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ABSTRACT: Design and synthesis of prodrugs of promising drug candidates
represents a valid strategy to overcome the lack of favorable ADME properties,
in particular aqueous solubility and bioavailability. We report herein the

successful application of this strategy with two representative pyrazolo[3,4- ey JOL
d]pyrimidine derivatives (1 and 2), which led to the development of the anR N~ N;R .
corresponding and highly water-soluble antitumor prodrugs (7 and 8). In vitro NN \3 ;Nl SN2
studies confirmed a significant improvement of aqueous solubility and, for ’k N R 51/ "i;‘

compound 8, good plasma stability, suggesting superior in vivo bioavailability.
As expected, the uncleaved water-soluble prodrugs 7 and 8 showed no activity
toward the enzymatic targets (c-Src and c-Abl) but revealed promising
antiproliferative activity in myeloid cell lines, as a consequence of the in vitro
hydrolysis of the selected solubilizing moiety, followed by the release of the
active compounds (1 and 2).
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Pyrazolo[3,4-d]pyrimidines

yrazolo[3,4-d]pyrimidines represent a promising class of

compounds capable of inhibiting several oncogenic
tyrosine kinases, which represent an attractive target for the
development of new therapeutic agents against cancer." In this
context, 4-amino-substituted pyrazolo[3,4-d]pyrimidines, ex-
tensively studied and regularly synthesized in our laboratories
(general structure A, Figure 1), were found to inhibit c-Src and
c-Abl activities in cell-free assays, some of them with nanomolar
activity.”® Furthermore, several members of this family were
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Figure 1. Pyrazolo[3,4-d]pyrimidines: general structure A and selected
compounds 1 and 2.
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able to induce apoptosis and reduce cellular proliferation in
different solid tumor cell lines (A431, 8701-BC, SaOS-2, and
pC3).*7

Other 4-amino-substituted pyrazolo[3,4-d]pyrimidines are
known to inhibit the proliferation of 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
Ber-Abl expressing cells.®

The biological activity exhibited by this family of compounds,
as for other tyrosine kinases inhibitors, is associated with low
aqueous solubility; this could influence the pharmacokinetic
parameters and cause issues in the future development of these
putative drug candidates.”"°

Early assessment of pharmaceutical properties such as
solubility, metabolic stability, and permeability has become a

key step in the drug discovery process'' since it is estimated
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that 40% of potential drug candidates fail to reach the market
due to poor physicochemical properties.'>'?

In this context, the determination of solubility represents an
important and crucial aspect, indeed a low aqueous solubility
could possibly be responsible for irreproducible and inaccurate
in vitro results."”"> This is why a coordinated and in-parallel
optimization of biological activity and pharmaceutical proper-
ties, such as water solubility, likely represents a valid tactic to
develop a new potential drug candidate. Herein, the use of
prodrugs, chemically modified versions of the pharmaceutically
active drug, which after undergoing in vivo transformations
release the active drug, is reported. This approach represents a
well established strategy to improve the physicochemical,
biopharmaceutical, or pharmacokinetic properties of potential
drug candidates.'®"”

In the present study, a prodrug strategy was planned with the
aim of validating a novel and useful approach to overcome the
lack of aqueous solubility that characterizes the pyrazolo[3,4-
d]pyrimidine class of compounds. Suitable prodrugs of
pyrazolo[3,4-d]pyrimidine compounds, should display im-
proved aqueous solubility in order to enhance pharmacokinetic
properties, avoid problems faced during in vitro assays,”'® and
facilitate in vivo distribution. Furthermore, the development of
a rapid and versatile synthesis, applicable to a wide range of
previously synthetized final compounds, was an appealing goal.
To fulfill these aims, we first selected the most suitable position
on the pyrazolo[3,4-d]pyrimidine core, on which to affix the
prodrug functionality, and second chose the appropriate
enzymatically cleavable linker and solubilizing moiety. Sticking
to the plan to design the most versatile protocol, the secondary
amine in the C-4 position was selected, as a consequence of
being the moiety that most of the previously synthetized
pyrazolo[3,4-d]pyrimidines shared. Indeed, the NH group on
C-4 position represents an essential feature, able to create
favorable interactions within the ATP-binding site of tyrosine
kinases, as previously demonstrated by structure—activity
relationships (SAR) and computational studies.'® Furthermore,
the high variability of the secondary amino moieties introduced
in C-4 position could allow for the validation of a highly
adaptable synthetic protocol.

A thorough literature search suggested the O-alkyl carbamate
moiety, easily cleavable in vivo by hydrolases, as a viable linker
to connect the secondary amino group at C-4 with the
solubilizing group.'*?°

Taken the water solubility issue into account, a N-
methylpiperazino moiety, protonated at physiological pH
(pK, 927 + 0.1)*" and characterized by a high water solubility
(molar solubility 9.98 mol L™, pH 7), was chosen in order to
increase the water affinity of the resulting prodrugs (7 and 8) in
comparison with the starting drugs (1 and 2). Figure 2 shows
the three final components assembled to give the prodrug: (I)
pyrazolo[3,4-d]pyrimidine core, (II) O-alkyl carbamate linker,
and (III) the solubilizing moiety.

Two representative derivatives (1 and 2), previously
synthetized in our laboratories, were chosen on the basis of
their structural frameworks and biological activities. First, the
different alkylamino or arylamino moieties on C-4 position
(compound 1 and 2, respectively) allowed for good structural
variability; this was essential and required to initiate a highly
adaptable synthesis. Second, they are associated with a
remarkable ability to inhibit c-Abl and c-Src tyrosine kinases
(Table 1).2*7%
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Figure 2. Prodrug’s components.

Starting from the final pyrazolo[3,4-d]pyrimidine com-
pounds (1 and 2), a classical carbamate synthesis was
performed using triphosgene and sodium bicarbonate in
CH,CL,.*° The resulting mixture, after filtration and evapo-
ration under reduced pressure, gave the chlorocarbonate
intermediates (3 and 4), which were immediately used in the
next step without further purification. The subsequent addition
of 2-N-methylpiperazinethanol (6), activated by sodium
hydride, resulted in the formation of the desired prodrugs (7
and 8) (Scheme 1). In our laboratories, several in vitro
experiments were initially conducted in order to define some
ADME properties of the newly synthesized prodrugs (7 and 8)
and compare them to those shown by parent drugs (1 and 2).
Furthermore, these studies allowed us to establish the stability
of the O-alkyl carbamate linker introduced into the parent
drugs.

Aqueous solubility, stability in water, methanol, phosphate
buffer (PBS, pH 7.4), and plasma were investigated, in addition
to metabolic stability in presence of human liver microsomes
(HLM) and permeability in parallel artificial membrane
permeability assay (PAMPA). Solubility, stability, and perme-
ability data obtained for the synthetized prodrugs (7 and 8) and
their parent drugs (1 and 2) are shown in Table 1.
Thermodynamic solubility was tested in water by adding 1
mL of H,O to 1 mg of each compound; the resulting mixture
was then shaken at ambient temperature for 24 h. The
concentration of compounds (1, 2, and 8) was determined by
UV/LC MS, following filtration through a 0.45 pm nylon
filter.”” Prodrug 8, when compared to its parent drug 2, showed
an encouraging enhancement of aqueous solubility. In fact, the
solubility increased from less than 0.01 to 6 ug mL™’, thus
demonstrating that the prodrug approach could be the correct
choice for overcoming the lack of aqueous solubility of these
types of compounds. Solubility of compound 7 could not be
tested by the in vitro assay, due to the fast rate of hydrolysis
shown in aqueous medium; the value reported is calculated
using Discovery Studio 3.0 software.”® Nevertheless, the
predicted solubility is 17.7 ug mL™!, which represents an
improvement compared to the solubility of the parent
compound 2 (0.25 or 0.05 pg mL~', predicted and
experimental values, respectively). The stability of prodrugs
(7 and 8) was determined by UV/LC—MS in three polar media
in order to evaluate if the contribution of chemical hydrolysis
induced by water, methanol, and PBS to the overall rate of
hydrolysis in subsequent plasma stability test is minimal. A 500
UM solution was prepared by dissolving the compounds (7 and
8) in PBS (12.5 uM, pH 7.4), water, and methanol,
respectively. Twenty microliter aliquots were taken during 48
h (see Supporting Information for details with regards to
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Table 1. Characterization of Compounds 1, 2, 7, and 8: Solubility, Stability, and Membrane Permeability

Stability”
H,O solubility” H,O PBS pH 7.4 MeOH human plasma metabolic PAMPA®* P, . 10~¢ cm sec’
compd pg mL~! T, T, T, T, stability™< % (% MR)*
1 0.05 (0.25)" ND® ND® ND® ND® 915 5.99 (44.9Y
2 0.01 (0.02)” ND¢ ND¢ ND¢ ND¢ 95.1 0.01 (80.4)
7 (17.7)® 30 min 63 min 125 min 28 min ND* ND*
8 647 (1.97)" >48 h >48 h >48 h 193 min 99.9 211 (673)

“Determined by UV/LC—MS. Data represent mean values of at least two experiments. bCalculated by Discovery Studio 3.0. “Not determined.
“Expressed as percentage of unmodified drug. “PAMPA; see Supporting Information for experimental details.”"Membrane retention (MR) expressed
as percentage of compound unable to reach the acceptor compartment.

Scheme 1. Synthesis of Prodrugs 7 and 8%
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sampling) and analyzed by HPLC. Prodrug 8 displayed a good
stability profile in all polar solutions tested and is thus regarded
as chemically stable for the subsequent evaluation of its
susceptibility to enzymatic hydrolysis. However, the stability of
prodrug 7 was low in all the polar solutions tested (especially in
water, with a halflife of 30 min); this high rate of hydrolysis is
the reason why this compound could not be tested with regards
to its aqueous solubility, metabolic stability, and permeability
(these evaluations require higher water stability, for at least 1 h;
see Supporting Information for experimental details). As
already highlighted, plasma stability plays an important role
in drug discovery and development, especially for groups
susceptible to plasma enzyme hydrolysis, that could give rise to
unstable fragments, which tend to have rapid clearance and a
short half-life, resulting in poor in vivo performance. In order to
understand the behavior of the O-alkyl carbamate linker toward
plasma hydrolysis, an in vitro experiment using pooled human
plasma was designed. The prodrugs 7 and 8 were incubated at
37 °C in human plasma, the disappearance of the substrate and
the consequent formation of 1 and 2, respectively, was
monitored by HPLC analyses (Table 1). In the case of
compound 7, the plasma half-life confirmed the data obtained
by water stability assay (half-life of 28 min) highlighting that
the contribution of solvent-mediated hydrolysis in the cleavage
of prodrug 7 can not be ignored. Compound 8 showed a half-
life in plasma of about three hours, which is a good and
encouraging value to guarantee an appropriate in vivo
distribution.'"***° Furthermore, for produg 8 passive mem-
brane permeability could be evaluated performing a PAMPA

assay.”"*” The obtained passive permeability value (2.11 X 107

cm s7') showed a good enhancement with respect to the value
obtained for parent drug 2 (0.01 X 107%cms™?), indicating that
applying the prodrug approach could represent an interesting
way to increase passive membrane permeability. Moreover, the
prodrug strategy permitted to reduce the percentage of
membrane-trapped compound; in fact, prodrug 8 showed a
membrane retention (MR) percentage of 67.3% lower than the
value obtained for parent drug 2 (80.4%).** In order to
simulate phase I metabolism, compounds 1, 2, and 8 were
incubated at 37 °C for one hour, with S yL of man-pooled
HLM. After this time the percentage of drugs and metabolites
was determined by LC—MS analysis: all tested compounds
showed good metabolic stability (higher than 90%). Parent
drug 1, in a previously performed cell-free assay, showed K;
values of 0.60 and 0.32 M toward c-Src and c-Ab], respectively,
whereas 2 exhibited a high affinity toward c-Src (K; value of
0.02 M) and micromolar activity against c-Abl (1.07 uM)
(Table 2). However, both parent drugs 1 and 2 showed activity
as dual c-Src and c-Abl inhibitors. The newly synthetized
prodrugs 7 and 8 were inactive when tested against both
enzymes since the prodrug concept involves the chemical
modification of a parent drug into a structurally different
molecule with an altered set of pharmaceutical and
pharmacokinetic properties.”* In our example, the introduction
of the highly aqueous soluble N-methylpiperazino group masks
the C-4 secondary amino group needed to create favorable
interactions within the ATP-binding site.'® This is the reason
why the modifications used to design our prodrugs (7 and 8)
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Table 2. Biological Evaluation of Compounds 1, 2, 7, and 8

K (uM) IC5," (SD) (uM)
compd c-Src c-Ablwt 32D-p210 32D-T3151
1 0.60 0.32 3.5 (0.8) 6.7 (1.2)
2 0.02 1.07 6.2 (0.8) 5.8 (0.9)
7 NA® NA° 1.2 (0.1) 24 (0.1)
8 NA° NA° 2.8 (1.6) 2.6 (0.2)

“Data represent mean values of at least two experiments. bK; values
toward isolated kinases calculated according to eq 2 (see Supporting
Information). “NA: not active at 100 M (the highest concentration
tested). “In vitro experiments conducted with 32D-T315I and 32D-
p210 cells. “ICy;: the half maximal inhibitory concentration of the
effectiveness in reducing the number of viable cells with respect to
untreated cells. SD: standard deviation.

employed an O-alkyl carbamate linker, easily cleavable by
hydrolysis and able to release the parent active compound in
vivo.

The in vitro cytotoxic effects of the prodrugs 7 and 8 was
then evaluated with a murine myeloid cell line (32D),
expressing the nonmutated Ber-Abl fusion protein (p210) or
the mutated form (T31SI). Cells were treated for 48 h with
increasing concentrations of the inhibitors (0.01—-50 M), and
ICs, values were calculated counting viable cells in comparison
with untreated cells. When compared to the activities of the
parent drugs (1 and 2), both prodrugs (7 and 8) showed an
enhancement of their cytotoxic effects (Table 2).

As demonstrated by the enzymatic assays, prodrugs 7 and 8
were not able to interact directly with c-Src and c-Abl, so the
molecular mechanism of action of these compounds in cells was
still to be elucidated. In order to define whether the activities of
7 and 8 were dependent on the interaction between the
released parent drugs 1 and 2 and tyrosine kinase enzyme c-Src,
Western blot analysis was performed (Figure 3). The treatment
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Figure 3. Western blot analysis of Src, Abl, and their respective
phosphorylated active forms in murine myeloid cell line 32D-p210.
Cells were treated with 1 yM parental compounds (1 and 2) and
prodrugs (7 and 8). Dasatinib was added asa reference dual inhibitor
compound (ref) and Beta-actin (b-actin) as loading control.

of myeloid cells with prodrugs 7 and 8 caused an effective
reduction of the active phosphorylated form of c-Src and c-Abl,
suggesting that parent compounds were readily available in the
cell cytoplasm. However, in order to clarify the potential of this
therapeutic strategy, further studies are needed, mainly to verify
if the inhibition of target tyrosine kinases is obtained by a direct
or indirect mechanism.

In conclusion, in the present work we employed a prodrug
approach on previously synthetized pyrazolo[3,4-d]pyrimidines

(1 and 2) to overcome the lack of good aqueous solubility
shown by this promising class of compounds, which are able to
inhibit c-Src and c-Abl in myeloid cell lines. We developed a
versatile synthesis, which allowed the introduction of a N-
methylpiperazino group linked by an O-alkyl carbamate chain.
The increase of aqueous solubility was demonstrated by in vitro
studies, as well as by the plasma stability and half-life. The
newly synthesized prodrug 8 showed an improved passive
membrane permeability and a lower membrane retention when
compared to parent drug 2. Enzymatic assays confirmed the
expected inactivity of compounds 7 and 8; meanwhile, the
subsequent cellular assay showed a micromolar cytotoxic effect
above the one of the corresponding parent compounds 1 and 2.
The Western blot analysis of produgs (7 and 8), conducted on
murine myeloid cells, showed a reduction of phosphorylated
(active) form of both c-Src and c-Abl, moderately higher than
those associated with parent drugs (1 and 2).

The developed prodrug strategy allowed us to obtain
pyrazolo[3,4-d]pyrimidines, endowed with an improved
aqueous solubility profile. This method appears to be a
powerful strategy to overcome the suboptimal pharmacokinetic
properties of this class of compounds and, as consequence,
makes their properties suitable for preclinical studies.
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Experimental details for the synthesis, ADME studies
(solubility, stability, and PAMPA), enzymatic and cellular
assays, and instrument details. This material is available free of
charge via the Internet at http://pubs.acs.org.
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