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Abstract

We have previously shown that an antitussive plant alkaloid, noscapine binds tubulin, displays anticancer
activity, and has a safe pharmacological profile in humans. Structure-function analyses pointed to a proton
at position-9 of the isoquinoline ring that can be modified without compromising tubulin binding activity.
Thus many noscapine analogs with different functional moieties at position-9 were synthesized. Those
analogs that kill human cancer cells resistant to other anti-microtubule agents, vincas and taxanes, were
screened. Here we present one such analog, 9-nitro-noscapine (9-nitro-nos), which binds tubulin and
induces apoptosis selectively in tumor cells (ovarian and T-cell lymphoma) resistant to paclitaxel,
vinblastine and teniposide. Surprisingly, 9-nitro-nos treatment at doses as high as 100 uM, did not affect
the cell cycle profile of normal human fibroblasts. This selectivity of 9-nitro-nos for cancer cells
represents a unique edge over the other available antimitotics. 9-nitro-nos perturbs the progression of cell
cycle by mitotic arrest, followed by apoptotic cell death associated with increased caspase-3 activation
and appearance of TUNEL-positive cells. Thus, we conclude that 9-nitro-nos has great potential to be a
novel therapeutic agent for ovarian and T-cell lymphoma cancers, even those that have become drug-

resistant to currently available chemotherapeutic drugs.
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Microtubules are major cytoskeletal structures responsible for maintaining genetic stability during cell
divison (Sammak and Borisy, 1987). The dynamics of these polymers is absolutely crucial for this
function that can be described as their growth rate at the plus ends, catastrophic shortening, frequency of
transition between the two phases, pause between the two phases, their release from the microtubule
organizing center and treadmilling (Kirschner and Mitchison, 1986; reviewed in Zhou and Giannakakou,
2005). Microtubule lattice also serves as tracks for the axonal transport of organelles driven by
anteriograde and retrograde molecular motors to generate and maintain axonal integrity (Joshi, 1998).
Interference with microtubule dynamics often leads to programmed cell death and thus microtubule-
binding drugs are currently used to treat various malignancies in the clinic (Jordan and Wilson, 2004).
Although useful, currently used microtubule drugs such as vincas and taxanes are limited due to the
emergence of drug resistance. There have been multiple mechanisms for antimicrotubule drug resistance
including overexpression of drug-efflux pumps, misexpression of tubulin isotypes, and perhaps
mutational lesions in tubulin itself (Ranganathan et al., 1996; Giannakakou et al., 1997; Monzo et al.,
1999; Dumontet et al., 2005).

The pharmacological profile of microtubule-binding agents, however, has not been ideal. Most of them
need to be infused over long periods of timein the clinic because they are not water-soluble and can cause
hypersensitive reactions due to the vehicle solution (Rowinsky, 1997). Furthermore, normally dividing
cells within the healthy tissues such as intestinal crypts, hair follicles, and the bone marrow are also
vulnerable to these agents leading to toxicities (Rowinsky, 1997). In addition, nerve cells dependent on
molecular traffic over long distances undergo degenerative changes causing peripheral neuropathies (Pace
et a., 1996; Crown and O'Leary, 2000; Theissand Méller, 2000; Topp et a., 2000).

We have recently discovered that noscapine, a safe antitussive agent for over 40 years, binds tubulin,
arrests dividing cells in mitosis and induces apoptosis (Ye et al., 1998). It is well-tolerated in humans and
has been shown to be non-toxic in healthy volunteers including pregnant mothers (Dahlstrom et al., 1982;
Karlsson et al., 1990; Jensen et al., 1992). Unlike the other microtubule-targeting drugs, noscapine does
not significantly change the microtubule polymer mass even at high concentrations. Instead, it suppresses
microtubule dynamics by increasing the time that microtubules spend in an attenuated (pause) state when
neither microtubule growth nor shortening is detectable (Landen et al., 2002). Thus noscapine-induced
suppression of microtubule dynamics, even though subtle, is sufficient to interfere with the proper
attachment of chromosomes to kinetochore microtubules and to suppress the tension across paired
kinetochores (Zhou et al., 2002a). This represents an improvement over the taxanes, the microtubule-
bundling agents or overpolymerizers, and vincas, the depolymerizers, that cause toxicities in mitotic and
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post-mitotic neurons at elevated doses. Noscapine thus effectively inhibits the progression of various
cancer types both in cultured cells and in animal models with no obvious side effects (Ye et al., 1998;
Landen et a., 2002, 2004; Zhou et a., 2002b; 2003). Surprisingly, the apoptosis is much more
pronounced in cancer cells compared with normal healthy cells (Landen et al., 2002). Furthermore, we
have done extensive structure-activity relationship studies producing a battery of analogs of which two
analogs have shown potent activity against cancer cells without detectable toxicities (Checchi et al., 2003;
Zhou et a., 2003, 2004, 2005a). The parent compound noscapine itself is aso active against cancer cells

including drug-resistant variants al beit at high concentrations.

In this study, we present the synthesis, characterization and an evaluation of the anti-tumor potential of a
novel nitro analog of noscapine, 9-nitro-nos, which binds tubulin, effectively inhibits cell proliferation of
1A9 (ovarian cancer cells) and its paclitaxel-resistant variant (LA9/PTX22), and human lymphoblastoid
cells CEM, and its vinblastine- (CEM/VLB100) and teniposide- (CEM/VM-1-5) resistant variants. 9-
nitro-nos treatment selectively halts cell cycle progression at the G2/M phase in cancer cells without
affecting the cell cycle of normal human fibroblast cells. This mitotic catastrophe in cancer cells is then
followed by induction of apoptosis. The apoptotic mechanism is associated with activation of the key
executioner cysteine protease, caspase-3. Most importantly, 9-nitro-nos is more potent against cancer cells
that have become resistant to currently used drugs, like vinblastine, teniposide and paclitaxel as compared

to their respective sengitive-parent lines.
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Materialsand Methods

Chemistry: *H NMR and *C NMR spectra were measured by 400 NMR spectrometer in a CDCls
solution and analyzed by INOVA. Proton NMR spectra were recorded at 400 MHz and were referenced
with residual chloroform (7.27 ppm). Carbon NMR spectra were recorded at 100 MHz and were
referenced with 77.27 ppm resonance of residual chloroform. Abbreviations for signal coupling are as
follows: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet. Infrared spectra were recorded on sodium
chloride discs on Mattson Genesis Il FT-IR. High resolution mass spectra were collected on Thermo
Finnigan LTQ-FT Hybrid mass spectrophotometer using 3-nitrobenzyl alcohol or with addition of Lil asa
matrix. Melting points were determined using a Thomas-Hoover melting point apparatus and were
uncorrected. All reactions were conducted with oven-dried (125°C) reaction vessdls in dry argon. All
common reagents and solvents were obtained from Aldrich and were dried using 4 A molecular sieves.
The reactions were monitored by thin layer chromatography (TLC) using silica gel 60 F254 (Merck) on
precoated aluminum sheets. Flash chromatography was carried out on standard grade silica gel (230-400
mesh).

Synthesis of 9-nitro-nos: To a solution of noscapine (4.134 g, 10 mmol) in acetonitrile (50 ml), silver
nitrate (1.70 g, 10 mmol) and trifluoroacetic anhydride (5 ml, 35 mmol) were added. After one hour of
reaction time, the reaction progress was monitored using thin layer chromatography (10% methanol in
chloroform) and the reaction mixture was poured into 50 ml of water and extracted with chloroform (3 x
50 ml). The organic layer was washed with brine, dried over anhydrous magnesium sulfate and the
solvent was evaporated in vacuo. The desired product, (S)-6,7-dimethoxy-3-((R)-4-methoxy-6-methyl-9-
nitro-5,6,7,8-tetrahydro-[ 1,3] dioxol o[ 4,5-g]isoquinolin-5-yl)isobenzofuran-1(3H)-one  (9-nitro-nos) was
obtained as yellow crystalline powder by flash chromatography (silica gel, 230-400 mesh) with 10%
methanol in chloroform as an euent. mp 178.2-178.4°C; IR: 1529, 1362 cm™*; '"H NMR (CDCl3, 400
MHz): 6 7.27 (d, 1H, J = 8.0 HZz), 7.08 (d, 1H, J = 8.0 HZz), 6.02 (s, 2H), 5.91 (d, 1H, J = 4.1 HZ), 4.42 (d,
1H, J = 4.1 Hz), 4.09 (s, 3H), 3.89 (s, 3H), 3.83 (s, 3H), 2.74-2.64 (m, 2H), 2.61-2.56 (m, 2H), 2.52 (s,
3H); *C NMR (CDCls, 100 MHz): § 169.7, 157.2, 151.6, 147.5, 142.3, 140.5, 135.0, 134.2, 123.2, 120.8,
119.9, 1194, 114.1, 100.8, 87.6, 63.7, 56.8, 56.4, 56.1, 51.4, 39.2, 27.0; HRMS (ESI): m/z Calcd. for
CaoH23N20g (M+1), 459.4821; Found, 459.4755 (M+1).

HPL C Purity and Peak Attributions:

The HPLC purity was determined following two different methods using varied solvent systems.
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Method 1: Ultimate Plus, LC Packings, Dionex, Cig column (pep Map 100, 3 um, 100 A particle size, ID:
1000 pm, length: 15 cm) with solvent systems A (0.1% formic acid in water) and B (acetonitrile),
gradient, 25 min run at a flow of 40 uL/min. Retention time for 9-nitro-nos is 19.30 min. HPLC purity
was 96%. Method 2: Ultimate Plus, LC Packings, Dionex, Cig column (pep Map 100, 3 pm, 100 A
particle size, ID: 1000 pm, length: 15 cm) with solvent systems A (0.1% formic acid in water) and B
(methanol), gradient, 25 min run at a flow of 40 pL/min. Retention time for 9-nitro-nos is 19.86 min.
HPLC purity was 97%.

Cell lines and chemicals: Cell culture reagents were obtained from Mediatech, Cellgro. CEM, a human
lymphoblastoid line, and its drug-resistant variants- CEM/VLB100 and CEM/VM-1-5, were provided by
Dr. William T. Beck (Cancer Center, University of Illinois at Chicago). CEM-VLB100, a multi-drug
resistant line selected against vinblastine is derived from the human lymphoblastoid line, CEM and
expresses high levels of 170-kd P-glycoprotein (Beck and Cirtain, 1982). CEM/VM-1-5, resistant to the
epipodophyllotoxin, teniposide (VM-26), expresses a much higher amount of MRP protein than CEM
cells (Morgan et al., 2000). The 1A9 cell lineis a clone of the human ovarian carcinoma cell line, A2780.
The paclitaxel-resistant cell line, 1A9/PTX22, was isolated as an individual clone in a single-step
selection, by exposing 1A9 cells to 5 ng/ml paclitaxel in the presence of 5 ug/ml verapamil, a P-
glycoprotein antagonist (Giannakakou et al., 1997). All cels were grown in RPMI-1640 medium
(Mediatech, Cellgro) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and 1%
penicillin/streptomycin (Mediatech, Cellgro). Paclitaxel-resistant 1A9/PTX22 cdll line was maintained in
15 ng/ml paclitaxel and 5 ug/ml verapamil continuously, but was cultured in drug-free medium for 7 days
prior to experiment. Human primary fibroblasts were cultured by digestion and trituration of prepuces of
circumcised male babies. They were washed in sterile saline five times and cut up into small pieces prior
to incubation with trypsin in Dulbecco’s Modification of Eagle’'s Medium 1X (DMEM) for half an hour.
Tissue clumps were removed and fibroblasts were plated onto culture dishes that were maintained at 37°C
and 5% CO, atmosphere in DMEM with 4.5 ¢/l glucose and L-glutamine (Mediatech, Cellgro)
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Mammalian brain
microtubule proteins were isolated by two cycles of polymerization and depolymerization and tubulin was
separated from the microtubule binding proteins by phosphocellulose chromatography as described
previously (Panda et al., 2000; Joshi and Zhou, 2001). The tubulin solution was stored at -80°C until use.

Tubulin Binding Assay: Fuorescence titration for determining the tubulin binding parameters was
performed as described previously (Gupta and Panda, 2002). In brief, 9-nitro-nos (0-100 uM) was
incubated with 2 uM tubulin in 25mM PIPES, pH 6.8, 3mM MgSO, and 1 mM EGTA for 45 min at
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37°C. The relative intrinsic fluorescence intensity of tubulin was then monitored in a JASCO FP-6500
spectrofluorometer (JASCO, Tokyo, Japan) using a cuvette of 0.3-cm path length, and the excitation
wavelength was 295 nm. The fluorescence emission intensity of 9-nitro-nos at this excitation wavelength
was negligible. A 0.3-cm path-length cuvette was used to minimize the inner filter effects caused by the
absorbance of 9-nitro-nos at higher concentration ranges. In addition, the inner filter effects were
corrected using a formula Feorected = Fobservea-antilog [(Aex + Aem)/2], where A is the absorbance at the
excitation wavelength and Aen is the absorbance at the emission wavelength. The dissociation constant
(Kq) was determined by the formula: 1/B = K¢/[free ligand] + 1, where B is the fractional occupancy and
[free ligand] is the concentration of free noscapine or 9-nitro-nos. The fractional occupancy (B) was
determined by the formula B = AF/AFmax, where AF is the change in fluorescence intensity when tubulin
and its ligand are in equilibrium and AFn. is the value of maximum fluorescence change when tubulin is
completely bound with its ligand. AFy.x Was calculated by plotting 1/AF versus 1/ligand using total ligand
concentration as the first estimate of free ligand concentration.

Tubulin Polymerization Assay: Mammalian brain tubulin (1.0 mg/ml) was mixed with different
concentrations of 9-nitro-nos (25 or 100 uM) at 0°C in an assembly buffer (100 mM PIPES at pH 6.8, 3
mM MgSO4, 1 mM EGTA, 1 mM GTP, and 1M sodium glutamate). Polymerization was initiated by
raising the temperature to 37°C in a water bath. The rate and extent of the polymerization reaction were
monitored by light scattering at 550 nm, using a 0.3-cm path length cuvette in a JASCO FP-6500
spectrofluorometer (JASCO, Tokyo, Japan) for 30 minutes.

In vitro cell proliferation assays

Sulforhodamine B assay: The cell proliferation assay was performed in 96-well plates as described
previously (Skehan et al., 1990; Zhou et al., 2003). Adherent cells (1A9 and 1A9/PTX22) were seeded in
96-well plates at a density of 5 x 10° cells per well. They were treated with increasing gradient
concentrations of 9-nitro-nos the next day while in log-phase growth. After 72 hours of drug treatment,
cells were fixed with 50% trichloroacetic acid and stained with 0.4% sulforhodamine B dissolved in 1%
acetic acid. Cells were then washed with 1% acetic acid to remove unbound dye. The protein-bound dye

was extracted with 10 mM Tris base to determine the optical density at 564-nm wavel ength.

MTS assay: Suspension cells (CEM, CEM/VLB100 and CEM/VM-1-5) were cultured in RPMI-1640
media containing 10% FBS and then seeded into 96-well plates at a density of 5 x 10° cells per well and
were treated with increasing gradient concentrations of 9-nitro-nos for 72 hours. Measurement of cell
proliferation was performed colorimetrically by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
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carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, inner sat (MTS) assay, using the
CdITiter96 AQueous One Solution Reagent (Promega, Madison, WI). Cells were exposed to MTS for 3
hours and absorbance was measured using a microplate reader (Molecular Devices, Sunnyvale, CA) at an
optical density (OD) of 490 nm. The percentage of cell survival as a function of drug concentration for
both the assays was then plotted to determine the 1Csy value, which stands for the drug concentration
needed to prevent cell proliferation by 50%.

Céll cycle analysis: The flow cytometric evaluation of the cell cycle status was performed as described
previously (Zhou et al., 2003). Briefly, 2 x 10° cells were centrifuged, washed twice with ice-cold PBS,
and fixed in 70% ethanol. Tubes containing the cell pellets were stored at 4°C for at least 24 hours. Cells
were then centrifuged at 1000 x g for 10 min and the supernatant was discarded. The pellets were washed
twice with 5 ml of PBS and then stained with 0.5 ml of propidium iodide (0.1% in 0.6% Triton-X in PBS)
and 0.5 ml of RNase A (2 mg/ml) for 45 minutes in dark. Samples were then analyzed on a FACSCalibur
flow cytometer (Beckman Coulter Inc., Fullerton, CA).

I mmunofluor escence microscopy: Cells adhered to poly-L-lysine coated coverslips were treated with 9-
nitro-nos for 72 hours. After treatment, cells were fixed with cold (-20°C) methanol for 5 min and then
washed with phosphate-buffered saline (PBS) for 5 min. Non-specific sites were blocked by incubating
with 100 ul of 2% BSA in PBS at 37°C for 15 min. A mouse monoclonal antibody against a-tubulin
(DM 1A, Sigma) was diluted 1:500 in 2% BSA/PBS (100 ul) and incubated with the coverdlips for 2 hours
at 37°C. Cells were then washed with 2% BSA/PBS for 10 min at room temperature before incubating
with a 1:200 dilution of a fluorescein-isothiocyanate (FITC)-labeled goat anti-mouse 1gG antibody
(Jackson ImmunoResearch, Inc., West Grove, PA) at 37°C for 1 hour. Coverslips were then rinsed with
2% BSA/PBS for 10 min and incubated with propidium iodide (0.5 pg/ml) for 15 min a room
temperature before they were mounted with Aquamount (Lerner Laboratories, Pittsburgh, PA) containing
0.01% 1,4-diazobicyclo(2,2,2)octane (DABCO, Sigma). Cells were then examined using confocal
microscopy for microtubule morphology, and nuclear morphology to visualize DNA fragmentation (at

least 100 cells were examined per condition).

Terminal Deoxynucleotidyl-Transferase-Mediated dUTP Nick-End Labeling (TUNEL) Assay for
Apoptosis. DNA strand breaks were identified by using the TUNEL assay as described (Bortner et al.,
1995). In brief, 1A9/PTX22 cells were incubated with 50 uM 9-nitro-nos for 72 hours. Cells were pelleted
and washed with ice-cold PBS twice. Cells were then fixed in 1% paraformaldehyde, and apoptosis was
detected using the APO-BrdU TUNEL Assay Kit from Molecular Probes (Eugene, OR) according to the
manufacturer’s instructions. Breifly, cells were stained for a flow cytometry-based terminal
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deoxynucleotidyl transferase (TdT)-mediated bromo-deoxyuridine triphosphate (BrdUTP) reaction.
Addition of BrdUTP to the TdT reaction provides a meansto label the DNA strand breaks and is detected
by an Alexa Fluor 488 labeled anti-BrdU antibody. DNA content was determined by the binding of DNA
specific dye, propidium iodide (x-axis). Apoptotic cells were determined by incorporation of BrdU at the
3'-OH ends of the fragmented DNA as measured by anti-BrdU Alexa Fluor 488 labeled antibody on the y-
axis. Number of apoptotic cellsis indicated by the number of Alexa Fluor 488 positive cdlls of the total
gated cells. This assay was run on a flow cytometer equipped with a 488 nm argon laser as the light
source. Pl fluoresces at about 623 nm and Alexa-Fluor 488 at about 520 nm when excited at 488 nm.
Single and dual parameter displays were created using the Cell Quest Data Acquisition Software (Becton
Dickinson). The gating display was the standard dual parameter DNA doublet discrimination display with
the DNA area signal on the Y-axis and the DNA width signal on the X-axis. From this display, a gate was
generated around the non-clumped cells and the second gated dual parameter display was generated with
the DNA (linear red fluorescence) on the X-axis and the Alexa-Fluor 488 (log green fluorescence) on the
Y-axis. Apoptotic cells were subsequently counted as those expressing high Alexa-Fuor 488
fluorescence. Confocal micrographs were also obtained for the TUNEL-stained cells using a 63X

objective with anumerical aperture of 1.4.

Determination of caspase-3 activity: 10° cells were incubated with 25 uM 9-nitro-nos (CEM,
CEM/VLB100 and CEM/VM-1-5) or 50 uM 9-nitro-nos (1A9 and 1A9/PTX22) for O, 24, 48 and 72
hours. Caspase-3 activity was then measured by the cleavage of the small synthetic substrate Z-DEVD-
aminoluciferin  (CaspaseGloTM 3/7 Assay System Kit, Promega, Madison, WI) that becomes
luminogenic upon cleavage. The luminescent signal, which is directly proportional to the amount of
caspase-3 activity, was measured in a Luminoscan Ascent instrument from ThermolLab systems,

following an incubation of 3 hours.
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Results

The nitration reaction is a well-studied electrophilic substitution reaction in organic chemistry. Although,
fuming nitric acid or 50% nitric acid in glacial acetic acid are extensively used for obtaining the nitrated
product, the harsh oxidizing conditions of these reagents did not allow us to use these reagents for the
nitration of noscapine. The lead compound, noscapine comprises of isoquinoline and benzofuranone ring
systems joined by a labile C-C chiral bond and both these ring systems contain several vulnerable
methoxy groups. Thus, achieving selective nitration at C-9 position without disruption and cleavage of
these labile groups and C-C bonds was challenging. Treatment of noscapine with other nitrating agents
like acetyl nitrate or benzoyl nitrate also resulted in epimerization or diastereoisomers (Lee, 2002). Next,
we tried inorganic nitrate salts like ammonium nitrate or silver nitrate in the presence of acidic media to
achieve aromatic nitration (Crivello, 1981). After carefully titrating severa conditions and reagents, we
successfully accomplished the nitration of noscapine using trifluoroacetic anhydride (TFAA). TFAA
represents another commonly employed reagent and its extensive use is associated with its ability to
generate a mixed anhydride, trifluoroacetyl nitrate that is a reactive nitrating agent (Crivello, 1981). We
also tried other reagents such as ammonium nitrate, sodium nitrate or silver nitrate in chloroform but
those gave us low quantitative yields and had longer reaction times. Increased reaction rate and yields
were obtained using a lower dielectric constant solvent, acetonitrile. The reaction was slightly exothermic
and completed in one hour. The product remained in solution while the inorganic salt of trifluoroacetic
acid precipitated and was removed by filtration.

Thus, (9-6,7-dimethoxy-3-((R)-4-methoxy-6-methyl-9-nitro-5,6,7,8-tetrahydro-[ 1,3] dioxol o[ 4,5-g]i so-
guinolin-5-yl)isobenzofuran-1(3H)-one (9-nitro-nos) was prepared by the aromatic nitration of (S)-6,7-
dimethoxy-3-((R)-4-methoxy-6-methyl-5,6,7,8-tetrahydro-[ 1,3] di oxol o[ 4,5-g]i soquinolin-5-yl)isobenzo-
furan-1(3H)-one (noscapine) using silver nitrate in acetonitrile and TFAA at 25°C (Figure 1A). This
method resulted in controlling the chemoselectivity of the reaction, in that aromatic substitution occurred
at C-9 position of ring A of the isoquinoline nucleus. Absence of C-9 aromatic proton at 6 6.52-ppm in
the 'H NMR spectrum of the product confirmed the nitration a C-9 position. Furthermore, **C NMR and
HRM S data confirmed the structure of the compound.

9-nitro-nos binds tubulin

Introduction of a nitro moiety in place of a proton usually disrupts the tight interactions within the ligand-
binding pockets of proteins. Therefore, we first asked if this novel compound, 9-nitro-nos, retains the

tubulin binding activity of the parent compound, noscapine. Tubulin, like many other proteins, contains
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fluorescent amino acids like tryptophans and tyrosines. The intensity of the fluorescence emission is
dependent upon the micro-environment around these amino acids in the folded protein. Agents that bind
tubulin typically change the micro-environment and alter the fluorescent properties of the target protein
(Yeet al., 1998; Peyrot et al., 1992; Panda et al., 1997). Measuring these fluorescent changes has become
a standard method for determining the binding properties of tubulin ligands including the classical
compound colchicine (Peyrot et al., 1989; Andreu et al., 1991). We thus used this standard method to
determine the dissociation constant (Kq) between tubulin and 9-nitro-nos as compared to the carrier
vehicle (DM SO). Our results show that 9-nitro-nos quenched tubulin fluorescence in a saturable manner
(Figure 1B) and the double-reciprocal plot of these data revealed a Ky of 86 + 6 uM for 9-nitro-nos
binding to tubulin (Figure 1C).

9-nitro-nos does not affect the assembly rate and steady state monomer/polymer tubulin mass

We next asked if 9-nitro-nos promoted or inhibited microtubule polymerization. We have previously
shown that noscapine does not significantly promote or inhibit microtubule polymerization upon binding
tubulin, even at a concentration as high as 100 uM (Zhou et al., 2003). However, it does alter the steady-
state dynamics of microtubule assembly, primarily by increasing the amount of time that the microtubules
spend in an attenuated (pause) state (Zhou et al., 2002a). This property of noscapine makes it unique and
has resulted in its extensive use to explore the role of microtubule dynamics during the spindle assembly
checkpoint signaling. More importantly, it provides an advantage that post-mitotic cells like neurons do
not get adversely affected by this drug even at higher concentrations. This is in contrast to the currently
used anticancer drugs such as the family of taxanes and the vinca akaloids, high micromolar
concentrations of which cause devastating effects on cellular microtubules. We thus examined the effect
of 9-nitro-nos on the assembly of tubulin subunits into microtubules in vitro by measuring the changesin
the turbidity produced upon tubulin polymerization. Our results show that 9-nitro-nos did not inhibit the
rate or extent of tubulin polymerization at 25 uM or even at concentrations as high as 100 uM (Figure
1D). Having identified tubulin as the target molecule, we extended our pharmacology study at the cellular

level to determine mechanisms by which 9-nitro-nos affects the cell cycle and induces cell death.

9-nitro-nos effectively inhibits proliferation of cancer cells including vinblastine-, teniposide-, and

paclitaxel- resistant variants

Although many microtubule-binding drugs are active against many tumor types, most of these agents fail
to manage the drug-resistant phenotypes of recurrent tumors. The NCI-60 cell panel shows a wide range

of sensitivity for the parent compound noscapine, the drug-resistant variants, however, have not been fully
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explored. One magor mechanism of acquired drug resistance is the overexpression of efflux pumps,
namely, P-gp170/MDR and MRP. For example, CEM/VLB100 cells, the pgp-overexpressing vinblastine-
resistant variants show a 270-fold resistance to vinblastine (Beck and Cirtain, 1982) and CEM/VM-1-5
cells, the MRP-overexpressing variants display a 400-fold resistance to teniposide (Morgan et al., 2000).
Surprisingly, 9-nitro-nos is active againgt the parental CEM cells and those of CEM-derived vinblastine-
and teniposide- resistant cells despite pgp or MRP overexpression. We used an in vitro cell proliferation
MTS assay to determine the drug concentration required to inhibit cell growth by 50% after incubation in
the culture medium for 72 hours. Our results show that the median inhibitory concentration (1Csp) of 9-
nitro-nos for CEM, CEM/VLB100 and CEM/VM-1-5 cells is 10 uM, 8.1 uM and 6.9 uM respectively
(Figure 2). It is worth mentioning that the 1Cso value for the drug-resistant sub-lines is lower than the

parent line.

We next examined the effect of 9-nitro-nos on ovarian cancer cells, 1A9 and its paclitaxel-resistant
variant, 1A9/PTX22 (Giannakakou et al., 1997). Using a standard sulforhodamine B assay to evaluate
percent cell survival for these adherent cells, we found the 1Cs, value to be 30.1 uM and 27.5 uM for
1A9, the parent ovarian cancer cells and 1A9/PTX22, the paclitaxel-resistant variant, respectively (Figure
2). In the ovarian cancer cells also, we found that the 1Cs, value for the drug-resistant variant was lower
than the parent cells. Like other microtubule-binding drugs, such as taxanes and epothilones, 9-nitro-nos
is also quite effective against drug-resistant cells. Though the 1A9/PTX22 cells do not overexpress Pgp
rather have tubulin mutations that confers paclitaxel resistance, it is however, expected for 9-nitro-nos to
display sengitivity towards drug-resistant cells owing to a different binding pocket. 9-nitro-nos has also
been submitted by our laboratory for testing by the National Cancer Institute (NCI), through its
Developmental Therapeutics Program (DTP), againgt their panel of 60 human cancer cell lines.

9-nitro-nos alters cell cycle profileand induces G2/M arrest in cancer cells

Microtubule-interfering agents, including noscapine (Ye et a., 1998; Zhou et al., 2002a) are well-known
to arrest cell cycle progression at the G2/M phase in mammalian cells (Jordan and Wilson, 1999).
Therefore, we next examined the effect of 9-nitro-nos on the percent G2/M and sub-GL1 cell populations
of these cancer cells as a function of time. As can be seen in Figure 3A, mitotic figures peak at about 24-
48 hours of drug exposure and then decline up to 72 hours of observation. Consistent with this, the
apoptotic cells rise in number during this time (Figure 3B). Fluorescently labeled DNA accumulation is a
good indicator of cell cycle progression and cell death. An unreplicated complement of 2N DNA cedlls
represents the G1 phase while duplicated 4N DNA cells represent G2 and M phases. Cells in the process
of DNA duplication between 2N and 4N pesks represent the S phase. Less than 2N DNA appears in
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populations of dying cells that degrade their DNA to different extents. Figure 3(C-G) depict the flow
cytometric profile of CEM, CEM/VLB100, CEM/VM-1-5, 1A9, 1A9/PTX22 cdlls, respectively, treated
with 9-nitro-nos for 0, 24, 48 and 72 hours. Twenty five micromolar 9-nitro-nosis used to study cell cycle
profile in CEM, CEM/VLB1000 and CEM/VM-1-5 cdlls, whereas, fifty micromolar 9-nitro-nos is used
for 1A9 and 1A9/PTX22 cells. As is clearly evident from the three-dimensional FACS profiles, the
display of DNA content as a function of time of drug exposure shows pronounced increase in the
population of cells that accumulate with less than 2N DNA (sub-G1 population) a 72 hours indicating
dying cells. This is preceded by an accumulation of cell populations with 4N DNA indicating G2/M
arrest. The anticancer activity of 9-nitro-nos treatment was thus evident in its ability to produce a
significant sub-G1 population, representing the fraction of cells which have hypodiploid (< 2N) DNA
content, typifying a cell population having degraded DNA, a characteristic of apoptosis. The effect of 9-
nitro-nos on the progression of the entire cell cycle as a function of time shown as the percentage of
GO0/G1, S, G2/M and sub-G1 populationsin all three lymphoma cell lines and the two ovarian cell linesis
shown in Table 1.

Since the progression of normal cells through the cell cycle is tightly regulated by checkpoints, ensuring
exact replication of the genome during the S-phase and its precisely equal divison at mitosis, we
investigated whether 9-nitro-nos affects the cell cycle of the normal human fibroblast cells. Surprisingly,
we did not observe any perturbations in the cell cycle profile of normal fibroblast cells at even 100 uM
9-nitro-nos (Figure 3H). It is surprising that 9-nitro-nos did not affect the cell cycle profile of human
fibroblasts while it did affect the cell cycle of primary melanocytes (Landen et al, 2002). Several
possibilities exist. The first obvious possibility is that the primary fibroblasts are dormant, thus are not
dividing. We do know, however, that these cells divide with a doubling time of about 18-20 hours. The
second very likely possibility comes from an astute observation by Rieder and colleagues (Mikhailov A,
et a., 2002), in which the authors make a clear case that cellsin early stages of chromosome condensation
(prometaphase) are reversible, in that drug-induced perturbations of microtubules can return cells from
prometaphase to G2 phase. The mechanism of this reversal is not well-understood and several
laboratories including ours are investigating this intriguing observation. Thus, our in vitro studies with
normal human cell cultures that show resistance to the apoptotic effects of 9-nitro-nos are in contrast to

the adverse effects seen with human cancer cells.

Nevertheless, the cell cycle analyses suggest that the lymphoma and the ovarian cancer cells including
their drug-resistant variants succumb to apoptosis upon treatment with 9-nitro-nos. Therefore, we went on
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to examine a variety of apoptotic events using several complementary cytometric and biochemical
methods.

9-nitro-nos causes extensive apoptosis as revealed by immunocytochemistry

The onset of apoptosis characteristically changes cellular morphology. This includes membrane blebbing,
formation of apoptotic bodies, disruption of cytoskeleton, and hypercondensation and fragmentation of
chromatin. To visualize this, control untreated cells as well as cells treated with 9-nitro-nos for 72 hours
were analyzed by immunocytochemistry using a tubulin-specific antibody (green) and a DNA-binding
dye (red). Confocal micrographs (Figure 4A, top panel) shows control untreated CEM, CEM/VLB100,
CEM/VM-1-5, 1A9 and 1A9/PTX22 cells. As expected, untreated control cells show normal radial
microtubule arrays. In contrast, both lymphoma cells and ovarian cancer cells treated with 9-nitro-nos for
72 hours show extensive terminal apoptotic figures with fragmented DNA pieces and perturbed

microtubule arrays (Figure 4A, bottom panels).

9-nitro-nos treatment caused DNA fragmentation as measured quantitatively by a flow cytometry
based TUNEL analysis

To further establish the apoptotic mechanism of cell death quantitatively, we next performed a flow
cytometry based TUNEL assay in 1A9/PTX22 cells treated with 9-nitro-nos for 72 hours. Since the end
stages of apoptosis display cleaved 3"-ends of DNA, they can be visualized by specific labeling using
TUNEL assay as an abundant green staining (Figure 4B, upper right panel, open arrowheads, red denotes
Pl staining). The quantitative FACS analysis showed 55.9% TUNEL-positive cells within a population of
1A9/PTX22 cdlls treated with 50 uM 9-nitro-nos for 72 hours (Figure 4B, upper |eft panel). In contrast,
control untreated cells only occasionally show TUNEL-staining and TUNEL-negative cells appear red
(Figure 4B, lower right panel, solid arrowhead). This is consistent with the quantitative FACS data that
depict 95.9% control cells containing intact genomic DNA in the lower region of the cytogram
representing the TUNEL-negative cells (Figure 4B, lower left pandl). The other cell lines also showed
similar results (data not shown). Although we do not know the precise mechanisms of the initial events
that trigger apoptosis, however, we have shown the terminal stages by quantitating the 3 ends of

fragmented DNA as an evidence of the execution phase of apoptosis.
9-nitro-nos causes activation of caspase-3, a hallmark of apoptosis, asa function of time

Cagpases, the cysteine proteases have been implicated as key participants in the sequence of events that

result in the dismantling of the cell during apoptosis. The activation of caspase-3 is caused by upstream
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caspases and involves the cleavage of the inactive proenzyme into an active form. The active form can be
monitored using a small peptide substrate which becomes luminogenic upon cleavage. As shown in
Figure 4C, we observed a concomitant time-dependent activation of caspase-3 as much as 10-20 fold in
both the lymphoma cells and ovarian cancer cells including their drug-resistant variants upon 72 hours of
9-nitro-nos treatment. It is appreciated that the kinetics of caspase-3 activation depends very much upon
the nature of stimuli and the timing of misbalance in pro-apoptotic and anti-apoptotic sgnals. As we have
published earlier (Ye et al., 2001), it requires a long time of elevated p34cdc2 activity followed by the
activation of JNK pathway prior to caspase activation and apoptosis. Antimicrotubule drug induced
caspase induction also somewhat depends on the generation time of cells. The cell lines we used had a
doubling time ranging from about 20 hours to 48 hours. This is perfectly in line with our hypothesis that
p34cdc2 activation in G2/M block at about 24 hours is sustained for about 20 hours (perhaps due to a
rather strong mitotic checkpoint) prior to the activation of stress activated kinases such as JINK. Although,
a direct and precise correlation between the generation time and caspase activation is difficult to derive,
however, the timing of the appearance of TUNEL-stained cells can be directly correlated with the timing
of caspase activation burst.
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Discussion

Microtubule-interacting agents, both those that polymerize and bundle microtubules (such as taxanes),
and depolymerize them decreasing polymer mass (such as vincas) have been useful for the treatment of
many cancer types. Unfortunately, the clinical success of these agents has been severely hampered by the
emergence of drug resistance. Although patients show significant response to these drugs during
treatment, most relapse and fail to respond to the same drug at a later stage. Multidrug resistance, by
which cancer cells quite often become resistant to many structurally and mechanistically unrelated drugs,
thus makes successful chemotherapy more complex and difficult to achieve (Gottesman, 2002). This
phenomenon is primarily due to an enhanced efflux of drugs from the inside to the outside of cells by
drug pumps, a family of ABC transporter proteins located on the cell membrane. P-glycoprotein, for
example, is one such drug pump and is encoded by the multidrug resistance 1 gene. Overexpression of P-
glycoprotein has been found to affect drug accumulation in the cell and correlates with the multidrug
resistance phenotype in cancer cells (Gottesman and Pastan, 1993). Altered expression of tubulin isotypes
is another contributing mechanism towards drug resistance (Burkhart et al., 2001) besides other unknown
mechanisms. Another major challenge to successful chemotherapy by these antimicrotubule agents is
associated toxicity. This is mainly because microtubules perform many other functions such as
cytoplasmic organization and axonal transport, besides their function in chromosome movement during
mitosis. Since the microtubule-targeting drugs currently in use either promote excessive stability of
microtubules, such as the taxane family, or induce depolymerization of microtubules like the vinca
alkaloids, their usage is associated with various toxicities, such as gastrointestinal toxicity, alopecia, and
peripheral neuropathy. A coupled aspect of the toxicity manifestation is their lack of specificity for
dividing cdlls. Therefore, there has been a tremendous interest in identifying novel antimicrotubule agents
that overcome various modes of resistance, display selectivity for cancer cells and have safer

pharmacology profiles.

Our laboratory discovered that noscapine is a unique antimicrotubule drug that alters microtubule
dynamics without affecting the total polymer mass of tubulin and can be successfully employed for
probing the spindle assembly checkpoint mechanisms (Zhou et a., 2002a). In this study, we demonstrate
that a nitro analog of noscapine, 9-nitro-nos effectively inhibits cellular proliferation of lymphoma and
ovarian cancer cells, in particular, those that overexpress multidrug resistant proteins. Furthermore, 9-
nitro-nos significantly arrest cells at the G2/M phase of the cell cycle followed by apoptotic cell death, as
revedled by several prototypic features of apoptosis. Interestingly, unlike currently used
chemotherapeutics, 9-nitro-nos does not affect the cell cycle of normal human fibroblast cells. These
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findings thus indicate a great potential for the use of 9-nitro-nos as a chemotherapeutic agents for the
treatment of human cancers, especially for those that are resistant to currently used microtubule drugs.
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Figure Legends

Figure 1. A. Synthesis of 9-nitro-noscapine. 9-nitro-nos was synthesized by the aromatic nitration of
noscapine using silver nitrate in acetonitrile and TFAA at 25°C. B. 9-nitro-nos binds tubulin. Panel B
shows the fluorescence quenching spectrum of tubulin for 9-nitro-nos. Control (m), 10 uM (e), 20 uM
(A), 50 uM (¥), 75 uM (), and 100 uM (o) of 9-nitro-nos. Panel C shows the double reciprocal plot
which gives a dissociation constant (Kq) of 86 £ 6 uM for 9-nitro-nos binding to tubulin. 9-nitro-nos does
not significantly change the polymerization rate and the steady state polymer mass of purified tubulin in
vitro (Panel D). The assay was based on the light scattering ability of tubulin polymer, reflected as the
absorbance at 550 nm wavelength. An equivalent amount of the solvent DM SO was used as a negative
control. Control (m), 25 uM 9-nitro-nos (e), and 100 uM 9-nitro-nos (A ). Results are representative of

four independent experiments performed.

Figure 2. 9-nitro-nos actively inhibits the proliferation of various human cancer cells including those that
are resistant to vinblastine, teniposide and paclitaxel. CEM, CEM/VLB100, CEM/VM-1-5, 1A9,
1A9/PTX22 cells were treated with 9-nitro-nos at gradient concentrations for 72 hours. The ICs value,
which stands for the drug concentration needed to prevent cell proliferation by 50% was then measured
using standard in  vitro  proliferation assays. The  3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium salt (MTS) assay was used for non-adherent
suspension cells (CEM, CEM/VLB100 and CEM/VM-1-5) and the sulforhodamine B (SRB) assay was
performed for adherent cells (1A9 and 1A9/PTX22). Each value represents average of two independent
experiments with five replicates each.

Figure 3. 9-nitro-nos arrests the cell cycle at G2/M phase in human cancer cells. A and B represent the %
G2/M and % sub-G1 cdls as a function of time of treatment with 9-nitro-nos. Panels C-G clearly show an
increase in the population of cells with degraded DNA (sub-G1 amount in the far left) in the three-
dimensional fluorescence activated cell sorting analysis (FACS) of DNA amounts. Panel H shows the
effect of 9-nitro-nos on the cell cycle profile of normal primary fibroblast cells. Even concentrations as
high as 100 uM, did not alter the cell cycle progression profile of normal human cells. All cells were
harvested for analysis at the indicated times, stained with propidium iodide and analyzed by flow
cytometry (FACS) using the Cell Quest Software. The x-axis shows intensity of PI-fluorescence whichis
indicative of the total DNA content of cells in different phases of the cell cycle. The y-axis represents the
number of cells in each phase of the cell cycle and the z-axis shows the time points viz. 0, 24, 48 and 72

hours. Results are representative of three experiments performed in triplicate.

26

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 3, 2006 as DOI: 10.1124/mol.105.021899
This article has not been copyedited and formatted. The final version may differ from this version. MOL 21899

Figure 4. 9-nitro-nos kills cancer cdlls by inducing apoptosis. This is revealed by major changes in the
nuclear morphology of these cells. A. Top panel shows untreated cells that display norma microtubule
arrays. 9-nitro-nos treatment for 72 hours completely changes the morphol ogies as seen by the fragmented
condensed apoptotic bodies (A, bottom pandl). (Scale bar = 20 xM). B. The fragmented DNA in the
terminal stages of apoptosis was measured using a flow-cytometry based quantitative terminal
deoxynucleotidyl transferase (TdT)-mediated bromo-deoxyuridine triphosphate (BrdUTP) reaction
(TUNEL assay) in a representative cell line (LA9/PTX22). Untreated control cells (lower panel) and 50
UM 9-nitro-nos treated 1A9/PTX22 cells (upper panel). After 72 hours of 9-nitro-nos treatment, cells
were processed for apoptosis by a flow cytometry-based TUNEL assay. The fragmented DNA was also
visualized using confocal microscopy as an abundance of TUNEL-positive cells (upper right panel, open
arrowhead). Untreated control cells appear red (lower right panel, solid arrowhead) (Scale bar = 20 uM).
Data shown are from a representative experiment of two experiments performed. C. 9-nitro-nos treatment
causes activation of caspase-3. Panel shows the time-dependent increase in caspase-3 activity on 9-nitro-
nos treatment in CEM, CEM/VLB100, CEM/VM-1-5, 1A9 and 1A9/PTX22 cells. After drug incubation,

caspase-3 activity was analyzed using the luminogenic substrate Z-DEV D-aminoluciferin.
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Table 1. Effect of 9-nitro-nos on cell cycle progression of drug-resistant cell lines and their normal

counterparts
Cdl cycle CEM CEM/VLB100 CEM/VM-1-5 1A9 1A9/PTX22
parameters, %

Oh 24h  48h  72h Oh 24h  48h 72h Oh 24h  48h  72h Oh 24h  48h  72h Oh 24h  48h  72h
Go/G, 455 248 197 139 469 255 237 87 360 254 137 105 50.0 306 286 167 570 273 59 14.1
S 250 100 81 8.9 176 177 93 45 194 130 110 87 218 143 106 96 8.8 47 34 5.7
G,/M 209 342 400 169 257 360 302 125 307 410 150 122 212 342 172 90 204 314 443 137
Sub-G; 025 65 238 443 3.6 148 307 561 34 188 580 63.0 0.7 120 380 56.3 35 300 446 590

Cdlls were treated with 9-nitro-nos for the indicated time (hours) before being stained with propidium
iodide for cdll cycle analysis
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Figure 3
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