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Abstract—We present here a novel semi-synthetic cyclic ether fluorinated noscapine analog (CEFNA) that shows potent antipro-
liferative and anticancer activity in both hormone-responsive (MCF-7) and hormone non-responsive (MDA-MB-231) breast cancer
cells. Interestingly, it is also effective against MCF-7/Adr, an adriamycin-resistant variant of MCF-7 cells. Immunofluorescence
experiments showed numerous micronuclei, indicative of apoptotic cell death triggered by this novel analog. Mechanistically,
CEFNA exerts a strong antimitotic effect as revealed by cell-cycle studies that show a dose-dependent increase in G2/M population
preceding a rising sub-G1 population, suggesting apoptosis.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Although the effectiveness of microtubule-targeting
drugs has been validated by the extensive use of several
vinca alkaloids and taxanes for the treatment of a wide
variety of human cancers, their clinical success has been
limited by the emergence of drug-resistance1–3 and asso-
ciated toxicities such as leucocytopenias, diarrhea, alo-
pecia, and peripheral neuropathies due to the blockage
of axonal transport.4–6 This has driven an ongoing
search for novel microtubule-targeting compounds
that display favorable toxicity profiles, have better
therapeutic indices and improved pharmacological
characteristics.

Our laboratory recently discovered the previously un-
known tubulin-binding and anticancer property of an
antitussive phthalideisoquinoline alkaloid, noscapine.7

To enhance its activity, our efforts have been focused
on rational drug design and synthesis leading to an array
of noscapinoids, which are at different stages of chemical
and biological characterization. Some of them have been
shown to suppress the dynamics of microtubule assem-
bly and block cell-cycle progression at mitosis, followed
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by apoptotic cell death in a wide variety of cancer cell
types.8–16

Here, we describe a selective and high-yield scheme for
the synthesis of a cyclic ether fluorinated noscapine
analog (CEFNA) and an evaluation of its anticancer
activity. Our results show that CEFNA significantly
inhibited proliferation of human breast adenocarcino-
ma cells (estrogen- and progesterone-receptor positive,
MCF-7 and estrogen- and progesterone-receptor nega-
tive, MDA-MB-231) irrespective of their hormone
status. Surprisingly, CEFNA showed a �6-fold lower
IC50 in MCF-7 cells as compared to the parent com-
pound, noscapine.9 Even the hormone-refractory
MDA-MB-231 cells respond with a �7-fold lower
IC50 value when compared to noscapine.9 This inhibi-
tion of cellular proliferation correlated with the
appearance of numerous fragmented nuclei at 72 h of
drug exposure as shown by DAPI staining. Immunoflu-
orescence studies using confocal microscopy revealed
that this fluorinated cyclic ether noscapine analog af-
fects spindle architecture. Numerous mitotically arrest-
ed figures were evident at 12–24 h of drug treatment.
This was followed by the emergence of multilobed nu-
clei at 48 h suggesting multiple rounds of DNA synthe-
sis due to abrogated checkpoint mechanisms. At 72 h,
micronuclei reminiscent of apoptotic bodies were visi-
ble, suggestive apoptosis triggered perhaps due to
genotoxic stress subsequent to overaccumulation of
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DNA. Cell-cycle progression studies revealed a G2/M
arrest followed by the appearance of a substantial
hypodiploid sub-G1 population that indicates frag-
mented DNA, characteristic of apoptosis.
2. Results and discussion

2.1. Chemistry

Our lead compound, noscapine, comprises of isoquino-
line 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 halogenation at C-9 position without disrup-
tion and cleavage of these labile groups and C–C bonds
was challenging. After careful titration of many condi-
tions, we have been successful in developing simple,
selective, efficient, and reproducible synthetic proce-
dures to achieve halogenation at C-9 position. The syn-
thetic route for the preparation of the cyclic ether
fluorinated noscapine analogs (CEFNA, 4) is discussed
below.

First, the synthesis of cyclic ether analog of noscapine 2
that is required as an intermediate in the preparation of
compound 4 was achieved by using a previously de-
scribed procedure.17 Briefly, compound 2 was prepared
by adding a solution of noscapine in boron trifluoride
dietherate dropwise at 0 �C to a solution of sodium
borohydride in dry THF. The mixture was stirred at
0 �C for 1 h and then refluxed for another 2 h to afford
the desired reduced noscapine (2) as a thick yellow oil in
95% yield.

Next, we carried out bromination of the cyclic ether nos-
capine analog 2 using bromine water in the presence of
HBr (Scheme 1) as described previously with minor
modifications.12,18 The cyclic ether noscapine analog 2
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Scheme 1. Synthesis of cyclic ether fluorinated noscapine analog (CEFN

(b) Br2-H2O, 48% HBr, 80%; (c) F2, Amberlyst-A, THF, 72%.
was dissolved in minimum amount of 48% hydrobromic
acid with continuous stirring followed by the addition of
freshly prepared bromine water over a period of 1 h un-
till the appearance of an orange precipitate. The reac-
tion mixture was then stirred at room temperature for
1 h to attain completion. The pH of the resultant mix-
ture was adjusted to 10 using ammonia solution to ob-
tain the cyclic ether brominated noscapine analog 3 in
80% yield. Excess amount of HBr or longer reaction
times were avoided since they resulted into the hydro-
lyzed products, meconine and cotarnine. The bromina-
tion took place selectively on ring A of isoquinoline
nucleus at position C-9 and was confirmed by an ab-
sence of C-9 aromatic proton at d 6.30 ppm in the 1H
NMR spectrum of the product. 13C NMR and HRMS
data further supported the structure of the compound.

Aromatic fluorination of cyclic ether brominated nosca-
pine analog 3 was achieved using Br/F exchange reac-
tion by employing the fluoride form of Amberlyst-A
26, a macroreticular anion-exchange resin containing
quaternary ammonium groups. The method described19

for Hal/F exchange may also be applied to other Hal/
Hal 0 exchange reactions. In Br/F exchange reactions,
good yields were obtained only when a large molar ratio
of the resin with respect to the substrate was employed.
Thus, after refluxing a solution of reduced bromonosca-
pine in anhydrous THF and an excess of Amberlyst-A
26 (fluorine, polymer-supported, 10 mequiv of dry resin;
the average capacity of the resin is 4 mequiv/g) for 12 h,
the resin was filtered off and the solvent was removed in
vacuo to afford the desired compound 4 in 72% yield.
The resin was recovered by washing with 1 N NaOH
and then rinsing thoroughly with water until neutrality
to generate the hydroxy-form of the resin. It was then
stirred overnight with 1 N aqueous hydrofluoric acid,
washed with acetone, ether, and dried in a vacuum oven
at 50 �C for 12 h to afford the regenerated Amberlyst-A
26 (fluorine, polymer-supported), which can be reused.
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Figure 1. CEFNA actively inhibits the proliferation of human breast

cancer cells. Cells (MCF-7, MCF-7/Adr, and MDA-MB-231) were

treated with CEFNA at increasing gradient concentrations for 72 h.

The IC50 values, which stand for the drug concentration needed to

prevent cell proliferation by 50%, were then measured using an in vitro

sulforhodamine B assay. Panel A is a plot of percent cell survival

versus CEFNA concentrations used for the determination of IC50

values. Each value represents the average of three independent

experiments performed in triplicate. Panel B is a visualization of

control MDA-MB-231 cells (left panel) and cells treated with 25 lM

CEFNA for 48 h. Panel C is a quantitative bar-graphical representa-

tion showing percent cell viability upon 25 lM CEFNA administration

for the noted hours measured using trypan blue-based exclusion assay.
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2.2. Biology

2.2.1. CEFNA inhibits proliferation of human cancer
cells. We have previously shown that noscapinoids are
potent antitumor agents that target microtubules.7–16,20

Since multidrug resistance is a serious limitation of the
existing chemotherapeutic drugs, we first examined the
effect of CEFNA on the proliferation of MCF-7/Adr
breast cancer cells, which are derived from the MCF-7
cell line and exhibit multidrug resistance due to overex-
pression of the drug pump P-glycoprotein.21 The IC50

value of CEFNA was 6.9 and 6.2 lM, respectively, in
MCF-7/Adr and the parent MCF-7 cells (Fig. 1A).
The quite similar sensitivity of the adriamycin-resistant
cells thus suggests that CEFNA is a rather weak sub-
strate for P-glycoprotein, that pumps the drug out there-
by reducing the intracellular accumulation of the drug.
On the other hand, MCF-7/Adr cells are resistant to
paclitaxel and this is not unexpected as paclitaxel is a
substrate of pgp.22 We next moved onto test the efficacy
of CEFNA to inhibit proliferation of MDA-MB-231
cells that are hormone non-responsive. The IC50 was
found to be 5.7 lM (Fig. 1A). This was even lower than
the IC50 observed for MCF-7 and MCF-7/Adr cells.
Figure 1B shows a typical visualization of MDA-MB-
231 cells treated with 25 lM CEFNA for 48 h. DMSO
controls exhibit normal intact cellular morphology,
whereas CEFNA treatment clearly shows dying cells.
The loss of membrane integrity in dead and dying cells
allows the preferential uptake of labels like trypan blue.
The blue dead cells due to trypan blue uptake were
counted using a hemocytometer and the percentage of
live/dead cells upon CEFNA exposure for different incu-
bation times is depicted in Figure 1C. We further inves-
tigated this morphological evaluation by DAPI staining
of MDA-MB-231 cells treated with 25 lM CEFNA for
72 h and observed condensed chromatin along with
numerous fragmented nuclei (shown by white arrow-
heads), indicative of apoptotic cell death (Fig. 2).

2.2.2. CEFNA affects spindle architecture. Using immu-
nofluorescence microscopy, we then examined the spin-
dle architecture of cells treated with 25 lM CEFNA.
Whereas untreated cells exhibited normal radial micro-
tubule arrays, cells treated with CEFNA for 24 h
showed pronounced multipolar spindles and condensed
chromosomes indicating mitotic arrest (Fig. 3). These
mitotic figures begin to appear as early as 12 h of CEF-
NA treatment. This was probably due to the activation
of the spindle assembly checkpoint, a cellular surveil-
lance mechanism that monitors the integrity of the
mitotic spindle.23 After 48 h of treatment, large multi-
lobed nuclei (multinucleation) was evident that suggest-
ed multiple rounds of DNA synthesis. CEFNA-treated
MCF-7 cells eventually died probably through the initi-
ation of apoptosis as fragmented micronuclei and apop-
totic bodies were observable at 72 h of CEFNA
treatment.

2.2.3. CEFNA perturbs cell-cycle progression. We next
sought to investigate the precise mechanisms of CEFNA
induced cell death. We examined the cell-cycle progres-
sion profile of MCF-7 cells treated with CEFNA at
three different doses (5, 10, and 25 lM) using fluores-
cence activated cell sorting (FACS) analysis of DNA
content (Fig. 4A–C). Fluorescently labeled DNA is a
good indicator of cell-cycle progression and cell death.
An unreplicated complement of 2N DNA cells repre-
sents the G0/G1 phase while duplicated 4N DNA cells
represent G2 and M phases. Cells in the process of
DNA duplication between 2N and 4N peaks represent
S phase when DNA is being synthesized. Less than 2N
DNA appears in populations of dying cells that degrade



Figure 2. Morphologic criteria for apoptotic cell death include, for example, chromatin condensation with aggregation along the nuclear envelope

and plasma membrane blebbing followed by separation into small, apoptotic bodies. Panels show morphological evaluation of nuclei stained with

DAPI from control cells (upper panels) and cells treated with 25 lM CEFNA for 72 h (lower panels) using fluorescence microscopy. Several typical

features of apoptotic cells such as condensed chromosomes, numerous fragmented micronuclei, and apoptotic bodies are evident (indicated by white

arrowheads) upon 72 h of drug treatment.

Figure 3. CEFNA induces spindle abnormalities. Panels show immunofluorescence confocal micrographs of MCF-7 cells treated for 0, 1, 12, 24, 48,

and 72 h with 25 lM CEFNA. Mitotic figures are abundant at 24 h while apoptotic figures start to appear at 48 h. (Scale bar = 30 lm).

R. Aneja et al. / Bioorg. Med. Chem. 14 (2006) 8352–8358 8355
their DNA to different extents. Untreated cells (0 h
treatment) showed a typical normal distribution of cell
populations in G0/G1 with 2N (unduplicated) DNA
content and in G2/M with 4N (duplicated) DNA con-
tent. Figure 4A–C represents the cell-cycle progression
profile of MCF-7 cells upon CEFNA treatment at differ-
ent times in a three-dimensional disposition. Treatment
of MCF-7 cells with CEFNA for 0, 24, 48, and 72 h led
to profound perturbations of the cell cycle (Fig. 4D).
Our results show that CEFNA induced a massive accu-
mulation of cells in the G2/M phase at 24 h in a dose-de-
pendent manner. For example, the G2/M cell
population increases from 24% in the control to 47%
in MCF-7 cells treated with 25 lM CEFNA for 24 h
(Fig. 4D). Subsequent to the G2/M block, a characteris-
tic hypodiploid DNA content peak (sub-G1) is seen to
be rising at 48 and 72 h of CEFNA treatment for all
the three doses studied (Fig. 4D). The progressive gener-



Figure 4. CEFNA inhibit cell-cycle progression at mitosis followed by the appearance of a characteristic hypodiploid (sub-G1) DNA peak, indicative

of apoptosis. Panels A–C depict analyses of cell-cycle distribution in a three-dimensional disposition as determined by flow cytometry in MCF-7 cells

treated with 5, 10, and 25 lM CEFNA. Panel D is a graphical representation of the quantitation of percent G2/M and percent sub-G1 cells at the

three dose regimes (5, 10, and 25 lM) at the noted hours. Results are representative of three experiments performed in triplicate.
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ation of cells having hypodiploid DNA content reflects
fragmented DNA indicating dying cells. The percent
sub-G1 and G2/M population for the three doses (5,
10, and 25 lM) has been plotted in Figure 4D. It is evi-
dent from the line-graphical representation that at
25 lM for MCF-7 cells, the percent sub-G1 is 40%.
However, at lower doses, the number of hypodiploid
cells is lesser. We can clearly see differences at 5 and
10 lM CEFNA concentration in the extent of its
deleterious effect on the cell cycle by the reduced per-
centage of sub-G1 cells. However, the apoptotic index
seemed to saturate at a higher concentration of 25 lM.
3. Experimental

3.1. Chemistry

1H NMR and 13C NMR spectra were measured by
400 NMR spectrometer in a CDCl3 solution and ana-
lyzed by INOVA. Proton NMR spectra were recorded
at 400 MHz and were referenced with residual chloro-
form (7.27 ppm). Carbon NMR spectra were recorded
at 100 MHz and were referenced with 77.27 ppm reso-
nance of residual chloroform. Abbreviations for signal
coupling are as follows: s, singlet; d, doublet; t, triplet;
q, quartet; m, multiplet. Infrared spectra were record-
ed on sodium chloride discs on Mattson Genesis II
FT-IR. High resolution mass spectra were collected
on Thermo Finnigan LTQ-FT Hybrid mass spectro-
photometer using 3-nitrobenzyl alcohol or with addi-
tion of LiI as a matrix. Melting points were
determined using a Thomas-Hoover melting point
apparatus and are uncorrected. All reactions were
conducted with oven-dried (125 �C) reaction vessels
in dry argon. All common reagents and solvents were
obtained from Aldrich and were dried using 4 Å
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). HPLC purity data in two
different solvent systems and peak attributions are
provided in the supplementary information section.
3.1.1. (R)-5-((S)-4,5-dimethoxy-1,3-dihydroisobenzofu-
ran-1-yl)-4-methoxy-6-methyl-5,6,7,8-tetrahydro-[1,3]-
dioxolo[4,5-g ]isoquinoline (2). To a solution of sodium
borohydride (0.2 g, 5 mmol) in dry THF (20 ml) was
added a solution of noscapine (1 g, 2.5 mmol) in boron
trifluoride dietherate drop wise at 0 �C. The mixture
was stirred at 0 �C for 1 h and then refluxed for another
2 h. The reaction mixture was quenched with cold water,
extracted with chloroform and dried (Na2SO4). Evapo-
ration of the solvent afforded a crude product which
was purified by flash column chromatography (ethyl
acetate/hexane = 4:1) to afford the title compound 2.
Yield: 95%; 1H NMR (CDCl3, 400 MHz): d 6.82 (d,
1H, J = 7.4 Hz), 6.56 (d, 1H, J = 7.4 Hz), 6.50 (s, 1H),
5.91 (s, 2H), 5.01 (dd, 1H, J = 11.6 Hz), 4.95 (dd, 1H,
J = 11.6 Hz), 4.73 (s, 1H), 4.58 (s, 1H), 3.87 (s, 6H),
3.88 (s, 3H), 3.22–3.18 (m, 2H), 2.65 (s, 3H), 2.60–2.57
(m, 2H); 13C NMR (CDCl3, 100 MHz), d 150.5, 148.5,
148.3, 148.0, 134.8, 133.5, 133.0, 131.1, 120.2, 118.5,
114.1, 104.8, 101.5, 97.2, 69.6, 65.4, 56.1, 56.0, 55.9,
52.7, 41.5, 31.8; HRMS (ESI): m/z Calcd for
C22H26NO6 (M+1), 400.44121; found: 400.4464 (M+1).

3.1.2. (R)-9-bromo-5-((S)-4,5-dimethoxy-1,3-dihydroiso-
benzofuran-1-yl)-4-methoxy-6-methyl-5,6,7,8-tetrahydro-
[1,3]dioxolo[4,5-g]isoquinoline (3). To a flask containing
the cyclic ether noscapine analog 2 (20 g, 48.8 mmol)
was added a minimum amount of 48% hydrobromic acid
solution (�40 ml) to dissolve or make a suspension of the
reactant. To this reaction mixture was then added freshly
prepared bromine water (�250 ml) drop wise until an or-
ange precipitate appeared. The reaction mixture was stir-
red at room temperature for 1 h to attain completion,
neutralized to pH 10 using ammonia solution to afford
a solid precipitate. The solid precipitate was recrystal-
lized with ethanol to afford the cyclic ether brominated
noscapine analog 3. Yield, 80%; mp 113–114 �C; IR:
2950 (m), 2852 (m), 1635 (w), 1616 (m), 1450 (s), 1267
(s), 1226 (s), 1078 (s), 1035 (s) cm�1; 1H NMR (CDCl3,
400 MHz), d 6.73 (d, 1H, J = 8 Hz), 6.11 (d, 1H,
J = 8 Hz), 6.08 (s, 2H), 5.78 (s, 2H), 5.33 (dd, 1H,
J = 12 Hz), 5.05 (dd, 1H, J = 12 Hz), 4.90 (s, 1H), 3.86
(s, 6H), 3.83 (s, 3H), 3.42–3.19 (m, 2H), 2.99 (s, 3H),
2.82–2.80 (m, 2H); 13C NMR (CDCl3, 100 MHz),
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d 151.8, 151.6, 149.7, 148.8, 136.3, 135.8, 132.9, 131.1,
120.9, 121.5, 114.4, 106.0, 101.2, 97.9, 69.3, 65.2, 56.9,
56.6, 56.0, 52.5, 41.3, 27.9; MS (FAB): m/z (relative
abundance, %), 480 (100), 478 (100), 462 (8), 460 (8.3),
300 (18), 298 (19), 179 (12.5); MALDI: m/z 478.5 (M)+,
480.5; ESI: parent ion mass, 480, 478; daughter ion
masses (intensity, %), 462 (74), 460 (52.5), 447 (21),
445 (16.6), 431 (83.3), 429 (66.6), 300 (79), 298 (74.7),
193 (11), 191 (23.5), 179 (100); HRMS (ESI): m/z Calcd
for C22H25BrNO6 (M+1), 479.3345; found: 479.3329
(M+1).

3.1.3. (R)-5-((S)-4,5-dimethoxy-1,3-dihydroisobenzofu-
ran-1-yl)-9-fluoro-4-methoxy-6-methyl-5,6,7,8-tetrahy-
dro-[1,3]dioxolo[4,5-g]isoquinoline (CEFNA, 4). To a
solution of cyclic ether brominated noscapine analog 3
(1 g, 2.5 mmol) in anhydrous THF (20 ml) was added an
excess of Amberlyst-A 26 (fluorine, polymer-supported,
2.5 g, 10 mequiv of dry resin, the average capacity of the
resin is 4 mequiv/g) and the reaction mixture was refluxed
for 12 h. The resin was filtered off and the solvent removed
to afford the crude product which was purified by flash
column chromatography (ethyl acetate/hexane = 4:1) to
afford (R)-5-((S)-4,5-dimethoxy-1,3-dihydroisobenzofu-
ran-1-yl)-9-fluoro-4-methoxy-6-methyl-5,6,7,8-tetrahy-
dro-[1,3]dioxolo[4,5-g]isoquinoline (4) as light brown
crystals. The recovery of resin was achieved by washing
with 1 N NaOH and then rinsing thoroughly with water
until neutrality to afford hydroxy-form of resin. It was
then stirred overnight with 1 N aqueous hydrofluoric acid
(250 ml), washed with acetone, ether, and dried in a vacu-
um oven at 50 �C for 12 h to afford the regenerated
Amberlyst-A 26 (fluorine, polymer-supported). Yield:
72%; mp 117.5–117.8 �C; 1H NMR (CDCl3, 400 MHz):
d 6.77 (d, 1H, J = 8.1 Hz), 6.32 (d, 1H, J = 8.1 Hz), 6.12
(s, 2H), 5.87 (s, 2H), 5.12 (dd, 1H, J = 11.4 Hz), 4.97
(dd, 1H, J = 11.4 Hz), 4.80 (s, 1H), 3.93 (s, 6H), 3.88 (s,
3H), 3.47–3.33 (m, 2H), 2.80 (s, 3H), 2.64–2.61 (m, 2H);
13C NMR (CDCl3, 100 MHz), d 152.1, 151.5, 149.9,
148.7, 137.5, 135.2, 132.1, 131.7, 120.4, 121.8, 114.2,
106.5, 102.0, 98.0, 69.7, 66.7, 56.0, 56.8, 55.4, 52.6, 41.4,
28.2; HRMS (ESI): m/z Calcd for C22H25FNO6 (M+1),
418.4354; found: 418.4219 (M+1).

The purity of compound 4 was determined using HPLC in
two different solvent systems and the peak attributions
were measured in Ultimate Plus, LC Packings, Dionex,
using C18 column and a gradient starting from 100% A
and 0% B to 0% A and 100% B over 25 min at a flow of
40 ml/min. The peak attributions are indicated as reten-
tion times in minutes. The retention time and correspond-
ing purity are 18.04 and 97.5% using method 1 (solvent
system: A, 0.1% formic acid and B, acetonitrile), whereas
18.06 and 97.0% using method 2 (solvent system: A, 0.1%
formic acid and B, methanol), respectively.
4. Biology

4.1. Cell lines and chemicals

Cell culture reagents were obtained from Mediatech,
Cellgro. MCF-7 and MCF-7/Adr cells were maintained
in Dulbecco’s modified Eagle’s medium 1X (DMEM)
with 4.5 g/L glucose and LL-glutamine (Mediatech, Cell-
gro) supplemented with 10% fetal bovine serum (Invit-
rogen, Carlsbad, CA) and 1% penicillin/streptomycin
(Mediatech, Cellgro). MDA-MB-231 cells were grown
in RPMI-1640 medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin.

4.1.1. In vitro cell proliferation assay
4.1.1.1. Sulforhodamine B assay. The cell proliferation

assay was performed in 96-well plates as described pre-
viously.12,24 Adherent cells were seeded in 96-well plates
at a density of 5 · 103 cells per well. They were treated
with increasing gradient concentrations of CEFNA the
next day while in log-phase growth. After 72 h 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 the unbound dye. The protein-bound dye
was extracted with 10 mM Tris base to determine the
optical density at 564-nm wavelength.

4.1.1.2. Cell viability by trypan blue-exclusion assay.
The loss of membrane integrity in dead and dying cells
allows the preferential uptake of labels like trypan blue.
At the end of the incubation times with 25 lM CEFNA,
MDA-MB-231 cells were pelleted and washed with PBS.
Fifty microliters of well-suspended cells was mixed with
50 ll of 0.4% trypan blue in 1· PBS, pH 7.4, and incu-
bated at room temperature for 5 min. Microscopic
examination followed and blue-stained cells were con-
sidered non-viable.

4.1.1.3. DAPI staining. Cell morphology was evaluat-
ed by fluorescence microscopy following DAPI staining
(Vectashield, Vector Labs, Inc., Burlingame, CA).
MCF-7 cells were grown on poly-LL-lysine-coated cover-
slips in six-well plates and were treated with 25 lM
CEFNA for 72 h. After incubation, coverslips were fixed
in cold methanol and washed with PBS, stained with
DAPI, and mounted on slides. Images were captured
using a BX60 microscope (Olympus, Tokyo, Japan)
with an 8-bit camera (Dage-MTI, Michigan City, IN)
and IP Lab software (Scanalytics, Fairfax, VA). Apop-
totic cells were identified by features characteristic of
apoptosis (e.g., nuclear condensation, formation of
membrane blebs, and apoptotic bodies).

4.1.1.4. Immunofluorescence microscopy. Cells ad-
hered to poly-LL-lysine-coated coverslips were treated
with CEFNA for 0, 1, 12, 24, 48, and 72 h. After treat-
ment, 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 ll of 2% BSA in PBS at 37 �C for
15 min. A mouse monoclonal antibody against a-tubu-
lin (DM1A, Sigma) was diluted 1:500 in 2% BSA/PBS
(100 ll) and incubated with the coverslips for 2 h 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)-la-
beled goat anti-mouse IgG antibody (Jackson Immuno-
Research, Inc., West Grove, PA) at 37 �C for 1 h.
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Coverslips were then rinsed with 2% BSA/PBS for
10 min and incubated with propidium iodide (0.5 lg/
ml) for 15 min at room temperature before they were
mounted with Aquamount (Lerner Laboratories, Pitts-
burgh, PA) containing 0.01% 1,4-diazobicyclo(2,2,2)oc-
tane (DABCO, Sigma). Cells were then examined
using confocal microscopy for microtubule morphology
and DNA fragmentation (at least 100 cells were exam-
ined per condition). Propidium iodide staining of the nu-
clei was used to visualize the multinucleated and
micronucleated DNA in this study.

4.1.1.5. Cell-cycle analysis. The flow cytometric eval-
uation of the cell-cycle status was performed as de-
scribed previously.12 Briefly, 2 · 106 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 h. Cells were then centri-
fuged at 1000g for 10 min and the supernatant was dis-
carded. The pellets were washed twice with 5 ml of PBS
and then stained with 0.5 ml propidium iodide (0.1% in
0.6% Triton X in PBS) and 0.5 ml RNase A (2 mg/ml)
for 45 min in dark. Samples were then analyzed on a
FACSCalibur flow cytometer (Beckman Coulter Inc.,
Fullerton, CA).
5. Conclusion

Summarizingly, we have provided a simple method for
the regioselective fluorination of cyclic ether noscapine
analog to yield the fluorinated product in high quantita-
tive yields. Our results show that this novel analog inhib-
its proliferation of breast cancer cells including a drug-
resistant variant much more potently than the parent
compound, noscapine. Furthermore, the mechanism of
cell death caused by CEFNA is preserved, in that, like
noscapine, cell death is preceded by extensive mitotic
arrest. Taken together, this novel analog indicates a great
potential for further preclinical and clinical evaluation.
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