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PRODRUGS OF PYRAZOLO[3,4-d]PYRIMIDINES: FROM LIBRARY SYNTHESIS TO
EVALUATION AS POTENTIAL ANTICANCER AGENTS IN AN ORTHOTOPIC

GLIOBLASTOMA MODEL
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ABSTRACT

Pyrazolo[3,4-d]pyrimidines are potent protein kinase inhibitors with promising antitumor activity
but suboptimal aqueous solubility, consequently worth to be further optimized. Herein, we
present the one-pot two-step procedure for the synthesis of a set of pyrazolo[3,4-d]pyrimidine
prodrugs (1a-9a,e) with higher aqueous solubility and enhanced pharmacokinetic and therapeutic
properties. ADME studies demonstrated for the most promising prodrugs a better aqueous
solubility, a favorable hydrolysis in human and murine serum and an increased ability to cross cell
membranes with respect to the parental drugs, explaining their better 24h in vitro cytotoxicity
against human glioblastoma U87 cell line. Finally, the 4-4a couple of drug/prodrug was also
evaluated in vivo, revealing a profitable pharmacokinetic profile of the prodrug associated with a
good efficacy. The application of the prodrug approach demonstrated to be a successful strategy
for improving aqueous solubility of the parental drugs determining a positive impact also in their

biological efficacy.
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INTRODUCTION

During the last years, several pyrazolo[3,4-d]pyrimidine derivatives have been studied and
synthesized by our research group. To date, our pyrazolo[3,4-d]pyrimidine library consists of more
than 400 members, developed mostly as ATP-competitive tyrosine kinase inhibitors. The SRC
kinases are key molecular targets in cancer therapy; their family includes the nine non-receptor
tyrosine kinases Src, Yes, Fyn, Hck, Lyn, Blk, Fgr, Lck and Frk. These kinases are activated or
overexpressed in many cancer types and are involved in the regulation of cell proliferation,
survival, invasion and angiogenesis, thus playing a crucial role in tumor development and
progression.2

The anticancer activity of pyrazolo[3,4-d]pyrimidines was confirmed in several cancer cell lines,
both from solid tumors (i.e. osteosarcoma Sa0s-2,2 prostate PC3,* neuroblastoma SH-SY5Y,>®
glioblastoma U87,”® rhabdomyosarcoma®, mesothelioma®®, medulloblastoma®?, medullary thyroid
carcinoma®?) and leukemia (i.e. 32D-p210 and 32D-T3151) * and Burkitt lymphomas.** in vivo data,
generated in subcutaneous xenograft mouse models further supported the antitumor activities of
several pyrazolo[3,4-d]pyrimidines against leukemia (32D-p210 and 32D-T315l),** neuroblastoma
(SH-SY5Y),> and glioblastoma (U87).28 With regards to glioblastoma (GBM), targeting of the
activated Src might play an important role in reducing the high proliferation and invasion capacity
that characterizes this tumor. GBM is the most frequent primary brain tumor in adults and still
poses clinical challenges since the available therapeutic choices, including surgical resection,
followed by concomitant radiotherapy and temozolomide therapy, do not significantly improve the
prognosis.™ Targeted therapy might offer new opportunities, but to date it is facing two important
issues: the selection of the most adequate molecular target and the low drug delivery to the
brain.™® In our recent study, a selected pyrazolo[3,4-d]pyrimidine was able to increase the survival

time of treated mice in a GBM (U87 cells) orthotopic model by 30%, with respect to the vehicle-
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treated mice.® Despite their promising biological activity, pyrazolo[3,4-d]pyrimidines have low
aqueous solubility, a property that could interfere with the development of these compounds to

become drug candidates.””®

In this context, early assessment of pharmaceutical properties such
as solubility, metabolic stability and permeability has become a key step in the drug discovery
process,’ as it is estimated that around 40% of potential drug candidates fail to reach the market
due to poor physicochemical properties.?>?! Accordingly, the development of potential alternative
strategies to improve properties like solubility, tissue distribution, efficacy and toxicity should be
considered in the very early stages of preclinical development.

In this view, together with the optimization of the biological activity of these compounds we are
studying several strategies to improve their agueous solubility and pharmacokinetic properties (i.e.
prodrugs,? cyclodextrins,’” albumin nanoparticles,? liposomes *3).

As for the prodrug approach,’*?> we recently reported that (1) the secondary amino group at C4 of
the pyrazolo[3,4-d]pyrimidine nucleus was the most suitable position to connect with the prodrug
moiety, (II) the N-methylpiperazino group was effective in increasing the water solubility of the
resulting prodrugs in comparison to the parent drugs and, (11) the O-alkyl carbamate was a suitable
in vivo-hydrolysable linker to connect the secondary amino group at C4 with the solubilizing
entity.22

Based on these data, in the current study we advanced the development of pyrazolo[3,4-
d]pyrimidine prodrugs as a valid approach to overcome the low water solubility of this class of
compounds. The study started with the optimization of the previously reported chemical synthesis.
The resulting one-pot, two-step procedure was efficiently applied to nine selected pyrazolo[3,4-

>13,2629 14 fyrther

dlpyrimidine parent drugs (1-9) presenting different chemical moieties.
demonstrate the versatility of the chemical approach, a series of prodrugs (9a-9e) with increased

steric bulk on the prodrug moiety was synthesized. All the synthesized compounds were
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characterized for their water solubility, stability in polar media, apparent permeability (PAMPA) as
well as metabolic stability (with Human Liver Microsomes, HLM) and plasma hydrolysis.

Then the most interesting prodrugs were tested in a cellular assay with human GBM U87 cell line
to assess their biological activity as well as the kinetics of uptake and hydrolysis in a cellular
setting. As in vivo proof of concept, the pharmacokinetics of the most promising pair of drug and
prodrug were studied, followed by the analysis of their pharmacological activities in an orthotopic

mouse model of GBM.

RESULTS

Synthesis

One aim of this study was to define the most versatile chemical approach for the synthesis of
prodrugs starting from different pyrazolo[3,4-d]pyrimidines. The synthesis of prodrugs (1a-8a and
9a-e) was performed applying a one-pot, two-step procedure, starting from the appropriate drug
(1-9),>**%%% which by reaction with trisphosgene generated the carbonyl-chloride intermediate
on the secondary amine at C4. The displacement of the chlorine using the appropriate alcohol
afforded the final products 1a-8a and 9a-e, with overall yields ranging from 25 to 85% (Scheme 1

and 2).

Scheme 1. Synthesis of Prodrugs 1a-8a°
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5, 5a: R" = SCHj; R? = CH,CH,CgHs; R®=CI; R*=H
6,6a: R' = H; R?= CgHs; R®=CI; R* = Br

10 7,7a: R" = SCHg; R? = CgHymCI; R®=Cl; R* = H
8,8a: R" = SCH,CH3; R?=nBu; R®=CI; R*=H

1
2
3 o (\N/CH:;
4 2 2 JJ\ J
RiNH RN o N 1,1a: R = H; R = CH,CgHg; R® = CI; R = H
5 2, 2a: R" = H; R? = CH,CgH,40Cl; R®= CI; R* = Br
6 N| ~ Y _ NI ~ N 3,3a: R" = SCHj; R? = C¢H,mCI; R®=H; R*=H
7 R1J\N/ N - Ll R1J\N/ N - 4, 4a: R" = SCH,CH,4-morpholin; R2 = CgH,mBr; R® = Cl; R* = H
8
9

13 1-8 1a-8a

16 @Reagents and Conditions: i. triphosgene, NaHCO3, DCM; 3 h, 0 °C to r.t., then 2-(4-methylpiperazin-1-yl)ethanol (12) in DCM, r.t. 16 h.

19 For compounds 1a-8a the appropriate derivative was reacted with 2-(4-methylpiperazin-1-
29 yl)ethanol (12). Alcohol 12 was prepared by nucleophilic substitution of the bromine of 1-bromo-
24 2-ethanol (10) with N-methylpiperazine (Scheme 3, A). Compounds 1-8 were dissolved in DCM and
26 reacted with triphosgene in the presence of an excess of sodium bicarbonate. The reaction was
29 monitored by TLC and as soon as the starting material disappeared, a solution of the alcohol 12 in
31 DCM was added. The reaction mixture was then stirred at room temperature overnight. Prodrugs
9a-9e were prepared starting from compound 9, applying the same synthetic approach but using
36 different alcohols (12, 13 and 17-19) (Scheme 2). Prodrugs 9a-9e were synthesized in order to
38 have a series of derivatives with increasing steric hindrance close to the carbamate prodrug

moiety. Prodrugs 9a-9e show H, Me, Et, Ph and Bn at the C1 position of the prodrug moiety.

45 Scheme 2. Synthesis of Prodrugs 9a-e°
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Q. Q ) &Q

Nl)\/f\\N i' 9a: R1
ch\s)\N/ N HsC\ 9b: R’
CHa 9c: R’

9d: R’

9e: R!

9 9a-9¢

=H
= CHs

= CH,CHs
= CgHs

= CH,CgHs

@Reagents and Conditions: /. triphosgene, NaHCO3, DCM; 3 h, 0 °C to r.t., then 2-(4-methylpiperazin-1-yl)CH,CHR'OH
(R'=H, 12 or R'=CHjs, 13 or R'=CH,CHs, 17 or R'=CgHs, 18 or R'=CH,CgHs, 19) in DCM, r.t. 16 h.

Alcohol 13 was synthesized similarly to compound 12 starting from 1-bromo-2-propanol (11),

whereas alcohols 17 and 18 were prepared from reaction of N-methylpiperazine with different

epoxides, 1,2-epoxybutane (14) and styrene oxide (15), respectively.

3031 ) astly, compound 19 was

synthesized starting from 2-benzyloxirane (15) using zinc chloride and N-methylpiperazine.

Scheme 3. Synthesis of Alcohols 12,13 and 17-19°

R R
] /\ fOH
A Br\)\OH " sHeN N 10,12R=H
/ 11,13 R = CH,
10,11 12,13
R

14, 17R= CH2CH3

B A &HC N \NJLOH 15,18 R = CgHs
N/ 16, 19 R = CH,CgHs

14-16 17-19

@Reagents and Conditions: for compounds 12,13 and 17,18 i. N-methylpiperazine,

K,COs, toluene, 12 h; for compound 19 ii. N-methylpiperazine, ZnCly, ACNyyy, reflux, 12 h

The synthetic approach here reported was suitable for pyrazolo[3,4-d]pyrimidines bearing

different chemical features. For instance, the C4 position, which is directly involved in the prodrug-

carbamate formation, presented alkyl (8), phenyl (3, 6, 7 and 9), benzyl (1 and 2) as well as

phenylethyl groups (5). In the previously reported synthetic approach triphosgene and sodium
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bicarbonate were used to form the carbamic-chloride intermediate that, after isolation, was
reacted with 2-(4-methylpiperazin-1-yl)ethanol (12) using sodium hydride as base.”> The new
strategy is carried out as a one-pot, two-step procedure, using sodium bicarbonate as the only
base. In this way, the time consuming and delicate isolation of the unstable carbamic-chloride
intermediate is avoided, with an increase of the resulting yields. In fact, the synthesis of 9a by the
first approach resulted in a yield of 18%, whereas the new synthesis produced a 30% yield of the
final prodrug.

In vitro ADME

Several in vitro assays were performed to evaluate the ADME properties of the synthesized
prodrugs (1a-8a and 9a-9e) and to compare them to their parent drugs (1-9). Initially, the stability
in several media [phosphate saline buffer (PBS), methanol (MeOH) and human plasma (Plasma)]
was studied (Table 1). Next, the aqueous solubility and the apparent permeability (PAMPA)
towards gastrointestinal membrane (Gl) and blood brain barrier (BBB) were investigated, as well

as the stability in the presence of human liver microsomes (HLM) (Table 2).

Table 1. Stability of prodrugs 1a-8a, 9a-9e in phosphate saline buffer (PBS), methanol
(MeOH) and human plasma (Plasma)®
0O RS N-CHe
2
R\NJ\OJ\/N\)
NN
R
R1/I\N N gs
R4
Cpd R! R’ R? R* R’ PBS t;/, (h) |MeOH ty, (h)|Plasma ty, (h)
1a H CH,CeHs cl H H >48 >48 64.4
2a H CH,CgH,0Cl cl Br H >48 >48 75.0
3a SCH3 CgHsmCl H H H >48 >48 3.13
4a SCH2CH%4' CeHsmBr cl H H >48 >48 3.48
morpholino
5a SCH;  |CH,CH,CeHs cl H H >48 >48 45.2
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6a H CgHs cl Br H >48 >48 5.68
7a SCH3 CgHamCl cl H H >48 >48 3.71
8a SCH,CH3 nBu cl H H 1.0 2.0 0.46
9a SCH3 CgHymBr CH; H H >48 >48 3.21
9% SCH5 CsHamBr CH; H CH; >48 >48 10.4
9¢ SCH3 CgHsmBr CH3 H CH,CH; >48 >48 11.3
od SCH, CeH.mBr CH, H CeHs <0.25 <0.25 ND°
9e SCH3 CgHsmBr CH3 H CH,CgHs >48 >48 40.0
"Determined by UV/LC-MS, t,/,= In 2/K,,,. Concentration of each compound 100 uM. ®Not Determined.

Stability in polar media such as methanol and PBS was analysed by UV/LC-MS, after dissolving the
compound in the appropriate media. Resulting half-lives were greater than 48 h for prodrugs 1a-
7a, 9a-c and 9e (Table 1). These values indicated the good stability of these compounds, which
were thus regarded as chemically stable for the subsequent studies. On the other hand, prodrugs
8a'” and 9d, showed low stability in the polar media tested (Table 1). This high rate of hydrolysis is
the reason why these compounds could not be tested for their aqueous solubility, the ability to
overcome membranes as well as their metabolic stability. For 9d, even the plasma hydrolysis could
not be analysed as it demonstrated a half-life less than 15 min in PBS and methanol.

A key property to be evaluated was the rate of plasma hydrolysis. In fact, our prodrugs display an
O-alkyl-carbamate linker that should undergo in vivo hydrolysis in order to release the active
compound. Prodrugs 1a-8a and 9a-9e were incubated in human plasma at 37 °C, and their
disappearance, together with the formation of the respective drugs 1-9, was monitored by UV/LC-
MS (Table 1). Prodrugs with a plasma half-life higher than 40 h were 1a (t;, = 64.4 h), 2a (t;; =
75.0 h), 5a (tiz = 45.2 h) and 9e (t;; = 40.0 h). These compounds (1a, 2a, 5a and 9e) present a
common chemical feature: a phenyl ring spaced by one or two methylene groups from the
carbamate group. In fact, prodrugs 1a, 2a and 5a show a benzyl or phenethyl amine in the C4

position of the pyrazolo[3,4-d]pyrimidine nucleus, whereas prodrug 9e has a benzyl group at the

ACS Paragon Plus Environment

Page 10 of 48



Page 11 of 48

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

C1 position of the O-alkyl-carbamate prodrug moiety. Prodrugs 9b and 9c, with a methyl and ethyl
group at the C1 position of the O-alkyl-carbamate moiety, showed half-lives of 10.4 h and 11.3 h,
respectively, whereas compounds 3a, 4a, 6a, 7a and 9a*2 displayed plasma half-lives lower than 6
h (t;> of 3.13 h, 3.48 h, 5.68 h, 3.71 h and 3.21 h, respectively). Also these compounds (3a, 4a, 6a,
7a and 9a) share a common chemical feature: a substituted aniline in the C4 position and a basic
O-alkyl-carbamate group. For compound 8a, the plasma half-life confirmed the data obtained by
stability assays, highlighting that the contribution of solvent-mediated hydrolysis in the cleavage of
this prodrug cannot be ignored. Subsequently, the passive membrane permeability was evaluated
performing two different PAMPA assays, one reproducing the GI membrane, the other the BBB
(Table 2). Prodrugs 1a, 2a, 4a and 5a demonstrated an apparent permeability lower than their
respective drug (1, 2, 4 and 5) towards G| membrane and BBB. On the contrary, compounds 3a,
7a, and 9a-c and 9e showed an improved ability of overcoming these artificial membranes. Pair 6-
6a exhibited a mixed behaviour with prodrug 6a showing enhanced permeability towards Gl
membrane but minor towards BBB, in comparison with drug 6. Prodrug 8a and 9d, as previously
mentioned, could not be tested due to their limited stability in polar media. To study CYP-
metabolism, compounds 1a, 4a and 9a were incubated for one hour at 37 °C with a solution of
man-pooled HLM. After this time, the percentage of prodrugs and metabolites was determined by
HPLC-MS analysis. The percentage of unmodified prodrug recovered after the incubation was
86.4% for compound 1a, 93.6% for 4a and 99.9% for 9a, suggesting that these compounds are not
a direct substrate of CYP enzymes (Table 2). The parent drugs were previously reported as
metabolic stable (metabolic stability higher than 78.3%). Interestingly, the pattern of metabolites
generated from prodrugs was similar to the one obtained from the respective drugs, results that
further support the hypothesis that the prodrug linker is not a substrate of CYP-metabolism (see

supporting information for further details).
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Table 2. Apparent permeability, aqueous solubility and metabolic stability of parent compounds 1-
9 and prodrugs 1a-8a, 9a-9¢°

. _CH,
R{N,H R{NJOI\O T O
Enn T e
RN R3 RVONTN s
S
Drlug Proﬁrug

1 2 3 4 5 Gslb Papp § BE;BC Pape .| H,0Sol. |Metabolic

Cpd R R R R R (10 (l;;n-sec (10 g;n'sec p.g'mL'l Stab.® %
1 H CH,CeHs cl H - 11.08 16.5 0.70 78.3
1a H CH,CgHs cl H H 6.70 5.01 18.81 86.4
2 H CH,CgH,oCl cl Br - 8.78 13.23 <0.01 95.2
2a H CH,CgH,0Cl cl Br H 2.38 1.92 1.95 ND®
3 SCH5 CgHamCl H H - 0.25 1.48 0.12 99.0
3a SCH5 CeHamCl H H H 4.69 4.30 6.32 ND®
4 ;i':;ﬁ;'ﬁﬁo CeH,mBr cl H - 5.27 7.10 3.70 97.2
4a ;E';';E:ﬁ:o CeH,mBr cl H H 2.13 291 8.70 93.6
5 SCH5 CH,CH,CgHs cl H - 7.40 6.17 0.07 96.2
5a SCH5 CH,CH,CgHs cl H H 0.85 0.01 106.97 ND®
6 H CeHs cl Br - 6.64 13.10 0.06 96.4
6a H CeHs cl Br H 9.91 6.97 41.56 ND®
7 SCH5 CeHamCl cl H - 0.26 3.14 0.13 91.1
7a SCH, CgHamCl cl H H 4.95 4.14 4.22 ND®
8 SCH,CH; nBu cl H - 5.99 9.99 0.05 91.5
9 SCH5 CeHamBr CH; H - 0.01 0.50 0.01 95.1
9a SCH5 CeHamBr CH; H H 2.11 1.89 6.47 99.9
9b SCH; CgHmBr CH, H CH, 2.15 2.39 3.40 ND®
9c SCH5 CeHamBr CH; H CH,CH; 1.45 0.93 1.96 ND®
% SCH, CeHamBr CH; H CH,CeHs 2.32 1.01 0.99 ND®

"Determined by UV/LC-MS See experimental section for details. PGastro-Intestinal Parallel Artificial Membrane Permeability Assay.
“Blood Brain Barrier Parallel Artificial Membrane Permeability Assay. dExpressed as percentage of unmodified drug. °Not Determined.

In vitro biological assays
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Parent drugs 1, 4, 6 and 9, were previously reported and studied for their activity against c-Src and
c-Abl. > Herein, a cell-free assay was performed to determine k; values of selected prodrugs (4a,
9a, 9b and 9e) and to monitor the potential inhibitory activity of these compounds before in vivo
hydrolysis (see supporting info for method details). The results of the enzymatic assays showed
that prodrugs were not able to inhibit directly c-Src and c-Abl at the concentrations tested (below

100 uM). These data support the hypothesis that prodrugs have a limited intrinsic inhibitory

activity (Table 3).

Journal of Medicinal Chemistry

Table 3. Biological data: enzymatic and cellular assays
0O R® N-CH
RZ _H 2
R‘NJLOJ\/NJ
N7 A
L 3
RVONTN s RTONTN s
R4 R4
Drug Prodrug
I [}
1 2 3 4 s Src Abl U87 ICso U87 IC5o U87 ICs,
Cod R R R R R (Ki uM) | (Ki uMm) uM 24h UM 48h uM 72h
1 H CH,CeHs cl H = 3.0 037 | 146+13 | 49+12 29+1.1
1a H CH,CeHs cl H H ND® ND° 186+1.2 | 152+1.1 | 15.0+1.2
g | SCHCHA CgHsmBr cl H - 0.13 0.12 173+1.7 | 6.8+2.8 1.9+1.2
morpholine
4a SCH2CH%4' CgHamBr cl H H >100 >100 7.5+1.4 52+1.9 1.8+1.8
morpholine
6 H CeHs cl Br = 0.06 061 | 253+18 | 173+19 | 14+19
6a H CeHs cl Br H ND® ND® 82+1.7 51+15 | 2.0t14
7 SCH;, CgH,mCl cl H = 0.72 0.6 21.8+19 | 172417 | 125+1.7
7a SCH, CgHamCl cl H H ND® ND® | 11.5+12 | 7.9+1.3 | 254+13
9 SCH; CeHsmBr | CHj H = 0.02 1.07 | 162+1.2 | 23+13 15+1.1
%a SCH; CeHsmBr | CHj H H >100 >100 73+15 22+1.1 | 1.57+1.2
9% SCH; CeHsmBr | CHj H CH; | >100 >100 7.4+19 45+1.7 1.8+15
9c SCH; CeHamBr | CH, H |CH,CHy| ND° ND® 7.7+19 | 6.4%14 | 20£1.1
9e SCH; CeH,mBr | CHj H [CH,CcHs| >100 >100 67+1.8 | 245+13 | 1.69+15
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GBM U87 cell line. Cells were treated for 24 h, 48 h and 72h with different concentrations of compound (0.1 uM, 1 uM, 5
UM, 10 uM). °ICso: the half maximal inhibitory concentration of the effectiveness in reducing the number of viable cells
with respect to untreated cells. ® Not determined.

Cellular assays were performed in the human GBM U87 cell line in order to characterize the
cytotoxicity of the prodrugs and their parent active compounds. Cells were treated for 24, 48 and
72 h with increasing concentrations of the compounds (0.1 pM, 1 uM, 5 uM, 10 uM). ICso values
were calculated counting viable cells compared to untreated cells (Table 3). At 24 h, prodrugs with
an in vitro plasma half-life lower than 41 h, namely 4a, 9a, 9b and 9e, showed an activity higher
than their respective drug (Table 3).

At 48 h and 72 h, the same prodrugs (4a, 9a, 9b and 9e) demonstrated an activity comparable to
the one of their parent drugs (Table 3). On the contrary, prodrug 1a was less active than drug 1 at
24,48 and 72 h.

In most cases, prodrugs were more effective than the respective drug at 24 h, although they
demonstrated an efficacy comparable to the parent compound at 48 h and 72 h. In order to
understand if this effect may be related to an enhanced ability to enter into the cytoplasm, a
cellular kinetics assay was performed (Fig. 1). GBM U87 cells were treated with prodrugs 4a, 9a-b
and 9e and drugs 4 and 9 at a concentration of 20 UM and the quantity of compound inside the

cell was determined by HPLC.
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ACS Paragon Plus Environment



Page 15 of 48 Journal of Medicinal Chemistry

1
2
2 B C
5 4 4
s -+ 4 - 4
3 34 - 4
8 § 3 5 3
9 Bo To
£ 9 ==
10 8 =° 2 l 8 % 2 ‘
11 §E §E
12 1 14
I |
14 0 i i i i X 0 i i i , ,
15 0 5 10 15 20 25 0 5 10 15 20 25
16 Time () Time (h)
17
18 D
19 /@\ /@\ o (\N,CH3 /@\ o o (\N,CH3 Q o Ph (\N,CH3
3
32 Br NH Br NJ\O/\/N Br NJ\O)\/NJ Br NJ\OLN
s oH, A HaCg AP CHy HiC-g PN CHy

23 s N CHs
24
25

26
27 9 9a 9b 9e
28
29 E F
30 40 40
31 ] 1 -+ 9a
32 - 9 - 9*
33 . ¥ o
35 €2 20 2 2
36 3 3

Q Q
39 ‘ + i ,
40 % e " e
41 Time (h) Time (h)
42
43 G H
44
45 1 “ . s
46 i -+ 9 e B
47 a1 - 9* & o 30
48 £3 §3 o}
49 s i P
50 SE ], s E ,f
51 ° e % W /
52 f ) iz
53 0 ‘ : ‘ ; , 0 = : : :

0 5 10 15 20 25 0 5 10 15 20 25

54 Time (h) Time (h)
55
56 Figure 1. Cellular kinetics of drug/prodrug: 4/4a and 9/9a, 9b, 9e. A) Chemical structures of compound 4 and
57 4a. B, C) Time-dependent concentration of drug and prodrugs within cells after treatment with compounds 4
58 (B) and prodrug 4a (C). D) Chemical structures of compound 9, 9a, 9b and 9e. E, F, G, H) Time-dependent
59 concentration of drug and prodrugs within cells after treatment with the following compounds: drug 9 (E),
60
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prodrug 9a (F), prodrug 9b (G), prodrug 9e (H).

The curves display the quantity of compound (nanomoles) found within the cells at several time points (0.5,
3.0, 4.0, 7.0, 24.0 h). For prodrugs (4a and 9a, 9b, 9e) the green curve shows the quantity of prodrug whereas
the purple line indicates quantity of drug released after hydrolysis (4* and 9*). Human GBM U87 cells were
treated with drugs 4 and 9 and prodrugs 4a, 9a, 9b and 9e at a concentration of 20 uM for different time

periods. Cells were lysed and the quantity of compound within the cytoplasm was determined by HPLC.

Compounds 4 and 9 were selected as representative of two opposite situations, as they are the
most and the least hydrophilic drug of the set of pyrazolo[3,4-d]pyrimidines studied herein.
Cellular kinetics showed that prodrugs were subjected to a faster uptake compared to the
respective drugs. Moreover, the quantity of each prodrug within the cytoplasm was higher than
the quantity of the corresponding drug. However, the amount of each drug released from its
prodrug was comparable to the quantity of drug obtained after treatment with the free drug only.
Interestingly, prodrugs with a plasma half-life close to 3 h, namely 4a and 9a, showed a similar
kinetics curve that depicts the rapid increase of the cytoplasmic concentration of prodrug within
the first two hours, followed by a quick decrease in the next five hours (Fig. 1C and 1F,
respectively).

Similarly, prodrugs 9b and 9e, rapidly accumulated inside the cytoplasm, but their concentrations
increased constantly also after 7h (Fig. 1G and 1H). This could be related to the higher stability
towards plasma hydrolysis of prodrug 9b and 9e, with respect to 4a and 9a.

Assuming that the plasma cleavage of prodrugs occurred via esterase-mediated hydrolysis, the
enzymatic mechanism of 4a hydrolysis, as representative example of our prodrugs, was
investigated in vitro. Human canboxylesterase 1 (hCE1) was chosen for two main reasons: i) its
abundance in human plasma, ii) because it responsible for the hydrolysis of many clinically
relevant prodrugs.® Since the pharmaceutical importance of hCE1 we decided to investigate the
implication of the enzyme in the cleavage of prodrug 4a. At this purpose, increasing
concentrations of the compound (10, 50 and 100 uM) were incubated with a pre-warmed (37°C)

mixture, containing the purified hCE1 (25 U/reaction) and 50 mM HEPES buffer pH 7.4, for 1h.
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Percentage of hydrolysis was determined compared to the control (Fig. S1). As a results, it was
demonstrated that 4a is not a substrate of hCE1, being probably hydrolysed by other esterases

(see Supporting Information).

Further characterization of 4a and 9a

With the purpose to select the proper pair of drug/prodrug for in vivo pharmacokinetics and
efficacy studies, further evaluations of plasma and metabolic stability in mice, by using mouse
plasma and mouse liver microsomes (MLM), were performed for prodrugs 4a and 9a. The
rationale behind this choice is that carbamate moieties of the most common prodrugs are
hydrolysed at different rates in humans and mice, because of the higher levels of esterase
contained into the mouse plasma than in human plasma. Prodrugs 4a and 9a were incubated in
mouse plasma at 37 °C, and the formation of 4* and 9*, was monitored by UV/LC-MS, as described
into the experimental section. For both the prodrugs the half-life in mouse plasma was lower than
in human one (t;; 1.16 h vs 3.48 h), indicating a faster hydrolysis. Moreover, 4a and 9a were
incubated for one hour at 37 °C with a solution of mouse liver microsomes (MLM). After this time,
the percentage of prodrugs and metabolites were determined. No significant differences were

observed in comparison with human liver microsomes (HLM) stability (Table 4).

Table 4. Mouse Plasma stability and Mouse Liver
Microsomes (MLM) stability of 4a and 9a

Mouse Plasma | MLM?® Metabolic
t1/2 () Stab."%
4 - 89.2
4a 1.16 93.1
9 - 94.2
9a 2.00 93.3

. R b ..
®Mouse Liver Microsomes, "Expressed as percentage of unmodified

drug

In vivo studies: pharmacokinetics and orthotopic xenograft model

ACS Paragon Plus Environment




©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 18 of 48

A pharmacokinetic study was performed to further investigate if the preparation of prodrugs is an
effective strategy to enhance the pharmacokinetic properties of pyrazolo[3,4-d]pyrimidines. Drug
4 and its prodrug 4a were chosen for this study, based on the promising cellular kinetic (Fig. 1) and
physiochemical properties. The mice were divided in two groups, one receiving drug 4 (50 mg/Kg
i.p. bolus) and the other group receiving prodrug 4a (50 mg/Kg i.p. bolus). Although it is not
considered a suitable solvent for in vivo studies, both the drug and prodrug were dissolved in
DMSO, to ensure the complete solubilisation of 4, characterized by a low solubility in other
solvents. Plasma and brain tissue were collected from mice and the concentration of drug 4,
prodrug 4a and drug 4 released by hydrolysis (from now on called 4%, in this article) was
determined using HPLC analysis (Fig. 2). Prodrug 4a showed a higher plasma concentration and a

longer circulation time (Fig. 2B, 4a) compared to drug 4 (Fig. 2A).
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Figure 2. Pharmacokinetics of drug 4 and prodrug 4a.

A) Plasma concentration-time curve of drug 4. B) Plasma concentration-time curve of prodrug 4a: the green
curve displays the quantity of 4a, whereas the violet one represents the quantity of drug released from
hydrolysis, 4*. C) Brain concentration-time curve of drug 4. D) Brain concentration-time curve of prodrug
4a: the green curve displays the quantity of 4a, whereas the purple represents the quantity of drug
released from hydrolysis, 4*. E) Biodistribution of prodrug 4a and drug 4 at 24 h: the concentration is
expressed in nmol/mL for plasma and nmol/g for the other tissues. Concentrations were determined by
UV/LC-MS in plasma and brain of mice treated with compounds at a dose of 50 mg/kg (i.p. administration).
F) Plasma concentration-time curve of 4a after o.s. administration, G) Brain concentration-time curve of 4a
after o.s. administration.

The resulting AUC,.. of prodrug 4a, was 3 fold greater than the one obtained with the free drug 4
(Table 4). The concentration of drug 4 released from prodrug 4a (Fig 2B, 4*), was comparable to
the quantity of compound 4 found after administration of free drug 4 (Fig. 2A), however the
AUC,... indicated greater plasma exposure for the drug 4*, released by the hydrolysis of prodrug
4a (Table 4). Both compounds 4 and 4a were able to reach the brain, with increasing

concentrations during the 24 h (Fig. 2C and 2D). As for the plasma tissue, also in brain a higher
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concentration of prodrug 4a, with respect to drug 4, was obtained (Fig. 2D, 4a). The resulting

pharmacokinetic data are shown in Table 4.

Table 4. Plasma pharmacokinetic parameters®

Route of Administration

I.P. Parameters

0.S. Parameters

Drug 4* Drug 4*
IP Parameters Drug 4 Prodrug 4a (from Prodrug 4a (from
hydrolysis) hydrolysis)
Dose (mg/Kg) 50 50 - 50 -
. solution in solution in

Formulation DMSO DMSO - Methylcellulose -
Crmax (nMol/mL) 6.83 8.78 6.07 ND" 5.35
Tmax (h) 0.50 1.00 1.50 ND" 2.00
MRT? (h) 19.15 33.34 46.62 ND" 11.97
AUC® 0> (nmol+h/mL) 79.70 264.80 135.11 ND" 43.53
AUCE 0->24h (nmol<h/mL) 56.10 136.00 55.14 ND" 36.69
L’ (mL/min) 0.46 0.14 0.27 ND" 1.14
t,° (h) 14.82 23.80 33.30 ND" 9.06

®Calculated with PKCALC. meaX: maximum concentration observed. ‘T, time of maximum concentration observed. “MRT: mean
. . . h .
residence time. *AUC: area under the curve. 'CL: plasma clearance. &t,/,: plasma half-life. "Not determined, plasma levels were

below the detection limits in our experimental conditions. Pharmacokinetic data were evaluated using a one-compartment

model.

The antitumor properties of drug 4 and prodrug 4a were tested in an orthotopic model of GBM.

Twenty-one immunodeficient mice received intracranial injection of GBM U87 cells, and were

randomly assigned to one of the three experimental groups: vehicle-treated group (control); drug-

treated group (receiving 50 mg/Kg of 4); prodrug-treated group (receiving 50 mg/Kg of 4a).
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30 Figure 3. Orthotopic mouse model of GBM: survival curves for mice treated with vehicle (CTR), drug 4
31 and prodrug 4a.

32 Each group initially contained 7 mice. Mice received every other day oral administration of
33 methylcellulose vehicle (CTR), 50 mg/kg of compound 4 or 50 mg/kg of prodrug 4a. Compound 4 and its
prodrug 4a were prepared as suspension in 0.5% methylcellulose solution.

33 All mice died within 68 days after cell injection, but survival curves demonstrated that mice
40 receiving drug 4 or prodrug 4a had a longer life expectancy compared with vehicle-treated mice
(Fig. 3). In fact, median survival time was 44 days for the mice treated with drug 4, 49 days for the
45 group that received prodrug 4a and 30 days for the control group (Table 5). In addition, the
47 survival time data showed a statistically significant difference between the group treated with
drug 4 and the group that received prodrug 4a, with a small but substantial increase in the survival
52 time in the second group.

54 In order to strengthen results from in vivo tumor model and study the PK/PD correlation for
57 prodrug 4a, pharmacokinetics parameters were also evaluated after oral administration (o.s.).

59 Mice received a single dose of 50 mg/Kg 4a as suspension in 0.5 % methylcellulose solution.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Plasma and brain tissues were collected at 5 time points during 24 h and the amount of 4a and 4*
was determined by HPLC analysis. The calculated pharmacokinetics parameters are shown in Table
4. Prodrug 4a was not detected neither in the plasma nor in the brain, probably because of its
complete hydrolysis into the Gl. On the other hand, it was observed an increasing concentration of
4* both in the plasma and brain (Fig. 2F and Fig. 2G) with a C,,, in the plasma tissue reached after
2 h (Tmax). The AUG,.. of 4* from hydrolysis was lower than the one observed for 4 administrated

by i.p., about the half, while the C,,, resulted comparable.

Table 5. In vivo antitumor efficiency: median survival time and statistics

Group Median survival (days) 95% CI for the median P (vs CTR) P (vs drug 4)
CTR 30 28-34 - -
Drug 4 44 33-48 0.0114* -
Prodrug 4a 49 42-59 <0.01* 0.0397

*P<0.05 was considered statistically significant, P according to Logrank test.
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DISCUSSION

Compounds 1-9 were selected for this study, among the pyrazolo[3,4-d]pyrimidines of our in-
house library as they offer a suitable balance between the already reported in vitro activity and
ADME properties, together with several different chemical features at the N1, C4 and C6 positions.
>13.2629  particularly position C4, which contains the group involved in the formation of the
carbamate group, required to link the prodrug moiety to the pyrazolo[3,4-d]pyrimidines. To
develop an efficient synthesis and demonstrate its versatility, it was therefore important to select
derivatives with suitable chemical diversity at C4. The NH-group at the C4 position was chosen as
the group to link the prodrug-moiety as it is the easiest group to access chemically and the most
shared feature within the pyrazolo[3,4-d]pyrimidine library (i.e. it creates crucial bonds within the
ATP binding site of the tyrosine kinase).**> To improve the low aqueous solubility of compounds 1-
9, N-methylpiperazine was selected as the ‘solubilizing’ prodrug group for its characteristic of
being protonated at physiological conditions.>* N-methylpiperazine was attached by an in vivo
hydrolysable ethylcarbamate-linker to the C4 position of the pyrazolo[3,4-d]pyrimidine nucleus.**

In this study, we first improved the prodrug synthesis previously reported which involved two
separate steps and the isolation of the unstable carbamic-chloride intermediate, resulting in
medium to low yields of final prodrugs.?”> The new synthesis was instead performed in a one-pot,
two-step fashion starting from the appropriate pyrazolo[3,4-d]pyrimidine (1-9) with the addition
of trisphogene and sodium bicarbonate. Once the carbamic-chloride intermediate was formed (1-
5h), the appropriate alcohol (12,13 and 17-19) was added (Scheme 1). This synthesis provided
better yields (i.e. for 9a) and has proven to be an effective strategy to introduce the prodrug
moiety in several pyrazolo[3,4-d]pyrimidines bearing different chemical features. For instance, the
secondary amino group at C4, which is directly involved in the carbamate group formation,

showed alkyl, substituted-phenyl, phenylethyl and benzylic groups. This synthetic approach
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further demonstrated its versatility in the synthesis of the final prodrugs 9b-9e, where alcohols
more sterically hindered than 12, were used (13 and 17-19) (Scheme 2). These alcohols (13 and 17-
19) were used to generate a series of prodrugs with increasing steric hindrance in proximity of the
carbamate linker. Alcohols 12,13 and 17-19, bearing H, Me, Et, Ph and Bn as substituent in position
1, were prepared using different procedures, as described in Scheme 3.

Aqueous solubility, stability in methanol, phosphate buffer and plasma were investigated, as well
as metabolic stability (HLM) and permeability (PAMPA). Prodrugs’ data regarding solubility,
stability and permeability are shown in Table 2 and Table 3, together with the data obtained from
their parent drugs, for comparison. The stability of the prodrugs was initially determined by
UV/LC-MS in methanol and phosphate buffer (PBS, pH 7.4) to evaluate if the contribution of
chemical hydrolysis induced by these polar media was minimal with respect to the rate of
hydrolysis measured in subsequent plasma stability test. Prodrugs (1a-7a, 9a-c, 9e) demonstrated
a good stability profile in the polar solutions tested and were consequently regarded as chemically
stable for the subsequent evaluation of their susceptibility to enzymatic hydrolysis. On the
contrary, the stability of prodrugs 8a and 9d was too low to further test these compounds
regarding their aqueous solubility, metabolic stability and permeability.

Prodrugs are usually defined as bioreversible derivatives of active drugs and, in this regard, our
strategy was to synthesize prodrugs with a carbamate moiety, potentially cleavable by in vivo
hydrolases.®® To confirm the hypothesis, all synthesized prodrugs were tested for their stability in
human plasma and the rate of hydrolysis was monitored by UV/LC-MS. Results demonstrated that
all tested prodrugs were converted into the corresponding active drugs. As the half-lives ranged
from 0.46 to 75.0 h, a potential connection between the rate of hydrolysis and the substituent at
the C4 position of the pyrazolo[3,4-d]pyrimidines was investigated. The analysis showed that

compounds with a benzyl or phenylethyl amine at C4 (1a, 2a, 5a and 9e) demonstrated a very high
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stability, whereas compounds having a C4-aniline group, lead to prodrugs more susceptible to
plasma hydrolysis (3a, 4a, 6a, 7a and 9a). Prodrug 8a, with an n-butylamino moiety at C4, was
already reported for its low half-life in plasma. Prodrugs 9b-9e, which show an increasing steric
bulk in proximity of the hydrolysable centre, were investigated to further understand if steric
hindrance could determine a remarkable difference in the rate of enzymatic hydrolysis. Results
demonstrated that the bulkier the substituent R® of the linker, the greater the plasma half-life of
the prodrug (H<Me<Et<Bn = 9a<9b<9c<9e = 3.21 h<10.4 h<11.3 h<40.0 h). A possible explanation
is that the steric hindrance generated by the substituent close to the centre of hydrolysis, namely
the carbamate group, could hurdle the access of plasma hydrolytic enzymes. To understand if
metabolism of prodrugs could involve CYP-oxidative pathways, the compounds were incubated
with HLM for 1 h and their concentration within the samples was monitored by UV/LC-MS. The
percentage of unmodified prodrug was in general very high (86.4% was the lowest value obtained
(1a)) and the metabolite patterns generated from prodrugs were similar to those obtained from
the respective drugs. These data support the hypothesis that prodrugs and prodrug-linkers do not
represent a direct substrate of CYP-metabolism. The analysis of thermodynamic solubility
demonstrated the enhanced aqueous solubility of each prodrug in comparison to the respective
drug, validating the synthesis of prodrugs as a strategy to overcome the poor aqueous solubility of
pyrazolo[3,4-d]pyrimidines.

Prodrugs are chemically modified version of an active drug and typically, bioconversion (from

24,25 Pyrazolo[3,4-

prodrug to drug) is required for the interaction with the drug’s biological target.
d]pyrimidines have been studied for their inhibitory activity towards tyrosine kinases activated in
cancer such as c-Abl and c-Src. This activity is related to the interactions that most of these

compounds create within the tyrosine kinases ATP-binding site. In order to understand if the

herein synthesized prodrugs were able to interact directly with c-Abl and c-Src, a cell-free assay
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was set up. As confirmation of the data previously reported regarding 9a, also prodrugs 4a, 9b and
9e were not able to inhibit these tyrosine kinases at the maximum concentration tested (100 pM).
These results seemed to support the hypothesis that prodrugs cannot directly establish
interactions within the ATP-binding site (i.e. the prodrug-linker masks the C4 secondary amino
group that is required to create favorable bonds).*?

Theoretically, prodrugs acquire antitumor activity after the hydrolysis-mediated release of the
parent drug (hydrolysis of the O-alkyl-carbamate linker was demonstrated by plasma hydrolysis
studies). Accordingly, a cellular assay with human GBM U87 cells was performed to assess the
cytotoxicity of our prodrugs and to compare their activity with the one of their respective drugs.
Nearly all the prodrugs tested (4a, 6a, 7a, 9a-c, 9e) were more active than the respective drug at
24 h, a result potentially related to the involvement of different cellular uptake mechanisms for
drug and prodrug. The only exception was prodrug 1a whose high resistance to hydrolysis might
justify the different behavior at 24h. The difference in cytotoxicity within each pair of drug and
prodrug decreased at 48 h and, consistently with this trend, drug and respective prodrug showed
the same values of ICsg at 72 h.

The cellular kinetics of the series of ‘chemically’ modified prodrugs 9a-c, 9e and of 4a were also
studied (Fig. 1). The series 9a-c, 9e was included to understand the behavior towards hydrolysis
and cellular uptake of compounds with increasing hindrance close to the hydrolysable group,
whereas prodrug 4a was selected for this test because of the plasma half-life value obtained,
lower than 24 h, and the activity towards U87 cells. Further, since drugs 4 and 9 were the most
and the least water soluble, it was interesting to analyze their behavior in cells in comparison to
their more soluble prodrugs, namely 4a and 9a. Prodrugs showed an improved ability of entering
into U87 cells, as demonstrated by the faster uptake and the quantity of prodrug measured into

the cytoplasm. These data, together with the cytotoxicity values at 24 h, suggest that prodrug
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treatment is associated with an increased availability of the active drug into the cellular
compartment where the inhibition of biological target takes place. Nevertheless, the measured
concentration of drug released by hydrolysis was comparable to the one obtained by treatment
with the active drug; these data might be explained by a higher retention of the drug in cell
membrane respect to the prodrug. Noticeably the ICsp at 72 h, showed the comparable activity of
drugs and respective prodrugs, demonstrating that both drug and prodrug during the 72 h are able
to reach the concentration needed to determine an equal cytotoxicity.

In order to gain a deeper insight into the mechanism of hydrolysis of our prodrugs, the
representative 4a was selected for being studied as possible substrate of human carboxylesterase
1 (hCE1). hCE1 was chosen because of its clinical relevance, indeed it is responsible of the
hydrolysis and activation of different prodrugs.®* From our results, hCE1 did not demonstrate to be
implicated into the mechanism of 4a hydrolysis (see Supporting Informations), probably being
another esterase responsible for the cleavage of our pyrazolo[3,4-d]pyrimidines prodrugs.

To evaluate if the preparation of prodrugs can enhance the pharmacokinetic properties of a poorly
water-soluble drug, a proof of concept in vivo study was performed (Fig. 2). Drug 4 and prodrug 4a
were selected for this purpose taking into account all the properties previously assessed.
Moreover, the stability in mouse plasma was studied to have an idea of the hydrolysis rate of 4ain
mice. As expected, 4a was faster hydrolyzed (Table 4) in mouse plasma than in human plasma and
its metabolic stability after incubation with mouse liver microsomes (MLM) did not show
substantial differences.

In vivo exploratory pharmacokinetics studies where than performed on the selected pair 4/4a.
Remarkably, in the group of mice treated with prodrug 4a, the quantity of prodrug measured in
plasma was 2 fold higher than the quantity of drug inside the plasma of mice treated with the free

drug 4 (Fig. 2A and 2B). The measured plasma concentration and the resulting AUCy 4, of drug

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

4*, released by hydrolysis of prodrug 4a, were comparable to those obtained by administration of
the free drug 4. However, it is worth to notice that the AUCys.. of the drug released form
hydrolysis 4* (value of 135.11 nmol h/mL) was twice as high as the value obtained with the
administration of free drug 4 (79.7 nmol h/mL). These data suggests that prodrug 4a, allows for a
slow release of drug 4*, guaranteeing a prolonged overall exposure to the active compound. The
pharmacokinetics in the brain compartment were also investigated, as the assessment of the
cellular activity of these compounds was performed in human GBM U87 cell line (Fig. 2C and 2D).
The concentration of prodrug 4a quantified into the brain was higher than the quantity of drug 4
measured in the brain of mice treated only with the free drug (4). Moreover, the curve obtained
indicates that after 24 h the prodrug still accumulates within the brain, suggesting that the tumor
site will have a prolonged exposure to prodrug 4a and, consequently to hydrolysis, also to active
drug 4*.

The efficacy of 4 and 4a was further studied in an orthotopic mouse model of GBM. The groups of
mice treated with both drug 4 and prodrug 4a showed a benefit in cancer survival with respect to
the vehicle-treated mice. In addition, treatment with prodrug 4a resulted in a minor but significant
increase in median survival time. These results are in agreement with our previous data regarding
the antitumor activity of drug 4 in GBM.

Driven by the efficacy data obtained from orthotopic models, the PK profile of 4a administrated by
o0.s. was finally evaluated. Mice were treated with a single dose of 4a 50 mg/Kg in 0.5% of
methylcellulose. Differently from j.p. injection, the prodrug was not detected neither in the plasma
tissue nor in the brain probably because of a complete hydrolysis occurred in the Gl. Indeed, only
4* (from hydrolysis) was found into the plasma showing a PK profile comparable to the one of 4
after i.p. administration. Overall, the observed blood exposure of 4* appeared to be slightly lower

after o.s. administration. Noteworthy, it was observed a slow accumulation of 4* into the brain
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which most likely resulted in an increased exposure of the brain after repeated administrations in
the efficacy studies.

The improved biological activity, demonstrated in vivo after administration of prodrug 4a with
respect to drug 4, suggest that prodrug 4a could represent an effective step forward in the

development of drug 4.

CONCLUSIONS

In the present study we advanced our synthetic strategy to produce prodrugs of a variety of
pyrazolo[3,4-d]pyrimidines in an easy and versatile fashion. The synthesized prodrugs displayed
improved aqueous solubility and good metabolic stability. The hydrolysis of the prodrugs was
confirmed in plasma, where the active drugs were released by enzymatic cleavage of the
carbamate prodrug-moiety. Cellular kinetics further supported the hydrolysis of prodrugs and
showed a quicker uptake process for prodrugs in comparison to their respective drugs. The
cytotoxicity at 72 h of the drugs and prodrugs tested were comparable, suggesting the complete
release of the active drug. At the end, as in vivo proof of concept, the pharmacokinetics and
efficacy of the most promising pair of drug/prodrug were studied. In comparison to the parent
drug 4, prodrug 4a demonstrated a comparable efficacy in a pivotal in vivo study, with a slightly
increasing, but worthy of further investigations, of the median survival time of mice in an
orthotopic GBM model. All together these results demonstrate the success of the application of
the studied prodrug approach to pyrazolo[3,4-d]pyrimidine compounds with the aim of improving

their poor water solubility, determining a positive impact also in their biological efficacy.
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EXPERIMENTAL SECTION

Synthesis and characterization of compounds

Compounds 1-9 were previously synthesized and published by our group.>*3%%°

All commercially available chemicals were used as purchased from Sigma Aldrich. DCM was dried
over sodium hydride. Anhydrous reactions were run under a positive pressure of dry N,. TLC was
carried out using Merck TLC silica gel 60 F,s4. Chromatographic purifications were performed on
columns packed with Merck silica gel 60, 23-400 mesh, for flash technique. *H NMR and **C NMR
spectra were recorded at 400 MHz on a Bruker Avance DPX400. Chemical shifts are reported
relative to tetramethylsilane at 0.00 ppm. 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 = MeOH/H,0. UV detection was monitored at 254 nm. MS were acquired in positive and
negative mode scanning over the mass range 100-1500. The following ion source parameters were
used: drying gas flow, 9 mL/min; nebulizer pressure, 40 psi; drying gas temperature, 350 °C.

All target compounds possessed a purity of > 95% verified by UV/LC-MS method as reported in the
“UV/HPLC-MS method” section below.

General procedure for the synthesis of pyrazolo[3,4-d]pyrimidine prodrugs (1a-8a, 9a-e)

NaHCOs; (2.25 mmol, 5.00 eq.) was added to a solution of the appropriate pyrazolo[3,4-
d]pyrimidine compound (1-9) (0.45 mmol, 1.00 eq.) in DCMgy, (8 mL). After 5 min of stirring at r.t.,
the suspension was cooled with an ice-bath, then a solution of triphosgene (0.45 mmol, 1.00 eq.)
in DCMyry (8 mL) was added. After 30 min the ice-bath was removed and the reaction mixture was
allowed to warm to r.t. and stirred until the spot of the starting material disappeared on TLC (2 h,
approximately). A solution of alcohol (10-14) (0.90 mmol, 2.00 eq.) in DCMgr, (8 mL) was added

and the resulting mixture was stirred at r.t. for 16 h. The solvent was evaporated under reduced
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pressure and the resulting residue was purified by flash chromatography using a mixture of DCM
and MeOH as eluent.

2-(4-methylpiperazin-1-yl)ethyl benzyl1-(2-chloro-2-phenylethyl)-1H-pyrazolo[3,4-d]pyrimidin-4-
ylcarbamate (1a)

Colourless oil. Yield: 79%. *H-NMR (CDCls) & (ppm): 8.65 (s, 1H), 8.26 (s, 1H), 7.39 (d, J = 7.6 Hz,
2H), 7.24 (m, 8H), 5.52 (dd, J = 6, 8.4 Hz, 1H), 5.35 (s, 2H), 5.02 (dd, J = 8.8, 14.4 Hz, 1H), 4.79 (dd, J
= 6, 14 Hz, 1H), 4.33 (t, J = 5.6 Hz, 2H), 2.55 (t, J = 5.6 Hz, 2H), 2.40 (m, 8H), 2.24 (s, 3H). *C-NMR
(CDCl5) 6 (ppm): 154.7, 154.1, 154.0, 137.7, 135.7, 128.7, 128.5, 128.2, 128.1, 127.1, 127.0, 106.3,
63.9,60.1, 56.3, 54.8, 53.7, 52.9, 49.9, 45.8. MS (ES) m/z: 535 [M+H]".
2-(4-methylpiperazin-1-yl)ethyl 2-chlorobenzyl1-(2-(4-bromophenyl)-2-chloroethyl)-1H-
pyrazolo[3,4-d]pyrimidin-4-ylcarbamate (2a)

Colourless oil. Yield: 76% "H-NMR (CDCl3) & (ppm): 8.62 (s, 1H), 8.31 (s, 1H), 7.42 (d, J = 8.4 Hz, 2H),
7.18 (m, 6H), 5.50 (m, 1H), 5.44 (s, 2H), 4.99 (m, 1H), 4.82 (m, 1H), 4.34 (t,J = 5.2 Hz, 2H), 2.54 (t, J
= 5.6 Hz, 2H), 2.41 (m, 8H), 2.26 (s, 3H). **C-NMR (CDCl5) & (ppm): 154.7, 154.6, 154.2, 136.7,
135.8,135.1, 132.3, 131.7, 129.2, 128.9, 128.0, 127.0, 126.6, 122.8, 106.1, 64.3, 59.0, 56.2, 54.7,
53.4,52.7,48.1,45.6, 29.5. MS (ES) m/z: 648 [M+H]", 670 [M+Na]".
2-(4-methylpiperazin-1-yl)ethyl 3-chlorophenyl6-(methylthio)-1-phenethyl-1H-pyrazolo[3,4-
d]pyrimidin-4-ylcarbamate (3a)

Colourless oil. Yield: 75%. *H-NMR (CDCl3) & (ppm): 7.93 (s, 1H), 7.35 (d, J = 4.8 Hz, 2H), 7.22 (m,
7H), 4.62 (t, J = 7.6 Hz, 2H), 4.39 (t, J = 5.2 Hz, 2H), 3.22 (t, J = 7.6 Hz, 2H), 2.60 (t, J = 5.2 Hz, 2H),
2.47 (m, 8H), 2.32 (S, 3H), 2.28 (s, 3H). *C-NMR (CDCl5) 6 (ppm): 168.2, 155.2, 153.7, 153.1, 140.8,
137.8,134.3,134.1,129.6,129.4,129.1,128.7, 128.4, 127.9, 127.0, 126.7, 126.6, 103.2, 64.5, 63.8,

56.2,54.8,52.7,48.3,48.1,45.6,45.5, 35.1. MS (ES) m/z: 567 [M+H]".
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2-(4-methylpiperazin-1-yl)ethyl 6-(2-morpholinoethylthio)-1-(2-chloro-2-phenylethyl)-1H-
pyrazolo[3,4-d]pyrimidin-4-yI3-bromophenylcarbamate (4a)

Colourless oil. Yield: 51%. *H-NMR (CDCls) & (ppm): 7.95 (s, 1H), 7.48 (d, J = 8 Hz, 1H), 7.42 (m, 3H),
7.29 (m, 4H), 7.15 (d, J = 8.4 Hz, 1H), 5.51 (t, J = 6 Hz, 1H), 4.94 (dd, J = 8.8, 14 Hz, 1H), 4.71 (dd, J =
6, 14 Hz, 1H), 4.35 (t, J = 5.2 Hz, 2H), 3.69 (t, J = 4.4 Hz, 4H), 3.01 (m, 2H), 2.49 (m, 19H), 2.27 (s,
3H). *C-NMR (CDCl5) & (ppm): 168.1, 155.8, 153.9, 153.0, 140.8, 137.7, 135.2, 131.8, 130.9, 130.0,
128.8, 128.5, 127.4, 127.1, 121.9, 103.2, 77.1, 76.8, 76.5, 66.7, 64.5, 59.9, 57.4, 56.2, 54.8, 53.3,
53.2,52.8,45.6,31.7,30.7,29.5, 29.1, 27.9. MS (ES) m/z: 745 [M+H]", 767 [M+Na]".
2-(4-methylpiperazin-1-yl)ethyl 1-(2-chloro-2-phenylethyl)-6-(methylthio)-1H-pyrazolo[3,4-
d]pyrimidin-4-ylphenethylcarbamate (5a)

Colourless oil. Yield: 71%. *H-NMR (CDCl3) & (ppm): 8.06 (s, 1H), 7.41 (d, J = 6.4 Hz, 2H), 7.24 (m,
8H), 5.51 (t, J = 8 Hz, 1H), 4.93 (dd, J = 8, 14 Hz, 1H), 4.78 (dd, J = 6.8, 14.4 Hz, 1H), 4.30 (m, 4H),
3.02 (t, J = 7.6 Hz, 2H), 2.65 (m, 11H), 2.38 (s, 3H). *C-NMR (CDCls) & (ppm): 168.7, 155.7, 154.1,
138.7, 138.0, 136.1, 129.0, 128.7, 128.5, 127.4, 126.5, 103.7, 63.6, 60.1, 56.4, 54.7, 53.8, 52.3,
48.8,45.4,35.1,29.7,14.3. MS (ES) m/z: 595 [M+H]".

2-(4-methylpiperazin-1-yl)ethyl 1-(2-(4-bromophenyl)-2-chloroethyl)-1H-pyrazolo[3,4-
d]pyrimidin-4-ylphenylcarbamate (6a)

Colourless oil. Yield: 25%. *H-NMR (CDCl3) & (ppm): 8.61 (s, 1H), 7.77 (s, 1H), 7.42 (m, 4H), 3.76 (m,
5H), 5.48 (t, J = 8 Hz, 1H), 4.97 (dd, J = 8.4, 14 Hz, 1H), 4.80 (dd, J = 6.4, 14 Hz, 1H), 4.36 (t, J = 5.6
Hz, 2H), 2.57 (t, J = 5.6 Hz, 2H), 2.43 (m, 8H), 2.31 (S, 3H). **C-NMR (CDCl5) & (ppm): 155.6, 155.0,
154.7, 153.6, 139.9, 136.8, 135.0, 131.9, 129.1, 128.7, 128.3, 123.1, 106.1, 65.2, 64.8, 59.2, 56.3,
56.2,54.8,54.7,53.6,53.4,52.4,45.5,30.3, 29.7. MS (ES) m/z: 598 [M+H]*, 620 [M+Na]".
2-(4-methylpiperazin-1-yl)ethyl (1-(2-chloro-2-phenylethyl)-6-(methylthio)-1H-pyrazolo[3,4-

d]pyrimidin-4-yl) 3-chlorophenylcarbamate (7a)
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Colourless oil. Yield: 85%. *H-NMR (CDCls) & (ppm): 7.95 (s, 1H), 7.40 (d, J = 6.8 Hz, 2H), 7.29 (m,
6H), 7.11 (m, 1H), 5.50 (t, / = 7.0 Hz, 1H), 4.93 (dd, J = 8.4, 14 Hz, 1H), 4.76 (dd, J = 6.4, 14 Hz, 1H),
4.35 (t, J = 5.2 Hz, 2H), 2.55 (t, J = 5.2 Hz, 2H), 2.41 (m, 8H), 2.27 (s, 3H), 2.26 (s, 3H). *C-NMR
(CDCls) 6 (ppm): 168.6, 155.8, 153.7, 153.1, 140.6, 137.7, 135.2, 134.1, 129.6, 129.0, 128.8, 128.5,
127.9,127.2,126.9, 103.0, 64.6, 59.8, 56.2, 54.8, 53.6, 52.8, 45.7, 29.5. MS (ES) m/z: 601 [M+H]".2-
(4-methylpiperazin-1-yl)ethyl butyl1-(2-chloro-2-phenylethyl)-6-(ethylthio)-1H-pyrazolo[3,4-
d]pyrimidin-4-ylcarbamate (8a)

Colourless oil. Yield: 39%. *H-NMR (CDCls) & (ppm): 8.08 (s, 1H), 7.39 (d, J = 6.8 Hz, 2H), 7.27 (m,
3H), 5.50 (t, J = 7.6 Hz, 1H), 4.91 (dd, J = 8.4, 14.4 Hz, 1H), 4.76 (dd, J = 6.4, 14 Hz, 1H), 4.37 (t, J =
5.6 Hz, 2H), 4.03 (t, / = 7.6 Hz, 2H), 3.17 (q, J = 7.2 Hz, 2H), 2.67 (t, J = 5.6 Hz, 2H), 2.54 (m, 8H),
2.31 (s, 3H), 1.66 (g, J = 7.6 Hz, 2H), 1.43 (t, J = 7.2 Hz, 3H), 1.31 (m, 3H), 0.93 (t, J = 7.1 Hz, 3H). *C-
NMR (CDCl3) & (ppm): 168.2, 155.7, 154.4, 154.4, 138.1, 136.1, 128.9, 128.7, 127.4, 104.0, 63.9,
60.1, 56.6, 55.1, 53.8, 53.2, 47.3, 46.0, 30.9, 29.7, 25.4, 20.1, 14.7, 13.9. MS (ES) m/z: 561 [M+H]".
2-(4-methylpiperazin-1-yl)ethyl 3-bromophenyl6-(methylthio)-1-(2-phenylpropyl)-1H-
pyrazolo[3,4-d]pyrimidin-4-ylcarbamate (9a)

Colourless oil. Yield: 30%."H-NMR (CDCl3) & (ppm): 7.88 (s, 1H), 7.49 (d, J = 8 Hz, 1H), 7.42 (s, 1H),
7.12 (m, 7H), 4.49 (t, J = 7.5 Hz, 2H), 4.35 (t, J = 5.2 Hz, 2H), 3.53 (m, 1H), 2.55 (m, 10H), 2.35 (s,
3H), 2.8 (s, 3H)1.41 (s, 3H). BC-NMR (CDCl3) & (ppm): 175.5, 168.4, 155.8, 153.9, 153.3, 141.0,
1345, 132.0, 131.1, 130.2, 128.5, 127.6, 127.2, 126.8, 122.1, 103.2, 64.6, 56.1, 54.0, 53.8, 51.§,
44.5,39.9,21.8,18.8, 14.1. MS (ES) m/z: 626 [M+H]", 648 [M+Na]".
1-(4-methylpiperazin-1-yl)propan-2-yl 3-bromophenyl6-(methylthio)-1-(2-phenylpropyl)-1H-
pyrazolo[3,4-d]pyrimidin-4-ylcarbamate (9b)

Colourless oil. Yield: 30%."H-NMR (CDCl3) & (ppm): 7.88 (s, 1H), 7.46 (m, 2H), 7.24 (m, 5H), 7.16 (m,

2H); 5.20 (m, 1H), 4.50 (m, 2H), 3.52 (q, J = 7.2 Hz, 1H), 2.45 (m, 10H), 2.33 (s, 3H), 2.28 (s, 3H),
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1.22 (m, 6H). BC-NMR (CDCl3) 6 (ppm): 168.1, 155.5, 153.9, 152.9, 143.1, 141.1, 134.29, 131.8,
130.6, 129.8, 128.2, 127.3, 127.0, 126.5, 121.7, 103.15, 71.0, 62.6, 54.8, 53.5, 52.7, 45.4, 39.7,
29.5,18.5,17.9. MS (ES) m/z: 639 [M+H]".

1-(4-methylpiperazin-1-yl)butan-2-yl 3-bromophenyl6-(methylthio)-1-(2-phenylpropyl)-1H-
pyrazolo[3,4-d]pyrimidin-4-ylcarbamate (9c)

Colourless oil. Yield: 40%.*H-NMR (CDCl3) & (ppm): 7.90 (s, 1H), 7.46 (m, 2H), 7.24 (m, 5H), 7.16 (m,
2H); 5.08 (m, 1H), 4.50 (m, 2H), 3.52 (g, J = 6.8 Hz, 1H), 2.50 (m, 12H), 2.29 (s, 3H), 2.27 (s, 3H),
1.23 (s, 3H), 0.88 (m, 3H). *C-NMR (CDCl5) & (ppm): 170.2, 155.4, 154.0, 153.2, 143.1, 141.1,
134.4, 131.8, 130.5, 129.7, 128.2, 127.3, 127.0, 126.5, 121.7, 103.4, 75.4, 61.0, 54.9, 53.5, 45.6,
39.7,29.5, 25.1, 18.5, 13.9, 9.34. MS (ES) m/z: 652 [M+H]".
2-(4-methylpiperazin-1-yl)-1-phenylethyl 3-bromophenyl6-(methylthio)-1-(2-phenylpropyl)-1H-
pyrazolo[3,4-d]pyrimidin-4-ylcarbamate (9d)

Colourless oil. Yield: 32%.*H-NMR (CDCls) & (ppm): 7.74 (s, 1H), 7.54 (d, J = 8 Hz, 1H), 7.46 (s, 1H),
7.21 (m, 12H), 6.00 (d, J = 8.8 Hz, 1H); 4.48 (m, 2H), 3.53 (g, J = 6.8 Hz, 1H), 2.88 (bs, 6H), 2.72 (m,
7H), 2.31 (s, 3H), 1.25 (s, 3H). *>C-NMR (CDCl5) 6 (ppm): 168.4, 155.7, 153.9, 152.8, 143.3, 141.2,
137.6,134.4, 132.1, 131.1, 130.3, 128.7, 127.4, 127.2, 126.8, 126.3, 122.0, 103.2, 75.4, 63.2, 54.4,
53.8,51.2,44.4,39.9,29.7, 25.1, 18.7. MS (ES) m/z: 652 [M+H]".
1-(4-methylpiperazin-1-yl)-3-phenylpropan-2-yl 3-bromophenyl-6-(methylthio)-1-(2-
phenylpropyl)-1H-pyrazolo[3,4-d]pyrimidin-4-ylcarbamate (9e)

Colourless oil. Yield 52% "H NMR (CDCl3) & (ppm)= 7.75 (s, 1H), 7.55-7.53 (d, 1H), 7.46 (s, 1H), 7.31-
7.13 (m, 12H), 6.01-5.99 (m, 1H), 4.54-4.43 (m, 2H), 3.55-3.50 (m, 1H), 2.88 (m, 6H), 2.78 (m, 2H),
2.72-2.56 (m, 7H), 2.31 (m, 3H), 1.25 (m, 3H). **C-NMR (CDCl5) & (ppm): 168.4, 155.7, 153.9, 152.8,
142.4, 141.2, 137.6, 134.4, 132.1, 131.1, 130.3, 128.7, 127.4, 127.2, 126.8, 126.3, 122.0, 103.2,

78.3,63.2,54.4,53.8,51.2,44.4,39.9, 38.4,29.7, 25.1, 18.7. MS (ES): m/z: 714 [M+H]".
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Synthesis of 2-(4-methylpiperazin-1-yl)ethanol (12)**

Methylpiperazine (3.54 mL, 31.9 mmol, 1.33 eq.) was dissolved in toluene (11 mL), bromoethanol
(1.70 mL, 23.9 mmol, 1.00eq.) was slowly added and the mixture was stirred o.n. at r.t. Then it was
filtered and the organic phase was recovered, the solvent removed under reduced pressure to
give the desired product. Yield: 80%. White solid. *H-NMR (CDCls) & (ppm): 4.51 (s, 1H); 3.14 (m,
2H); 2.01 (m, 10H); 1.78 (s, 3H). **C-NMR (CDCls) & (ppm): 59.8, 58.0, 54.4, 52.6, 45.5. MS (ES) m/z:
145 [M+H]".

Synthesis of 1-(4-methylpiperazin-1-yl)propan-2-ol (13)*%3!

Methylpiperazine (55.0 pL, 0.50 mmol, 2.00 eq.) was dissolved in toluene (7 mL), 1-bromo-2-
propanol (23.0 uL, 0.25 mmol, 1.00eq.) was slowly added and the mixture was stirred o.n. at r.t.
Then it was filtered and the organic phase was recovered, the solvent removed under reduced
pressure to give the desired product. Yield: 38%. Colourless oil. *H-NMR (MeOD) & (ppm): 4.51 (s,
1H); 3.14 (m, 2H); 2.01 (m, 10H); 1.78 (s, 3H). *C-NMR (MeOD) & (ppm): 59.8, 58.0, 54.4, 52.6,
45.5. MS (ES) m/z: 159.0 [M+H]".

Synthesis of 1-(4-methylpiperazin-1-yl)butan-2-ol (17)*%**

ZnCl; (12.4 mg, 0.09 mmol, 0.10 eq.) was added to a solution of methylpiperazine (110 uL, 1.00
mmol, 1.10 eq.) and 1,2-epoxybutane (79.0 uL, 0.91 mmol, 1.00 eq.) in ACN (8 mL); the mixture
was stirred under reflux 16h. Then purified by flash chromatography using PE:AcOEt:MeOH:Et5N =
10:8:1:1 as eluent. Yield: 31%. Colourless oil. *H-NMR (CDCl3) & (ppm): 3.65-3.59 (m, 1H), 2.47 (m,
8H), 2.34-2.32 (m, 2H), 2.26 (s, 3H), 1.40-1.35 (m, 1H), 0.96-0.91 (m, 3H). *C-NMR (MeOD) &
(ppm): 71.5, 61.5, 58.2, 57.6, 46.6, 28.3,9.5. MS (ES) m/z: 173.0 [M+H]".

Synthesis of 2-(4-methylpiperazin-1-yl)-1-phenylethanol (18)*%>*

Methylpiperazine (125.04 mg, 1.25 mmol), K,CO3 (517.60 mg, 3.74 mmol) and styrene-oxide (95.0

pL, 0.83mmol, 1,00 eq) were dissolved in toluene. The reaction mixture was heated at 130°C for
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24h. After water was added, the crude was extracted with DCM (X3) and washed with brine. The
organic layers were collected, dried over with Na,SO,; and the solvent was evaporated under
reduced pressure. Then purified by flash chromatography using AcOEt:MeOH= 9:1 as eluent. Yield:
61%. Colourless oil *H-NMR (CDCls) & (ppm): 7.36-7.22 (m, 5H), 4.73-4.70 (m, 1H), 3.69-3.65 (m,
1H), 2.76 (m, 2H), 2.53-2.44 (m, 8H), 2.30 (s, 3H). *C-NMR (CDCl5) & (ppm): 142.2, 128.3, 127.5,
125.8, 68.8, 66.2, 55.2, 53.0, 46.0. MS (ES) m/z: 221.1 [M+H]".

Synthesis of 1-(4-methylpiperazin-1-yl)-3-phenylpropan-2-ol (19)

ZnCl; (14.72 mg, 0.10 mmol, 0.10 eq.) was added to a solution of methylpiperazine (180 pL, 1.62
mmol, 1.50 eq.) and 2-benzyloxirane (142.0 pL, 1.08 mmol, 1.00 eq.) in ACN (8 mL); the mixture
was stirred under reflux 12h. Then purified by flash chromatography using DCM:MeOQOH=95:5.as
eluent. Yield: 68%. Colourless oil *H-NMR (CDCls) & (ppm): 7.29-7.19 (m, 5H), 4.02-3.96 (m, 1H),
3.25 (m, 1H), 2.79-2.74 (m, 1H), 2.65-2.61 (m, 3H), 2.37-2.25 (m, 8H), 2.22 (s, 3H). **C-NMR (CDCl5)
& (ppm): 140.1, 128.3,127.5,125.8,71.1, 65.9, 55.2, 53.0, 46.0, 45.8. MS (ESI) m/z: 235.0 [M+H]".
In vitro ADME assays

Solvents, reagents, NADP, NADPH, D-glucose-6-phosphate, glucose-6-phosphate dehydrogenase
and L-a-phosphatidylcoline were purchased from Sigma-Aldrich S.r.l. (Milan, Italy). Brain polar lipid
extract (porcine) was purchased from Avanti Polar Lipids, INC (Alabama, USA). Human plasma was
obtained from volunteers/donors. Mouse Plasma and MLM were purchased from Sigma-Aldrich
S.r.l. (Milan, Italy). HLM pooled male donors (20 mg/mL) were purchased from BD Gentest-
Biosciences (San Jose, California). Milli-Q water was used (Millipore, Milford, MA, USA).
UV/HPLC-MS method. LC analyses were performed by Agilent 1100 LC/MSD VL 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 a 1100 MSD model VL benchtop

mass spectrometer was used. The Agilent 1100 series mass spectra detection (MSD) single-
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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 280 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 50-1500 using a step size of 0.1
u. Chromatographic analysis was performed using a Kinetex EVO C18 100A column (150 x 4.6 mm,
5 um particle size) at room temperature. Analysis was carried out using a gradient elution of
acetonitrile (ACN) and water (H,0): t = Omin ACN 0%, t = 3min ACN 0%, t = 12min ACN 98%, t =18
min ACN 98%. The analysis was performed at flow rate of 0.6 mL/min and injection volume was 20
uL.

Aqueous Solubility. Each solid compound (1 mg) was added to 1 mL of water. Each sample was
mixed at 20 °C, in a shaker water bath for 24 h. The resulting suspension was filtered through a
0.45 um nylon filter (Acrodisc). The concentration of compound in solution was determined by
UV/LC-MS (performed in triplicate) by comparison with the appropriate calibration curve that was
obtained from samples of the compound dissolved in methanol at different concentrations.
Stability tests in MeOH, PBS, human and mouse plasma. Each prodrug was dissolved at r.t. in
phosphate buffer (12.5 mM, pH 7.4) or methanol up to a final concentration of 100 uM. Aliquot
samples (20 pL) were taken at fixed time points (0.25, 0.50, 0.75, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0,
8.0, 24.0 and 48 h) and were analyzed by UV/LC-MS.

Both human and mouse plasma (1.5 mL, 55.7 pg protein/mL),*® phosphate buffer (1.4 mL, pH 7.4,
25 mM) and a solution of prodrug in methanol (100 pL, 3.0 mM) were mixed in a test tube that
was incubated at 37 °C. At set time points (0.25, 0.50, 1.0, 2.0, 3.0, 4.0 and 24.0 h), samples of 150

uL were taken, mixed with 600 pL of cold acetonitrile and centrifuged at 5000 rpm for 15 min. The
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supernatant was removed and analyzed by UV/LC-MS to monitor the hydrolysis process of
prodrug (method reported above).

Parallel Artificial Membrane Permeability Assay (PAMPA). Each ‘donor solution” was prepared
from a solution of the appropriate compound (DMSO, 1 mM) diluted with phosphate buffer (pH
7.4, 25.0 mM) up to a final concentration of 500 uM. The donor wells were filled with 150 uL of
‘donor solution’. The filters were coated with 5 pL of a solution of phosphatidylcholine (in
dodecane 1% (w/v) to determine GI permeability) or 4 uL of brain polar lipid solution (20mg/mlL,
16% chloroform, 84% dodecane) prepared from chloroform 10% w/v solution (to determine BBB
permeability) and filled with 300 pL of ‘acceptor solution’ (50% v/v DMSO and phosphate buffer).
The sandwich plate was assembled and incubated for 5 h at r.t. under gentle shaking. After the
incubation time, the sandwich was disassembled and the amount of compound in both the donor
and acceptor wells was measured by UV/LC-MS. Permeability (Pqpp) was calculated according to

the following equation®’

Pup=——In(1—
T o+ va)At nfl-7)

where V, is the volume in the acceptor well (cm?), Vj is the volume in the donor well (cm?), A is
the “effective area” of the membrane (cm?), t is the incubation time (s) and r the ratio between
drug concentration in the acceptor and equilibrium concentration of the drug in the total volume
(Vp+Vy4). Drug concentration was estimated by using the peak area integration.

Metabolic Stability in HLM (Human Liver Microsomes) and MLM (Mouse Liver Microsomes). The
incubation mixture (total volume of 500 pL) was constituted by the following components:
HLM/MLM (0.2 mg/mL, 5 uL), a NADPH regenerating system (NADPH 0.2 mM, NADPH" 1 mM, D-
glucose-6-phosphate 4 mM, 4 unit/mL glucose-6-phosphate dehydrogenase and MgCl, 48 mM), 50
UM of each compound in DMSO and phosphate buffer (pH 7.4, 25 mM, up to a final volume of 500
pL). The mixture was incubated at 37 °C for 1 h. The reaction was cooled down and quenched with
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acetonitrile (1.0 mL). After centrifugation (10 rpm, 10 min), the surnatant was taken, dried under
nitrogen flow, suspended in 100 pL of methanol and analyzed by UV/LC-MS to determine the
percentage of compound that was not metabolized.

Biological Assays

Cellular assays. GBM U87 cells were plated in a 6-well plate (5x10” cells per well) in EMEM with
10% FBS, 2 mM L-glutamine, 10000 units/mL Penicillin/Streptomycin and incubated with
compounds (DMSO solution) at increasing concentrations (0.1 uM, 1.0 uM, 10 uM and 50 puM) for
24,48 and 72 h at 37°C in 5% CO, atmosphere. Cells were harvested to determine cell amount and
viability by Trypan Blue assay. The half maximal inhibitory concentration (ICso) for each compound
was estimated fitting a curve with a nonlinear regression created with all the collected data using
GraphPad Prism Software, version 6.0.

Cellular Kinetics. GBM U87 cells were seeded in a 6-well plate (3x10° cells per well) in triplicate.
After 24 h, cells were treated with compound (20 uM) for different periods (0.5, 3.0, 4.0, 7.0, 24
h). Cells were harvested and counted by Trypan Blue assay, cell counts were used for normalization
purposes. All the harvested cells were lysed in 150 uL of deionized water, subjected to 10 cycles of
freeze and thaw and then sonicated for 10 minute at 560 W (maximum intensity) in a bath
sonicator. Standard compound at 10 uM was added in lysed cells as control. Lysed cells were then
centrifuged at 5000 x g for 20 minutes and supernatant was withdrawn and dried by nitrogen
flow. Samples were resuspended in 100 pL of methanol and the amount of compound within the
cells was evaluated by UV/LC-MS analysis.

Human carboxylesterase 1 (hCE 1) assay. Enzymatic hydrolysis of compound 4a to 4 was
examined under the following conditions. Increasing concentrations (10, 50 and 100 uM) of 4a
were incubated with a pre-warmed (37°C) mixture, containing the purified enzyme hCE1

(Purchased from Sigma-Aldrich Milano, Italy) (25 U/reaction) and 50 mM HEPES buffer pH 7.4, for
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1 h. All reactions were terminated by addition of equal volume of acetonitrile, and proteins were
pelleted by centrifugation for 20 min at 5000 rpm at 4°C. The supernatant from the above
reactions were analysed by reverse-phase HPLC-UV-MS, using the gradient method described into
the manuscript. Percentage of hydrolysis was determined compared to the control (Fig. S1). All the
experiments were conducted in triplicate . All experiments were conducted in triplicate.

In vivo PK

The used animal protocol was reviewed and approved by the animal care and ethics committee of
the Universita degli Studi di Siena, Italy. Male BALB/C mice (weight 20-30 g) were obtained from
Charles River (Milan, Italy). The experiment was performed in triplicate and mice were divided into
two groups and treated with drug or prodrug (DMSO solution). The compounds were administered
intraperitoneally (100 pL) at the dose of 50 mg/Kg. At several time points (0.25, 0.50, 1.0, 1.5, 2.0,
4.0, 8.0 and 24.0 h), after drug administration, mice were treated i.p. with heparin (5000 U/Kg)
and sacrificed under CO,. Blood and brain were collected for the following quantitative analysis.
The blood was centrifuged at 4000 rpm for 20 minutes to separate the plasma fraction, which was
subsequently collected in a test tube. Acetonitrile (1 ml, with internal standard at the
concentration of 10 uM) was added to each sample to denature proteins. Samples were
centrifuged at 4000 rpm for 20 minutes, the supernatant was recovered, dried under vacuum and
analyzed. Brain was homogenized using a glass/glass Potter-Elvehjem tissue homogenizer, in order
to extract the compound from the tissue, 7 mL of acetonitrile were added (with internal standard
at the concentration of 10 uM). Brain samples were then treated as previously described for blood
samples. Each brain and blood sample was solubilized in 100 uL of methanol and analyzed by
UV/LC-MS. The quantification of each compound was performed by reference to the appropriate

calibration curve. PKCALC®® was used to determine pharmacokinetic parameters.
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The used animal protocol for oral administration PK was reviewed and approved by the animal
care and ethics committee of the Universita degli Studi L’Aquila. Male BALB/C mice (weight 20-30
g) were obtained from Charles River (Milan, Italy). Mice received 50 mg/Kg of 4a in
methylcellulose 0.5% solution per o.s. by gavage. At 5 time-points (1, 2, 4, 8 and 24 h) after 4a
administration, mice were sacrificed under CO,. Blood and brains were collected and analysed as
for i.p. injection.

In vivo orthotopic mouse model

Male CD1 nude mice (Charles River, Milan, Italy) were maintained under the guidelines established
by our Institution (University of L’Aquila), complying with the Italian government regulation for the
use of laboratory animals. After anesthetization with 100 mg/Kg ketamine, 15 mg/Kg xylazine, the
surgical zone was swabbed with Betadine solution, the eyes coated with Lacri-lube. The head was
fixed in a stereotactic frame (mouse stereotaxics instrument, Stoelting Europe, Dublin, Ireland)
and a midline scalp incision was made. A small hole was made at 1.0 mm anterior and 2 mm
lateral to the exposed bregma. A sterile 5 uL Hamilton syringe with a 26 gauge needle was inserted
at a depth of 3.0 mm from the skull surface and withdrawn by 0.5 mm to inject 3 x 10> U-87 cells
in a volume of 3 pL. The injection rate was set up to 1 pL/min. The needle was then completely
withdrawn from the brain over the course of 4 min (1.0 mm/min), and the skin was sutured. Just
before treatment initiation (5 days after injection), animals were randomized to treatment groups
of 7 mice each. Compound 4 and its prodrug 4a were prepared as suspension in 0.5%
methylcellulose solution. Each mouse received every other day oral administration of
methylcellulose vehicle, 50 mg/Kg of compound 4 or 50 mg/Kg of prodrug 4a. Mice were
euthanized when they displayed neurological signs (e.g. altered gait, tremors/seizures, lethargy) or
weight loss of 20% or greater of pre-surgical weight. Data were analyzed through Kaplan-Meier

curves considering mean and median survival values (Med Calc software, MedCalc Software bvba,
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Ostend, Belgium). The statistical significance was evaluated by the Logrank test and P values <0.05

were considered statistically significant.
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