for
most of the tested compounds and an enhanced water solubility,
especially for compounds 17c, 15b, and 15f (12.3, 1.2, and 1.7
μg/mL, respectively). The combination of MetaSite predictions
and experimental data from microsomal assays allowed us to
propose three main soft spots for our family of inhibitors: (1) the
C4-substituent (NHR2); (2) the linker X on N1; and (3) the
substituted phenyl (R3-Ph) on N1. It was interesting to note that
the C6-substituent (R1) was not the subject of any metabolic
reaction (e.g., N or S oxidation), and therefore, the functionaliza-
tion of this position with polar groups to improve the solubility of
lead 1 (as we did with compounds 3a, 4b, 6c, 11, and 15a�f) can
be considered as the best possible solution to improve the ADME
properties of this family of compounds.
In detail, compound 11 showed values of membrane permea-

tion and metabolic stability comparable to that of lead 1 but
suffered from low aqueous solubility, and 6c showed low
permeation, low solubility, and poor stability, giving four differ-
ent metabolites after incubation with human microsomes
(Table 3, entries 3 and 7). Even if the benzylic chlorine on the
N1-linker (X = A) could be considered as the most likely site of
metabolism for our molecules, it underwent less common P450-
mediated oxidative dehalogenation, giving the corresponding
metabolite M3b only in low percentages. To our surprise, it was
interesting to note that the replacement of this chlorine with a
methyl group (X = C, Table 3, entry 8) afforded the less stable

compound 19, which was more sensitive to P450-mediated
oxidation on the N1-substituent. The functionalization of the
aromatic ring in N1 also proved to play an important role in the
metabolism rate: replacing a chloro with a fluoro in R3

(compounds 1 and 20, respectively) considerably increased the
amount of the corresponding metabolite M3b from 4 to 16%
(Table 3, entries 1 and 9). Among the tested compounds, 17c
and 15b,f were finally identified as the most promising deriva-
tives, showing values of membrane permeation and metabolic
stability comparable to that of lead 1 but presenting with much
improved aqueous solubility profiles (Table 3, entries 2, 4, and 6).
The latter compounds showed an activity profile comparable to
that of 1, with dual Src/Abl activity in the nanomolar/low-
micromolar range and micromolar/low-micromolar antiproli-
ferative activity in three different leukemic cell lines (K-562,
MEG-01, and KU-812) in both normoxic and hypoxic condi-
tions. Compounds 17c and 15b,f can therefore be considered as
improved analogues of lead 1, showing, at the same time, a
profitable balance of different ADME properties (permeation,
water solubility, and metabolic stability) and a promising biolo-
gical profile also on hypoxic leukemic cells that are generally
resistant to TKIs.
Conclusions. In summary, among the pyrazolo[3,4-

d]pyrimidines developed so far by our research group as anti-
tumor agents, a promising antileukemia lead (1) has been
recently identified, but, unfortunately, it suffered from substan-
dard pharmaceutical properties. In the present study, a series of
optimized analogues rationally designed by introducing different
polar moieties in the C4 and C6 solvent exposed positions of the
pyrazolo[3,4-d]pyrimidine scaffold were prepared. Biological
evaluation showed dual Src/Abl activity similar to that of the
lead 1 for most of the synthesized compounds and promising
antiproliferative activity in three different leukemic cell lines (K-
562, MEG-01, and KU-812) both in normoxic and in hypoxic
conditions. Finally, in vitro ADME properties (permeation,
water solubility, and metabolic stability) and metabolic soft spots
for the synthesized compounds were also determined, allowing
us to identify compounds 17c and 15b,f as optimized analogues
of lead 1. Compounds 17c and 15b,f showed, at the same time, a
profitable balance of different ADME properties and biological
activity in leukemia cells. Interestingly, these compounds also
resulted active in hypoxic leukemic cells that are generally
resistant to TKIs. Further investigations on these advanced leads
are ongoing and will be reported in due course.

’EXPERIMENTAL SECTION

Molecular Modeling. Docking studies were performed by means
of the software Gold, version 4.1,38 which uses a genetic algorithm (GA)
to explore the conformation/orientation space. For each of the 50
independent GA runs, a maximum number of 100,000 GA operations
were performed on a set of five groups with a population size of 200
individuals; the other GA parameters not mentioned herein were set to
default values. Hydrophobic fitting points were calculated on the target
for a 5 Å radius around the cocrystallized ligand. Chemscore was used as
the scoring function. For each ligand, the first ranked solution was
selected for further analysis. Structures of inhibitors were represented
using MacroModel 8.539 and processed with the Schr€odinger LigPrep
tool to obtain the protonation state of each compound at physiological
pH. A preliminary structure minimization was performed with Macro-
Model 8.5 on the X-ray crystallographic structure of both c-Abl and c-Src
(entry 1M52)40 and 1YOL41 on the Brookhaven Protein Data Bank
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through the all-atom Amber* force field and the Polak-Ribiere conjugate
gradient method. 1YOL missing loops were completed before mini-
mization by superimposition with the 1Y57 X-ray structure.42 A con-
tinuum solvation method, with water as the solvent, was also applied.
Extended cut-offs were used, and convergence was set to 0.01 kJ/mol 3Å.
Chemistry. Starting materials were purchased from Aldrich-Italia

(Milan, Italy). Melting points were determined with a B€uchi 530
apparatus and are uncorrected. IR spectra were measured in KBr with
a Perkin-Elmer 398 spectrophotometer. 1HNMR spectra were recorded
in a (CD3)2SO solution on a Varian Gemini 200 (200MHz) instrument.
Chemical shifts are reported as δ (ppm) relative to TMS as the internal
standard, J in Hz. 1H patterns are described using the following
abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, quint =
quintex, sx = sextet, m = multiplet, and br = broad. TLC was carried out
using Merck TLC plates silica gel 60 F254. Chromatographic purifica-
tions were performed on columns packed with Merk 60 silica gel,
23�400 mesh, for flash technique. Analyses for C, H, N, and S were
within (0.3% of the theoretical value. Mass spectra (MS) data were
obtained using an Agilent 1100 LC/MSD VL system (G1946C) with a
0.4 mL/min flow rate using a binary solvent system of 95:5 methanol/
water. UV detection was monitored at 254 nm. MS were acquired in
positive and negative modes, scanning over the mass range 50�1500.
The following ion source parameters were used: drying gas flow, 9 mL/
min; nebulizer pressure, 40 psig; drying gas temperature, 350 �C. All
target compounds possessed a purity of g95% as verified by elemental
analyses by comparison with the theoretical values.
Microwave Irradiation Experiments. Microwave irradiation experi-

ments were conducted using a CEM Discover Synthesis Unit (CEM
Corp., Matthews, NC). The machine consists of a continuous focused
microwave power delivery system with operator-selectable power out-
put from 0 to 300W. The temperature of the contents of the vessels was
monitored using a calibrated infrared temperature control mounted
under the reaction vessel. All the experiments were performed using a
stirring option whereby the contents of the vessel are stirred by means of
a rotating magnetic plate located below the floor of the microwave cavity
and a Teflon-coated magnetic stir bar in the vessel.

Synthesis and analytical data of compounds 2a, 2b, 2c, 4c, 7, and 12,19

and 16a, 16b, and 2022c were previously reported by us.
Synthesis of N-Benzyl-1-(2-chloro-2-phenylethyl)-6-(methyl

sulfonyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (3a). 3-Chloroper-
oxybenzoic acid (2 mmol, 0.5 g of 77% suspension in mineral oil) was added
portion wise to a solution of N-benzyl-1-(2-chloro-2-phenylethyl)-6-
(methylthio)-1H-pyrazolo[3,4-d]pyrimidin-4-amine 2a (0.41 g, 1 mmol)
inCHCl3 (10mL) at 0 �C.Themixturewas stirred at room temperature for 6
h; the organic phase was washed with saturated NaHCO3 solution (2 �
20 mL), then with water (20 mL), dried (MgSO4), and evaporated under
reduced pressure. The crude was crystallized by adding petroleum ether
(40�60 �C); the pale yellow solid was recrystallized from absolute ethanol
(0.20 g, 46%). Mp: 169�170 �C. 1H NMR: δ 3.21 (s, 3H, SO2CH3),
4.64�4.96 (m, 4H, CH2Nþ CH2Ar), 5.34�5.44 (m, 1H, CHCl), 6.44 (br
s, 1H,NHdisappears withD2O), 7.14�7.38 (m, 10HAr), 7.99 (s, 1H,H-3).
IR cm�1: 3308 (NH), 1301, 1132 (SO2). MS: m/z 442 [Mþ1]þ. Anal.
(C21H20N5O2ClS) C, H, N, S.
Synthesis of 6-(Methylthio)-1-(2-phenylvinyl)-N-propyl-

1H-pyrazolo[3,4-d]pyrimidin-4-amine (4b). A solution of
NaOH (0.3 g, 7.5 mmol) in water (2.15 mL) was added to a suspension
of 1-(2-chloro-2-phenylethyl)-6-(methylthio)-N-propyl-1H-pyrazolo-
[3,4-d]pyrimidin-4-amine 2b (0.36 g, 1 mmol), in 95% ethanol
(12 mL), and the mixture was refluxed for 5 h. After cooling, the white
solid was filtered, washed with water, and recrystallized from absolute
ethanol (0.26 g, 80%).Mp: 180�181 �C. 1HNMR:δ 1.07 (t, J= 7.4, 3H,
CH3), 1.75 (sx, J = 7.4, 2H, CH2CH3), 2.65 (s, 3H, SCH3), 3.60 (q, J =
7.4, 2H, CH2NH), 5.44 (br s, 1H, NH disappears with D2O), 7.21�7.54
(m, 6H, 5H Ar þ CH=), 7.95 (s, 1H, H-3), 7.98 (d, Jtrans= 14.0, 1H,

CH=). IR cm�1: 3290 (NH), 1625 (CdC). MS: m/z 325 [Mþ1]þ.
Anal. (C17H19N5S) C, H, N, S.
General Procedure for the Synthesis of 5b,c. 3-Chloroper-

oxybenzoic acid (2 mmol, 0.5 g of 77% suspension in mineral oil) was
added portion wise to a solution of the opportune 6-(methylthio)-
1-(2-phenylvinyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (4b or 4c)
(1 mmol) in CHCl3 (10 mL) at 0 �C. The mixture was stirred at room
temperature for 6 h; the organic phase was washed with saturated
NaHCO3 solution (2 � 20 mL), then with water (20 mL), dried
(MgSO4), and evaporated under reduced pressure. The crude oil
crystallized by adding a mixture of diethyl ether/petroleum ether (bp
40�60 �C) (1:1).

6-(Methylsulfonyl)-1-(2-phenylvinyl)-N-propyl-1H-pyrazolo[3,4-d]pyri-
midin-4-amine (5b). White solid (0.20 g, 55%). Mp: 160�161 �C. 1H
NMR: δ 1.10 (t, J = 7.8, 3H, CH3), 1.73 (sx, J = 7.8, 2H, CH2CH3), 3.41 (s,
3H, SO2CH3), 3.68 (q, J=7.8, 2H,CH2NH), 5.96 (br s, 1H,NHdisappears
with D2O), 7.25�7.59 (m, 6H, 5Ar þ CH=), 8.01 (d, Jtrans= 14.4, 1H,
CH=), 8.16 (s, 1H, H-3). IR cm�1: 3341 (NH), 1618 (CdC), 1299, 1129
(SO2). MS: m/z 357 [Mþ1]þ. Anal. (C17H19N5O2S) C, H, N, S.

6-(Methylsulfonyl)-N-(2-phenylethyl)-1-(2-phenylvinyl)-1H-pyrazolo-
[3,4-d]pyrimidin-4-amine (5c). White solid (0.24 g, 57%). Mp: 138�
139 �C (dec.). 1H NMR: δ 3.05 (t, J = 6.0, 2H, CH2Ar), 3.40 (s, 3H,
SO2CH3), 3.98 (q, J = 6.0, 2H, CH2NH), 6.18 (br s, 1H, NH disappears
with D2O), 7.18�7.57 (m, 11H, 10Ar þ CH=), 8.02 (d, Jtrans = 14.4,
1H, CH=), 8.13 (s, 1H, H-3). IR cm�1: 3348 (NH), 1713 (CdC),
1298, 1127 (SO2). MS: m/z 420 [Mþ1]þ. Anal. (C22H21N5O2S)
C, H, N, S.
Synthesis of 2-({4-[(2-Phenylethyl)amino]-1-(2-phenyl-

vinyl)-1H-pyrazolo[3,4-d]pyrimidin-6-yl}-amino)ethanol (6c).
2-Aminoethanol (0.18 g, 3 mmol,) was added to a suspension of 5c
(0.42 g, 1 mmol) in butan-1-ol (16 mL) and DMSO (4 mL), and the
mixturewas heated at 90 �C for 12 h. After cooling, butan-1-ol was removed
under reduced pressure; then water was added, and the solution was
extracted with ethyl acetate (2 � 20 mL); the organic phase was washed
with water (20 mL), dried (MgSO4), and evaporated under reduced
pressure. The white solid was filtered and recrystallized from absolute
ethanol (0.26 g, 65%). Mp: 83�84 �C. 1H NMR: δ 2.99 (t, J = 7.0, 2H,
CH2Ar), 3.62�3.96 (m, 6H, CH2NHþ CH2NHþ CH2OH), 5.40 (br s,
1H, disappearswithD2O), 5.61 (br s, 1H, disappearswithD2O), 7.18�7.44
(m, 11H, 10H Ar þ CH=), 7.75 (s, 1H, H-3), 7.82 (d, Jtrans = 14.4, 1H,
CH=). IR cm�1: 3250�3150 (OH þ NH), 1656 (CdC). MS: m/z 401
[Mþ1]þ. Anal. (C23H24N6O) C, H, N.
Synthesis of 1-(2-Hydroxy-2-phenylethyl)-6-(methylsul-

fonyl)-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-one (8).
3-Chloroperoxybenzoic acid (20 mmol, 5 g of 77% suspension in
mineral oil) was added portion wise to a solution of 1-(2-hydroxy-2-
phenylethyl)-6-(methylthio)-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-
one7 (3.02 g, 10mmol) in anhydrousDMF(5mL) andCHCl3 (50mL) at
0 �C.Themixturewas stirred at room temperature for 12 h.The solventwas
evaporated under reduced pressure, and diethyl ether (20 mL) was
added. By standing in a refrigerator for 2 h, a white solid was
precipitated, which was filtered and recrystallized from absolute
ethanol (1.91 g, 57%). Mp: 170�171 �C. 1H NMR: δ 3.69 (s, 3H,
SO2CH3), 4.22�4.52 (m, 2H, CH2N), 4.91�5.09 (m, 1H, CHO),
5.60 (br s, 1H, OH disappears with D2O), 7.09�7.28 (m, 5H Ar), 8.15
(s, 1H, H-3), 13.20 (br s, 1H, NH disappears with D2O). IR cm�1:
3540 (NH), 3150�2900 (OH), 1693 (CO). MS: m/z 334 [Mþ1]þ.
Anal. (C14H14N4O4S) C, H, N, S.
Synthesis of 1-(2-Hydroxy-2-phenylethyl)-6-morpholin-4-yl-

1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-one (9). Morpho-
line (4.36 g, 50 mmol) was added to a solution of 1-(2-hydroxy-2-phenyl-
ethyl)-6-(methylsulfonyl)-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-one
8 (3.34 g, 10 mmol) in DMSO (30 mL), and the mixture was heated at
100 �C for 3 h. After cooling to room temperature, cold water was added;
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the pale yellow solid was filtered, washed with water, and recrystallized
from 95% ethanol (2.29 g, 67%). Mp: 247�248 �C. 1H NMR: δ 3.36�
3.49 and 3.51�3.62 (2 m, 8H, 4CH2 morph.), 3.99�4.25 (m, 2H,
CH2N), 4.90�5.03 (m, 1H, CHO), 5.50 (d, 1H, OH disappears with
D2O), 7.03�7.24 (m, 5H Ar), 7.70 (s, 1H, H-3), 10.75 (br s, 1H, NH
disappears with D2O). IR cm�1: 3380, 3168, 3113 (NH þ OH), 1702
(CO). MS: m/z 341 [Mþ1]þ. Anal.(C17H19N5O3) C, H, N.
Synthesis of 4-Chloro-1-(2-chloro-2-phenylethyl)-6-mor-

pholin-4-yl-1H-pyrazolo[3,4-d]pyrimidine (10). The Vilsmeier
complex, previously prepared from POCl3 (3.07 g, 20 mmol) and
anhydrous DMF (1.46 g, 20 mmol), was added to a suspension of
1-(2-hydroxy-2-phenylethyl)-6-morpholin-4-yl-1,5-dihydro-4H-pyra-
zolo[3,4-d]pyrimidin-4-one 9 (0.34 g, 1 mmol) in CHCl3 (10 mL). The
mixture was refluxed for 12 h. The solution was washed with 4MNaOH
(2 � 20 mL), then with water (20 mL), dried (MgSO4), and concen-
trated under reduced pressure. The crude was purified by column
chromatography (Florisil, 100�200 mesh) using diethyl ether as the
eluant, to afford the pure product as a yellow oil, which was crystallized
as a white solid by adding amixture of diethyl ether/petroleum ether (bp
40�60 �C) (1:1) and standing in a refrigerator (0.25 g, 67%). Mp:
117�118 �C. 1H NMR: δ 3.47�3.56 and 3.60�3.68 (2 m, 8H, 4CH2

morph.), 4.53�4.70 (m, 2H, CH2N), 5.40�5.50 (m, 1H, CHCl),
7.15�7.38 (m, 5H Ar), 7.73 (s, 1H, H-3). MS: m/z 378 [Mþ1]þ.
Anal. (C17H17N5Cl2O) C, H, N.
Synthesis of N-(3-Chlorophenyl)-1-(2-chloro-2-phenyle-

thyl)-6-morpholin-4-yl-1H-pyrazolo[3,4-d]pyrimidin-4-amine
(11). A solution of 4-chloro-1-(2-chloro-2-phenylethyl)-6-morpholin-4-yl-
1H-pyrazolo[3,4-d]pyrimidine 10 (0.38 g, 1 mmol) and 3-chloroaniline
(0.50 g, 4 mmol) in absolute ethanol was refluxed for 5 h. After cooling, the
solvent was evaporated under reduced pressure, and the crude was treated
withwater (20mL), then extractedwithCHCl3 (20mL); the organic phase
was washed with water (20 mL), dried (MgSO4), and concentrated under
reduced pressure. The obtained oil was crystallized by adding a mixture of
diethyl ether/petroleum ether (bp 40�60 �C) (1:1) and standing in a
refrigerator to afford a white solid, which was recrystallized from absolute
ethanol (0.27 g, 57%). Mp: 168�170 �C. 1H NMR: δ 3.45�3.54 and
3.59�3.66 (2 m, 8H, 4CH2 morph.), 4.51�4.68 (m, 2H, CH2N),
5.41�5.55 (m, 1H, CHCl), 7.00�7.56 (m, 10H, 9 Ar þ H-3). IR cm�1:
3356 (NH). MS: m/z 469 [Mþ1]þ. Anal. (C23H22N6Cl2O) C, H, N.
Synthesis of 1-(2-Hydroxy-2-phenylethyl)-6-[(2-morpho-

lin-4-ylethyl)thio]-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-
4-one (13). NaOH (0.4 g, 10 mmol) dissolved in absolute ethanol
(5 mL) and 4-(2-chloroethyl)morpholine (2.24 g, 15 mmol) were added
to a solution of 1-(2-hydroxy-2-phenylethyl)-6-thioxo-1,5,6,7-tetrahydro-
4H-pyrazolo[3,4-d]pyrimidin-4-one 12 (2.88 g, 10 mmol) in anhydrous
DMF (5mL). The solution was refluxed for 6 h. After cooling, the solvent
was evaporated under reduced pressure, and the crude was poured into
cold water. The white solid was filtered, washed with water, and
recrystallized from absolute ethanol (2.53 g, 63%). Mp: 201�202 �C.
1H NMR: δ 2.36�2.50 (m, 4H, 2CH2N morph.), 3.10�3.40 (m, 4H,
CH2S þ CH2CH2S), 3.45�3.56 (m, 4H, 2CH2O morph.), 4.13�4.40
(m, 2H, CH2N), 4.83�5.06 (m, 1H, CHO), 5.55 (d, 1H, OH disappears
with D2O), 7.10�7.28 (m, 5H Ar), 7.89 (s, 1H, H-3). IR cm�1:
3100�2850 (NH þ OH), 1664 (CO). MS: m/z 401 [Mþ1]þ. Anal.
(C19H23N5O3S) C, H, N, S.
Synthesis of 4-Chloro-1-(2-chloro-2-phenylethyl)-6-[(2-

morpholin-4-ylethyl)thio]-1H-pyrazolo[3,4-d]pyrimidine
(14).The Vilsmeier complex, previously prepared from POCl3 (12.27 g,
80 mmol) and anhydrous DMF (5.85 g, 80 mmol) was added to a
suspension of 1-(2-hydroxy-2-phenylethyl)-6-[(2-morpholin-4-ylethyl)-
thio]-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-one 13 (4.01 g,
10 mmol) in CHCl3 (50 mL). The mixture was refluxed for 8 h. The
solution was washed with 4 M NaOH (2� 20 mL), then with water
(20 mL), dried (MgSO4), and concentrated under reduced pressure.

The yellow crude oil was crystallized as a brown solid by adding absolute
ethanol and standing in a refrigerator (3.29 g, 75%). Mp: 106�107 �C.
1H NMR: δ 2.81�3.12 (m, 4H, 2CH2N morph.), 3.18�3.81 (m, 4H,
CH2S þ CH2CH2S), 3.86�4.10 (m, 4H, 2CH2O morph.), 4.60�4.78
and 5.12�5.30 (2 m, 2H, CH2N), 5.36�5.50 (m, 1H, CHCl),
7.16�7.50 (m, 5H Ar), 8.00 (s, 1H, H-3). MS: m/z 438 [Mþ1]þ.
Anal. (C19H21N5Cl2OS) C, H, N, S.
General Procedure for the Synthesis of Compounds

15a�d. The appropriate amine (40 mmol) was added to a solution
of the 4-chloro derivative 14 (4.38 g, 10 mmol) in anhydrous toluene
(10 mL), and the mixture was stirred at room temperature for 24 h. The
organic phase was washed with water (2� 10 mL), dried (MgSO4), and
concentrated under reduced pressure. The crude oil was crystallized by
adding diethyl ether.
General Procedure for the Synthesis of Compounds 15e,f.

The appropriate aniline (20 mmol) was added to a solution of the 4-chloro
derivative 14 (4.38 g, 10mmol) in absolute ethanol (5mL), and themixture
was refluxed for 3�5 h. After cooling to room temperature, the solid was
filtered, washed with water, and recrystallized from absolute ethanol.

1-(2-Chloro-2-phenylethyl)-6-[ (2-morpholin-4-ylethyl)thio]-N-pro-
pyl-1H-pyrazolo[3,4-d] pyrimidin-4-amine (15a).White solid (2.77 g,
60%). Mp: 86�87 �C. 1H NMR: δ 0.95 (t, J = 7.2, 3H, CH3), 1.63 (sx,
J = 7.2, 2H, CH2CH3), 2.52 (t, J = 4.6, 4H, 2CH2N morph.), 2.62�2.78
(m, 2H, CH2CH2S), 3.10�3.33 (m, 2H, CH2S), 3.46 (q, J = 7.2, 2H,
CH2NH), 3.67 (t, J = 4.6, 4H, 2CH2O morph.), 4.53�4.67 and
4.74�4.80 (2 m, 2H, CH2N), 5.30 (br s, 1H, NH disappears with
D2O), 5.38�5.51 (m, 1H, CHCl), 7.12�7.42 (m, 5H Ar), 7.71 (s, 1H,
H-3). IR cm�1: 3281 (NH). MS: m/z 461 [Mþ1]þ. Anal. (C22H29N6-
OClS) C, H, N, S.

N-Benzyl-1-(2-chloro-2-phenylethyl)-6-[(2-morpholin-4-ylethyl)-
thio]-1H-pyrazolo[3,4-d] pyrimidin-4-amine (15b). White solid (3.56
g, 70%). Mp: 124�125 �C. 1H NMR: δ 2.50 (t, J = 4.4, 4H, 2CH2N
morph.), 2.64�2.81 (m, 2H, CH2CH2S), 3.10�3.38 (m, 2H, CH2S),
3.58�3.72 (m, 4H, 2CH2O morph.), 4.53�4.94 (m, 4H, CH2N þ
CH2Ar), 5.40�5.52 (m, 1H, CHCl), 7.12�7.42 (m, 10H Ar), 7.66 (s,
1H, H-3). IR cm�1: 3197 (NH). MS: m/z 509 [Mþ1]þ. Anal.
(C26H29N6OClS) C, H, N, S.

1-(2-Chloro-2-phenylethyl)-N-(4-fluorobenzyl)-6-[(2-morpholin-4-
ylethyl)thio]-1H-pyrazolo[3,4-d]pyrimidin-4-amine (15c). White solid
(3.16 g, 60%). Mp: 86�87 �C. 1H NMR: δ 2.55 (t, J = 4.6, 4H, 2CH2N
morph.), 2.70�2.83 (m, 2H, CH2CH2S), 3.00�3.29 (m, 2H, CH2S),
3.55�3.68 (m, 4H, 2CH2O morph.), 4.55�5.00 (m, 4H, CH2N þ
CH2Ar), 5.43�5.54 (m, 1H, CHCl), 7.07�7.39 (m, 9HAr), 7.67 (s, 1H,
H-3). IR cm�1: 3280 (NH). MS: m/z 527 [Mþ1]þ. Anal. (C26H28N6-
OClFS) C, H, N, S.

1-(2-Chloro-2-phenylethyl)-6-[(2-morpholin-4-ylethyl)thio]-N-(2-
phenylethyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (15d). White so-
lid (3.40 g, 65%). Mp: 122�123 �C. 1H NMR: δ 2.51 (t, J = 4.6, 4H,
2CH2N morph.), 2.72 (t, J = 7.6, 2H, CH2CH2S), 2.91 (t, J = 6.4, 2H,
CH2Ar), 3.10�3.36 (m, 2H, CH2S), 3.66 (t, J = 4.6, 4H, 2CH2O
morph.), 3.79 (q, J = 6.4, 2H, CH2NH), 4.54�4.70 and 4.75�4.90 (2m,
2H, CH2N), 5.30 (br s, 1H, NH disappears with D2O), 5.40�5.52 (m,
1H, CHCl), 7.10�7.41 (m, 10H Ar), 7.63 (s, 1H, H-3). IR cm�1: 3251
(NH). MS: m/z 523 [Mþ1]þ. Anal. (C27H31N6OClS) C, H, N, S.

N-(3-Chlorophenyl)-1-(2-chloro-2-phenylethyl)-6-[(2-morpholin-
4-ylethyl)thio]-1H-pyrazolo[3,4-d]pyrimidin-4-amine (15e).White so-
lid (3.70 g, 70%). Mp: 223�224 �C. 1H NMR: δ 2.88�4.00 (m, 12H,
4CH2 morph.þ CH2CH2Sþ CH2S), 4.65�4.83 and 5.00�5.18 (2 m,
2H, CH2N), 5.53�5.68 (m, 1H, CHCl), 7.00�8.40 (m, 10H, 9ArþH-
3), 11.50 (br s, 1H, NH disappears with D2O). IR cm�1: 3262 (NH).
MS: m/z 529 [Mþ1]þ. Anal. (C25H26N6OCl2S) C, H, N, S.

1-(2-Chloro-2-phenylethyl)-6-[(2-morpholin-4-ylethyl)thio]-N-
phenyl-1H-pyrazolo[3,4-d] pyrimidin-4-amine (15f).White solid (3.37
g, 68%). Mp: 227�228 �C. 1H NMR: δ 2.85�4.00 (m, 12H, 4CH2
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morph. þ CH2CH2S þ CH2S), 4.70�4.85 and 4.96�5.20 (2 m, 2H,
CH2N), 5.60�5.70 (m, 1H, CHCl), 6.80�8.30 (m, 11H, 10ArþH-3),
12.00 (br s, 1H, NH disappears with D2O). IR cm�1: 3270 (NH). MS:
m/z 495 [Mþ1]þ. Anal. (C25H27N6ClOS) C, H, N, S.
General Procedure for the Synthesis of Compounds

17a�d. To a solution of the opportune intermediate 16a,b (1.5 equiv)
in dioxane (2 mL), the opportune amine (1.5 equiv) and glacial acetic
acid (1.5 equiv) were added. The reaction mixture was irradiated in the
microwave for 10 min at 150 �C. After cooling, the mixture was
evaporated under reduced pressure, and the crude purified by flash
chromatography using a mixture of CH2Cl2/MeOH (97:3) as the eluent
to give the pure products as yellow solids.
1-[2-Chloro-2-(4-fluorophenyl)ethyl]-N-(pyridin-4-ylmethyl)-1H-

pyrazolo[3,4-d]pyrimidin-4-amine (17a). Yellow solid (42 mg, 58%).
Mp: 144�145 �C. 1H NMR: δ 4.75�5.00 (m, 4H, CH2N þ CH2Ar),
5.50�5.55 (m, 1H, CHCl), 7.19�7.33 (m, 6H, Ar), 7.90 (s, 1H, H-3),
8.39 (s, 1H, H-6), 8.48 (m, 2H, Ar). MS: m/z 383 [Mþ1]þ. Anal.
(C19H16N6ClF) C, H, N.
1-[2-Chloro-2-(4-fluorophenyl)ethyl]-N-(pyridin-2-ylmethyl)-1H-

pyrazolo[3,4-d]pyrimidin-4-amine (17b). Yellow solid (42 mg, 58%).
Mp: 137�138 �C. 1H NMR: δ 4.76�4.98 (m, 4H, CH2N þ CH2Ar),
5.51�5.57 (m, 1H, CHCl), 6.81�7.72 (m, 7H, Ar), 7.99 (s, 1H, H-3),
8.41 (s, 1H, H-6), 8.61 (m, 1H, Ar). MS: m/z 383 [Mþ1]þ. Anal.
(C19H16N6ClF) C, H, N.
1-[2-Chloro-2-(4-chlorophenyl)ethyl]-N-(pyridin-4-ylmethyl)-1H-

pyrazolo[3,4-d]pyrimidin-4-amine (17c). Yellow solid (51 mg, 70%).
Mp: 144�145 �C. 1H NMR: δ 4.68�4.90 (m, 4H, CH2N þ CH2Ar),
5.40�5.46 (m, 1H, CHCl), 7.23�7.32 (m, 6H, Ar), 7.78 (s, 1H, H-3),
8.32 (s, 1H, H-6), 8.48 (m, 2H, Ar). MS: m/z 399 [Mþ1]þ. Anal.
(C19H16N6Cl2) C, H, N.
1-[2-Chloro-2-(4-chlorophenyl)ethyl]-N-(pyridin-2-ylmethyl)-1H-

pyrazolo[3,4-d]pyrimidin-4-amine (17d). Yellow solid (46 mg, 63%).
Mp: 137�138 �C. 1H NMR: δ 4.75�4.91 (m, 4H, CH2N þ CH2Ar),
5.50�5.55 (m, 1H, CHCl), 7.24�7.31 (m, 4H, Ar), 7.37 (d, J = 8, 4H,
Ar), 7.71 (t, J = 8.0, 1H, Ar), 7.98 (s, 1H, H-3), 8.41 (s, 1H, H-6), 8.61
(m,1H, Ar). MS: m/z 399 [Mþ1]þ. Anal. (C19H16N6Cl2) C, H, N.
Enzymatic Assays. Enzymatic Assay on Isolated Src. Recombi-

nant human Src was purchased fromUpstate (Lake Placid, NY). Activity
was measured in a filter-binding assay using a commercial kit (Src Assay
Kit, Upstate), according to themanufacturer’s protocol, using 150 μMof
the specific Src peptide substrate (KVEKIGEGTYGVVYK) and in the
presence of 0.125 pmol of Src and 0.160 pmol of [γ-32P]-ATP. The
apparent affinity (Km) values of the Src preparation used for its peptide
and ATP substrates were determined separately and found to be 30 μM
and 5 μM, respectively.
Kinetic Analysis. Dose�response curves were generated by fitting the

data by computer simulation to eq 1: E(%) = Emax(1 þ [I]/ID50), where
E(%) is the fraction of the enzyme activity measured in the presence of
the inhibitor, Emax is the activity in the absence of the inhibitor, [I] is the
inhibitor concentration, and ID50 is the inhibitor concentration at which
E(%) = 0.5Emax. The ID50 values were converted to Ki according to a
competitive mechanism with respect to the substrate ATP. The second
substrate of the reaction (the peptide) was kept at saturating concentra-
tions (4-fold higher itsKm). Since (i) the ATP concentration was limiting,
i.e., [ATP] , Km(ATP), and (ii) the enzyme concentration was not
negligible with respect to the ATP concentration, i.e., [E] g [ATP], the
classical Cheng-Prusoff relationship was not applicable. Consequently, Ki

values were calculated according to eq 2: Ki = (ID50� E0/2)/{E0� [S0/
Km � 1]/E0}, where S0 is the concentration of the competing substrate
(ATP), and E0 is the concentration of the enzyme. Each experiment was
done in triplicate, and mean values were used for the interpolation. Curve
fitting was performed with the program GraphPad Prism.
Enzymatic Assay on Isolated Abl. Recombinant human Abl was

purchased from Upstate. Activity was measured in a filter-binding assay

using an Abl specific peptide substrate (Abtide, Upstate). Reaction
conditions were as follows: 0.012 μM [γ-32P]ATP, 50 μM peptide, and
0.022 μM c-Abl. The apparent affinity (Km) values of the Abl prepara-
tion used for its peptide and ATP substrates were determined separately
and found to be 1.5 μM and 10 μM, respectively. Kinetic analysis was
performed as described for c-Src. Because of the noncompetitive mode
of action and because of the fact that the enzyme concentration was
higher than the ATP substrate concentration, ID50 values were con-
verted to Ki by eq 3: Ki = ID50/{E0þ [E0(Km(ATP)/S0)]}/E0, where E0
and S0 are the enzyme and the ATP concentrations, respectively. Each
experiment was done in triplicate, and mean values were used for the
interpolation. Curve fitting was performed with the program
GraphPad Prism.
ADMEAssays. Chemicals and Instruments.All solvents, reagents,

and L-R-phosphatidylcholine were from Sigma-Aldrich Srl (Milan,
Italy). Dodecane was purchased from Fluka (Milan, Italy). Pooled Male
Donors 20 mg/mL HLM were from BD Gentest-Biosciences (San Jose,
California). Milli-Q quality water (Millipore, Milford, MA, USA) was
used. Hydrophobic filter plates (MultiScreen-IP, Clear Plates, 0.45 μm-
diameter pore size), 96-well microplates, and 96-well UV-transparent
microplates were obtained from Millipore (Bedford, MA, USA).

LC analyses for the PAMPA studies were performed with a Perkin-
Elmer HPLC (series 200) equipped with an injector valve, a 20-μL
sample loop (Mod. Rheodyne), and a UV detector (Perkin-Elmer 785A,
UV/vis Detector). UV detection was monitored at 254 nm.

LC analyses for the solubility and metabolic stability studies were
performed with anAgilent 1100 LC/MSDVL system (G1946C) (Agilent
Technologies, Palo Alto, CA) constituted by a vacuum solvent degassing
unit, a binary high-pressure gradient pump, an 1100 series UV detector,
and an 1100 MSD model VL benchtop mass spectrometer. The Agilent
1100 series mass spectra detection (MSD) single-quadrupole instrument
was equipped with the orthogonal spray API-ES (Agilent Technologies,
Palo Alto, CA). Nitrogen was used as nebulizing and drying gas. The
pressure of the nebulizing gas, the flow of the drying gas, the capillary
voltage, the fragmentor voltage, and the vaporization temperature were set
at 40 psi, 9 L/min, 3000 V, 70 V, and 350 �C, respectively. UV detection
was monitored at 254 nm. The LC-ESI-MS determination was performed
by operating the MSD in the positive ion mode. Spectra were acquired
over the scan range m/z 100�1500 using a step size of 0.1 us.

Parallel Artificial Membrane Permeability Assay (PAMPA). Donor
solution (0.5 mM) was prepared by diluting 1 mM dimethyl sulfoxide
(DMSO) compound stock solution using phosphate buffer (pH 7.4,
0.025 M). Filters were coated with 5 μL of a 1% (w/v) dodecane
solution of phosphatidylcholine. Donor solution (150 μL) was added to
each well of the filter plate. To each well of the acceptor plate were added
300 μL of solution (50% DMSO in phosphate buffer). All compounds
were tested in three different plates on different days. The sandwich was
incubated for 5 h at room temperature under gentle shaking. After the
incubation time, the sandwich plates were separated, and samples were
taken from both receiver and donor sides and analyzed using LC with
UV detection. LC analyses were conducted via HPLC (Perkin-Elmer
series 200) using a Polaris C18 column (150 � 4.6 mm, 5 μm particle
size) at a flow rate of 0.8 mL 3min�1 with a mobile phase composed of
80% ACN/20% H2O�formic acid 0.1% (for compounds 1, 5c, 11, 19,
and 20) or 60% ACN/40% H2O�formic acid 0.1% (for compounds
17c, 15b, 15e, and 15f). Permeability (Papp) for PAMPA was calculated
according to the following equation obtained from Wohnsland and
Faller43 and Sugano et al.44 with some modification in order to obtain
permeability values in cm/s:

Papp ¼ VDVA

ðVD þ VAÞAt � lnð1� rÞ

where VA is the volume in the acceptor well, VD is the volume in
the donor well (cm3), A is the “effective area” of the membrane (cm2),
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t is the incubation time (s), and r is the ratio between drug concentration
in the acceptor and equilibrium concentration of the drug in the total
volume (VD þ VA). Drug concentration is estimated by using the peak
area integration.
Solubility Assay. Stock solutions of each compound in 10�3 M

DMSO were prepared and sequentially diluted to reach the 10�6 M
concentration. Four different aliquots (1.0, 1.5, 3.0, and 6.0 μL) of each
10�6 M stock solution of all compounds were dispensed into well plates
with the necessary amount of water to reach the final volume of 300 μL.
Wells were shaken in a shaker bath at room temperature for 24 h.36

These suspensions were filtered through a 0.45-μm nylon filter
(Acrodisc), proceeding with the chromatographic assays, performed in
triplicate for each compound. Quantitative analysis was performed by
means of the LC-UV method above-reported. LC analyses were con-
ducted via HPLC (Agilent 1100 LC/MSD VL system) using a Varian
Polaris 5 C18-A column (150� 4.6 mm, 5 μm particle size) maintained
at room temperature at a flow rate of 0.8 mL 3min�1 with a mobile phase
composed of 70% ACN/30% H2O (for compounds 1, 5c, 11, 15b, 15e,
15f, 17c, and 20) or 80% ACN/20% H2O�formic acid 0.1% (for
compound 19).
Microsomal Stability Assay. Each compound in DMSO solution was

incubated at 37 �C for 60min in 125mMphosphate buffer (pH7.4), 5μL
of human liver microsomal protein (0.2 mg/mL), in the presence of a
NADPH-generating system at a final volume of 0.5 mL (compounds’ final
concentration, 100 μM); DMSO did not exceed 2% (final solution).45

The reaction was stopped by cooling in ice and adding 1.0 mL of
acetonitrile. The reaction mixtures were then centrifuged, and the parent
drug and metabolites were subsequently determined by LC-MS.

Quantitative and qualitative analysis was performed by means of the
LC-UVmethod above-reported. LC analyses were conducted via HPLC
(Agilent 1100 LC/MSD VL system) using a Varian Polaris 5 C18-A
column (150 � 4.6 mm, 5 μm particle size) maintained at room
temperature. Chromatographic analysis was carried out using gradient
elution with eluent A being ACN and eluent B consisting of an aqueous
solution of formic acid (0.1%). The analysis started with 10% of eluent A,
which was rapidly increased up to 70% in 10 min, then slowly increased
up to 98% in 15 min, and finally returned to 10% of eluent A in 1.0 min.
The flow rate was 0.8 mL min�1, and injection volume was 5 μL.
Cell assay.HumanCMLK-562 cell lines in blast crisis46 were obtained

from theAmericanTypeCulture Collection andwere grown in RPMI 1640
medium (Euroclone, Devon, UK), containing 10% fetal bovine serum
(FBS) and antibiotics (100U/mLpenicillin and100μg/mL streptomycin).
The cultures were free of mycoplasma. Cells were cultured in normoxic or
hypoxic conditions. For the experiments in normoxia, we used an incubator
(KW Apparecchi Scientifici, Italy) set at 5% CO2, 20% O2 (atmospheric
oxygen ≈140 mmHg), and 37 �C in a humidified environment. For the
experiments under hypoxia, we used a water-jacketed incubator (Forma
Scientific, Marietta, OH), which provides a customized and stable humidi-
fied environment through electronic control of CO2 (5%), O2, and
temperature (37 �C). In our experiments, the O2 tension was set and
maintained constantly at 2%(≈ 14mmHg) by injectingN2 automatically in
the chamber to bring the O2 level to the set point.

47 The compounds were
dissolved in DMSO and used at the indicated concentrations. At the end of
the experiments, cells were promptly analyzed.
CyQUANT Cell Proliferation Assay. To quantify cell proliferation,

starved cells were plated into 96 well plates in RPMI containing FBS at
the concentration of 1� 104 cells/well and then incubated for 72 h, with
or without different concentrations (0.5�150 μM) of the studied
compounds, in normoxic or hypoxic conditions. At the end, each culture
microplate was centrifuged, reversed to remove growth medium, and
kept at �80 �C. The microplates were then thawed at room tempera-
ture, and 200 μL of the CyQUANTGR dye/cell-lysis buffer (Molecular
Probes, Eugene, OR) was added to each sample well. The concentrated
cell-lysis buffer was diluted 1:20 into ultrapure water, and CyQUANT

GR dye was then diluted 1:400 into lysis buffer. The samples were
incubated in darkness for 2 to 5 min prior to measuring relative
fluorescence (485 nm excitation, 520 nm emission) using a fluorescence
microplate reader FLUOstar OPTIMA (BMG Labtech, Offenburg,
Germany). Data analysis for IC50 calculations was performed with the
L5W Data Analysis Package plug-in for Excel (Microsoft). Results are
reported as the mean ( SEM.

Western Blot Analysis. The inhibitory effect of compounds toward the
phosphorylation of Src (Tyr416), c-Abl, and STAT-5 was assessed using
immunoblot analysis, as previously described.48 Cell lines were cultured at a
concentration of 1� 106 cells/mL and challengedwith the compounds (50
μM) for 3 h in normoxic or hypoxic conditions. Later, cells were harvested
and lysed in an appropriate buffer containing 1% Triton X-100. Proteins
were quantitated by the BCA method (Pierce, Rockford, IL). Equal
amounts of total cellular protein were resolved by SDS�PAGE under
nonreducing conditions, transferred to a PVDF membrane, and subjected
to immunoblot using phospho-specific antibodies against Src (Cell Signal-
ing Technology, Beverly, MA) and a PathScan Bcr/Abl Activity Assay
Western Detection Kit (Cell Signaling Technology) for c-Abl and STAT-5.
This kit was used to assay the inhibition of multiple proteins on one
membrane without stripping and reprobing. Filters were additionally
reprobed with β-actin (control loading, Cell Signaling Technology).

The proapoptotic activity of the selected compounds was also tested,
using immunoblot analysis with a PARP-specific antibody that reveals
both the uncleaved (113 kDa) and cleaved (89 kDa) forms of PARP
(Cell Signaling Technology). Cell lines were cultured at a concentration
of 1.4� 106 cells/mL and challenged with the compounds (10 μM) for
72 h in normoxic or hypoxic conditions.

Caspase assay. Intracellular caspase-3 activity was measured using an
EnzCheck Caspase-3 Assay kit (Molecular Probes), as previously
described.48 Briefly, cells (2 � 106 cells/mL) were exposed to either
21% O2 or 2% O2 for 72 h in the presence or in the absence of selected
compounds (10 μM), harvested, and washed with PBS. Cells were then
lysed and added with the specific caspase-3 fluorogenic substrate.
Fluorescence was then quantified by the microplate reader FLUOstar
Optima with excitation at 496 nm and emission at 520 nm.

RNA Preparation and qRT-PCR. CA IX mRNA expression was
determined by qRT-PCR using an iQ5Multicolor Real-Time PCR
Detection System (Bio-Rad Laboratories). Briefly, tumor cells (7 �
105 cells/mL) were exposed to either 21% O2 or 2% O2 for 72 h in the
presence or in the absence of selected compounds (10 μM), and total
RNA was extracted using the TRI Reagent (Ambion, Austin, TX). First-
strand cDNA synthesis was performed using the iScript cDNA Synthesis
Kit (Bio-Rad Laboratories). qRT-PCR was performed using iTaq SYBR
Green Supermix with ROX (Bio-Rad Laboratories), and the specific
primers were designed using the PRIMER3 program (available at
http://frodo.wi.mit.edu). Data were quantitatively analyzed on iQ5
Optical System Software (Bio-Rad Laboratories). Relative quantifica-
tion was done by using the 2�ΔΔCT method, as previously described;49

β-actin was used as a housekeeping gene, and results were reported as
mRNA expression versus the control cells.
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CML, chronic myeloid leukemia; Ph, Philadelphia; IM, imatinib;
TKIs, tyrosine kinase inhibitors;WT, wild type; PK, pharmaco-
kinetic; HIF-1, hypoxia-inducible factor-1; STAT-5, signal trans-
ducer and activator of transcription 5; PARP, poly-ADP-ribose-
polymerase; CA, carbonic anhydrases; PAMPA, parallel artificial
membrane permeability assay; HLM, human liver microsome;
GA, genetic algorithm.
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