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Abstract

The development of small molecules as cancer treatments is still of both interest and importance.
Having synthesized and identified initial cytotoxic activity of a series of chemically related N-(9H-purin-
6-yl) benzamide derivatives, we continued their evaluation on cancer cell models. We also synthesized
water-soluble prodrugs of the main compound and performed in vivo experiments. Our results show
activities on cancer cell lines ranging from 3-39 uM for the best compounds, with both induction of
apoptosis and decrease in cell proliferation. Two compounds evaluated in vivo showed weak
antitumoral activity. In addition, the lead compound and its prodrug had synergistic activity with the

nucleoside analogue fludarabine in vitro and in vivo.
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Introduction

Despite tremendous advances in the treatment options for cancer patients, in particular due
to the development of immunotherapy and monoclonal antibodies, the search for new cytotoxic
compounds is still of main importance in cancer research. Among the existing therapeutic arsenal, the
purine scaffold is well represented [1, 2] (Figure 1). Purine nucleobases, such as 6-mercaptopurine (6-
MP) and 6-thioguanine (6-TG) are well known drugs used in the treatment of childhood ALL [3, 4], and
fludarabine, cladribine and clofarabine among others are purine containing nucleoside analogues
commonly used in clinic [5]. In addition, N-6-benzoyl adenine derivatives and some substituted 6-
phenyl purine analogues (Figure 2) have recently been identified as potential anticancer agents,
respectively as BRD4 inhibitors [6, 7] and as cytotoxic agents on a panel of hepatocellular cancer lines
[8].

Within a research program aiming at discovering cytosolic 5’-nucleotidase Il inhibitors using a
fragment-based drug design approach, [9, 10] we identified a series of N-(9H-purin-6-yl)benzamide
derivatives with cytotoxic effects in the micromolar range on human lymphoma cells. Some of these
compounds showed moderate to good inhibition of the 5’-nucleotidase cN-Il in vitro and synergy with
nucleoside analogues on cancer cell lines. Based on the structural analogy of these series with the
previously cited 6-substituted purine analogues (Figure 2) and the identified anticancer activity in the
initial study, we continued herein the evaluation of the biological activity of these compounds. To this
purpose, we included additional cell lines and performed various cell biology experiments on
proliferation, cell cycle arrest and cell death induction. In order to perform in vivo experiments of the
hit compound and due to its very low aqueous solubility, we also designed and synthesized water-
soluble prodrugs that were evaluated both on cell models and in mice. These were obtained by the

introduction of biolabile hydrophilic substituents on the N-9-position of the purine.
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Materials and Methods
Synthesis of derivatives 1-9 and water-soluble prodrugs of compound 1 (derivatives 10-15)

Synthesis of N-(9H-purin-6-yl)benzamide derivatives (1-9) has been previously reported [9].
Experimental details for the preparation of water-soluble prodrugs 10-15 and corresponding NMR

spectra are available as Sl.

Cell lines and culture

Human follicular lymphoma cells (RL), human acute promyelocytic leukemia cell (HL-60),
human acute lymphoblastic leukemia (ALL) cells (CCRF-CEM), human acute T cell lymphoma cells
(Jurkat), human B cell precursor leukemia cells (REH and RS4;11) and murine T cell lymphoma cells
(L1210) were grown in RPMI media (Life technologies) containing L-glutamine, penicillin (200 1U/mL,
Life technologies), streptomycin (200 ug/mL, Life technologies) and 10% feral bovine serum at 37 °Cin

a humidified atmosphere and in the presence of 5% of CO..

Cell survival assay and synergy experiments

The sensitivity to nucleoside analogues was assessed by cell survival after 72 hours’ exposure
to molecules using the MTT assay and 20,000 cells per well in 96 well plates. Inhibitory concentrations
50 (ICso) and combination index 95 (Clss) were calculated with CompuSyn software 1.0 (ComboSyn,
Inc., USA) as indicated earlier [9, 10]. Synergy was defined as Clgs < 0.9, additivity as 0.9 < Clgs < 1.1,

and antagonism as Clgs > 1.1 [11].

Apoptosis
Cell death was determined on cells incubated for 48 hours in absence or presence of
compounds, by AnnexinV-positivity assessment and propidium iodide (Pl) incorporation into DNA by

flow cytometry using a FACS Calibur in conditions earlier described [12] using 5 x 10° cells per well in



24-well plates and a final volume of 0.5 mL. Dead or dying cells were identified as AnnexinV and/or PI

positive cells.

Cell proliferation

Cell proliferation in absence or presence of selected compounds was determined by
quantification of CellTrace CFSE in dividing cells by flow cytometry on a FACScalibur as indicated earlier
[13], using 0.5 x 10° cells per well in 6-well plates and a final volume of 3 mL. Results were analyzed

with FlowJo and expressed as percentage of MFI of CFSE as compared to the signal on day 1.

Cell cycle assessment

Cell cycle distribution was assessed in cells incubated for 24 hours in absence or presence of
selected compounds using an LSR-Il and conditions described earlier [13], using 5 x 10° cells per well
in 24-well plates and a final volume of 0.5 mL. Results were analyzed using FlowJo and expressed as

percentage of cells in each phase of the cell cycle.

Animal studies

For in vivo studies, 4 weeks old and acclimated female scid CB17 mice (Charles River) were
injected subcutaneously with 5 x 10° RL cells. When tumors reached approximately 100 mm?3
(calculated by the formula 4/3 x m x [(length + width)/2]®), mice received two intraperitoneal
treatments with seven days interval. Body weight and tumor volume were determined 2-3 times per
week and mice sacrificed when it reached 1500 mm?3. All mice were raised in SPF environment with
free access to standard food and water. This study was approved by the Animal Ethics Committee of

the University Claude Bernard of Lyon.



Results
Studied compounds are cytotoxic

Compounds 1-9 were first evaluated for their intrinsic cytotoxic activity on a panel of three
cancer cell lines (RL, HL-60, L1210) using the MTT assay (Table 1). We obtained ICso-values from 3.4 uM
(8 on L1210 cells) to more than 300 uM (in particular on L1210 cells). Comparable toxicity was observed
on all tested cell lines for several compounds (1, 2, 3, 6 and 8), whereas others had cell line specific
toxicity with a better sensitivity for RL cells (4, 7 and 9).

Inaninitial work, and linked to its inhibitory effect on the 5’-nucleotidase cN-II [9], 1 was found
to act synergistically with cladribine and clofarabine but not with fludarabine, in RL cells. Thus, we
extended this work to other cell lines (CCRF-CEM, HL-60, Jurkat, REH, RS4;11 and L1210) as well as to
the purine nucleobase 6-mercaptopurine (Table 2). No synergy was observed between 1 and the
purine nucleoside analogues cladribine, clofarabine and fludarabine in human or murine cells of
haematological origin, whereas there was a very good synergy with 6-mercaptopurine in REH and

Jurkat cells, and a weak synergy in HL-60 and L1210 cells.

Different induction of apoptosis by compounds 1-9

In order to better describe the biological activities of these N-(9H-purin-6-yl)benzamide
derivatives, we evaluated their capacity to induce apoptosis in RL and HL-60. We used high
concentration of cisplatin as a positive control for induction of cell death, and two or three
concentrations for fludarabine (control compound) and our compounds. These concentrations were
selected based on MTT results as approximatively ICso/2, ICso and I1Csox5. As shown in Figure 3A, a dose-
dependent induction of apoptosis was observed for fludarabine, 2, 3, 6, 7, 8 and 9, but not for 1 and 4
on RL cells. For HL-60 cells (Figure 3B), we observed a dose-dependent induction of cell death with all

tested compounds (fludarabine, 1, 2, 3 and 8).
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Antiproliferative activity of the studied compounds

As the decreased MTT reducing activity was not always associated with increased cell death as
shown by apoptosis, we evaluated whether some of the compounds had antiproliferative effects using
CFSE staining on RL and HL-60 cells (Figures 4 and 5). For fludarabine, even low concentrations not
related to cell death induction, were associated with decreased cell proliferation. Compound 1
decreased proliferation of RL cells at a low concentration that was not associated with cell death, but
not on HL-60 cells. Higher concentrations (125 uM for RLand 100 uM for HL-60, data not shown) were
also evaluated but cells did not survive, in line with the results on apoptosis. Compounds 2 and 3 did
not decrease cell proliferation even at high doses associated with cell death induction. Finally, 8 at

ICsox5 slowed down proliferation of RL cells but not HL-60 cells even though this concentration induced

cell death in both cell lines.
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Cell cycle arrest of compounds 1-9

We completed the in vitro evaluation of our N-(9H-purin-6-yl)benzamide derivatives with their
effect on cell cycle distribution. For RL cells (Figure 6A), we observed a dose-dependent increase in G1-
phase for 1, 8 and 9, as well as an important increase at all concentrations tested for 4, 6 and 7. For 3,

the increase was only observed at the concentration corresponding to 1Cso, whereas no modification
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was seen with the three concentrations of 2. For HL-60 cells (Figure 6B), we did not observe any main

modification in cell cycle distribution, except for with the highest concentration of 1 inducing an

important increased in pre-GO phase, consistent with AnnexinV results.
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Synthesis of water-soluble prodrugs of compound 1

15
30
150

25
50

I

15
30
150

Due to the low water solubility of the studied compounds, that is an issue commonly

encountered for large aromatic and heterocyclic derivatives, we envisaged to obtain prodrugs [14-16]

of our best characterized compound, 1. Thus, synthesis of acyl-oxymethyl (11a and 11b) and phosphor-
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oxymethyl (13, 15a, 15b and 15c) derivatives was performed and they also included different type of
salts (Table 3 and Supplemental Information).

The aqueous solubilities of 11a and 15c¢ have been determined by HPLC to be respectively 47 mg and
83 mg per mL, which is an increase of more than 1000-fold compared to the parent compound 1(22.6

ug per mL) [10].

In vitro activity of soluble prodrugs

In vitro assays with RL and L1210 cells (Table 3) showed that four out of six compounds (15c,
15a, 11a and 11b) had similar cytotoxicity as the parent compound 1 (ICso = 16-28 uM), whereas the
two others had weaker (ICso = 72 uM for 15b) or no toxicity (ICsp > 300 uM for 13). When assessed
together with nucleoside analogues and 6-mercaptopurine, we observed only synergy for 1 with
fludarabine on RL cells and with 6-mercaptopurine on L1210 cells, for 15a with cladribine on RL cells,

and for 11b with fludarabine and 6-mercaptopurine on RL cells (Table 4).

In vivo antitumoral activity of soluble prodrugs

Based on availability, we designed an in vivo experiment with 15c¢ and 11a alone and in
combination with fludarabine using immunodeficient mice with tumors from RL cells. We used
fludarabine as all prodrugs are supposed to deliver compound 1 in vivo, and that this compound shows
synergy with fludarabine in RL cell model. As shown in Figure 7, treatment with 100 mg/kg fludarabine
and 15 mg/kg 15c delayed tumor growth. For 21 mg/kg 11a, only the combination with 100 mg/kg
fludarabine resulted in important tumor growth inhibition. None of these treatments was associated
with weight loss or any other macroscopic sign of toxicity. The combination of 100 mg/kg fludarabine

with 15 mg/kg 15¢ was however lethal with 2 of 5 mice dying three days after the first treatment.

12
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Discussion

The first part of our study concerned the additional biological evaluation of selected N-(9H-
purin-6-yl)benzamide derivatives on cancer cells. We used various techniques to determine the activity
of the compounds on metabolic activity (MTT assay), cell death induction (AnnexinV/PI staining), cell
proliferation (CFSE staining) and cell cycle arrest (Pl staining).

Three compounds (2, 3, and 8) out of nine clearly showed the best cytotoxicity in MTT assay
with 1Cso values below 15 uM, and compounds 3 and 8 exhibited significant cytotoxic activity against
all three cell lines tested. For comparison, ICso values on RL cells are approximately 40 nM for
clofarabine, 100 nM for cladribine, 7 uM for fludarabine, 0.8 uM for 6-mercaptopurine and 1.2 uM for
6-thioguanine (raw data from [13]), whereas other chemically related compounds had ICso of around
5 uM on liver cancer cells [8]. In addition, these compounds were also able to induce apoptosis in RL
cells at comparable levels as with fludarabine (more than 50% dead cells at 50 uM). These results
suggest that the second phenyl group should rather be in the meta position (R1=H) and a pyrrolidine
substituent (compound 3) for a better activity. When, the imidazolyl substituent is attached through
the nitrogen atoms (compounds 6 and 7), derivatives are lacking biological activity as determined by
our MTT assay, whereas if it is linked through the C-4 atom and in the para orientation (compound 8)
some cytotoxic activity is recovered. Finally, compounds 1 and 8 slowed down cell proliferation, in
particular in RL cells.

Our goal was not to determine the mechanism of action of these compounds, but to better
describe their activity. Therefore, we can only hypothesize on how they induce cell death in our
models. Other compounds belonging to similar chemical series have been reported to be inhibitors of
BRD4, an enzyme of the bromodomain and extra-terminal domain protein family involved in gene
regulations and cancer cell survival, but whether our compounds do the same is unknown [6, 7]. The
initial target for these compounds, the 5’-nucleotidase cN-Il is expressed in both RLand HL-60 cell lines,
with an approximately 2-fold higher expression and activity in HL-60 cells [13]. If the mechanism of

action is based upon cN-II inhibition, we would expect a higher sensitivity in RL cells. This is the case

14



for compounds 2, 4, 7, 8 and 9 inhibiting cN-Il activity in vitro by 28, 73, 39 and 26% respectively but
not for compounds 1 and 3 inhibiting by 68 and 56% respectively [9]. This could therefore suggest that
this is not the main mechanism, or that the cN-Il inhibition in cells is different from and not
proportional to our previously used in vitro conditions. Indeed, we do not know whether RL and HL-60
cells express wild-type or hyperactive mutants [17, 18] or how cN-Il is regulated in these cells by
allosteric regulators or by energy status [19, 20].

The extensive study of compound 1 revealed that its moderate cytotoxic activity (25-50 UM in
RL, HL-60 and L1210) is neither associated with the induction of cell death in RL cells or significant
antiproliferative effect in HL-60. However, this compound clearly showed synergic effect with 6-
mercaptopurine in four out of six of the studied cell lines. Taking into account the mechanism of action
of 6-mercaptopurine and its cellular metabolization (involving hypoxanthine-guanine phosphoribosyl
transferase (HGPRT) and its catabolic conversion into xanthine-5’-monophoshpate (from 6-
thioguanosine-5'-monophosphate) and that compound 1 is one of the best cN-Il inhibitors within the
series of N-(9H-purin-6-yl)benzamide derivatives, we could hypothesize that the observed synergy may
be associated with the inhibition of cN-Il, thus limiting the catabolism of xanthine-5’-monophosphate
[21, 22].

The second part of the study concerned the in vivo evaluation of our compounds. Common
features of N-(9H-purin-6-yl)benzamide derivatives are their polycyclic aromatic structures, and as a
consequence thereof, many of them have poor aqueous solubility. Despite its promising in vitro
cytotoxic activity and synergistic effects with nucleoside analogues, 1 shows very low solubility in water
(22.6 pg/mL), and this represents a major obstacle for its further development and study in
experimental animal models. As initial attempts to formulate parenteral 1 using co-solvents (PEG...) or
cyclodextrin-based agents were not successful, we designed prodrugs to improve physicochemical
properties (such as water solubility) of our bioactive derivative [14]. Recent data from the literature
[23, 24] demonstrate that the incorporation of a phosphate or amino group, either directly attached

to the compound or introduced via a linker, enhance the solubility of compounds to be administered
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intravenously or orally. We explored two series of water-soluble prodrugs of 1 which are expected to
release the parent drug through different two-step enzyme-mediated hydrolytic activation (Figure 8).
The first series involved the introduction of L-valine through an oxymethyl linker. According to
literature data, valyl ester prodrugs are expected to be substrates of plasma esterase leading to the
labile heminal intermediate that would rapidly degraded into the parent drug and formaldehyde. The
second approach involved the introduction of an oxymethylphosphate moiety that is sensitive to an
initial alkaline phosphatase hydrolysis leading to the same heminal intermediate as before and in fine
to 1.

Due to the potential effect of the nature of the salts on the physicochemical properties
(hygroscopicity, physical form, solubility, stability...) of the resulting prodrugs, we studied five different
salts (sodium, lysine and tromethamine for phosphate derivatives, trifluoroacetate and mesylate for
valyl ester prodrugs) in order to select the best candidate for in vivo investigations. The water solubility,
as determined for 11a and 15¢, was 1000-fold increased as compared to 1. MTT-based in vitro assay
showed similar activity (22-28 uM and 72 uM for 15b) of all compounds except for 13, strongly
suggesting intracellular decomposition into compound 1 as shown in Figure 8. The in vivo evaluation
of these drugs validated the prodrug approach, and showed weak antitumoral activity for 15c and a
weak potentiation of fludarabine with compound 11a.

In conclusion, our study offers extended biological evaluation of selected N-(9H-purin-6-
yl)benzamide derivatives on cancer cell lines, and we also describe water-soluble prodrugs for such
compounds that allow in vivo experiments. For compound 1, we can conclude on the induction of a
decreased proliferation without cell cycle modifications or induction of AnnexinV-related cell death RL
cells, and the induction of apoptosis in HL-60 cells. For the other compounds, the cellular modifications
responsible for the initially observed cytotoxicity is less clear. Further studies would be warranted to
determine the mechanism of action as well as the potential toxicity on healthy cells as this would be

of main importance in an eventual further development of these compounds as anticancer drugs.
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Table 1. Cytotoxic activity of compounds on cancer cell lines. 1Cso values (UM) are mean values of at

least three independent experiments + SEM. Results on RL cells are from [9].
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Table 2. Antiproliferative activity and synergy with nucleoside analogues of compound 1 on

additional cell lines. I1Cso values (UM) are mean values of at least three independent experiments *

SEM. CI95 values were calculated with the CompuSyn software and expressed as a range from

10”7 (mean(logClI95))-SEM to 10”*(mean(logCI95))+SEM from at least three independent experiments.

Synergy and additivity are indicated in bold.

CCRF-CEM HL-60 Jurkat REH RS4,11 L1210
IC50 203 18+3 20+ 3 25+7 28+4 39+5
C195 fludarabine 1.0-1.4 1.5-2.9 0.8-2.5 1.0-4.8 1.1-1.9 2.2-4.5
CI195 cladribine 1.2-1.6 1.6-2.0 n.d. n.d. n.d. n.d.
Cl195 clofarabine 1.1-1.9 0.9-2.2 n.d. n.d. n.d. n.d.
Cl95 6-MP 0.9-1.8 0.6-1.0 0.4-0.6 0.1-0.4 | 3.4-11.9 0.8-1.0
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Table 3. Cytotoxic activity on RL and L1210 cancer cell lines of compounds for in vivo administration.

ICso values (uM) are mean values of at least three independent experiments + SEM. n.d: not

determined.
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Table 4. Synergy between nucleoside analogues and studied compounds on RL and L1210 cells. CI95
values were calculated with the CompuSyn software and expressed as a range from
107 (mean(logCl95))-SEM to 10”(mean(logCl95))+SEM from at least three independent experiments.

Synergy and additivity are indicated in bold.

1 11a 11b 15a 15c¢
C195 fludarabine 0.49-0.74 0.77-1.47 | 0.78-0.95 | 2.18-7.22 | 0.91-1.13
RL CI95 cladribine 0.89-1.58 0.77-1.45 | 0.99-1.14 | 0.15-0.83 | 0.64-1.44
Cl195 clofarabine 0.63-1.20 0.92-1.38 | 1.09-1.43 | 0.52-1.05 | 1.05-1.69
Cl95 6MP 1.02-1.43 1.24-2.72 | 0.95-0.95 | 1.76-4.16 | 0.54-1.01
C195 fludarabine 1.54-2.38 1.67-2.12 | 1.41-1.74 | 1.56-2.91 | 1.90-2.87
11210 Cl195 cladribine 0.94-1.24 1.26-1.51 | 1.44-1.65 | 1.35-1.94 | 1.19-2.01
Cl195 clofarabine 1.52-3.46 1.64-2.20 | 0.91-1.19 | 1.29-2.22 | 2.22-2.96
Cl95 6MP 0.47-0.53 2.01-4.44 | 1.47-2.32 | 1.17-2.57 | 0.99-2.92
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Figure legends

Figure 1. Examples of purine and purine nucleoside analogues used as anti-cancer drugs. 6-MP: 6-

mercaptopurine; 6-TG: 6-thioguanine.

Figure 2. Generic structures of purine derivatives investigated in the literature as anticancer agents [6-

8] and the studied compounds.

Figure 3. Induction of cell death by studied compounds in RL (A) and HL-60 (B) cells. Cell death was
assessed by AnnexinV/IP staining by flow cytometry after 48 hours of exposure to indicated
concentrations of compounds corresponding to approximately ICso/2 (white bars), ICso (grey bars) and
ICsox5 (black bars). Dead cells are AnnexinV and/or IP positive cells. Results are means from three
independent experiments and error bars are SEM. AF: autofluorescence; - : unexposed cells; Cis:

cisplatin; Flud: fludarabine.

Figure 4. Proliferation of RL cells in absence (NT) or presence of molecules at indicated concentrations.
Proliferation was assessed by determination of CFSE staining at after indicated days of exposure with
indicated concentrations of fludarabine (A), 1 (B), 2 (C), 3 (D) and 8 (E). Relative CFSE signal was
calculated as compared to the signal of cells one day after CFSE staining, and graphs show mean results

of three independent experiments. NT: not treated; Flud: fludarabine.

Figure 5. Proliferation of HL-60 cells in absence (NT) or presence of molecules at indicated
concentrations. Proliferation was assessed by determination of CFSE staining at after indicated days of
exposure with indicated concentrations of fludarabine (A), 1 (B), 2 (C), 3 (D) and 8 (E). Relative CFSE
signal was calculated as compared to the signal of cells one day after CFSE staining, and graphs show

mean results of three independent experiments. NT: not treated; Flud: fludarabine.
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Figure 6. Cell cycle distribution of RL (A) and HL-60 (B) cells exposed 24 hours to indicated
concentrations of studied molecules. The graph shows the mean results of three independent

experiments.

Figure 7. Tumor growth of RL cells in mice treated with PBC prodrugs. Mice with RL-tumors were
treated with fludarabine (100 mg/kg, dotted lines in A and B), 15¢ (15 mg/kg, grey line in A) and 11a
(21 mg/kg, grey lines in B) alone or in combination as indicated in Material and Methods. Graphs show
median tumor volumes of 5 mice per group. Individual tumor growths are shown in supplemental

information (Figure S1).

Figure 8. Structures and expected bioactivation of the two series of water-soluble prodrugs of 1.
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