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Inhibition of Bcr-Abl Phosphorylation and
Induction of Apoptosis by Pyrazolo[3,4-
dlpyrimidines in Human Leukemia Cells
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A series of pyrazolo[3,4-d]pyrimidines, previously found to be Src
inhibitors, was tested for their ability to inhibit proliferation of
three Bcr-Abl-positive human leukemia cell lines (K-562, KU-812,
and MEG-01), on the basis of the experimental evidence that var-
ious Src inhibitors are also active against Bcr-Abl kinase (the so
called dual Src/Abl inhibitors). They reduce Bcr-Abl tyrosine phos-

Introduction

Chronic myeloid leukemia (CML) is a hematological malignancy
characterized by the Bcr-Abl genetic translocation and constit-
utive activation of the Abl tyrosine kinase. In particular, CML is
a myeloproliferative disease characterized by the balanced re-
ciprocal translocation of c-Abl protooncogene from chromo-
some 9 to the break point cluster region of Bcr gene on chro-
mosome 22, leading to the formation of the Philadelphia chro-
mosome. In the recent past, advances in the selective inhibi-
tion of Bcr-Abl kinase activity led to the development of imati-
nib mesylate (Gleevec) that now represents the first-line
treatment for CML. However, Bcr-Abl gene amplification that
leads to overexpression of the Bcr-Abl protein, point mutations
in the Bcr-Abl kinase domain that interfere with imatinib bind-
ing, and point mutations outside of the kinase domain that al-
losterically inhibit imatinib binding to Bcr-Abl, are all known to
confer resistance to Gleevec. As a consequence, there is a
growing interest in developing second-generation small mole-
cule inhibitors able to treat Gleevec-resistant CML." For this
purpose, in addition to selective inhibitors of Bcr-Abl,? several
classes of structurally diverse compounds appeared in recent
literature, able to inhibit either kinases of the Src family or Abl
kinase, because of their considerable homology (referred to as
dual Src-Abl inhibitors).”’ Based on the fact that compounds
acting as Src inhibitors often also showed activity toward Bcr-
Abl, we planned to test a series of pyrazolo[3,4-d]pyrimidine
derivatives (previously found to inhibit c-Src)” on a panel of
three human leukemia cell lines and towards the Abl enzyme
in a cell-free assay. In particular, compounds 1-7 were found
to inhibit proliferation and promote apoptosis in Bcr-Abl-ex-
pressing cells, such as the CML K-562 cells, the basophilic leu-
kemia KU-812 cell line, and the CML blastic (megakaryoblastic)
MEG-01 cell line. These effects were accompanied by reduction
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phorylation and promote apoptosis of the Bcr-Abl-expressing
cells. A cell-free enzymatic assay on isolated c-Abl confirmed that
such compounds directly inhibit Abl activity. Finally, molecular
modeling simulations were also performed to hypothesize the
binding mode of the compounds into the Abl binding site.

of cellular tyrosine phosphorylation of Bcr-Abl and one of its
downstream signaling effectors (namely, the signal transducer
and activator of transcription 5, STAT-5). The biochemical assay
with human recombinant Abl demonstrated inhibition of Abl-
catalyzed peptide substrate phosphorylation.

Results and discussion

Inhibition of proliferation. To assess the potency of compounds
1-7, their effects on three Bcr-Abl-positive leukemia cell lines
were evaluated in proliferation and apoptosis assays, in com-
parison to (1-(tert-butyl)-3-(4-chlorophenyl)-4-aminopyrazolo-
[3,4-d]pyrimidine (PP2), which was used as the reference com-
pound. Although recent literature reports several examples of
compounds that could be used as comparators to validate en-
zymatic and cell models, PP2 was used as the reference com-
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pound for three main reasons. 1) Although initially identified
as a potent and selective inhibitor of Src tyrosine kinases,”
PP2 also inhibits c-Abl with a similar potency!® As a conse-
quence, it is an appropriate reference compound when activity
towards both Src and Abl is to be compared. 2) A huge
amount of literature has been published on PP2 during the
last decade, giving us exhaustive information on its biological
profile toward both Src and Abl, and other kinases. 3) PP2 is an
easily available commercial compound.

Results of antiproliferative assays allowed us several tenta-
tive considerations concerning the relationship between the
structure and the activity of the new compounds. In particular,
the decrease in the viability of K-562 cells treated with the pyr-
azolo-pyrimidine derivatives was assessed using the colorimet-
ric MTT assay. Experiments performed to determine the in vitro
effects of such compounds displayed a significant antiprolifera-
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tive activity on K-562 cells. In fact, activity data were in the low
micromolar range, spanning from 19 to 176 pum for 5i and 11,
respectively (Table 1). The most active compound 5i belonged
to the class of molecules bearing a styryl moiety at N1 and un-
substituted at position 6. Among them, the 4-cyclohexylamino
and the 4-morpholino derivatives 5h and 5g also showed ap-
preciable activity (29 and 24 um, respectively), whereas the ac-
tivity of the remaining compounds of this class was significant-
ly lower. When a methylthio or an ethylthio group was intro-
duced at position 6 (as in compounds 3 and 4, respectively),
activity remained in the low micromolar range. Introduction of
a hydroxyphenylethyl side chain at N1 led to compounds 6
with activity ranging from 56 to 145 um, lower than the corre-
sponding bromo analogues 7. Similarly, good activity values
were found among compounds with a chlorophenylethyl side
chain at N1 and a methylthio (1) and an ethylthio group (2) at

Table 1.
Structure and inhibitory activity of compounds 1-7 toward isolated Abl kinase and human leukemia K-562, MEG-01, and KU-812 cell lines.
’d
A
RN N
R2
Compd R R' R K [um]®™ ICgo [um]
K-562 MEG-01 KU-812
1a SMe NHPr A 48+0.6 2841 34£2
1b SMe NHBu A 1.2+£03 2941 25+3
1c SMe N(Et), A 04+0.1 3141 40+£2
1d SMe NH(CH,),OEt A 1.5+0.5 34+£1 371
1e SMe 1-pyrrolidinyl A NA 64+1 93+4
1f SMe 1-piperidinyl A NA 4341 69+2
19 SMe 4-morpholinyl A NA 5441 19+1
1h SMe 1-hexahydroazepinyl A 59409 4241 40+1
Ti SMe NHcyclohexyl A NA 39+1 2542
1j SMe NHBn A 0.3£0.1 34+3 21+£1
1k SMe NH(CH,),Ph A 73£1.2 30+£1 3.6+£0.7 83+2
(41£1)
11 SMe 4-(2,6-dimethyl)-morpholinyl A 3.5+0.7 176 +17 28+2
2a SEt NHPr A 41+04 23+£1 14£2 735
(49+1)
2b SEt NHBu A 0.3+0.1 27 1 18+£1
2c SEt 1-pyrrolidinyl A NA 3841 32+2
2d SEt 1-piperidinyl A NA 3841 54+2
2e SEt 4-morpholinyl A NA 3141 9.4+0.8 87+£1
(85+2)
2f SEt NHBn A NA 27£1 15+04
2g SEt 4-(2,6-dimethyl)-morpholinyl A M+2 5642 16+1
3a SMe NHBn B 1.9+£0.4 55+1 25+2
3b SMe NH(CH,),Ph B 0.4+0.1 56+1 23+1
3¢ SMe 1-piperidinyl B 1.3+0.5 5941 42+3
3d SMe 4-morpholinyl B 6.8+14 58+1 46+ 4
3e SMe 4-(2,6-dimethyl)-morpholinyl B 4.7+1.0 103£2 4242
4a SEt 4-morpholinyl B 9.0+1.8 75+£2 1241
4b SEt 4-(2,6-dimethyl)-morpholinyl B 6.1+£1.7 6241 6444
5a H NHPr B 74406 49+1 32+1
5b H NHcyclopropyl B NA 69+3 30+1
5¢c H NHBu B 0.4+0.1 42+2 23+1
5d H NH(CH,),OEt B 12+3 3941 4112
5e H 1-pyrrolidinyl B 3.9+0.6 5043 48+2
5f H 1-piperidinyl B 0.240.1 8042 4842
5g H 4-morpholinyl B 7.84+2.1 2444 25+1
5h H NHcyclohexyl B 0.8+0.2 2944 41+6
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Table 1. (Continued)
R
e
R™°N” N
R2
Compd R R' R2 K; [um]® ICso [pum]™
5i H hexahydroazepinyl B 0.3+£0.1 1942 51+1 26£1
(30+1)
5j H NHBn B 38+1.0 85+4 82+4
5k H NH(CH,),Ph B 9.7+22 150+ 15 33+1
6a H NHPr C NA 87+2 55+4
6b H 1-piperidinyl C NA 85+1 3245
6¢C H NHBn C NA 113+8 44+2
6d H NHBu C NA 145+2 34+3
6e H 4-morpholinyl C NA 8041 91+9
6f H NH(CH,),Ph C NA 61+1 29+3
69 H NHCH,CeH,-p-F C NA 5641 5942
7a H NHPr D 48+1.2 68+1 43+1
7b H NHcyclopropyl D NA 89+7 38+2
7c H NHiPr D 2.1+03 94+2 32+1
7d H NHBu D 0.7+0.1 34+1 19+£1 58+2
(57+1)
7e H NH(CH,),OEt D 1.6+0.4 78+1 46+1
7f H 1-pyrrolidinyl D 09+0.2 57+3 3541
79 H 1-piperidinyl D 1.2+05 63+2 46 +1
7h H 4-morpholinyl D 0.2+0.1 69+1 56+2
7i H NHcyclohexyl D 0.5+0.1 38+1 33+1 71+4
(50+1)
7j H 1-hexahydroazepinyl D 49+16 4442 3941
7k H NHBn D 3.1+04 48+1 63+5
PP2 0.5+0.2 75+£1 17£1 45+3
(2541)
[a] A=2-chloro-2-phenylethyl, B=styryl, C=2-hydroxy-2-phenylethyl, D = 2-bromo-2-phenylethyl. [b] K; values toward isolated Abl calculated according to
the following equation: K;=IDsy/{Eg+[Eq(Knarey/Sol/E, Where E, and S, are the enzyme and the ATP concentrations (0.005 and 0.012 pm, respectively).
NA=Not Active (IDs,> 200 pum). ND=Not Determined. [c] ICs, values are means =+ SD of five experiments, each performed in triplicate. NA=not active at
100 um. [d] In parentheses, ICs, values obtained with the ATP-based assay.

position 6. In summary, a propylamino, butylamino, and aryla-
mino (that is, benzylamino and phenylethylamino) side chains
at C4 were the most profitable moieties for activity of com-
pounds bearing a chlorophenylethyl side chain at N1, irrespec-
tive of the substituent at position 6. In contrast, cyclic groups
(that is, hexahydroazepino, morpholino, and cyclohexylamino)
were associated with the best activity among 6-unsubstituted
styryl derivatives. Regarding bromo derivatives 7, optimal C4
amino side chains described above were associated with good
activity values. As examples, butylamino, cyclohexylamino, hex-
ahydroazepino, and benzylamino derivatives showed activity in
the range of 34 and 48 pm.

Six of the most active compounds as determined by the
MTT assay (namely, 1k, 2a, 2e, 5i, 7d, and 7i), were also
tested towards the same cell line, in a more accurate ATP-
based assay (Table 1). Results indicated that the styryl deriva-
tive 5i was the most potent compound toward K-562 cells,
showing an activity comparable to that of the reference com-
pound PP2 (30 versus 25 um, respectively). Following a similar
approach, this compound was also found as the most active
toward the basophilic leukemia cells KU-812 with an activity of
26 uMm, about two-fold better than that found for PP2 (45 um).
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The remaining five compounds showed activity values in the
range of 58 to 87 um.

Regarding MEG-01 cells, 6-unsubstituted-1-styryl derivatives
bearing a short alkylamino (propylamino, butylamino, and cy-
clopropylamino for compound 5a, 5¢, and 5b, respectively), a
morpholino (5g), and a phenylethylamino (5k) side chain at
C4 were all characterized by good activity (from 23 to 33 pm,
Table 1). Introduction of a methylthio group at C6 caused a
twofold decrease in activity of the morpholino derivative
(46 um of 3d versus 25 um of 5g), whereas aryl compounds
3a, b showed better activity with respect to the corresponding
6-unsubstituted analogues 5j, k. On the contrary, increasing
the size of the methylthio to an ethylthio group led to a two-
and fourfold increase in activity of the morpholino derivative
4a in comparison to 5g and 3d, respectively. Among N1 hy-
droxy- and bromophenylethyl derivatives, 6 f and 7d retained
good activity (29 and 19 um, respectively). However, a signifi-
cant improvement of activity was found for compounds bear-
ing a N1-chlorophenylethyl side chain and a 6-alkylthio sub-
stituent. In particular, morpholino and arylamino derivatives
were characterized by activity values spanning from 3.6 to
19 uMm, with the best activity found for the phenylethyl com-
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Figure 1. Effect of compounds 1k, 2e, 5i, 7d, and 7i on the phosphoryla-

tion of Src, Ber-Abl, and STAT-5 in K-562 cells, in comparison to the reference
compound PP2. a) Lane 1: cell control; lane 2: cells challenged for 3 h in the
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pound 1k (3.6 um) and for the morpholino derivative 2e
(9.4 um), better in both cases than that of PP2 (17 um).

Inhibition of phosphorylation of Bcr-Abl and its downstream
target STAT-5. Inhibition of Src phosphorylation. With the aim of
better understanding the antiproliferative activity of these new
compounds toward leukemia cells, some of them were select-
ed (on the basis of their biological profile in terms of activity
toward cell lines) to be submitted to further assays. Specifically,
to check in each cell line if a direct link between the antiproli-
ferative effects of pyrazolo-pyrimidines and the inhibition of
Bcr-Abl activity does exist, we evaluated the phosphorylation
of both Bcr-Abl and its downstream substrate STAT-5 (Bcr-Abl
is known to phosphorylate STAT-5, a transcription factor direct-
ly activating Bcl-xL, which in turn acts at the level of mitochon-
dria to inhibit apoptosis), in addition to phosphorylation of Src.
Specifically, compounds 1k, 2e, 5i, 7d, and 7i were chosen
for K-562 cells, compounds 1k, 2a, 2e, 2f, 7d, and 7i were
chosen for MEG-01 cells, and compounds 1k, 2a, 2e, 5i, 7d,
and 7i were chosen for KU-812 cells in addition to PP2 which
is used as a reference compound. As a result, immunoblot
analysis of lysates from compound-treated cells with specific
antiphospho antibodies revealed a reduction in phosphoryla-
tion of all the targets. Taken together, reduction of phosphory-
lation levels of both Bcr-Abl and STAT-5 strongly suggested
that effects mediated by compounds on proliferation and
apoptosis (see below) of leukemia cells are a consequence of
the reduction of Bcr-Abl kinase activity.

Regarding K-562 cells, 1k showed a significant inhibition of
Src phosphorylation, but lower than that found for the refer-
ence compound PP2 (Figure 1a and b). On the other hand, 7i
strongly inhibited Bcr-Abl phosphorylation, with an activity
comparable to that of PP2 (Figure 1¢ and d), whereas 1k, 7d,
and 7i reduced STAT-5 phosphorylation to a slightly lower
extent than PP2 (Figure 1c and e).

Compounds 2 f and 7d showed an inhibitory activity on the
Src phosphorylation of MEG-01 similar to that of PP2, whereas
1k and 7i retained activity somewhat (Figure 2a and b). Bcr-
Abl phosphorylation was significantly reduced by 2e and 1k
(to a lower extent if compared with PP2, Figure 2c and d),
whereas STAT-5 phosphorylation was inhibited by 2a, 1k, and

presence of 50 um PP2; lane 3-7: cells challenged for 3 h in the presence of
50 pm of the test compound. After 3 h, cell lysates were obtained and ana-
lyzed. Immunoblot analysis was performed using phospho-specific antibod-
ies to Src (Tyr416). Filters were additionally reprobed with specific nonphos-
pho anti-Src antibodies after stripping. b) Quantification of phospho and
nonphospho Src expression was achieved with Sigma Gel analysis software
and results represented the percent of the phospho Scr over nonphospho
Src. ¢) Lane 1: cell control; lane 2: cells challenged for 3 h in the presence of
50 pMm PP2; lane 3-7: cells challenged for 3 h in the presence of 50 um of
the tested compound. After 3 h, cell lysates were obtained and analyzed. Im-
munoblot analysis was performed using a mix of phospho-specific antibod-
ies to Bcr-Abl and STAT-5, and GAPDH as control. Quantification of phospho
Bcr-Abl, phospho STAT-5, and GAPDH expression was achieved with Sigma
Gel analysis software and results represented the percent of the phospho
Brc/Abl over GAPDH (d) and phospho STAT-5 over GAPDH (e). The means

+ SEM of three independent experiments are presented. Asterisks indicate
statistically significant differences between control and K-562 cells treated
with specific compound. Statistical analyses were performed using Student’s
t test and Bonferroni’s correction.
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induce cells toward apoptosis.”” Death signals induce an in-

crease in expression of the Bax mRNA message, leading Bax
itself to gain proapoptotic activity.” On the other hand, the
proapoptotic action of Bax is antagonized by Bcl-2 and Bcl-xL,
which are both able to inhibit the release of cytochrome C
from mitochondria. In this context, Bcr-Abl participates in
maintenance of an antiapoptotic environment through the
regulation of Bcl-2 antiapoptotic members.®¥ Moreover, over-
expression of Bcl-xL or Bcl-2 preserves Bax in an inactive con-
formation.® For the above reasons, the ratio between Bax
mRNA and Bcl-xL mRNA expression may be used as a direct
index of the induction of the apoptotic process and could help
in explaining the molecular mechanism of apoptosis induction.
As a result, incubation of KU-812 cells for 72 h in the presence
of the inhibitors led to an increase in the Bax/Bcl-xL ratio
(Figure 5), thus inducing apoptosis in leukemia cells.
Compounds inhibit peptide substrate phosphorylation by Abl.
To examine whether the effects observed with leukemic cells
were directly attributable to inhibition of Abl kinase activity,
the mechanism of kinase inhibition was investigated using a
cell-free assay with recombinant Abl. Results showed that
many of the studied pyrazolo-pyrimidines were characterized
by inhibitory activity toward Abl in the micro- and submicro-
molar range (Table 1). Moreover, an analysis of enzymatic data
suggested several tentative SAR considerations. In particular,
among compounds 1, acyclic amino moieties at C4 are pre-
ferred with respect to the cyclic counterparts. As examples, the
diethylamino derivative 1c showed better activity (0.4 um)
than both the pyrrolidinyl and the piperidinyl analogues 1e
and 1f (not active at the test dose), and the ethoxyethylamino
compound 1d was more active than the morpholino analogue
19 (1.5 um versus NA, respectively). This was probably due to
the fact that acyclic compounds are characterized by a higher
conformational mobility that allowed for a better fit into the
binding site. Following this rationale, 1h, which is more flexi-
ble than both 1f and 1e, showed some activity toward the
enzyme (5.9 pm). Aromatic substituents at C4, as found in 1j
and 1k, were also profitable for enzymatic inhibition.
Increasing the size of the substituent at C6 from a thiometh-
yl to a thioethyl group, was detrimental for enzyme inhibition.
In fact, all the compounds 2 were found inactive at the test

ence of 50 um of the test compound. After 3 h, cell lysates were obtained
and analyzed. Immunoblot analysis was performed using phospho-specific
antibodies to Src (Tyr416). Filters were additionally reprobed with specific
nonphospho anti-Src antibodies after stripping. b) Quantification of phospho
and nonphospho Src expression was achieved with Sigma Gel analysis soft-
ware and results represented the percent of the phospho Scr over nonphos-
pho Src. c) Lane 1: cell control; lane 2: cells challenged for 3 h in the pres-
ence of 50 um PP2; lane 3-8: cells challenged for 3 h in the presence of

50 pm of the test compound. After 3 h, cell lysates were obtained and ana-
lyzed. Immunoblot analysis was performed using a mix of phospho-specific
antibodies to Bcr-Abl and STAT-5, and GAPDH as control. Quantification of
phospho Bcr-Abl, phospho STAT-5, and GAPDH expression was achieved
with Sigma Gel analysis software and results represented the percent of the
phospho Brc/Abl over GAPDH (d) and phospho STAT-5 over GAPDH (e). The
means + SEM of three independent experiments are presented. Asterisks in-
dicate statistically significant differences between control and KU-812 cells
treated with specific compound. Statistical analyses were performed using
Student’s t test and Bonferroni’s correction.
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Introduction of a N1 bromo-
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Figure 4. Proapoptotic effect of selected pyrazolo[3,4-d]pyrimidines on K-562 (a, b), MEG-01 (c, d), and KU-812
cells (e, f) measured by PARP cleavage, in comparison to the reference compound PP2. Cells were cultured at a
concentration of 2x 10° cellsmL™". For each gel (namely, a, ¢, and e): lane 1: cell control; lane 2: cells challenged
for 72 h with 50 um PP2; remaining lanes: cells challenged for 72 h in the presence of 50 um of the test com-
pound. After 72 h, cell lysates were obtained and analyzed. Immunoblot analysis was performed using PARP-spe-
cific antibodies to both the uncleaved (113 kDa) and cleaved (89 kDa) forms of PARP. Quantification of PARP ex-
pression was achieved with Sigma Gel analysis software and the results, representing the percent of cleaved over

better than, that found for the
reference compound PP2. In
fact, they showed a submicro-
molar inhibitory activity toward
the isolated enzyme and a signif-
icant antiproliferative  activity
toward the three leukemia cell

uncleaved PARP, are expressed as means =+ SEM of three independent experiments (b for K-562, d for MEG-01,

and f for KU-812). Asterisks indicate statistically significant differences (p < 0.05) between control and K-562 cells
treated with the test compound. Statistical analyses were performed using Student’s t test and Bonferroni’s cor-

rection.

dose, with the exception of 2a and 2b (3.1 and 0.3 pm, respec-
tively).

Changing the N1 side chain of compounds 1 to a styryl
moiety, compounds with cyclic amines at C4 acquired good ac-
tivity, whereas aromatic amines (as in 3a and 3b) led to inhibi-
tion comparable to that of the corresponding N1 chloropheny-
lethyl analogues 1j and 1k. Compounds 4a and 4b showed a
micromolar activity very similar to that of the methylthio com-
pounds 3d and 3e.

Compounds 5, unsubstituted at the position 6, were charac-
terized by enzymatic inhibition similar to the corresponding
methyl- and ethylthio derivatives 3 and 4.
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lines under investigation. How-
ever, it is worth noting that bio-
logical data revealed some con-
tradictions between cellular and
enzymatic assays. In fact, where-
as essentially all the compounds were active in the cellular
assays within a relatively narrow range, their activity against
Bcr-Abl kinase varied widely. There are, at least, three possible
explanations. The first one relates to the artificial conditions of
the enzymatic assay. In our in vitro system, we used an artificial
substrate, namely a short peptide. It is possible, then, that the
catalytic efficiency, and the conformation of the enzyme were
abnormal under our invitro conditions with respect to the
physiological context of an intact cell. This is likely reflected by
the rather low affinity (K, =1.5 um) displayed by the recombi-
nant enzyme for the substrate and could also influence the af-
finity of the enzyme for our inhibitors. Another possible ex-
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Figure 5. Effects of selected pyrazolo-pyrimidines on the expression of BAX
(proapoptotic gene) and Bcl-xL (antiapoptotic gene) in KU-812 cells. Cells
were cultured at a concentration of 2x 10° cellsmL™" in the absence and
presence of 50 um of the test compound for 72 h at 37 °C. Cell lysates from
control and from cells treated with selected compounds were obtained and
analyzed by qRT-PCR analysis. B-Actin was used as a housekeeping gene.
Quantification of the ratio of Bax/Bcl-xL expression is reported as the mean
+ SEM of three independent experiments. The statistical analyses were per-
formed using Student’s t test and Bonferroni’s correction.

planation for the higher activities detected in cell-based assays
is that our compounds also target other kinases, such as Src
toward which many of compounds 1-7 showed inhibitory ac-
tivity in the micro- and submicromolar range.”! Moreover, pre-
liminary experiments showed that several of the new com-
pounds are somewhat characterized by activity against other
nonreceptors or cytoplasmic tyrosine kinases, and demonstrat-
ed antiproliferative properties toward malignant cells express-
ing Her-2, Fak, and Akt (not shown). On the other hand, it is
also possible that upon penetration into the cells, several
events may occur such as an increase in drug efflux by activat-
ing the expression of the MDR1 gene, which encodes for the
protein P-glycoprotein (ABCB1).”! Nevertheless, we are still
unable to rule out if such compounds could act through a
mixed-mode of Abl-Src inhibition alone or interact with addi-
tional receptors.

Molecular modeling simulations. Computational studies have
been also performed to analyze the binding mode of ligands
described in this work, with the aim of getting insight on the
main chemical features accounting for their affinity toward the
Abl enzyme. For this purpose, the three-dimensional crystal
structure of the kinase domain of c-Abl in complex with the
small molecule inhibitor PD173955 (entry 1M52 of the Broo-
khaven Protein Data Bank)"® was employed. The reliability of
the computational protocol was preliminarily assessed by sim-
ulating the orientation of PD173955 within the ATP binding
site of Abl and comparing the resulting model with the experi-
mental data. After removal of the ligand, the structure of Abl
(whose activation loop resembles that of an active kinase) was
relaxed through an energy minimization routine to avoid steric
bumps which may affect the X-ray structure. Next, the software
Gold" " was used to carry out docking simulations of
PD173955 onto the relaxed protein structure. The best ranking
solution provided by the program was selected, that showed a
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very good agreement with experimental data. In fact, the pre-
dicted orientation and conformation of the inhibitor was very
similar to that found in the crystal structure and all of the
main hydrophobic and hydrogen bond interactions character-
izing the binding of PD173955 were reproduced. As the com-
putational procedure was well able to reproduce the behavior
of PD173955, it was applied to explore the interactions of the
pyrazolo-pyrimidine derivatives with the kinase domain of Abl.
Two different binding modes were identified, depending on
the presence or absence of the alkylthio substituent at the C6
position of the pyrazolo-pyrimidine scaffold. Compounds bear-
ing such a substituent showed an interaction pathway charac-
terized by the pyrazolo-pyrimidine nucleus located in the
region usually occupied by the adenine ring of ATP (adenine
region), and by a hydrogen bond with Met318, and by several
hydrophobic contacts (Figure 6a). In particular, the amino
group at C4 was the hydrogen bond donor toward the carbon-
yl oxygen of Met318, whereas the side chains at N1 and C4 of
the inhibitors were accommodated within two distinct hydro-
phobic regions located at opposite sides of the heterocyclic
ring. The side chain at N1 interacted (van der Waals contacts)
with residues Val 256, Lys 271, Met 290, Val 299, and lle 313 (con-
stituting a large portion of the hydrophobic region I). On the

a)
I\/}et318

—C\\
Adenine O

Gly321
Val299

W27 Vai286 | 048 Gly249

Hydrophobic
region | Hydrophobic
region Il
b) Met318
\
-N 0
Adenine  H | Gly321
region ‘ H

Val299 N/T SN
cl )4( Wv
N V.

°N Gly249
Leu248

le313 Hydrophobic
Lys271 v/ai256 region Il
Hydrophobic
region |

Figure 6. Schematic representation of the binding mode of the pyrazolo-pyr-
imidine derivatives into the ATP binding site of Abl. For the sake of clarity,
only a few residues are displayed. a) Binding mode of 1b interacting with
the backbone carbonyl group of Met318 through a hydrogen bond involv-
ing the C4 amino group of the inhibitor. b) Binding mode of 7d, engaged in
two hydrogen bonds with the backbone amino and carbonyl groups of
Met318. Hydrogen bonds are represented by black dashed lines.
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other hand, the side chain at C4 established hydrophobic inter-
actions with residues Leu 248, Gly249, and Gly321 (constitut-
ing the hydrophobic region II). The alkylthio substituent shared
the hydrophobic region Il with the side chain at C4 and had
van der Waals contact with residues Leu248, Gly249, and
Tyr253. For compounds bearing a bulky substituent (that is,
benzylamino or phenylethylamino groups) at C4, the simulta-
neous location of such a group and the alkylthio chain within
the hydrophobic pocket Il was not permitted. As a conse-
quence, the heterocyclic nucleus was involved in a rearrange-
ment, which resulted in the accommodation of substituents at
C4 and C6 in hydrophobic region |, whereas the N1 side chain
was located in hydrophobic region Il. Moreover, a hydrogen
bond involving the N2 of the pyrazolo-pyrimidine scaffold and
the NH backbone of Met318 was found is such an orientation.

In the alternative binding mode (Figure 6b), the lack of the
alkylthio substituent at the C6 position (such as 7d) induced a
reorientation of the pyrazolo-pyrimidine nucleus, without
changing the location of C4 (which shares the same region as
the thiomethylphenyl moiety of PD173955) and N1 (occupying
a position similar to that of the dichlorophenyl ring of
PD173955) side chains that were located into the hydrophobic
region Il and hydrophobic region |, respectively. In particular,
the amino group at C4 was the hydrogen bond donor toward
the carbonyl oxygen of Met318, whereas the N5 accepted a
hydrogen bond from the amide NH group of the same residue
(this additional hydrogen bond, with respect to the orientation
reported in Figure 6a, was however not associated with a sig-
nificant increase in activity, as shown in Table 1). Such a hydro-
gen bond pattern closely resembled that of PD173955, but dif-
fered from that of ATP (although ATP was also engaged in a
pair of hydrogen bonds, its amino group interacted with the
backbone carbonyl of Glu316 instead of the Met318 carbonyl
group).

Finally, it is worth noting that all compounds bearing a terti-
ary amino group at position 4 were located with a common
orientation into the binding site, independently from the pres-
ence of a substituent at the position 6. Such an orientation
was very similar to that observed for compounds unsubstitut-
ed at position 6, with the C4 and N1 substituents directed
toward the hydrophobic regions Il and I, respectively. However,
because of the absence of a hydrogen bond donor group, to-
gether with the steric hindrance occurring near the C4, the
pyrazolo-pyrimidine nucleus was shifted away from Met318,
resulting in the loss of the hydrogen bonds previously de-
scribed, without forming any new hydrogen bond contact. De-
spite the absence of hydrogen bonds, many compounds with
a tertiary amino group at C4 maintained an inhibitory activity
comparable to that of compounds bearing a secondary amino
group (thus able to establish one or two hydrogen bonds with
the target).

Taken together, these results highlight the importance of hy-
drophobic interactions for the binding of the pyrazolo-pyrimi-
dines to Abl kinase. In fact, even if different binding modes
were identified, a full occupancy of hydrophobic regions | and
Il emerged as a feature common to all the active compounds.
In this context, the lack of affinity affecting compounds bear-
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ing a hydroxyphenylethyl side chain at N1 could be explained
in terms of ineffective interactions with the hydrophobic
region |, mainly due to the location of the hydrophilic hydroxy
group within this region. On the other hand, hydrogen bond
interactions did not seem to play a fundamental role for the af-
finity of compounds, in agreement with the fact that not only
compounds establishing a single hydrogen bond with the
target, but also many of those whose binding was character-
ized by no hydrogen bond, showed good inhibitory activity.

It should be also emphasized that results of docking studies
on Abl kinase show some interesting similarities with results
previously reported by us for the same set of compounds
docked into Src kinase.” In fact, in both cases, two different
binding modes were identified, depending on the presence or
absence of the substituent at C6. In addition, hydrogen bond
interactions did not appear essential for the activity of the in-
hibitors toward Src.

Conclusions

The inhibition properties toward Abl in a cell-free assay, and
the antiproliferative activity of some pyrazolo[3,4-d]pyrimidine
derivatives toward a panel of human leukemia cell lines, are re-
ported, demonstrating that several compounds are more
active than PP2 (chosen as the reference compound). In partic-
ular, the studied compounds are able to inhibit Bcr-Abl and Src
phosphorylation, induce apoptosis, and reduce cell prolifera-
tion as the activation of Src and Abl is an important step in
the progression of leukemia cells (in particular, CML). Although
the mechanism of action of such compounds at the molecular
level is not yet fully understood, biological data reported
herein make several of the new compounds important hits in
the field of antileukemia agents, because they affect a pathway
that is pivotal for the growth of transformed cells. In particular,
such compounds show an important in vitro activity toward
both Src and Abl (suggesting that some of them could be ef-
fective agents in the chemotherapy armamentarium against
CML to which the so-called dual Src-Abl inhibitors were recent-
ly added), even if we can not exclude that their antiprolifera-
tive activity could in part derive from targeting other tyrosine
kinases. In this context, further experiments are ongoing to
check if compounds are able to affect alternative signaling
pathways involved in the proliferation of leukemia cell lines.

Experimental Section

Biology

PP2 (AG 1879, 4-Amino-5-(4-chlorophenyl)-7-(tert-butyl)pyrazolo-
[3,4-d]pyrimidine), used as the reference compound, was pur-
chased from Calbiochem (San Diego, CA).

Enzymatic assay on isolated Abl. The mechanism of kinase inhibi-
tion was investigated using a cell-free assay with recombinant Abl,
as previously reported.®’” Recombinant human Abl was purchased
from Upstate Biotechnology (Waltham, MA). Activity was measured
in a filter-binding assay using an Abl specific peptide substrate
(Abltide, Upstate Biotechnology). Reaction conditions were:
0.012 um [y-**P]ATP, 50 um peptide, 0.005 um c-Abl. The apparent
affinity (K,,) values of the Abl preparation used for its peptide and
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ATP substrates were determined separately and found to be
1.5 um and 10 pmMm, respectively. Kinetic analysis was performed as
described elsewhere. Each experiment was done in triplicate and
mean values were used for the interpolation. Curve fitting was per-
formed with the program GraphPad Prism.

Cell culture. Human CML K-562 cells in blast crisis,"¥ human CML
MEG-01 cell line in megakaryocytic blast crisis,"* and human CML
KU-812"% cell line in myeloid blast crisis were obtained from the
American Type Culture Collection and were grown in RPMI 1640
medium (BioWhittaker, Vallensbaek, DK) containing 10% fetal calf
serum (FCS). The cultures were free of mycoplasma. For the prolif-
eration assay, cell lines (2x 10* cellsmL™") were incubated overnight
in 100 uL RPMI 1640 culture medium (BioWhittaker), supplemented
with 0.5% FCS (BioWhittaker) and antibiotics (100 UmL™" penicillin
and 100 pgmL™' streptomycin), at 37°C in 5% CO,. Later, the
spent medium was removed and the cultures were refreshed with
new medium (100 pL RPMI 1640 with 10% FCS) or medium con-
taining different concentrations (0-100 pm) of the studied com-
pounds. After 3 days (control cultures did not reach confluence),
the antiproliferative effect of the compounds was determined by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
proliferation assay. Briefly, cells were treated with a MTT solution
(10 uL, 5mgmL™") and, four hours later, acid propan-2-ol (100 pL,
0.04m HCl in propan-2-ol) was added to dissolve the formazan
product. The microplates were read using an ELISA plate reader at
570 nm with a reference wavelength of 630 nm. Evaluation of the
antiproliferative effect of some compounds on K-562 and KU-812
cell proliferation was performed by ATP lite 1 step assay (Perkin-
Elmer, Boston, MA). K-562 and KU-812 cells were plated and treat-
ed with different concentration (0-150 um) of the studied com-
pounds, as described above. After 3 days, cells were treated with
100 pL of luciferase and p-luciferin. The plates were placed in the
dark for 10 min and the luminescence was measured in a fluores-
cence microplate reader (FLUOstar Optima, BMG Labtech, Offen-
burg, Germany). Data analysis for ICs, calculations was performed
with the LSW Data Analysis Package plug-in for Excel (Microsoft).
Results are reported as mean +SD of five experiments, each per-
formed in triplicate.

Western blot analysis. The inhibitory effect of compounds toward
the phosphorylation of Src (Tyr416) were assessed using immuno-
blot analysis. Cell lines were cultured at a concentration of 2x
10° cellsmL™" and challenged with the compounds (50 um) for 3 h.
Later, cells were harvested and lysed in an appropriate buffer con-
taining 1% Triton X-100. Proteins were quantitated by the BCA
method (Pierce, Rockford, IL). Equal amounts of total cellular pro-
tein were resolved by SDS-polyacrylamide gel electrophoresis,
transferred to nitrocellulose filters, and subjected to immunoblot
using phospho-specific antibodies against Src (Y416) (Cell Signaling
Technology, Beverly, MA). Filters were additionally reprobed with
specific nonphospho anti-Src antibodies (Cell Signaling Technolo-
gy) after stripping. Quantification of phospho and nonphospho Src
expression was achieved with Sigma Gel analysis software and re-
sults represented the percent value of the phospho Scr over non-
phospho Src.

The inhibitory effect of compounds toward the phosphorylation of
Bcr-Abl and STAT-5 were also tested, using a PathScan Multiplex
Western Detection Kit (Cell Signaling Technology). This kit was
used to assay the inhibition of multiple proteins on one membrane
without stripping and reprobing. Cell lines were cultured at a con-
centration of 2x10°cellsmL™" and challenged with the com-
pounds (50 um) for 3 h. Later, cells were harvested and lysed as re-
ported above.

The proapoptic activity of some of the compounds was also
tested, using a Poly-ADP-Ribose-Polymerase (PARP) assay (Roche
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Diagnostics, Milan, Italy). Cell lines were cultured at a concentration
of 2x10° cellsmL™" and challenged with the compounds (50 um).
72 h later, cells were harvested and lysed as reported above. Immu-
noblot analysis was performed using PARP-specific antibodies to
both the uncleaved (113 kDa) and cleaved (89 kDa) forms of PARP.
Quantification of phospho over nonphospho Src, phospho Brc/Abl
over GAPDH, phospho STAT-5 over GAPDH, and cleaved PARP over
uncleaved PARP expression was achieved with Sigma Gel analysis
software and the results, representing the percent of phospho pro-
tein over control, were expressed as the mean of three independ-
ent experiments. Statistical analyses were performed using Stu-
dent’s t test and the Bonferroni’s correction.

MRNA Expression of apoptotic genes. The mRNA expression of
apoptotic genes were performed using gRT-PCR. KU-812 cells were
treated as reported above but the cells were challenged with the
compounds (50 um) for 72 h for apoptotic gene expression. Later,
the cells were harvested and lysed in an appropriate buffer (OMNI-
zol for RNA-DNA-Protein Extraction Kit, Euroclone, Devon, UK). The
extract was processed for the extraction of mRNA. For gRT-PCR
analysis, Bcl-xL (antiapoptotic gene), and bax (proapoptotic gene)
expression in KU-812 cells was determined using a MJ MiniOpticon
Cycler (Bio-Rad Laboratories, Hercules, CA). First-strand cDNA syn-
thesis was performed using iScript ¢cDNA Synthesis Kit (Bio-Rad
Laboratories). qRT-PCR was performed using iTag SYBR Green Su-
permix with ROX (Bio-Rad Laboratories) and specifics primers from
GenBank. Data were quantitatively analyzed on an MJ OpticonMo-
nitor detection system (Bio-Rad Laboratories). All values were ex-
pressed as fold increase relative to the expression of p-actin.
Computational details

Structures of inhibitors were represented using MacroModel 8.5
and minimized with the Amber force field using the Polak-Ribiere
conjugated gradient method (0.001 kJmol'A convergence or
10000 iterations).

To remove unfavorable contacts, a preliminary structure optimiza-
tion was performed with MacroModel 8.5 on the X-ray crystallo-
graphic structure of c-Abl (entry 1M52 on the Brookhaven Protein
Data Bank, 2.6 A resolution)™ through the all-atom Amber* force
field and Polak-Ribiere conjugate gradient method. A continuum
solvation method, with water as the solvent, was also applied. Ex-
tended cutoffs were wused and convergence was set to
0.01 kJmol A,

Docking studies were performed by means of software Gold, ver-
sion 3.0.1,"""® which uses a genetic algorithm (GA) to explore the
conformation/orientation space. For each of the 50 independent
GA runs, a maximum number of 100000 GA operations were per-
formed on a set of five groups with a population size of 200 indi-
viduals. The remaining GA parameters were kept to their default
values. Hydrophobic fitting points were calculated on the target
for a 10 A radius around the co-crystallized ligand PD173955. For
each inhibitor, the first ranked solution was selected for further
analysis.
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