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Abstract

The high mortality rate and lack of effective therapies make lung cancer an ideal target for novel
therapeutic agents. The present study was designed to implement a novel chemical synthesis
pathway and to determine the biological activities of synthetic makaluvamine analogs in human
lung cancer. Seventeen compounds were synthesized and purified, and their chemical structures
were elucidated on the basis of physicochemical constants and NMR spectra. Their /n vitro
activity was determined in human lung cancer cell lines. Based on initial screens, compound Ic
was found to be the most potent, and was therefore used as a model for further studies in lung
cancer cells. Ic induced both apoptosis and S-phase cell cycle arrest. Furthermore, it activated p53
and induced cleavage of PARP and caspases 8 and 9. Our preclinical data indicate that the
makaluvamine analogs are potential therapeutic agents against lung cancer, providing a basis for
further development of Ic (and perhaps other analogs) as a novel anti-cancer agent.
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INTRODUCTION

Cancer, particularly lung cancer, poses a major health problem worldwide. Although
significant progress has been seen with early detection, treatment, and prevention of

"Address correspondence to these authors at the University of Alabama at Birmingham, Department of Pharmacology and Toxicology,
1670 University Blvd, 113 Volker Hall, Birmingham, AL 35294, USA; Tel: (205)-934-8558; Fax: (205)-975-9330;
ruiwen.zhang@ccc.uab.edu, University of Alabama at Birmingham, Department of Chemistry, 280 Chemistry Building, Birmingham,
AL 35294, USA, Tel: (205)-75-4578; Fax; (205)-934-2543; svelu@uab.edu.

These authors contributed equally to this project.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nadkarni et al.

Page 2

recurrence, new therapies are urgently needed in order to improve the clinical outcome for
cancer patients. Natural products from marine animals and their derivatives have proven to
be a rich source of novel, medicinally valuable compounds [1, 2—4]. The toxic substances
produced by marine invertebrates such as sponges, bryozoans, tunicates and ascidians, assist
the organisms in the deterrence of predators and the paralysis of prey [5]. As such, marine
natural products exhibit potent biological activities.

Marine sponges of the genera Latrunculia, Batzella, Prianosand Zyzzya are a rich source of
alkaloids bearing a pyrrolo[4,3,2-dé]quinoline skeleton [6, 7]. This series of alkaloids,
comprised of approximately 60 metabolites, including makaluvamines [8-13], exhibit
numerous biological activities [8, 11] and exert cytotoxicity against numerous tumor cell
lines [11, 14, 15]. Many also have anti-fungal [8] or antimicrobial activity [16]. A number of
excellent reviews have highlighted the chemistry and bioactivity of this class of compounds
[6, 17-19], prompting us to investigate the potential role of chemically synthesized
derivatives of marine alkaloids as novel anti-cancer agents.

We recently synthesized a number of makaluvamine analogs and evaluated their anti-cancer
activity against several human cancer cell lines [20, 21]. This manuscript describes the
synthesis of two additional groups of analogs, the first group (Fig. (1)) contains a p-
toluenesulfony! (tosyl) group on the pyrrole ring N, while the second group (Fig. (2))
contains a free pyrrole N atom. Both groups contain substituents at the 6-position of the
pyrroloiminoquinone ring of makaluvamines. Herein, we provide a comparison of the
biological activity of these new analogs in human lung cancer cell lines.

MATERIALS AND METHODS

Synthesis and Characterization of the Compounds

Reagents and Instrumentation—Anhydrous solvents used for reactions were purchased
from Aldrich Chemical Company, and solvent evaporations were carried out /n7 vacuo using
a rotary evaporator. Thin layer chromatography (TLC) was performed on silica gel plates
with a fluorescent indicator (Whatmann, silica gel, UV254, 25 um plates). Spots were
visualized by UV light (254 and 365nm) and purification by column and flash
chromatography was carried out using BAKER silica gel (40um) in the solvent systems
indicated. Proton nuclear magnetic resonance 1H-NMR) and carbon nuclear magnetic
resonance (}3C-NMR) spectra were recorded on a Brucker DPX-300 spectrometer using
tetramethylsilane (TMS) as an internal standard. Mass spectra results were recorded on the
Micromass Platform LCC instrument. Chemical shift values (8) are reported as parts per
million (ppm) and coupling constants (J) as hertz (Hz).

Amination of the Pyrroloiminoquinone Derivative, la—A schematic of the
procedure for synthesizing the compounds appears in Fig. (3). To generate the compounds in
Group I, a solution of amine (7) in anhydrous MeOH was added drop-wise to a solution of
the pyrroloiminoquinone derivative, la, over a 15 min period. The resulting solution was
stirred at room temperature for 18 hr. Upon completion of the reaction, the mixture was
cooled to 0°C and quenched by addition of trifluoroacetic acid (TFA). The crude product
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was obtained by removal of the solvent solution under reduced pressure and purified by
column chromatography over silica gel using MeOH/CHCls.

Detosylation—In order to generate detosylated compounds (for Group 1), sodium
methoxide was added to a MeOH solution of A-tosyl makaluvamine derivatives (Group 1)
and stirred at room temperature for 4-6 hr. The resulting solution was quenched at 0°C with
TFA. The solvent was completely removed under reduced pressure and the resulting residue
was co-evaporated with CHC13 to remove traces of TFA. The remaining crude compound
was purified by chromatography over a column of silica gel (20x2cm) using MeOH/CHCls.

Biological Experiments

Reagents—All chemicals and solvents used were of the highest analytical grade available.
Cell culture media, phosphate-buffered saline (PBS), fetal bovine serum (FBS), sodium
pyruvate, non-essential amino acids, penicillin-streptomycin, and other cell culture supplies
were obtained from the Comprehensive Cancer Center Media Preparation Shared Facility,
University of Alabama at Birmingham (Birmingham, AL). The antihuman p53 (Ab-6)
antibody was acquired from EMD Chemicals, Inc (Gibbstown, NJ). The anti-human MDM2
(SMP14) and PARP (H-250) antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA), and the caspase-8 (9746) and caspase-9 (9502) antibodies were
purchased from Cell Signaling Technology, Inc (Danvers, MA).

Cell Culture—Human cancer cells and normal lung epithelial cells (BEAS-2B) were
obtained from the American Type Culture Collection (Rockville, MD) and cultured
according to their instructions. The human primary fibroblast cell line IMR90-EEA
(IMR90), which was cultured in DMEM, was a gift from Dr. S. Lee (Harvard University,
Boston, MA). All culture media contained 10% fetal bovine serum and 1% penicillin-
streptomycin. A549 cells were grown in Ham’s F12K medium supplemented with 2 mM L-
glutamine and 1.5g/L sodium bicarbonate.

Cell Survival Assay—The effects of test compounds on human cancer cell growth,
expressed as the percentage of cell survival, were determined using the MTT assay [22, 23].
In brief, the cells were grown in 96-well plates at 4-5x103 cells per well and exposed to the
test compounds (0, 0.1, 0.5, 1, or 2.5uM) for 72 hr. After incubation with the compounds,
10uL of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) solution
(5mg/mL; Sigma; St. Louis, MO) were added to each well. The plates were incubated for 2—
4 hr at 37°C. The supernatant was then removed, and the formazan crystals were dissolved
in 100uL of DMSO. The absorbance at 570nm was recorded using an OPTImax microplate
reader (Molecular Devices; Sunnyvale, CA). The cell survival percentages were calculated
by dividing the mean OD of compound-containing wells by that of DMSO-treated control
wells. Three separate experiments were accomplished to determine the ICxp.

Cell Cycle Measurements—To determine the effects of the compound on the cell cycle,
cells (2-3x10°/well) were exposed to the test compound (0, 0.1, 0.5 or 0.75uM) and
incubated for 24 hr prior to analysis. Cells were then trypsinized, washed with PBS, and
fixed in 1.5mL of 95% ethanol at 4°C overnight, followed by incubation with RNAse and
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staining with propidium iodide (Sigma). The DNA content was determined by flow
cytometry.

Detection of Apoptosis—<Cells in early and late stages of apoptosis were detected using
an Annexin V-FITC apoptosis detection kit from Bio-Vision (Mountain View, CA) [22, 23].
In apoptosis experiments, 2-3x10° cells were exposed to the test compound (0, 0.1, 0.5 or
0.75uM) and incubated for 24 hr prior to analysis. Cells were collected and washed with
serum-free media, then re-suspended in 500uL, of Annexin V binding buffer followed by
addition of 5pL, of Annexin V-FITC and 5uL, of propidium iodide (PI). The samples were
incubated in the dark for 5 min at room temperature and analyzed with a Becton Dickinson
FACSCalibur instrument (Ex=488 nm; Em=530 nm). Cells that were positive for Annexin V-
FITC alone (early apoptosis) and Annexin V-FITC and PI (late apoptosis) were counted.

Western Blot Analysis—The protein expression levels were assessed following exposure
of cells to various concentrations of the compounds for 24 hr [22, 23]. Whole cell lysates
were fractionated with identical amounts of protein by SDS-PAGE and transferred to Bio-
Rad trans-Blot nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA). The
nitrocellulose membrane was incubated in blocking buffer (Tris-buffered saline containing
0.1% Tween 20 and 5% nonfat milk) for 1 hr at room temperature. Then the membrane was
incubated with the appropriate primary antibody overnight at 4°C or 2 hr at room
temperature with gentle shaking. The membrane was washed three times with rinsing buffer
(Tris-buffered saline containing 0.1% Tween 20) for 15 min, then incubated with goat anti-
mouse/rabbit 1gG-horseradish peroxidase-conjugated antibody (Bio-Rad) for 1 hr at room
temperature. After repeating the washes in triplicate, the protein of interest was detected by
enhanced chemiluminescence reagents from PerkinElmer LAS, Inc (Boston, MA).

Synthesis and Characterization of the Compounds

All of the test compounds were synthesized in two steps starting from the tricyclic
pyrroloiminoquinone compound, la (see Fig. (3)). This compound was prepared following
the 4,6,7-trimethoxyindole approach described previously [24]. Treatment of la with a
solution of amine (7) in anhydrous methanol at room temperature provided the tosylated
members of the first group of analogs, Ib-g (Fig. (1)) in 30-51% yields. Compounds lla-j
(Fig. (2)) were prepared by treatment of appropriately substituted group | compounds with
NaOMe in MeOH, which resulted in 48-62% yields of the detosylated compounds. All final
products were completely characterized, and purity was confirmed by H-NMR, 13C-NMR,
and MS spectroscopy (Table 1).

Initial Screening for Growth Inhibition in Cancer Cells

Seventeen compounds were tested for their /n vitro anticancer activity using the MTT assay.
Three human lung cancer cell lines were cultured with test compounds la-g and Ila-j at
concentrations ranging from 0.01uM to 2.5uM for 72 hr, then cell viability was determined.
The inhibitory effects of these compounds on cell growth are illustrated in Table 2. Most of
the analogs in both series showed impressive activity against all three of the tested cell lines.
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However, la, which was used as a control for the core structure of these compounds, did not
show any major activity. This finding indicates that the amino N atom at the 6-position of
the pyrroloiminoquinone ring enhances the activity of the makaluvamine analogs.

The analog that showed the greatest activity was the N-tosyl chlorobenzyl analog, Ic (Mean
ICs0 0.72uM). Among the compounds that contained a N atom at the 6-position of the ring,
the least active analogs were the hydroxyphenethyl analog, 1lg, and the structurally similar
2,6-dibromohydroxy-phenethyl analog, 11j (Mean 1C5¢> 10uM). Similar effects of the
compounds were also observed in human MCF-7 breast cancer cells (data not shown). The
presence of the N-tosyl group did not seem to affect the activity of the compounds because
analogs from both Groups I (Ib-g) and I1 (Ila-j) were active against the tested cell lines.
Since Ic consistently exhibited potent activity against the lung cancer cells, we compared the
effects of Ic and la on the survival of lung cancer (A549 and HI299) cell lines and normal
(non-malignant) (IMR90 and BEAS-2B) cells, and found that there was a dose-dependent
decrease in cell growth following Ic exposure in all of the cells, while la had minimal effects

(Fig. (3)).

Examination of the Effects of the Compounds on the Cell Cycle

To determine whether the decrease in growth was due to changes in the cell cycle, we
investigated whether Ic could induce cell cycle arrest. As shown in Fig. (4A), Ic induced
considerable S-phase arrest in A549 cells, but exerted a lesser effect on H1299 cells. As
expected, la did not exert any appreciable effect on cell cycle progression (Fig. (4B)). To
determine whether the effect of Ic was specific for cancer cells, we also examined whether
the compound altered cell cycle progression in the “normal” cells. As shown in Fig. (4C), Ic
induced modest cell cycle arrest in both cells lines, with IMR90 exhibiting a slight increase
in S phase cells, and the BEAS-2B cells showing an increase in cells in G2/M. Because
Ab549, IMR90 and BEAS-2B cells express wild-type p53, while H1299 cells do not express
the protein [25], this indicates that p53 may play a role in Ic-induced cell cycle arrest.

Induction of Apoptosis in Human Cancer Cells

Because the growth inhibition of H1299 cells appeared to be independent of the cell cycle,
we examined whether Ic also could induce apoptosis. As illustrated in Fig. (5A), Ic induced
apoptosis in a dose-dependent manner in both A549 (p53 wild-type) and HI299 (p53 null)
cell lines, indicating that Ic can induce apoptosis, regardless of the p53 status of the cells. On
the other hand, la did not increase apoptosis in either cell line (Fig. (5B)). The normal cells
also exhibited an increase in apoptosis following exposure to Ic, although to a lesser extent
than the lung cancer cells (Fig. (5C)).

Alterations in the Expression of Proteins Related to Apoptosis

We next investigated the possible mechanism(s) responsible for the pro-apoptotic activity of
Ic by evaluating their effects on the expression level of various proteins involved in
apoptosis. Ic activated p53 (in A549 cells), down-regulated MDM2, and increased cleavage
of PARP and caspases 8 and 9 (Fig. (6)).
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DISCUSSION

Marine natural products have attracted the attention of scientists from many disciplines,
including organic chemistry, medicinal chemistry, pharmacology, and biology. As a result of
improvements in deep-sea sample collection and large-scale drug production through
aquaculture, the number of biologically active alkaloids isolated from marine sources has
increased significantly [26]. There are approximately a dozen marine alkaloids currently
undergoing various phases of human clinical trials for the treatment of multiple cancers
[27,28].

The majority of bioactive marine alkaloids have been isolated from marine sponges [29] and
exhibit numerous therapeutic properties including anti-inflammatory, antitumor,
immunosuppressive, antiviral, anti-malarial and antibiotic characteristics [8, 11, 16].
Unfortunately, a number of these alkaloids are only available in minute quantities, thus
precluding their use in biological investigations. Despite improvements in aquaculture,
laboratory synthesis of these compounds and their analogs is the only practical way to obtain
these compounds in larger quantities.

We recently developed novel methods that allowed us to synthesize several analogs of
makaluvamines, a subclass of marine alkaloids. In addition to developing the compounds,
we also accomplished initial evaluations of their activity against several human cancer cell
lines [20, 21]. Further studies with the most active of these compounds are currently
underway. However, during our studies, we observed that the pyrroloiminoquinone moiety
of makaluvamines is crucial for their activity; therefore, no major changes can be made to
the tricyclic ring system. Since further modifications may be needed to enhance the efficacy
or “drug-like” properties of these compounds, we thought it necessary to generate
compounds that could undergo more extensive modifications. Two areas of the
makaluvamine molecule are amenable to modifications: 1) the 6-position of the
pyrroloiminoquinone ring, and 2) the pyrrole N atom. Therefore, as a continuing effort to
generate new potential therapeutics, we synthesized two classes of compounds by modifying
each of these areas. As many pyrroloiminoquinone alkaloids with proven anti-cancer
activities have substitutions at the 6-position of the ring, we decided to explore simple
substitutions with increased steric bulk, hydrophaobicity, and hydrophilicity at this position
on the pyrroloiminoquinone ring. To our knowledge, the anti-cancer activities of N-
tosylpyrroloiminoquinones have never been explored, thus making this report the first of its
kind. Moreover, this study represents the first attempt to evaluate the anti-cancer activities of
these synthetic makaluvamine analogs, and the first demonstration that their biological
activities are related to specific modifications of the core structure.

The results of our study indicate that the presence of a N atom at the 6-position of
pyrroloiminoquinone is crucial for the anti-cancer activity of the makaluvamine analogs.
Although the most active analog identified from these studies was a N-tosyl analog (Ic), in
most cases, N-tosyl substitution did not significantly alter compound activity. Analogs with
OH substituents on the side chain phenyl ring were the least active against lung cancer.
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The present investigations demonstrated at least four major points: 1) The anti-cancer
activity of the makaluvamine derivatives is dose—, structure—, and cell type—dependent; 2)
Induction of apoptosis is the major mechanism by which Ic exerts its cytotoxicity, although
cell cycle arrest and effects on proliferation may also be involved; 3) Ic regulates the
expression of cell cycle- and apoptosis-related proteins; and 4) The anti-cancer activity of
compound Ic appears to occur via both p53—dependent and —independent pathways, as the
viability of both A549 (p53 wt) and H1299 (p53 null) cells were affected by the compound.

It is generally believed that p53 activation is one of the major mechanisms of action for
many DNA damaging agents, including irradiation and numerous chemotherapeutic agents.
However, approximately 50% of all human malignancies lack functional p53 [30], rendering
them un-responsive to these DNA-damaging therapies. As all of the human cell lines tested
in the present study were responsive to the synthetic marine alkaloids, and were particularly
sensitive to Ic, we hypothesize that these compounds may prove to be efficacious against a
broad spectrum of human cancers, including those lacking functional p53. Moreover, we
observed that there was a decrease in MDM2 in both cell lines. Since decreasing MDM2 has
been shown to result in anticancer effects (decreased proliferation, increased apoptosis and
decreased cell viability) independent of the p53 status of the cells or tumors [31], it is
possible that Ic exerts its effects at least partially through MDMZ2. Additional molecular and
pharmacological investigations are warranted to further elucidate the underlying
mechanisms of action and to further establish Ic, and potentially other analogs, as novel
anticancer agents.
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Fig. (2).
Makaluvamine analogs containing an un-substituted pyrrole Nitrogen. Scheme 1: A simple

depiction of the procedure for synthesizing makaluvamine analogs Ib-g and lla-j.
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Growth inhibitory activity of makaluvamine analogs la and Ic in lung cancer cells. Cells
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were exposed to various concentrations of the compounds for 72 hr followed by MTT assay.
All assays were performed in triplicate.
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Fig. (4).

Effects of the makaluvamine analogs on cell cycle progression. Effects of Ic (A) and la (B)

on human lung cancer cells. (C) Effects of Ic on human non-malignant lung epithelial cells

(BEAS-2B) and fibroblasts (IMR90). Cells were exposed to various concentrations of Ic or

la for 24 hr, followed by determination of cell cycle distribution. All assays were performed
in triplicate.
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Induction of apoptosis in by makaluvamine analogs. (A) Effects of Ic (A) and la (B) on
human lung cancer cells. (C) Effects of Ic on human non-malignant lung epithelial cells
(BEAS-2B) and fibroblasts (IMR90). The cells were exposed to various concentrations of Ic
or la for 24 hr, followed by assessment of apoptosis. All assays were performed in triplicate.
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Effects of the makaluvamine analog Ic on the expression of various apoptosis-related
proteins in human lung cancer cells. Cells were exposed to various concentrations of Ic for
24 hr, and the target proteins were detected by immunoblotting with specific antibodies.
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Scheme 1.
Synthesis of makaluvamine analogs Ib-g and I1a-j.
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