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Abstract

Naturally occurring condensed quinolines have anticancer properties. In efforts to find active
analogues, we designed and synthesized eight polycyclic heterocycles with a pyrimido[1”,2”:
1,5]pyrazolo[3,4-b]quinoline framework (IND series). The compounds were evaluated for activity
against colon (HCT-116 and S1-MI-80), prostate (PC3 and DU-145), breast (MCF-7 and
MDAMB-231), ovarian (ov2008 and A2780), and hepatocellular (HepG2) cancer cells and against
non-cancerous Madin Darby canine kidney (MDCK), mouse embryonic fibroblast (NIH/3T3), and
human embryonic kidney cells (HEK293). IND-2, a 4-chloro-2-methyl pyrimido[1”,2™:
1,5]pyrazolo[3,4-b]quinoline, exhibited more than tenfold selectivity and potent cytotoxic activity
against colon cancer cells relative to the other cancer and non-cancer cells. With five additional
colon cancer cell lines (HT-29, HCT-15, LS-180, LS-174, and LoVo0), IND-2 had similar
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cytotoxicity and selectivity, and submicromolar concentrations caused changes in the morphology
of HCT-116 and HCT-15 cells. IND-2 did not activate the transactivating function of the pregnane
X receptor (PXR), indicating that it does not induce PXR-regulated ABCB1 or ABCG2
transporters. Indeed, IND-2 was not a substrate of ABCB1 or ABCG2, and it induced cytotoxicity
in HEK293 cells overexpressing ABCB1 or ABCG2 to the same extent as in normal HEK293
cells. IND-2 was cytotoxic to resistant colon carcinoma S1-MI-80 cells, approximately three- and
fivefold more than SN-38 and topotecan, respectively. In HCT-116 colon cancer cells, IND-2
produced concentration-dependent changes in mitochondrial membrane potential, leading to
apoptosis, and sub-micromolar concentrations caused chromosomal DNA fragmentation. These
findings suggest that, by increasing apoptosis, IND-2 has potential therapeutic efficacy for
colorectal cancer.

1. Introduction

Despite progress made in cancer research, particularly in early detection and treatment,
cancer continues to be a leading cause of death worldwide. In the US alone, 585,720 cancer
deaths are projected to occur in 2014 [1]. Recent advances in the molecular biology of
cancer have led to development of new anticancer agents. However, most treatments are
inadequately effective due to toxicity and to development of drug resistance [2]. Therefore,
discovery of chemotherapeutic agents with reduced toxicity and with the capacity to
circumvent drug resistance is a challenging task for medicinal chemists.

Due to their natural abundance and broad spectrum of antitumor activity, nitrogen
heterocyclic compounds containing condensed quinoline ring systems (Figure 1A) are
important biological and medicinal scaffolds for anticancer drug discovery [3]. These
compounds consist of a planar polycyclic pharmacophore, generally a tetracyclic ring
system, along with one or two flexible substituent groups that allow for DNA intercalation
and/or inhibition of DNA re-ligation by topoisomerases [4]. For instance, camptothecin
(Figure 1A), a naturally occurring indolizinoguinoline, elicits potent antitumor activity
through selective inhibition of toposiomerase I [5]. Two water-soluble derivatives of
camptothecin, topotecan and irinotecan (Figure 1A), have received FDA approval for the
treatment of ovarian, cervical, lung, and colon cancer [6]. Other examples of naturally
occurring, condensed quinoline systems with antitumor activity are cryptoleptine [7, 8],
neocryptolepine [8], and luotonin A [9] (Figure 1A).

The clinical efficacy of naturally occurring, condensed quinolines has led to efforts for the
design, synthesis, and development of anticancer agents based on this scaffold. Many such
efforts have involved condensing the quinoline ring with various heterocycles such as
indole, bezimidazole, or a pyrimidone (Figure 1B). For example, a quinoline ring

condensed with an indole moiety led to indoloquinolines (Figure 1B), structurally
analogous to cryptoleptine, which showed both DNA intercalation and topoisomerase
inhibition [10, 11]. Substituted 9-anilinothiazolo[5,4-b]quinolines (Figure 1B), which
incorporate a quinoline scaffold fused with a thiazole ring, demonstrated cytotoxicity against
four cancer cell lines [cervical (HeLa), colorectal (SW480 and SW620), and chronic
myelogenous leukemia (K-562)] and also inhibited human topoisomerase 11 [12].

Bioorg Med Chem. Author manuscript; available in PMC 2016 February 01.
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Annulation of the benzmidazole ring to the quinoline moiety resulted in cyclic
benzimidazole[1,2-a]quinolines (Figure 1B) with antiproliferative effects on various cancer
cells [13]. Some pyrimido[4’,5”:4,5]thieno(2,3-b)quinoline-4(3H)-ones (Figure 1B), with
structural analogy to ellipticine, showed potent anti-leukemic activity in vitro and in vivo
[14].

Despite its structural similarity to many of the aforementioned anticancer molecules,
(ellipcitine, cryptoleptine), the pyrimido[1”,2”:1,5]pyrazolo[3,4-b]quinoline framework
(Figure 1B) is one of the least studied classes of tetracyclic condensed quinolines. The
presence of a planar polycyclic pharmacophore and its amenability to structural
manipulation makes this scaffold an ideal template for medicinal chemistry efforts targeting
cancer. Prompted by these findings and in continuation of our research on novel polycyclic
heterocycles with antitumor activity, we extended our interest to the pyrimido[1”,2™:
1,5]pyrazolo[3,4-b]quinoline system and synthesized a series of eight 2-methyl pyrimido[1”,
2":1,5]pyrazolo[3,4-b]quinoline derivatives (IND series), and evaluated their activity
against various cancer cells. The rationale for the choice of these eight compounds for
synthesis and anticancer activity evaluation is owing to their structural analogy with
ellipticine and cryptolepine and also based on the literature reports which suggest
attachment of hydroxyl [15], chloro [16] or dialkyl amino group either directly or through a
flexible alkyl amino side chain [17][18] to polycylcic heteroaromatic ring contributes to
cytotoxic activity of ellipcitine and cryptolepine.

The present report is the first on the synthesis and anticancer activity of pyrimido[1”,2”:
1,5]pyrazolo[3,4-b]quinolines. This work led to the discovery of 4-chloro-2-
methylpyrimido[1”,2”:1,5]pyrazolo[3,4-b]quinoline (IND-2), which has potent cytotoxic
and apoptosis-inducing properties in colon cancer cells.

2. Results and Discussion

2.1. Chemistry

The synthetic protocol followed to obtain 2-methylpyrimido[1”,2”:1,5]pyrazolo[3,4-
b]quinoline and its amino alkyl derivatives is depicted in Figure 2A. The synthesis of
starting material, 2-chloroquinoline-3-carbaldehyde (1), was accomplished from suitable
acetanilides via the Vilsmeier-Haack reaction, following a previously described procedure
[19]. 2-Chloroquinoline-3-carbaldehyde, on treatment with hydroxylamine hydrochloride in
aqueous ammonia in presence of cerric ammonium nitrate, furnished 2-chloroquinoline-3-
carbonitrile (2) [20], which, on reaction with hydrazine hydrate under reflux conditions,
afforded 1H-pyrazolo[3,4-b]quinolin-3-amine (3) [21]. 1H-Pyrazolo[3,4-b]quinolin-3-
amine, refluxed in ethanol with ethyl acetoacetate, underwent a cyclo-condensation reaction
to give 2-methylpyrimido[1”,2”:1,5]pyrazolo[3,4-b]quinoline-4(1H)-one (IND-1) [22]. This
was further halogenated with phosphorous oxychloride to give the key intermediate, 4-
chloro, 2-methyl pyrimido[1”,2”:1,5]pyrazolo[3,4-b]quinoline (IND-2), which, on reaction
with appropriate alkyl amines in ethanol, gave the corresponding amino-alkyl substituted 2-
methylpyrimido[1”,2":1,5]pyrazolo[3,4-b]quinaline derivatives (IND-3 to IND-8). Figure
2B shows the structures proposed for IND-1 to IND-8, consistent with IR, mass spectral,
and 1H-NMR spectral data.

Bioorg Med Chem. Author manuscript; available in PMC 2016 February 01.
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2.2. Biological Evaluation

2.2.1. Growth curves, cell cytotoxicity, and morphological analysis for IND-1
and IND-2 and their amino alkyl derivatives (IND-3 to IND-8)—IND-1 and IND-2
and their amino alkyl derivatives (IND-3 to IND-8) were evaluated for cytotoxic effects on
nine types of cancer cells, i.e., colon (HCT-116 and S1), prostate (PC3 and DU-145), breast
(MCF-7 and MDAMB-231), ovarian (ov2008and A2780), and hepatocellular carcinoma
(HepG2) and on three non-cancerous cells, including canine kidney (MDCK), mouse
embryonic fibroblast (NIH/3T3), and human embryonic kidney (HEK293) cell lines. The 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used. All
compounds were tested at concentrations ranging from 0.1 uM to 100 uM. The 50%
minimum inhibitory concentrations (ICsg) are summarized in Table 1.

IND-1 and IND-2 and their amino alkyl derivatives (IND-3 to IND-8) exhibited variable
degrees of growth inhibitory activity towards the nine human cancer cell lines and three
non-cancerous cell lines (Table 1). The lead compound, IND-1, showed only a modest
inhibitory activity (IC5¢> 40 uM) on the tested cells. Other compounds, with the exception
of IND-2,showed moderately more or less cytotoxic activity relative to IND-1. Of the
pyrimido [1”,2”:1,5]pyrazolo[3,4-b]quinolines with an amino alkyl side chain (IND-3 to
IND-8), IND-3, with a 4-(2-aminoethyldiethylamine) substitution, was most effective
against ovarian (ov2008, A2780) and breast (MDAMB-231) cancer cells, with ICgg values
ranging between 44-50 pM. A similar cytotoxic profile against colon cancer (HCT-116and
S1) and MDCK cells was observed for IND-6, which has a 4-(2-aminoethyldiethylamine)
substitution. Among the eight compounds studied, IND-2, with a chloro substitution on the
fourth position of the pyrimido[1,2:1,5]-pyrazolo[3,4-b]quinoline ring, showed selective and
potent growth inhibition against colon cancer cells. The 1Csq values of IND-2 against
HCT-116 and S1 cells were 0.6 UM and 0.8 uM, respectively. Prostate cancer cells (PC-3
and DU-145) were also inhibited by IND-2, with an 1Csq values ranging from 0.8 uM to 1.2
UM. Further, IND-2 showed moderate growth inhibitory activity (ICsg> 10 uM) against
breast (MCF-7 and MDAMB-231) cancer cells. Overall, these results established that the 4-
chloro substitution is significant to the anticancer activity of 2-methylpyrimido[1”,2”:
1,5]pyrazolo[3,4-b]quinolines and that compound IND-2 was a promising candidate for
further studies with colon cancer cells.

2.2.2. IND-2 exhibits selective and potent cytotoxic activity on various colon
cancer cells—The effects of compound IND-2 on colon carcinoma cells prompted us to
expand our studies to other types of colon cancer cells (HCT-15, HT-29, Lovo, LS-180, and
LS-174). All these were sensitive to IND-2 at concentrations ranging from ~0.6 to 1.0 pM
(Table 2, Figure 3A and 3B). Notably, IND-2 was 10-15 fold more selective for inhibition
of colon cancer cells relative to HEK293 cells (Figure 3A and 3B); 10-30 fold more
selective for other cancer cells (breast, ovarian, and hepatocellular carcinoma) (Table 1);
and 20-40 fold more selective relative to NIH/3T3 mouse fibroblast cells and MDCK cells
(Table 1). After 68 hrs of treatment of HCT-116, HCT-15, and HEK293 cells with 0, 0.5, 2,
or 10 uM IND-2,morphological changes, complementing the cytotoxicity data, were evident
in all the cells (Figure 3C shows representative images). In sum, the cytotoxic effect of
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IND-2 on colon cancer cells is particularly notable because of its selectivity and its ICxq
values of < 1 uM.

2.2.3. IND-2 does not activate pregnane X receptor (PXR), is not a substrate of
ABCBL1 or ABCG2 transporters, and is cytotoxic to chemoresistant colon
cancer cells—PXR is a ligand-dependent nuclear receptor involved in regulating the
expression of ATP-binding cassette (ABC) transporters, including ABCB1 (a.k.a. P-
glycoprotein) and ABCG2 (a.k.a. breast cancer resistance protein, BCRP) [23, 24].
Activation of PXR by xenobiotics leads to chemoresistance [24], a concern in drug
development and clinical therapy. The possible activation of PXR by IND-2 was examined
with HepG2 cell-based reporter gene assays. Although rifampicin (RIF), an agonist of
human PXR, induced PXR transactivation of CYP3A4 promoter activity, IND-2 at 1 or 10
UM did not affect PXR transactivation (Figure 4A), showing that IND-2 does not activate
PXR at concentrations cytotoxic to colon cancer cells and indicating that IND-2 does not
induce PXR-mediated drug resistance in cancer cells. Similar to RIF, IND-2 at 10 pM was
marginally cytotoxic, although IND-2 at 1 uM was non-cytotoxic (Figure 4B), showing that
the lack of effect of IND-2 on PXR was not due to cytotoxicity.

Multi-drug resistance (MDR) factors, such as ABCB1 and ABCG2 transporters, present
limitations for the development of anticancer agents [2]. These transporters are expressed in
a variety of solid and hematological malignancies, where they are involved in the efflux of
various therapeutic drugs, leading to MDR [25]. Ideally, drugs that are not substrates for
these transporters are preferred as anticancer agents. IND-2 was screened against ABCB1-
and ABCG2-overexpressing cells, and its effects were compared with positive controls
paclitaxel and mitoxantrone, respectively. There was no substantial resistance to IND-2 in
ABCB1- or ABCG2-overexpressing cells, as all the cells were sensitive at similar
concentrations of IND-2 (Figure 4C), indicating that IND-2 is not a substrate for ABCB1
and ABCG?2 transporters. These results support our PXR analysis (Figure 4A).

Additionally, the cytotoxic potential of IND-2 was evaluated for a G482 mutant ABCG2-
overexpressing, drug-resistant colon cancer cell line, S1-M1-80. S1-M1-80 cells showed
significant resistance (p < 0.001) to SN-38, an active metabolite of irinotecan and topotecan
(Figure 4D). IND-2, however, inhibited the resistant S1-M1-80 cells 3-5 fold more potently
(P < 0.001) than SN-38 and topotecan (Figure 4D). This could be because: a) IND-2 did not
interact with ABCG?2 transporters, was not effluxed by resistant S1-M1-80 cells, and
maintained its cytotoxic concentration, or b) IND-2 blocked the ABCG2 transporters and
IND-2 retained its cytotoxic potential in resistant S1-M1-80 cells. If the second reason is
true, may be beneficial in combination chemotherapy against colorectal and other tumors
with agents that are substrates of ABCG2 transporters. However, further mechanistic
experiments including ATPase, photo-affinity labeling assays, and combination
chemotherapy are necessary to confirm the interactions of IND-2 with ABCB1 and ABCG2
transporters.

2.2.4. IND-2 induces reduces mitochondrial membrane potential and causes
apoptosis and DNA fragmentation in colon cancer cells—Inappropriately
regulated apoptosis is implicated in cancer. Whereas, mitochondrial dysfunction is involved

Bioorg Med Chem. Author manuscript; available in PMC 2016 February 01.
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in signaling processes that initiate apoptotic events, loss of membrane asymmetry,
cytochrome c, and other apoptogenic factors released from mitochondria initiate apoptotic
cell death. In the process of apoptosis, phosphatidylserine (PS), otherwise located on the
cytoplasmic surface, is translocated from the inner to the outer leaflet of the plasma
membrane. The extracellular exposed PS has high affinity for binding to the human vascular
anticoagulant, annexin V, a 35-36 kDa, Ca%*-dependent, phospholipid-binding protein. This
principle is used to determine the binding of annexin V, labeled with a fluorophore or biotin,
to exposed PS on the outer leaflet and thereby to identify apoptotic cells [26].

Live cells, 63.11% of untreated HCT-116 cells with intact mitochondrial membranes, are
seen in quadrant I of Figure 5A. Of these cells, 27.56% had a loss in mitochondrial
membrane potential and had started the process of apoptosis. Treatment with IND-2, even at
1 uM, for 4 hr produced a significant loss (p<0.01) of membrane potential in 68.46% of the
cells, as seen in quadrant 11 of Figure 5A. At 10 uM, IND-2 treatment for 4 hr showed that
almost all the cells (98.36%) had no or low mitochondrial membrane potential and thus were
primed to undergo apoptosis (quadrant Il of Figure 5A). These data show that IND-2
produces concentration-dependent decreases in mitochondrial potential of HCT-116 colon
cancer cells, leading to apoptosis.

The extent of IND-2-induced DNA damage in HCT-116 colon cancer cells was assessed by
chromosomal DNA fragmentation. Treatment with 2.5 pM IND-2 for 6 hr led to
fragmentation of chromosomal DNA (Figure 5B). In contrast, chromosomal DNA of
untreated cells was intact. These results indicate that IND-2 induces DNA breakage at
multiple positions across chromosomal DNA, leading to apoptosis.

Summary: In summary, this work has led to the discovery of a lead 4-chloro-2-methyl
pyrimido[1”,2”:1,5]pyrazolo[3,4-b]quinoline (IND-2) with potent cytotoxic and apoptosis-
inducing properties for colon cancer cells, without being an activator of PXR or a substrate
for ABCB1 or ABCG2 transporters. Further mechanistic studies, including gene microarray
analyses, are being performed to elucidate the effects of IND-2 on colon cancer cells at the
genomic level. Further studies are underway in our laboratory to examine whether structural
modification at the benzo ring of quinoline moiety can result in more potent analogues of
IND-2 with potential therapeutic applications in colon cancer and the results of the study
will be communicated in due course. Pharmacokinetic-pharmacodynamic experiments,
including colon cancer xenografts will be conducted with animals to establish the selectivity
and cytotoxicity of most potent IND-2 like molecule for therapy of colorectal cancer.

4. Experimental section

4.1. Chemistry

All commercial chemicals and solvents were reagent grade and were used without further
treatment, unless otherwise noted. Melting points were determined in open glass capillaries
on a Veego digital melting point apparatus and were uncorrected. The infrared (IR) spectra
were recorded on a Schimadzu FT-IR 8400S IR spectrophotometer with an ATR

accessory. 'H-NMR spectra were recorded on a Bruker Avance |1 400 spectrometer with
chloroform-d or dimethy! sulfoxide (DMSO)-d6 as solvent and trimethylsilane as an internal

Bioorg Med Chem. Author manuscript; available in PMC 2016 February 01.
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standard. Mass spectral analyses were accomplished with an Applied BiosystemQtrap 3200
MS/MS system in ESI mode. Elemental analyses were performed with a VVario Micro cube
CHNS analyzer (Elementar, NJ, USA). Reactions were monitored by thin-layer
chromatography on pre-coated silica gel aluminum plates (Kieselgel 60, 254, E. Merck,
Germany); zones were detected visually under ultraviolet irradiation.

4.2. Synthesis of 2-methylpyrimido[1”,2”:1,5]pyrazolo[3,4-b]quinoline derivatives (IND-1 to

IND-8)

4.2.1. 2-Chloroquinoline-3-carbaldehyde (1)—Dimethyl formamide (9.6 mL, 0.125
mol) was cooled to 0°C in a flask equipped with a drying tube, and phosphoryl chloride
(32.2 mL, 0.35 mol) was added dropwise with stirring. To this solution, acetanilide (0.05
mol) was added, and, after 5 min, the solution was heated under reflux at 75 °C for 16.5 hr
in a temperature-controlled oil bath. After completion of the reaction, as indicated by TLC,
the solution was cooled to room temperature and poured into 100 mL of ice water. The
precipitate was collected by filtration and recrystallized from ethyl acetate to yield 2-
chloroquinoline-3-carbaldehyde as pale yellow crystals. 64 % yield. M.P. 148-150°C (L.it.
149°C) [19]; FT-IR (ATR) v (cm~1): 3044 (aromatic C-H), 2870 (aldehyde C-H),
1684(C=0), 1574(C=N), 760(C-Cl);*H-NMR (400 MHz, chloroform-d) § 10.57 (s, 1H),
8.77 (s, 1H), 8.08 (d, J = 8.5 Hz, 1H), 7.99 (d, J=8.1 Hz, 1H), 7.90 (t, J = 7.7 Hz, 1H), 7.66
(t, J=8.0 Hz, 1H); MS-API: [M+H]* 192 (calculated 191.01).

4.2.2. 2-chloroquinoline-3-carbonitrile (2)—A suspension of 2-chloroquinoline-3-
carbaldehyde (0.01 mol) in 30% aqueous ammonia (30 mL) was stirred for 5 min at room
temperature, resulting in formation of a turbid solution. To this, cerric ammonium nitrate
(0.01 mol) was added with constant stirring at 0°C. After completion of the reaction
(monitored by TLC, 10-15 min), the mixture was extracted with chloroform-ethyl acetate
(5:3), dried with anhydrous sodium sulfate, and concentrated under reduced pressure to give
a crude product, which was crystalized in ethanol to give pure 2-chloroquinoline-3-
carbonitrile as pale yellow crystals. Yield: 82 %. M.P. 162°-163°C (Lit. 162°C) [20]; FT-IR
(ATR) v (cm™1): 3059 (aromatic (C-H), 2232 (C N), 1580 (C=N), 750 (CCI); 1H NMR (400
MHz, chloroform-d) 6 8.63 — 8.51 (m, 1H), 8.07 (dd, J=8.4, 1.1 Hz, 1H), 7.98 — 7.83 (m,
2H), 7.69 (ddd, J=8.2, 6.9, 1.2 Hz, 1H); MS-API: [M+H]* 189 (calculated 188.01).

4.2.3. IH-Pyrazolo[3,4-b]quinolin-3-amine (3)—2-Chloroquinoline-3-carbonitrile 2
(1.88 g, 0.01 mol) was refluxed with hydrazine hydrate (25 mL) for 5 hr. The reaction
mixture was cooled, poured into water, and the resulting precipitate was filtered off and
crystallized from ethanol to give reddish orange crystals. Yield: 76%. M.P. >275°C (Lit.
>300°C) [21]; FT-IR (ATR) v (cm~1): 3377, 3298, 3179 (NH, NH,); 3049 (aromatic C-H),
1616 (C=N); 1H-NMR (DMSO-dg ,400 MHz): 8[27] 11.71 (s, 1H), 8.72 (s, 1H), 7.97 (d,
J=8.3 Hz, 1H), 7.82 (d, J=8.5 Hz, 1H), 7.66 (t, J=7.6 Hz, 1H), 7.34 (t, J=7.4 Hz, 1H), 5.89
(s, 2H); MS-API: [M+H]* 185 (calculated 184.07).

4.2.4. 2-Methylpyrimido[1”,2”:1,5]pyrazolo[3,4-b]quinoline-4(1H)-one (IND-1)—

A mixture of IH-pyrazolo[3,4-b]quinolin-3-amine (1.1 g, 0.006 mol), ethyl acetoacetate
(0.75 mL, 0.006 mol), and glacial acetic acid (15 mL) was refluxed for 5 hr. The solid

Bioorg Med Chem. Author manuscript; available in PMC 2016 February 01.
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product that formed after cooling was collected and recrystallized from dioxane as wine red
crystals of 4. Yield: 69%. M.P. > 275°C; FT-IR (ATR) v (cm™1): 3180 (NH), 3061
(aromatic C-H), 2845 (aliphatic C-H) 1693 (C=0), 1516(C=C);IH NMR (400 MHz, DMSO-
dg) 6 11.90 (s, 1H), 9.33 (s, 1H), 8.15 (d, J=7.9 Hz, 1H), 7.87 (t, J= 7.6 Hz, 1H), 7.74 (d, J
=8.5Hz, 1H), 7.44 (t, J= 7.4 Hz, 1H), 6.25 (s, 1H), 2.37 (s, 3H); MS-API (M+H)*251.0
(calculated 250.09). Calculated for C14H1gN4O; C, 67.19; H, 4.03; N, 22.39; Found: C,
67.23; H, 3.98; N, 22.42.

4.2.5. 4-Chloro-2-methyl pyrimido[1“,2”:1,5]pyrazolo[3,4-b]quinoline (IND-2)—
A solution of phosphorus oxychloride (10 mL, 0.107 mol) and 4 (1.25 g, 0.005 mol) was
heated under reflux for 1 hr. The reaction mixture was brought to room temperature, excess
reagent was removed in vacuo, and the residue was triturated with ice water. The chlorinated
product was extracted with dichloromethane. The organic layer was separated, dried over
anhydrous sodium sulfate, and filtered. The filtrate was concentrated and purified by column
chromatography (silica gel with ethyl acetate: petroleum ether, 2:3) to afford 5. Yield: 52%.
M.P. = 165-167°C; FT-IR (ATR) v (cm™1): 3057, 3011 (aromatic C-H), 2849 (aliphatic C-
H), 1618, 1587 (C=C, C=N), 754 (C-Cl);IH NMR (400 MHz, DMSO-dg) § 9.55 (s, 1H),
8.22 (d, J=8.5Hz, 1H), 8.09 (s, 1H), 8.03 (d, J=8.7 Hz, 1H), 7.82 (t, J= 7.6 Hz, 1H), 7.46
(t, J=7.2 Hz, 1H), 2.77 (s, 3H); MS-API (M+H)*269.0 (calculated 268.05). Calculated for
C14HoCINg; C, 62.52; H, 3.38; N, 20.92. Found: C, 62.64; H, 3.47; N, 21.01.

4.2.6. General procedure for synthesis of 4-amino alkyl 2-methylpyrimido[1,2 :
1,5]-pyrazolo[3,4-b]quinolines (IND-3 to IND-8)—Various alkyl amines (1.2 mmol)
and 5 (1 mmol) in absolute ethanol (5 mL) were refluxed for 2-6 hr. The ethanol was
removed by evaporation, and the crude products were purified by crystallization in a mixture
of ethyl acetate: petroleum ether (6:4).

4.2.6.1. N,N,2-Trimethyl benzopyrido[2’,3’:3,4]pyrazolo[1,5-a]pyrimidin-4-amine
(IND-3): Yield: 69%. M.P. 203-205°C; FT-IR (ATR) v (cm~1):3047 (aromatic C-H), 2849
(aliphatic C-H), 1633, 1597 (C=C, C=N); 1H-NMR (400 MHz, DMSO-dg) § 9.30 (s, 1H),
8.09 (d, J=8.2 Hz, 1H), 7.88 (d, J = 8.7 Hz, 1H), 7.71 (t, J= 7.2 Hz, 1H), 7.32 (t, J= 7.4
Hz, 1H), 6.90 (s, 1H), 3.46 (s, 6H), 2.62 (s, 3H); MS-API (M+H)*278.0 (Calculated
277.13). Calculated for C1gH15Ns5: C, 69.29; H, 5.45; N, 25.25. Found: C, 69.32; H, 5.44; N,
25.26.

4.2.6.2. 2-Methyl-4-(morpholin-4-yl)benzopyrido[2’,3’:3,4]pyrazolo[1,5a] pyrimidine
(IND-4): Yield: 65%. M.P. 264-267°C; FT-IR (ATR) v (cm™1): 3015 (aromatic C-H), 2900,
2860 (aliphatic C-H), 1628, 1587 (C=C, C=N), 1111(C-0-C);'H-NMR (400 MHz, DMSO-
dg) § 9.89 (s, 1H), 8.37 (d, J = 8.2 Hz, 1H), 8.16 — 7.96 (m, 2H), 7.64 (t, J = 7.3 Hz, 1H),
7.42 (s, 1H), 4.02 (t, J = 4.6 Hz, 4H), 3.85 (t, J = 4.6 Hz, 4H), 2.68 (s, 3H). MS-API (M
+H)*320.2 (calculated 319.14). Calculated for C1gH;7N50; C, 67.70; H, 5.37; N, 21.93;
Found: C, 67.68; H, 5.38; N, 21.92.

4.2.6.3. N,N-dimethyl-N’-(2-methylbenzopyrido[2’,3’:3,4]pyrazolo[1,5-a]pyrimidin-4-
yl)ethane-1,2-diamine (IND-5): Yield: 73%. M.P. 237-239°C; FT-IR (ATR) v (cm™2):

Bioorg Med Chem. Author manuscript; available in PMC 2016 February 01.
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3173 (NH), 2814 (Aliphatic C-H) 1636, 1582(C=C, C=N).!H-NMR (400 MHz, DMSO-dg)
8[27]19.29 (s, 1H), 8.69 (t, J=5.6 Hz, 1H), 8.08 (d, J=8.3 Hz, 1H), 7.88 (d, J=8.8 Hz, 1H),

7.69 (t, J=7.6 Hz, 1H), 7.31 (t, J=7.5 Hz, 1H), 6.87 (s, 1H), 3.65 (t, J=4.4 Hz, 4H), 2.61 (s,
3H), 2.28 (s, 6H);MS-API (M+H)*321.2 (Calculated 320.17). Calculated for C1gH,oNg; C,
67.48; H, 6.29; N, 26.23; Found: C, 67.47; H, 6.30; N, 26.22.

4.2.6.4. N,N-diethyl-N’-(2-methylbenzopyrido[2’,3’:3,4]pyrazolo[1,5-a]pyrimidin-4-
ylethane-1,2-diamine (IND-6): Yield 76%. M.P. 178-181°C;FT-IR (ATR) v (cm™1): 3192
(NH), 2803 (aliphatic C-H) 1633, 1576 (C=C, C=N); 1H-NMR (400 MHz, chloroform-d) &
[27] 9.12 (s, 1H), 8.10 (d, J=8.8 Hz, 1H), 7.97 (d, J=8.3 Hz, 1H), 7.74 (t, J=7.7 Hz, 1H),
7.36 (t, J=7.4 Hz, 1H), 6.60 (s, 1H), 3.91 (s, 2H), 3.49 (s, 2H), 3.08 (d, J = 8.6 Hz, 4H), 2.42
(s, 3H), 1.32 (t, J= 7.2 Hz, 6H); MS-API (M+H)*349.2 (Calculated 348.21). Calculated for
CooH24Ng; C, 68.94; H, 6.94; N, 24.12; Found: C, 68.89; H, 6.92; N, 24.18.

4.2.6.5. N,N-dimethyl-N’-(2-methylbenzopyrido[2’,3:3,4]pyrazolo[1,5-a]pyrimidin-4-
yl)propane-1,3-diamine (IND-7): Yield: 77%. M.P. 200-202°C; FT-IR (ATR) v (cm™1):
3237 (NH), 3047 (aromatic C-H) 2851, 2785 (aliphatic C-H) 1636, 1604 (C=C, C=N); 1H-
NMR (DMSO-dg ,400 MHz): § [27] 9.28 (s, 1H), 8.55 (t, J=5.5 Hz, 1H), 8.08 (d, J=8.3 Hz,
1H), 7.88 (d, J=8.8 Hz, 1H), 7.69 (t, J=7.5 Hz, 1H), 7.31 (t, J=7.3 Hz, 1H), 6.87 (s, 1H),
3.51 - 3.56 (m, 2H), 2.61 (s, 3H), 2.33 (t, J=6.5 Hz, 2H), 2.16 (s, 6H), 1.82 (t, J=6.8 Hz,
2H);MS-API (M+H)*335.2 (calculated 334.19). Calculated for C1gH»,Ng; C, 68.24; H,
6.63; N, 25.13; Found: C, 67.98; H, 6.72; N, 25.08.

4.2.6.6. N,N-diethyl-N’-(2-methylbenzopyrido[2’,3’:3,4]pyrazolo[1,5-a]pyrimidin-4-
yl)propane-1,3-diamine (IND-8): Yield: 81%. M.P. 184-186°C; FT-IR (ATR) v (cm™):
3154 (NH), 3046 (aromatic C-H), 2920, 2810 (aliphatic C-H) 1635, 1580 (C=C, C=N); 1H
NMR (DMSO-dg ,400MHz): § [27] 9.28 (s, 1H), 8.68 (br. s., 1H), 8.08 (d, J=8.3 Hz, 1H),
7.88 (d, J=8.8 Hz, 1H), 7.69 (t, J=7.6 Hz, 1H), 7.31 (t, J=7.4 Hz, 1H), 6.83 (s, 1H), 3.53 (q,
J=6.0 Hz, 2H), 2.61 (s, 3H), 2.41 - 2.50 (m, 6H), 1.81 (quin, J=6.5 Hz, 2H), 0.97 (t, J=7.1
Hz, 6H);MS-API (M+H)*363.2 (calculated 362.22). Calculated for C51H,gNg; C, 69.58; H,
7.23; N, 23.19; Found: C, 69.46; H, 7.12; N, 23.31.

DMEM media, 0.25% trypsin, propidium iodide, paclitaxel, buffers, and reagents were
purchased from VWR (VWR International Inc., Suwanee, GA). MitoTracker Red and Alexa
Fluor 488 annexin V Kits for flow cytometry were purchased from Life Sciences (Molecular
Probes Inc., Invitrogen, Eugene, OR). DMSO and RIF were purchased from Sigma (St.
Louis, MO). pcDNA3-hPXR and pGL3-CYP3A4-luc plasmids were as previously described
[23, 28].

4.3.1. Cell culture—Colon carcinoma cell lines, HCT-116, HCT-15, HT-29, Lovo,
LS-180, LS-174, S1 (a clone of LS174T cells), and S1-M1-80 (resistant); and prostatic
cancer cell lines, DU-145 and PC-3; breast carcinoma cells, MDA-MB-231 and MCF-7;
ovarian cancer cells, ov2008 and A2780; canine kidney MDCK cells; mouse fibroblast
NIH/3T3 cells; human liver cells HepG2; human embryonic kidney cells, HEK293/
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pcDNAS3.1 (control, non-cancerous cells transfected with empty vector); HEK293/ABCB1
(a P-glycoprotein overexpressing cell line); and HEK293/R2 (ABCG2-overexpressing cells)
were grown as adherent monolayers in flasks with Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) in a humidified incubator
containing 5% CO, at 37°C. A G482 mutant ABCG2-overexpressing, drug-resistant colon
cancer cell line, S1-M1-80, was maintained in medium with 80 M mitoxantrone [29]. The
assay media for PXR transactivation assays included phenol red-free DMEM (Lonza)
supplemented with 5% charcoal/dextran-treated FBS (HyClone) and the other additives.
MDR cell lines HEK293/R2, HEK293/ABCB1, and S1-M1-80 were obtained from Dr. Gary
Kruh at the University of Chicago, Illinois.

4.3.2. PXR transactivation assay—HepG2 cells were transfected with pcDNA3-hPXR
and CYP3A4-luc plasmids using FUGENE 6 (Promega). After 24 hr of transfection in
growth media, 10,000 cells were plated into wells of 96-well culture plates (PerkinElmer),
and treated with DMSO, RIF, or IND-2 for an additional 24 hr. At 48 hr after transfection, a
luciferase assay was performed to measure luminescence using the Neolite Reporter Gene
Assay System (PerkinElmer) and a FLUOstar Optima microplate reader (BMG Labtech).
Normalized CYP3A4 promoter activity was expressed as fold induction over the DMSO
control. Cell viability was measured in parallel by CellTiter-Glo luminescent assays
(Promega), which determine the number of metabolically active cells by quantifying the
ATP present. Luminescence was measured with a FLUOstar Optima plate reader (BMG
Labtech).

4. 3.3. Cell cytotoxicity as determined by MTT assays and morphological
analysis—The MTT assay [30] was used to determine cytotoxicity of the compounds to
the following cells; HCT-116, HCT-15, HT-29, LS-180, LS-174, Lovo, S1, DU-145, PC-3,
MDA-MB-231, MCF-7, MDCK, mouse fibroblast NIH/3T3, human primary embryonic
kidney HEK293/pcDNAZ3.1 (control, non-cancerous, transfected with empty vector),
HEK?293/R2, and HEK293/ABCBL. Briefly, the cells were harvested with trypsin and
suspended at a final concentration of 5x103cells/well (HCT-116, HCT-15, HT-29, DU-145,
PC-3, HEK293/pcDNA3.1, HEK293/R2 and HEK293/ABCB1) or 6x103 cells/well
(MCF-7, MDCK, NIH/3T3, LS-180, LS-174, Lovo, S1, and MDA-MB-231). Cells were
seeded (180 uL/well) into 96-well multiplates. Different concentrations of
pyrimido[1,2:1,5]-pyrazolo[3,4-b]quinolines (20 pL/well) were added. After 72 hr of
incubation, 20 pL of MTT solution (4 mg/mL) was added to each well, and the plates were
incubated for a further 4 hr, allowing viable cells to convert the yellow-colored MTT into
dark-blue formazan crystals. Subsequently, the medium was discarded, and 100 pL of
DMSO was added into each well to dissolve the formazan crystals. The absorbance was
determined at 570 nm with an OPSYS microplate Reader (DYNEX Technologies, Inc.,
Chantilly, VA, USA). The means + SD concentrations were calculated from at least three
experiments performed in triplicate. The ICsq values were calculated from survival curves
using the Bliss method.
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At 68 hr, cells, with or without treatment, were photographed by use of an inverted
microscope (Olympus, BX53F) with fluorescent lamps and digital cameras. The data were
acquired and analyzed by CellSens software.

4.3.4. Mitochondrial membrane potential and DNA fragmentation analysis—
Mitochondrial membrane potential and apoptosis were measured for colon cancer HCT-116
cells using MitoTracker Red and Alexa Fluor 488 annexin V kits for flow cytometry
(Molecular Probes Inc., Invitrogen, Eugene, OR). Briefly, apoptosis was induced by
exposing HCT-116 cells (seeded in 6 well-plates) with or without IND-2 at 1 or 10 pM
concentrations for 4 hr. Equal amounts of cells were harvested, and, to each mL of cells, 4
pL of 10 uM MitoTracker Red working solution was added. Cells were stained for 30 min at
37 °C in an atmosphere of 5% CO,. The cells were washed with PBS and suspended in 100
pL of 1X annexin-binding buffer, to which 5 uL of Alexa Fluor 488 annexin V was added.
Cells were incubated for an additional 15 min, after which 400 pL of 1X annexin-binding
buffer was added. The stained cells were counted by flow cytometry, measuring the
fluorescence emission at 530 nm and 585 nm (BD FACSCalibur Flow Cytometer using
FlowJo FACS data analysis software).

A characteristic feature of apoptosis is induction of oligonucleosomal DNA fragmentation
by cytotoxic compounds, which activate nucleases that degrade the higher-order chromatin
structure of DNA into mono- and oligonucleosomal DNA fragments [31]. To establish the
mode of action of IND-2 in colon cancer cytotoxicity, a DNA fragmentation assay was
performed. Apoptotic degradation of DNA was analyzed by agarose gel electrophoresis.
Briefly, HCT-116 cells were cultured in the presence or absence of IND-2 (2.5 uM) for 6 hr.
Genomic DNA was extracted from the cells by use of Promega Wizard Genomic DNA
purification kits (Promega Corporation, Madison, WI) and resolved on 1% agarose gels at
40 V for 4 hr. DNA was visualized by ethidium bromide staining and photographed.

4. 3.4. Statistics—Unless otherwise indicated, all experiments were repeated at least three
times, and differences were determined by Student's t-test (GraphPad Prism version 5.04).
Results were presented as means + standard deviations (SD). Statistical significance was
determined at P < 0.05.
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(A) Synthetic scheme for alkyl amino-substituted, 2-methylpyrimido[1”,2”:
1,5]pyrazolo[3,4-b]quinoline derivatives. (B) Synthetically derived IND series analogues
with a 2-methylpyrimido[1”,2”:1,5]pyrazolo[3,4-b]quinoline ring.
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Figure 3.

Cytotoxic effects of IND-2 are shown as (A) survival of colon cancer cells S1, HCT-116,
HCT-15, HT-29, Lovo, and LS-180 compared to that of human embryonic kidney cells,
HEK?293/pcDNA3.1, and (B) ICgq values of IND-2 for colon cancer cells S1, HCT-116,
HCT-15, HT-29, Lovo, and LS-180 relative to human embryonic kidney cells (HEK293/
pcDNA3.1). Cell survival was determined by the MTT assay. ICsq values are represented as
means + SD of three independent experiments performed in triplicate. Statistically, *, P <
0.05; **,P < 0.01, colon cancer cells versus the HEK293/pcDNA3.1. (C) Morphological
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analysis of the cytotoxic effects of IND-2 (0, 0.5, 2 and 10 [.proportional]M) on colon
cancer cells, HCT-116 and HCT-15; prostate cancer cells, DU-145; and human embryonic
kidney cells HEK293, exposed for 68 hr, was made by microscopy at 20X. The cells were
photographed for each triplicate treatment with an inverted microscope (Olympus, BX53F)
with fluorescent lamps and digital cameras. A representative figure is shown for each
treatment. The data were acquired and analyzed with CellSens software.
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Figure 4. IND-2 does not induce human PXR transactivation of CYP3A4 promoter activity
(A) CYP3A4 prompter activity was determined in HepG2 cells after transient cotransfection

with pGL3-CYP3A4-luc reporter and pcDNA3-hPXR plasmids for 24 hr, followed by
treatment with DMSO, RIF, or IND-2 for an additional 24 hr. The induction of CYP3A4
promoter activity was normalized as fold increase over the DMSO control. Data represent
means + SD from three independent experiments. Statistical significance (*, p < 0.05) was
determined with Student's t test by comparing the effects of RIF or IND-2 with DMSO. (B)
Effect of IND-2 on HepG2 cell viability. During the PXR transactivation studies, viability of
HepG2 cells was determined simultaneously in parallel experiments with the CellTiter-Glo
luminescent cell viability assay kit and the data are expressed as luminescence units. Data
represent the means + SD of triplicate determinations. Statistical significance (*, p < 0.05)
was determined with Student's t test by comparing the effects of RIF or IND-2 with DMSO.
(C) Effect of IND-2 on the survival of cells overexpressing ABCB1 or ABCG2. [32] Effects
of IND-2, topotecan, and SN-38 on S1 and S1-M1-80 cells. MTT cytotoxicity assays were
used to measure survival of HEK293/pcDNA3.1, HEK293/R2, HEK293/ABCB1, S1, and
S1-M1-80 cells. Data points represent the means + SD of triplicate determinations.
Representative results from three independent experiments, each performed in triplicate, are
shown.
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Figure 5. Effects of IND-2 on mitochondrial membrane potential and DNA fragmentation
(A). HCT-116 cells in complete medium were exposed to IND-2 (0, 1, or 10

[.proportional]M) for 4 hr. Cells were then treated with the reagents of the MitoTracker Red
and Alexa Fluor 488 annexin V kits for flow cytometry. Representative results from two
independent experiments, each performed in triplicate, are shown. (B) IND-2 induced DNA
damage in HCT-116 cells. Chromosomal DNA was extracted from HCT-116 cells and
resolved on a 1% agarose gel at 40 V for 6 hr. Lane 1: ‘M’, Marker; Lanes 2-3: untreated
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HCT cells, 500 ng and 1 g, respectively; Lanes 4-5: HCT cells incubated with IND-2 (2.5
uM) for 6 hr.
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Activity of 2-methylpyrimido[1”,2”:1,5]pyrazolo[3,4-b]quinoline derivatives against various cell lines

(cancerous and non-cancerous).

Table 1

1C50 + SD, uM
IND series  HCT-116 S1 PC3 DU-145 0v2008 A2780
Colon Prostate Ovarian

IND-1 62.6+125 63.6+235 465%6.9 638+79 88.6+104 743+124

IND-2 06+ 0.1** 08+ 0.1** 09+ 0.2** 12+ 0.3** 174+21 116+14

IND-3 53.6+11.7 583+74 888+7.1 286+111 479+39 499+72

IND-4 88.9+123 674%95 78.3+4.2 786+49 +100£NA 100+ NA

IND-5 65.8 + 2.6 69.8 +3.7 79.8+6.2 59.9+57 +100+£NA 100+ NA

IND-6 458+50 446+118 625+97 43+54 781+152 87.5+95

IND-7 716+NA 83474 605+121 673+7.4 87.6+59 658+124

IND-8 57.3+158 537+178 785+52 56.2+191 653%82 55.7+6.4

NORMAL CELLS
IND series HepG2 MCF-7 MDAMB-231 MDCK NIH/3T3 HEK 293/pcDNA.3.1
Liver Breast Canine kidney  Mouse fibroblast Embryonic kidney

IND-1 80.5+126 88.7=x121 76.9+10.1 +100 £ NA 98.4+95 69.6 + 23.8
IND-2 9.7+24 74+6.2 9.7+5.0 19.7+23 23.6+4.2 7813
IND-3 679+104 79.6+128 448+8.7 89.9+10.4 87.0+12.3 46.1+£6.9
IND-4 +100 £ NA 98.4+12.6 88.2+10.5 +100 £ NA +100 £ NA 67.2+7.9
IND-5 +100£NA 706+ 117 48.7+16.7 +100 = NA +100 £ NA 93.4+9.9
IND-6 67.4+105 535+6.3 58.8+13.1 41.6 +26.6 48.2 £20.0 67.4+10.5
IND-7 73.2+7.2 100+ NA 76.1+12.6 87.0+225 +100 £ NA 39.9+ 145
IND-8 89.9+9.6 67.6 +8.8 34.6 +13.7 775+938 +100 £ NA 41.8+54
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Cell survival assay was determined by the MTT assay. IC5( values are represented as means + SD of three independent experiments performed in
triplicate. A mean IC5Q value of 100 pM was the cut off. NA, not assessed.

*P <0.05

* %

P < 0.01, versus the control group (Student's t-test).
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Table 2

ICsq values for IND-2 inhibition of various colon cancer cell lines

Colon cancer cells  ICsy + SD3 nM

IND-2

HCT-15 670.6 +48.9
HCT-116 634.5+120.1
HT-29 790.8 + 103.5
LS-180 1023.5 + 230.6

LS-174 874.6 £89.7
S1 798.3+137.4
Lovo 993.8 + 142.6

Cell survival was determined by the MTT assay. The values represent the means + SD of at least three independent experiments performed in
triplicate.
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