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A novel series of 10-benzylidene-9(10H)-anthracenones and 10-(phenylmethyl)-9(10H)-anthra-
cenones were synthesized and evaluated for antiproliferative activity in an assay based on
K562 leukemia cells. The 3-hydroxy-4-methoxybenzylidene analogue 9h was found to be the
most active compound (I1Cso K562: 20 nM). Structure—activity relationships are also considered.
The highly active compound 9h and the 2,4-dimethoxy-3-hydroxybenzylidene analogue 91 were
tested against five tumor cell lines using the XTT assay, including multidrug resistant
phenotypes. Induction of cell death in a variety of tumor cell lines was determined in a
monolayer assay using propidium iodide. Noteworthy, all compounds within the series induced
elongations in K562 cells similar to vinblastine-treated cells. The effect of the lead compound
9h on K562 cell growth was associated with cell cycle arrest in G2/M. Concentrations for 50%
KB/HelLa cells arrested in G2/M after treatment with 9h and 91 were determined and found to
be in the range of 0.2 uM. Additionally, we monitored the dose dependent caspase-3-like protease
activity in K562 cells and MCF-7/Casp-3 cells treated with 9h, indicating induction of apoptosis.
Western blotting analysis demonstrated that 9h caused a shift in tubulin concentration from
the polymerized state found in the cell pellet to the unpolymerized state found in the cell
supernatant. Seven compounds strongly inhibited tubulin polymerization with activities higher
or comparable to those of the reference compounds such as colchicine, podophyllotoxin, and
nocodazole. In general, the antiproliferative activity correlated with inhibition of tubulin
polymerization. The most active compounds strongly displaced [®*H]colchicine from its binding
site in the tubulin, yielding ICsy values 3- to 4-fold lower than that of colchicine. The novel
benzylidene-9(10H)-anthracenones described in the present study constitute an interesting
group of highly active and easily accessible antimitotic agents that inhibit tubulin polymeri-

zation.

Introduction

Attacking the microtubule system is a common strat-
egy to inhibit tumor cell proliferation. The importance
of microtubules for cellular life and especially mitosis
as well as for the induction and progression of apoptosis
makes them one of the most prominent targets for the
development of anticancer agents and for the treatment
of solid tumors.1~3 Microtubules are hollow tubes found
in almost all eukaryotic cell types. They are directly
involved in a variety of cellular functions, such as
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mitosis and cell replication, cell movement, cell main-
tenance, and cell shape, as well as transport of or-
ganelles inside the cell. Tubulin together with its
isotypes is the major building block of microtubules and
exists as a heterodimer of o- and p-tubulin. Both
globular polypeptides have a molecular mass between
50 and 55 kDa and combine stoichiometrically. This
heterodimer binds two molecules of guanosine triphos-
phate (GTP), which are involved in tubulin functions.
By interfering with tubulin assembly, for example by
inhibiting tubulin polymerization or causing depolym-
erization upon binding to tubulin, novel compounds
provide new perspectives for the inhibition of tumor cell
growth and suppression of cancer. Meanwhile, numer-
ous antimitotic agents displaying a wide structural
diversity have been found to affect microtubule dynam-
ics. Almost all of them interact with the a/g-tubulin
dimer, rather than microtubule-associated proteins
(MAPS) or other proteins involved in microtubule func-
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Chart 1. Examples of Tubulin Interacting Agents

7, D-82318

tions. However, the binding site interactions for a
certain number of tubulin binders are not completely
known.

The vinca alkaloids, typified by vinblastine (1, Chart
1) and vincristine as well as the taxanes, such as taxol
(INN: paclitaxel) and taxotere (INN: docetaxel), are the
mostly used antimicrotubule agents for the treatment
of cancer and have been successfully introduced to
clinical oncology.* Colchicine (2) is another important
antimitotic agent. Although it has limited medicinal
utility due to its small therapeutic window, colchicine
has played a fundamental role in elucidation of the
properties and functions of tubulin and microtubules.®
Additionally, the natural products combretastatin A-46
(3), curacin A,” podophyllotoxin® (4), epothilones A and
B® and dolastatinl® as well as some more synthetic
compounds including indanocine!! (5), phenstatin?? (6),
acridinyl-9-carboxamide D-82318%2 (7), and the 2-eth-
oxyestradiol analogue! (8) (Chart 1), to cite just a few,
are known to mediate cytotoxic activities through a
binding interaction with tubulin. However, no new
tubulin polymerization inhibitor of low molecular weight
has come into the market as yet.

In our search for potent and selective antitumor
agents, a novel series of 9(10H)-anthracenones bearing
alkylidene- and alkyl-linked aromatic substituents in
the 10-position were synthesized and assayed for anti-
proliferative activity against human chronic myelog-
enous K562 leukemia cells. The most active inhibitors
were found in the benzylidene series. For cytotoxicity,
selected compounds were evaluated in the XTT assay.
Furthermore, induction of cell death in a panel of tumor
cell lines was measured in a monolayer assay. Several
compounds strongly inhibited the growth of tumor cell
lines at nanomolar concentrations, acted in a cell cycle
dependent manner and induced apoptosis in cancer
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cells. Additionally, they were found to be potent inhibi-
tors of tubulin polymerization in the turbidity assay.
Activities were comparable to those of the reference
compounds, such as nocodazole, podophyllotoxin, and
colchicine, as determined in the same assay. Herein, we
report the structure—activity relationship as well as the
biological data of this novel class of highly active and
easily accessible antimicrotubule agents.

Chemistry

Condensation reaction of 9(10H)-anthracenone (9,
Scheme 1) with aldehydes is generally applicable.'®> The
substituted benzylidene-9(10H)-anthracenones were ob-
tained by a straightforward aldol-type condensation
reaction of 9(10H)-anthracenone with appropriately
substituted benzaldehydes under basic conditions in the
presence of pyridine/piperidine (method A, Experimen-
tal Section).1617 In a more efficient route, gaseous
hydrogen chloride was used for the condensation reac-
tion (method B).'® Acidic reaction conditions led to
esterification of the carboxyaldehydes in the case of
9x. The structural variations described here concerned
the benzylidene moiety of the molecules and the conver-
sion of some methoxy derivatives into the free phenols.
The starting benzaldehydes were obtained from com-
mercial sources or prepared according to the literature.
For the preparation of compounds 9d and 9u, ether
groups of 9c and 9f were cleaved by boron tribromide
in dichloromethane.

The C-10-benzylated derivatives of 9(10H)-anthra-
cenone (10a—f) were prepared as outlined in Scheme
2. Monoalkylation was achieved by reaction of 9(10H)-
anthracenone with the corresponding benzylic chlorides
in the presence of potassium carbonate in acetone.'®
Attempts to obtain the monoalkylated compounds by
using benzylic bromides or by alkylating anthrone
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glacial acetic acid, HCI 37%, A, 20 min.

monoanion in aqueous alkaline solution?° failed. Com-
pound 10f was synthesized by debenzylation of 10b
using a mixture of glacial acetic acid and HCI.

Biological Evaluation and Discussion

In Vitro Cell Growth Inhibition Assay. The
compounds were initially screened for antiproliferative
activity against the human chronic myelogenous leu-
kemia cell line K562.21 Cell proliferation was deter-
mined directly by counting the cells with a Coulter
counter after 48h of treatment. The structures of the
benzylidene-9(10H)-anthracenones are listed in Table
1, together with the growth inhibitory data. The ob-
served antiproliferative activities were obviously de-
pendent on the substitution pattern of the benzylidene
part. 10-[(3-Hydroxy-4-methoxybenzylidene)]-9(10H)-
anthracenone 9h, which incorporates partial structures
of both combretastatin A-4 (3) and phenstatin (6, Chart
1), displayed excellent antiproliferative activity (ICso
K562: 0.02 uM). It was revealed to be the most active
compound in this assay, and it was found to be almost
as potent as adriamycin (ICso K562: 0.01 uM). In
addition, compounds 9b, 9d, and 9g were also found to
be highly active with ICs values < 0.1 uM. However,
the structural differences between these compounds did
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not greatly affect the antiproliferative potency, and the
activity of 9h was not improved. Noteworthy, the
isomeric 9i was determined to be 70-fold less potent
than 9h (9i, 1.4 uM vs 0.02 uM for 9h), whereas activity
of 9j was found between these two compounds. Fur-
thermore, a hydroxy group being flanked by methoxy
groups in the case of 9k and 9l resulted in highly active
compounds. Replacement of methoxy groups by bromo
atoms was well tolerated and produced the highly active
compound 90 (ICso K562: 0.16 uM). Introduction of
chloro (9p) or nitro substituents (9w) resulted in
compounds with reduced antiproliferative activity com-
pared with those bearing methoxy and/or hydroxy
substituents. Bulky substituents were also detrimental
to potency as documented by 9m versus 9qg. The
unsubstituted compound 9a displayed modest antipro-
liferative activity. The bismethoxy-substituted deriva-
tives 9c and 9e had ICsp values of 0.6 uM each, thus
being 10-fold less active than 9b (ICso K562: 0.06 uM)
but far more potent than 9f (ICso K562: 4 uM).
Interestingly, introduction of a 3,4,5-trimethoxyphenyl
group in 9f, a well-defined pharmacophore for the
inhibition of tubulin polymerization found in colchicine,
combretastatin A-4, and podophyllotoxin, strongly de-
creased growth inhibitory properties in comparison with
9b and 9h. The 4,5-methylenedioxy bridge compound
9r displayed moderate activity, whereas compounds 9s,
9u, and 9v were considered to be weak growth inhibitors
(I1Csp values = 20 uM).

The 10-phenylalkyl-substituted compounds revealed
a dramatically decreased inhibitory effect on cell growth
(9h vs 10f, 9b vs 10a, 9c vs 10c), indicating the
potential importance of a restricted conformational
flexibility in the case of the benzylidenes. Consistent
with the findings in the benzylidene series, the isovan-
illin derived compound 10f was found to be the most
active one within the 10-phenylalkyl series. However,
its antiproliferative effect was not very pronounced.

No relationship between antiproliferative activity and
lipophilicity?? in the benzylidene series was observed
(calculated ClogP data not shown).

Effect on Growth of Different Tumor Cell Lines.
To further investigate the antiproliferative potential, the
effect of highly active compounds 9h and 9l against a
panel of five tumor cell lines derived from solid tumors
was measured by cellular metabolic activity using the
XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tet-
razolium-5-carboxanilide) assay.?® Both compounds were
slightly more potent than nocodazole and showed excel-
lent cytotoxicities with 1Csp values in the range of <0.1
uM toward several proliferating cell lines (Table 2). The
compounds were not active against RKO cells (human
colon adenocarcinoma) with ectopic inducible expression
of cyclin-dependent kinase inhibitor p27kirl 24 By con-
trast, growth of proliferating RKO cells was strongly
inhibited by 91 and 9h with 1Csg values of 0.05 and 0.06
uM, respectively), indicating cytotoxicity toward cycling
cells. One of the greatest limitations on the efficiency
of cancer chemotherapy is the development of multiple
drug resistance (MDR) in patients, meaning that cancer
cells evade chemotherapy by developing a broad spec-
trum resistance to several anticancer and cytotoxic
drugs.?®> This is mediated, among other factors, by
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Table 1. Antiproliferative Activity of Benzylidene-9(10H)-anthracenones and 10-(Phenylmethyl)-9(10H)-anthracenones against

K562 Cells and Antitubulin activities

o)

R1
R4 O R2
R3
9a - 9x 10a - 10f
compd Rt R2 R3 R4 K562 ICs0? [uM] ITP? ICso [uM]

9a H H H H 2 4.40
9b H OCH3 H H 0.06 0.76
9c OCHg3; OCH3; H H 0.6 1.70
a9d OH OH H H 0.06 1.80
9e OCHgs; H OCH3; H 0.6 >10

of OCHg3; OCH3; OCH3; H 4 10
9g H OCH3 H OH 0.07 1.2
9h OH OCH3 H H 0.02 0.67
9i OCHg3; OH H H 1.40 0.63
9j H H OCH3; OH 0.73 0.91
9k OCHgs; OH OCH3 H 0.17 0.63
9l H OCH3 OH OCHgs; 0.25 0.43
9Im CHs; OH CHs H 0.8 0.91
9n COOCH3; OH H H 1.4 >10
90 Br OH Br H 0.16 0.48
9p Cl H Cl H 6 >10
9q C(CH3)s3 OH C(CHa3)s H 39 ND
9r OCH20 H H 0.9 ND
9s H OCH,Ph H H 22 >10

9t H OH H H 0.8 2.5
9u OH OH OH H 20 >10
9v H CF; H H >20 ND
9w H NO; H H 3 ND
9x H COOC;Hs H H 0.7 ND
10a H OCH3; H H 25 2.6
10b OBz OCHg3 H H ND >10
10c OCHg3; OCH3; H H 62 >10
10d OCHg3; H OCH3 H ND 10
10e OCHgs; OCH3 OCH3 H >80 >10
10f OH OCH3 H H 7 2.3
colchicine 0.02 1.4
nocodazole ND 0.76
podophyllotoxin ND 0.35
vinblastine sulfate 0.001 0.13
adriamycin 0.01 ND

a 1Cso, concentration of drug required for 50% inhibition of cell growth (K562). Cells were treated with drugs for 2 days. 1Cs values are
the means of at least three independent determinations (SD < 10%). ® ITP = inhibition of tubulin polymerization; 1Cso values were
determined after 20 min at 37 °C and represent the concentration for 50% inhibition of the maximum tubulin assembly rate.

Table 2. Cytotoxic Activity of 9h and 9l against Different Tumor Cell Lines

1C350 [uM]
RKOp27Kipt
KB/HeLa SKOV3 SF268 NCI-H460 (human colon adenocarcinoma)
compd (cervix) (ovary) (glioma) (lung) not induced induced
9h 0.09 0.05 0.05 0.07 0.06 >9
9l 0.05 0.06 0.06 0.06 0.05 >9
paclitaxel 0.01 0.01 0.01 0.01 0.01 >3
nocodazole 0.14 0.17 0.30 0.15 0.11 >10
colchicine 0.03 0.05 0.05 0.07 0.02 >10

2 1Cso values were determined from XTT proliferation assays after incubation with test compound for 48 h. All experiments were
performed at least in two replicates (n = 2), and 1Cso data were calculated from dose—response curves by nonlinear regression analysis.

overexpression of transmembrane cellular pumps, such
as the 170 kDa P-glycoprotein (pgp),26 encoded by the
mdr1 gene and the 180 kDa MDR protein (MRP).2” The
antiproliferative activity of 9h and 91 against tumor cell
lines with different resistance phenotypes was evaluated
in an XTT-based cytotoxicity assay. As documented by
the 1C5o data (Table 3), the cytotoxic effects of 9h and

9l toward different parental tumor cell lines are re-
tained in cell lines with various MDR resistance phe-
notypes. In contrast to paclitaxel and vindesine, these
compounds are no substrates of pgpl170.

Effect on Cell Viability. The active compounds 9b,
9d, 9h, 9i, 9j, 9Kk, and 9l were further assayed for the
induction of cellular death in several tumor cell lines
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Table 3. Antiproliferative Activity of 9h and 9I, Paclitaxel,
Nocodazole, and Vindesine against Tumor Cell Lines with
Different Resistance Phenotypes (XTT assay)

1Cs50? [uM]

LT12 L1210 P388
compd LT12 MDR L1210 VCR P388 ADR
9h 0.32 0.19 0.14 0.13 0.16 0.26
9l 0.12 0.09 0.05 0.07 0.08 0.11

paclitaxel 0.006 0.40 0.06 >5 0.04 >5
nocodazole 0.30 0.05 0.06 0.07 0.07 0.05
vindesine 0.001 0.26 0.02 >5 0.01 1.10

a1Cso values were determined from XTT proliferation assays
after incubation with test compound for 48 h. All experiments were
performed at least in two replicates (n = 2), and ICso data were
calculated from dose—response curves by nonlinear regression
analysis.

(Table 4) by means of a modified propidium iodide
fluorescence assay, quantifying dead cells by staining
of DNA and RNA.28-30 Propidium iodide does not cross
intact cell membranes and enters only the nucleus of
dead cells by intercalation of into DNA or RNA. Besides
permanent cell lines, human tumor xenograft derived
cell lines were used, reflecting the typical properties of
the original patient tumor of which they were derived.
Again, 9h displayed the highest activity and strongly
caused a decrease in the number of viable cells (% T/C)
in all cell lines tested. In addition, compound 9l was
found to be very potent. With the exception of MCF-7
cells, activities of 91 were comparable to adriamycin or
improved.

Induction of Morphological Change in K562
Cells. The strong antiproliferative activity of several
compounds prompted us to focus on the molecular
target. Interestingly, K562 cells incubated with almost
all of the benzylidenes became altered in shape (Figure
1). The morphological changes appeared to be very
similar to the cellular elongations caused by treatment
with vinblastine. Since vinblastine is a well-known
tubulin binder, the mechanism of action of the novel
agents appeared to be involved in the microtubule
assembly. This hypothesis was further supported by the
fact that 9b was selected as an antimitotic agent by
means of the COMPARE algorithm.3!

Effect on Cell Cycle Progression. Tubulin is the
intracellular target of compounds such as vinblastine,
colchicine, podophyllotoxin, or combretastatin A4. The
vinca alkaloid vinblastine, for example, is a potent
inhibitor of cell proliferation and induces arrest in the
G2/M phase of the cell cycle.132:33 In an initial experi-
ment, we examined the effect of 9h on cell cycle pro-
gression with propidium iodide stained K562 cells. The
cells were incubated with 9h and vinblastine sulfate
for 24 h. The cell cycle dependent DNA content was
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determined by flow cytometry using propidium iodide
in permeabilized cells. As illustrated by the virtually
congruent FACS histogram (Figure 2A), it became
evident that compound 9h accumulated cells at G2/M
in the concentration of 0.3 uM. For a thorough compari-
son of 9h and 9l with known G2/M cell cycle inhibitors
in a dose dependent manner, we used an established
KB/HeLa (human cervical epitheloid carcinoma) cell
based assay system, and the percentage of cells in G2/M
phase after 24 h was plotted against different concen-
trations of the compounds (Figure 2B). The concentra-
tion for 50% cells arrested in G2/M phase by 9h and 9l
was found to be in the range of 0.2 uM (9h, 0.206 uM,;
9l, 0.234 uM), thus being 3—4-fold higher than the
concentrations determined for nocodazole (ECso 0.082
uM) or taxol (ECsp 0.054 uM), respectively.

Apoptosis Induction by 9h. Cell cycle arrest at
G2/M is often followed by DNA fragmentation and the
morphological features of apoptosis.3 It has been docu-
mented that compounds interfering with the microtu-
bule dynamics promote apoptosis in cancer cells.11:34.35
Therefore, we have investigated the effect of 9h on
induction of apoptosis in K562 cells in a dose and time
dependent manner by using a caspase assay (Figure 3).
Caspases (cysteinyl-aspartic-acid-proteases) are crucial
components of apoptotic pathways. They are responsible
for most biological and morphological alterations during
apoptosis,3® with caspase-3 being the most prominent
effector caspase. Caspase-3 like protease activity was
measured by monitoring the cleavage of the fluorogenic
caspase-3 specific substrate DEVD-AMC in extracts
from drug treated cells. K562 cells incubated with
different concentrations of 9h for 12, 24, and 48 h
showed a significant time and concentration dependent
increase in caspase-3-like protease activity compared
with untreated cells (Figure 3). The extent of caspase-3
like protease activity at 3 uM after 48 h was similar to
that of vinblastine, which was used as a positive control.
These data suggest that the benzylidene-9(10H)anthra-
cenones, in addition to their antiproliferative effects,
also induce apoptosis in K562 cells.

Activation of caspase-3, in response to anticancer
drugs, can be triggered by the mitochondrial release of
pro-apoptotic factors into the cytosol.®” In response to
9h, such a release was demonstrated in MCF-7/Casp-3
cells stably transfected with green fluorescent protein
(GFP)-tagged cytochrome c.38 Epifluorescence micros-
copy of untreated cells revealed a typical filamentous
mitochondrial cytochrome c¢c-GFP signal (Figure 4A,
GFP, control) and intact nuclear morphology, as re-
vealed by Hoechst 33258 staining. Treatment with 9h
or vinblastine induced the release of cytochrome c-GFP,

Table 4. Effect of Selected Compounds against a Panel of Human Tumor Cell Lines in the Propidium lodide Monolayer Assay

1Cso [uM]
cell line type 9b ad 9h 9i 9j 9k 9l adriamycin
SF-268 ZNS 0.89 1.16 0.03 2.97 0.98 0.62 0.04 NDP
H-460 lung 0.50 <0.01 <0.01 2.36 3.33 3.09 0.15 1.72
LXF 629L lung 0.13 0.26 <0.01 2.07 2.02 0.72 0.05 0.07
LXF 529L lung 0.26 1.62 0.52 3.23 4.45 7.49 0.07 0.03
MCF-7 breast 0.56 0.04 <0.01 2.52 0.80 413 1.85 0.05
401NL breast 0.30 0.21 <0.01 1.51 0.02 0.24 <0.01 0.01
RXF 944L renal 0.70 0.03 <0.01 2.83 0.36 0.15 <0.01 0.06

2 ND: Not determined.
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Figure 1. Induction of morphological change in K562 cells. K562 cells were incubated without (A), with 0.3 uM of 9h (B), or with
0.1 uM of vinblastine (C) for 24 h at 37 °C and photographed under a phase-contrast microscope.

Table 5. Chemical Data of
10-Benzylidene-9(10H)-anthracenones 9a—x and
10-(Phenylmethyl)-9(10H)-anthracenones 10a—f

%

formula@  method® mp (°C) vyield® solventd anal.

9a CxHuO A 118-120 15 MC/H (8/2)
9b  CyHi602 A 144-145 49 MC
9c  Ca3Hi103 A 143-144 86 MC

D000000000000000000000 00000 000
ITITIIIIIIIIIIIIIIIIII IIIIT IITXT

B 82
9d C1H1403 from 9¢c 204 61 EE y
9e Cy3Hig03 132—-133 59 MC ,
9f  CaaHzOs 176-177 55 MCI/M (9.8/0.2) C,

99 CxHi603 214-216 21 MC/M (9.8/0.2) C,
9h  CzHi603 144—145 38 MC/H (9/1) ,
55

199—-200 18 MC
173—-174 9 MC
196—-198 40 MC
159-160 51 MC
183—-184 77 MC
149—-152 11 MC

9i C2oH1603
9j  Ci2Hi603
9k  Cy3Hi804
9l Cy3H104
9Im  Cy3H10:
9N Ca3Hi1604

90 C21leBr202 229¢ 74 MC

gp C,1H1,CI,0, 163—164 49 MC ,
99 Caz9H3002 146—150 3 MC/H (8/2) ,
9r  C2H140s 157—-160 27 MCIH (7/3) ,
9s  CasH200; 115-117 17 MC/H (8/2) ,
9t  CxnHuO- 245 13 ,

EE/PE (1/1)
9u C21H1404 EE
v CoH13F0
9w C,;H13NO3

om 9f 236—2399 71
121-123 65 MC
181-184 75 MC

TWWIP>>>>P>O>O>OODEE>>T>

9x C24H1803 132 48 MC y
10a CxHis0; 117 30 MC ,
10b Cy9H2403 133—-135 25 MC ,
10c Cy3H003 110 31 MC y
10d Cy3H2003 99 36 MC ,
10e Cy4H2,04 112-113 34 y

E/PE (8/2)
10f CpoH1503 95-96 28 MC

a All new compounds displayed 'H NMR, FTIR, UV, and MS
spectra consistent with the assigned structure. P See Experimental
Section. ¢ Yields have not been optimized. ¢ Chromatography sol-
vent (vol %): E = ether; EE = ethyl acetate; H = hexane; M =
methanol; MC = methylene chloride; PE = petroleum ether.
¢ Decomposition. f Elemental analyses were within £0.4% of cal-
culated values, except where stated otherwise; 9C: calcd, 76.35;
found, 75.03.

indicated by a homogeneous distribution of cyt c-GFP
(Figure 4A, arrowheads). Cells with released cyt-c-GFP
initially maintained a normal nuclear morphology,
indicating that cytochrome c release was an upstream
event. Nuclear condensation, a hallmark of apoptosis,
became also evident (Figure 4A, arrows). Compound 9h
also triggered significant caspase 3-like activity in MCF-
7/Casp-3 cells at a concentration of 0.3, 1, and 3 uM
(Figure 4B).

A A Lo & B 1004

i

% cells in G2/M

cell no.

o

9h v Nocodazol e Vincristine
a 91 + Colchicine

4 Vindesine

Fl (g scale) = Taxol

Figure 2. Induction of cell cycle arrest by 9h. A, Cell cycle
distribution of K562 cells showing the effect of treatment with
9h and vinblastine sulfate (24 h assay). K562 cells were
untreated (A) or treated with 0.1 uM vinblastine (B) or 0.3
uM of 9h (C). Then, the cells were collected, and cell cycle
distribution was measured by flow cytometry with an Epics
sytem (Coulter Electronics, Hialeah, FL.). B, Effects of com-
pounds 9h and 91 on KB/HeLa cell cycle. Subconfluent cells
were exposed to different concentrations of 9h and 9l, nocoda-
zole, colchicine, vincristine, or taxol for 24 h, and the percent-
age of cells in G2/M phase was plotted against the concentra-
tions of the compounds.

Western Blotting for o-Tubulin. By the cellular
effects observed, we hypothesized an interaction of the
benzylidenes with the microtubule system in K562 cells.
Therefore, we determined the relative levels of polym-
erized and unpolymerized tubulin in the cells using
SDS—PAGE analysis and a monoclonal a-tubulin an-
tibody. Microtubules are highly dynamic structures, also
at steady-state conditions. There is constant incorpora-
tion of free dimers into the polymerized structures and
release of dimers into the soluble tubulin pool. For that
reason, tubulin assays performed by Western blotting
are useful to determine the ratio of polymerized:unpo-
lymerized tubulin.3%40 Antimicrotubule agents such as
vinblastine typically cause a shift in tubulin from the
polymerized state found in the cell pellet to the unpo-
lymerized state found in the cell supernatant. Figure
5A demonstrates the decrease in polymerized tubulin
in K562 cells after treatment with compound 9h for 24
h. Cells were harvested in the presence of a paclitaxel-
stabilizing buffer, which maintains the state of micro-
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Figure 3. Induction of apoptosis by 9h in K562 cells. Caspase-
3-like activity was assayed in K562 cells after treatment with
9h or vehicle. Vinblastine sulfate was used as a standard.
Caspase-3-like activity is shown as cleavage rate of DEVD
substrate after 12, 24, and 48 h of exposure. Cleavage of Ac-
DEVD-AMC was monitored over 2 h. Data are means + SD
from n = 4 samples per treatment. A.U., arbitrary fluorescence
units.

tubule assembly at the time of cell lysis.3 In addition,
the observed effect could also be demonstrated in a dose-
dependent manner (Figure 5B).

In Vitro Tubulin Binding Assays. To further
explore whether the growth inhibitory effect of the novel
compounds was related to an interaction with the
tubulin system, we evaluated them as inhibitors of
tubulin polymerization. Turbidimetry, which is based
upon light reflection by microtubules, provides a con-
venient in vitro method to preinvestigate the effect of a
drug on tubulin polymersation/depolymerization. Ac-
cording to the temperature-dependent equilibrium be-
tween o/f-tubulin and microtubules, assembly is ob-
served at 37 °C while desassembly occurs by rapid
cooling to 5 °C. Microtubule formation has been assayed
turbidimetrically at a wavelength of 360 nm. The results
obtained with the test agents are summarized in Table
1. For comparison, the data of the potent antimitotic
compounds colchicine, podophyllotoxin, nocodazol, and
vinblastine are also presented. In general, drug growth
inhibition correlated with the inhibition of tubulin
polymerization (Figure 6), pointing to the tubulin
system as a main intracellular target. The compounds
with the highest antiproliferative activity were the
strongest inhibitors of tubulin assembly (9b, 9g-—1).
Most of them had ICsp values below 1.0 uM, as did the
reference drugs with the exception of colchicine (1.4 uM).
The least growth inhibitory compounds had only weak
inhibitory effects on tubulin polymerization (ICs values
ranging from 1.7 to >10 uM). The compound 9h (ICsg
0.67 uM) was as antitubulin-active as podophyllotoxin.
Additionally, the isomeric compounds 9i and 9j proved
to be strongly active. The compound 9k and the isomeric
9l exhibited the same activity, with 91 being the most
active compound in this assay (ICso: 0.43 uM). Com-
pound 9b was as good an assembly inhibitor as nocoda-
zole, whereas a significantly reduced activity was
observed for 9c and 9f (ICsp > 10 uM). This was
consistent with the results of the growth inhibitory
assay.

It has to be pointed out that the 1Cso values for the
growth inhibitory activities and the inhibition of tubulin
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Figure 4. Induction of apoptosis by 9h in MCF-7/Casp-3 cells.
A, MCF-7/Casp-3 cells expressing cyt-c-GFP were treated with
9h or vinblastine for 36 h and stained with the chromatin
specific dye Hoechst 33258. Arrowheads indicate cells with
released cyt-c-GFP. Arrows indicate cells exhibiting nuclear
condensation. (Scale bar = 10 uM). B, Caspase-3-like activity
in MCF-7/Casp-3 cells after treatment with 9h or vehicle.
Vinblastine sulfate was used as a standard. Caspase-3-like
activity is shown as cleavage rate of DEVD substrate after 36
h of exposure. Cleavage of Ac-DEVD-AMC was monitored over
2 h. Data are means &+ SD from n = 4 samples per treatment.
A.U., arbitrary fluorescence units.

polymerization are often not in the same range. This
has been repeatedly reported, and it seems to be a
common feature of antimitotic drugs.*1=#3 It might be
due to the fact that the turbidimetric measurements are
performed with isolated tubulin, implicating a tubulin/
benzylidene ratio different from the cellular assay using
living cells. Also, additional factors such as cellular
uptake, metabolism, and additional targets may exert
significant effects and cannot be excluded. In conse-
quence, by means of the tubulin assembly assay it is
difficult to discriminate between highly active cell
growth inhibitors (ICsp < 0.1 M) and those being active
in the low micromolar range.

The compounds described in this report incorporate
partial structures of both combretastatin A4 and phen-
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Figure 5. Inhibition of tubulin assembly by 9h in K562 cells.
A, K562 cells were treated with 0.1 ug/mL and 0.03 ug/mL of
9h for 24 h. Vinblastine sulfate (Vbl) was used as positive
control. Cells were then harvested in the presence of 4 ug/mL
paclitaxel, separated in soluble and insoluble fractions, as
described in “Materials and Methods”, and Western blot
analysis for a-tubulin was performed. Data are representative
of three different experiments. P; pellet (polymerized fraction),
S; supernatant (soluble fraction). B, Dose-dependent effect of
9h on tubulin distribution in K562 cells. K562 cells were
treated with 0.1, 0.01, and 0.001 ug/mL of 9h for 24 h. Cells
were then harvested in the presence of 4 ug/mL paclitaxel,
separated in soluble and insoluble fractions, as described in
Materials and Methods, and Western blot analysis for o-tu-
bulin was performed. P; pellet (polymerized fraction), S;
supernatant (soluble fraction). Data are representative of three
different experiments.
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Figure 6. Activities of selected benzylidene-9(10H)-anthra-
cenones as inhibitors of tubulin assembly compared to their
activities as inhibitors of cancer cell growth.

statin, which have been demonstrated to interact with
the colchicine binding site. Therefore, we tested the
capability of 9h and 9l to compete with colchicine for
binding to tubulin using a scintillation proximity as-
say.** Both compounds strongly displaced [3H]colchicine
from its binding site (Figure 7) with exceptionally low
ICs0 values of 0.37 (9h) and 0.22 uM (9I) versus
colchicine (1.26 uM). No stabilization of the colchicine
binding was observed, as it is documented for vinca site
binders.*>4¢ For that reason, an interaction with the
colchicine binding site is highly probable whereas the
binding to the vinblastine binding site appears to be
unlikely.

Electron Microscopy. To support the former result,
the effect of 9h on microtubule assembly was compared
with that of colchicine in electron microscopy (EM)
studies. In the presence of 0.7 uM of 9h, MT assembly
was inhibited (Figure 8A). A concentration near the I1Csg
allows formation of shortened microtubules, indicating
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Figure 7. [*H]-Colchicine competition binding assay of 9h,
9l, and colchicine. Radiolabeled colchicine, unlabeled com-
pound, and biotin-labeled tubulin were incubated together for
2 hat 37 °C.
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Figure 8. Inhibition of in vitro microtubule assembly by 9h.
A, Microtubule assembly in the presence of 0.7 uM 9h at 37
°C and MTP (1 mg/mL); B, Transmission electron micrographs
of microtubules treated with 9h and colchicine, negative
staining by uranyl acetate. The longitudinal striation pattern
is due to the protofilament substructure.

a colchicine-like effect on MT assembly (Figure 8B).
Neither spiral protofilaments, being typical for a vin-
blastine-like effect,*” nor sheetlike structures (with
c-shaped profile) showing a paclitaxel-like stabilizing
effect on microtubules could be detected.
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Conclusion

We have prepared several structurally novel 10-
benzylidene- and 10-phenylmethyl-9(10H)-anthracenones.
These compounds were evaluated for their antiprolif-
erative activity against K562 cells and various other
human cancer cell lines. The investigations reported in
this paper were aimed at the elucidation of the mech-
anism of action by which these compounds exert their
antiproliferative activity. As a molecular target of the
compounds, we identified the tubulin system. The
compounds described in this report are structurally
simpler than the well-known vinblastine or the taxoids,
chemically stable and easily accessible. Structure—
activity relationship studies revealed that the hy-
droxymethoxy-substitution pattern in the benzylidene
part of the molecule plays an integral role for strong
growth inhibition. Several of the structurally novel
benzylidene derivatives showed activities comparable
to those of the strongest antiproliferative active agents
and inhibitors of tubulin polymerization. Therefore, the
compounds are highly attractive for further structural
modifications and modeling investigations. Replacement
of the benzylidene structural element by C-10-alkylation
led to a distinct loss of potency in both assays. The lead
compound 9h most likely interacts with colchicine at
the colchicine site, causes G2/M arrest and induces
apoptotic cell death. No growth inhibitory effect was
found in cell cycle arrested cells. In addition, compounds
9h and 9l were found to be equally potent toward
parental tumor cell lines and multidrug resistant cell
lines. Taken together, several compounds exhibited
attractive in vitro antitumor activity and can therefore
be considered to be potential new antimitotic agents for
further biological profiling.

Investigations to specify the interaction with the
tubulin system are ongoing. Structure—activity rela-
tionship studies concerning the pharmacophore require-
ments for activity are in progress and should help to
provide new details concerning the mechanism of action
of this interesting class of antiproliferative agents.

Experimental Section

Melting points were determined with a Kofler melting point
apparatus and are uncorrected. Spectra were obtained as
follows:

IH NMR spectra were recorded with a Varian Gemini 200
(50.3 MHz) or a Varian Mercury 400 plus spectrometer, using
tetramethylsilane as an internal standard. Fourier transform
IR spectra were recorded on a Bio-Rad laboratories Typ FTS
135 spectrometer and analysis was performed with WIN—IR
Foundation software. Elemental analyses were performed at
the Munster microanalysis laboratory, using a Heraeus CHN—-O
Rapid microanalyzer, and all values were within £0.4% of the
calculated composition. Mass spectra (EIl) were recorded in the
El mode using a MAT 44S Finnigan instrument. All organic
solvents were appropriately dried or purified prior to use. Aryl
aldehydes were obtained from commercial sources. Analytical
TLC was done on Merck silica 60 Fs4 alumina coated plates
(E. Merck, Darmstadt). Silica gel column chromatography was
performed using Merck 70—230 mesh silica gel.

General Procedure for the Preparation of 10-Ben-
zylidene-9(10H)-anthracenones. Method A. 9(10H)-An-
thracenone (2.33 g, 12 mmol) and the substituted benzalde-
hyde (14.4 mmol) were suspended in 50 mL of dry pyridine
under nitrogen. Piperidine (15 mL) was added, and the
mixture was thereafter heated on an oil bath (130 °C) until
the reaction was complete (TLC control). Then, the reaction
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mixture was cooled to room temperature, poured on water (700
mL), and acidified with 80 mL of 6 N HCI. The precipitate
was extracted with CH,Cl; (3 x 50 mL), and the organic phase
was dried over Na,SO, and then concentrated in vacuo.
Finally, the residue was purified by chromatography using
silica gel.

Method B. 9(10H)-Anthracenone (1.94 g, 10 mmol) and the
substituted benzaldehyde (10 mmol) were dissolved in absolute
ethanol (25 mL) at room temperature. Then, the suspension
was saturated with gaseous hydrogen chloride for 5 min. The
mixture became dark and was thereafter heated to reflux for
1 h (TLC control). The reaction mixture was thereafter cooled
to room temperature, poured on water (300 mL), and extracted
with CH.CI, or ethyl acetate (free phenols). Solvents were
evaporated at reduced pressure, and the residue was purified
by column chromatography using silica gel. All products were
obtained as solids.

Cleavage of Ethers with Boron Tribromide. The sub-
strate (0.58 mmol) is dissolved in CH,ClI; (10 mL) and cooled
to —78 °C. A solution of 1 molar boron tribromide in dichlo-
romethane (5 mL, 5 mmol) is added dropwise with stirring.
The stirring is continued overnight while the mixture is
allowed to warm to room temperature. Then, the reaction is
terminated by addition of water (300 mL) and the product is
subsequently extracted with ethyl acetate. The extract is dried
with Na,SO, and the solvent is then removed in vacuo. The
residue is then chromatographed on a column of SiO; using
ethyl acetate as eluent.

10-Benzylidene-9(10H)-anthracenone!”'8 (9a). FTIR 1657
cm~% *H NMR (CDClg): ¢ 8.35—7.19 (m, 14H); MS m/z 282
(655) Anal. (C21H140) C, H.

10-[(4-Methoxybenzylidene)]-9(10H)-anthracenone
(9b).*531 FTIR 1654 cm™%; *H NMR (CDClg) 6 8.31-6.82 (m,
13H), 3.83 (s; 3H); MS m/z 312 (100). Anal. (C2H160,) C, H.

10-[(3,4-Dimethoxybenzylidene)]-9(10H)-anthra-
cenone (9¢). FTIR 1654 cm™%; *H NMR (CDCl3) ¢ 8.31-7.26
(m, 12H), 3.69 (s, 3H), 3.68 (s; 3H); MS m/z 342 (100). Anal.
(C23H1303) C, H.

10-[(3,4-Dihydroxybenzylidene)]-9(10H)-anthra-
cenone (9d). FTIR 1651 cm™%; *H NMR (DMSO-dg) 6 8.26—
8.15 (m, 3H), 7.69—7.27 (m, 6H), 6.87—6.82 (m, 3H), 6.10 (s
(br), 1H), 5.65 (s (br), 1H); MS m/z 314 (100). Anal. (C21H1403)
C, H.

10-[(3,5-Dimethoxybenzylidene)]-9(10H)-anthra-
cenone (9e). FTIR 1664 cm™; *H NMR (CDCl3) 6 8.31-6.39
(m, 12H), 3.69 (s, 6H); MS m/z 342 (100). Anal. (C23H1g03) C,
H

10-[(3,4,5-Trimethoxybenzylidene)]-9(10H)-anthra-
cenone (9f). FTIR 1658, 1643 cm™%; *H NMR (CDClg) 6 8.31—
7.26 (m, 9H), 6.55 (s, 2H), 3.89 (s; 3H), 3.72 (s, 6H); MS m/z
372 (100) Anal. (C24H2004) C, H.
10-[(2-Hydroxy-4-methoxybenzylidene)]-9(10H)-anthra-
cenone (99g). FTIR 3345, 1643 cm™%; *H NMR (DMSO-dg) ¢
8.21-6.27 (m, 12H), 5.74 (s, 1H), 3.71 (s, 3H); MS m/z 328
(100) Anal. (022H1603) C, H.
10-[(3-Hydroxy-4-methoxybenzylidene)]-9(10H)-anthra-
cenone (9h). FTIR 1654 cm™1; *H NMR (CDCI;) 6 8.30—7.26
(m, 12H), 5.61 (s, 1H), 3.89 (s, 3H); MS m/z 328 (100). Anal.
(C22H1603) C, H.
10-[(4-Hydroxy-3-methoxybenzylidene)]-9(10H)-anthra-
cenone®® (9i). FTIR 3399, 1651 cm™%; 'H NMR (CDCl3) 6
8.29—-7.29 (m, 9H), 6.90—6.79 (m, 3H), 5.74 (s, 1H), 3.69 (s,
3H); MS m/z 328 (100). Anal. (C2;H1603) C, H.
10-[(2-Hydroxy-3-methoxybenzylidene)]-9(10H)-anthra-
cenone (9j). FTIR 3453, 1646 cm™*; 'H NMR (CDCls) ¢ 8.30—
6.79 (m, 9H), 6.81—-6.67 (m, 3H), 5.97 (s, 1H), 3.95 (s, 3H); MS
m/z 328 (100) Anal. (C22H1503) C, H.
10-[(3,5-Dimethoxy-4-hydroxybenzylidene)]-9(10H)-
anthracenone (9k). FTIR 1650 cm™%; *H NMR (DMSO-de) ¢
8.84 (s (br), 1H), 8.16—6.73 (m, 11H), 3.35 (s, 6H); MS m/z 358
(100). Anal. (C3H1504), C, H.
10-[(2,4-Dimethoxy-3-hydroxybenzylidene)]-9(10H)-
anthracenone (91). FTIR 1654 cm™*; H NMR (CDCls) 6
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8.32—6.48 (m, 11H), 5.65 (s, 1H), 4.01 (s, 3H), 3.90 (s, 3H);
MS m/z 358 (100) Anal. (023H1304) C, H.
10-[(3,5-Dimethyl-4-hydroxybenzylidene)]-9(10H)-an-
thracenone (9m). FTIR 1662 cm™; 'H NMR (DMSO-dg) 6
8.31-7.21 (m, 10H), 6.98 (s, 2H), 2.19 (s, 6H); MS m/z 326
(100). Anal. (Cz3H1802), C, H.
10-[(3-Carbomethoxy-4-hydroxybenzylidene)]-9(10H)-
anthracenone (9n). FTIR 1680, 1659 cm™; 'H NMR (CDCls)
0 10.87 (s; 1H, OH), 8.31—6.88 (m, 12H), 3.93 (s, 3H); MS m/z
356 (100). Anal. (C3H1604) C, H.
10-[(3,5-Dibromo-4-hydroxybenzylidene)]-9(10H)-an-
thracenone (90). FTIR 1645 cm™%; *H NMR (DMSO-dg) 6
8.26—7.42 (m, 11H); MS m/z 456 (100). Anal. (C2:H12Br;0,),
C, H.
10-[(3,5-Dichlorobenzylidene)]-9(10H)-anthracenone
(9p). FTIR 1662 cm™%; *H NMR (CDCls) 6 8.31—-7.18 (m, 12H);
MS m/z 350 (100). Anal. (C;H1.Cl,0) C, H.
10-[(3,5-Bis-tert-butyl-4-hydroxybenzylidene)]-9(10H)-
anthracenone (9q). FTIR 2957, 1668 cm™*; 'H NMR (CDCls)
0 8.31-7.18 (m, 11H), 5.35 (s, 1H), 1.36 (s; 18H); MS m/z 410
(100) Anal. (ngHgoOg) C, H.
10-[(3,4-Methylenedioxybenzylidene)]-9(10H)-anthra-
cenone®® (9r). FTIR 1646 cm™%; *H NMR (CDCls) 6 8.31—6.75
(m, 12H), 5.99 (s; 2H); MS m/z 326 (100). Anal. (C22H1403) C,
H

10-[(4-Benzyloxybenzylidene)]-9(10H)-anthracenone
(9s). FTIR 1656 cm~L; 1H NMR (CDCls) ¢ 8.35—6.90 (m, 18H),
5.08 (s; 2H); MS m/z 388 (72). Anal. (C2sH2007) C, H.

10-[(4-Hydroxybenzylidene)]-9(10H)-anthracenone?
(9t). FTIR 3346, 1640 cm™1; *H NMR (DMSO-ds) 6 9.80 (s (br),
1H), 8.28—6.71 (m, 13H); MS m/z 298 (100). Anal. (C2:H140>)
C, H.

10-[(3,4,5-Trihydroxybenzylidene)]-9(10H)-anthra-
cenone (9u). FTIR 1649 cm~%; 'H NMR (CDCls 400 MHz) ¢
8.27—7.97 (m, 9H), 6.47 (s, 2H), 5.30 (s, 3H); MS m/z 330 (100).
Anal. (C21H1404) C, H.

10-[(4-Trifluormethylbenzylidene)]-9(10H)-anthra-
cenone (9v). FTIR 1660 cm™%; *H NMR (CDCl;) 6 8.32—7.22
(m, 13H); MS m/z 350 (100). Anal. (C2;H13F30) C, H.

10-[(4-Nitrobenzylidene)]-9(10H)-anthracenone®® (9w).
FTIR 1661 cm™t; *H NMR (CDCl3) 6 8.32—7.22 (m; 13H); MS
m/z 327 (100). Anal. (C21H13NOg), C, H.

10-[(4-Ethoxycarbonylbenzylidene)]-9(10H)-anthra-
cenone (9x). FTIR 1712, 1656 cm™*; *H NMR (CDCls) 6 8.43—
7.14 (m, 13H), 4.40 (g; 2H), 1.41 (t; 3H); MS m/z 354 (72). Anal.
(C24H1303), C, H.

General Procedure for the Preparation of 10-(Phen-
ylalkyl)-9(10H)-anthracenones. 9(10H)-Anthracenone (9, 1
g, 5.15 mmol) and dry K,COj3 (2 g) were suspended in absolute
acetone (80 mL) under N». Benzylic chloride (5.2 mmol) and
catalytic amounts of potassium iodide (100 mg) were added,
and the mixture was refluxed under nitrogen until the reaction
was completed (TLC control). The reaction mixture was then
cooled and poured into water (400 mL), acidified with 6 N HCI,
and extracted with CH,Cl; (3 x 30 mL). The combined CH.-
Cl, extracts were washed, dried over Na,SO4, and then
evaporated. The residue was purified by chromatography.

10-[(4-Methoxybenzyl)]-9(10H)-anthracenone (10a).
FTIR 1662 cm™; *H NMR (CDClz) ¢ 8.19—7.26 (m; 8H), 6.54,
6.30 (4H, AA'BB’, Jag = 8.6 Hz,), 4.51 (t; 1H, J = 5.73 Hz),
3.70 (s; 3H,), 3.11 (d, 2H, J = 5.92 Hz). Anal. (C»;H1502) C, H.

10-[(3-Benzyloxy-4-methoxybenzyl)]-9(10H)-anthra-
cenone (10b). FTIR 1659, 1603 cm™%; 'H NMR (CDCl3) ¢
8.19-7.62 (m; 13H), 6.53—5.87 (m, 3H), 4.70 (s; 2H), 4.49 (t;
1H, J =5.56 Hz), 3.77 (s, 3H), 3.07 (d, 2H, J = 5.74 Hz). Anal.
(C29H2403) C, H.

10-[(3,4-Dimethoxybenzyl)]-9(10H)-anthracenone (10c).
FTIR 1661, 1601 cm™%; *H NMR (CDCl3) 6 8.18—7.37 (m; 8H),
6.52—5.75 (m, 3H), 4.55 (t; 1H, J = 5.75 Hz), 3.77 (s; 3H), 3.47
(s, 3H), 3.13 (d, 2H, J = 5.75 Hz). Anal. (C23H2003) C, H.

10-[(3,5-Dimethoxybenzyl)]-9(10H)-anthracenone (10d).
FTIR 1658 cm™%; *H NMR (CDCl;) 6 8.19—7.36 (m; 8H), 6.20
(t, 1H, 3 = 2.15 Hz), 5.57 (d; 2H, J = 2.35 Hz), 4.54 (t; 1H,
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J = 5.86 Hz), 3.51 (s, 3H), 3.10 (d, 2H, J = 5.87 Hz); MS m/z
344 (81) Anal. (023H2003) C, H.

10-[(3,4,5-Trimethoxybenzyl)]-9(10H)-anthracenone
(10e). FTIR 1658 cm™; H NMR (400 MHz, CDClz) 6 8.16—
7.40 (m; 8H), 5.48 (s, 2H), 4.57 (t; 1H, J = 5.66 Hz), 3.74 (s;
3H), 3.46 (s, 6H), 3.12 (d, 2H, J = 5.67 Hz). Anal. (C24H2,04)
C, H.

10-[(3-Hydroxy-4-methoxybenzyl)]-9(10H)-anthra-
cenone (10f). A suspension of 10b (0.95 g, 2.27 mmol) in 15
mL of glacial acetic acid and HCI 37% (2 mL) was refluxed for
20 min. The reaction mixture was cooled, excess of water was
added, and the mixture was then extracted with CH,Cl,. The
CHCIl, phase was dried and evaporated and the residue
purified by chromatography to afford 10f.

FTIR 3378, 1662 cm™%; 'H NMR (400 MHz, CDCl3) 6 8.19—
7.32 (m; 8H), 6.48—5.83 (m, 3H), 5.40 (s, 1H), 4.49 (t; 1H, J =
5.86 Hz), 3.79 (s, 3H), 3.06 (d, 2H, J = 5.86 Hz). Anal.
(C22H1503) C, H.

Biological Assay Methods. Materials. Vinblastine was
obtained from Wako Pure Chemicals Industries, Ltd. Horse-
radish peroxidase (HRP) linked anti-mouse Ig (from sheep) was
obtained from Amersham Life Science. Monoclonal anti-a-
tubulin was provided by Sigma. Chemicals were dissolved in
methanol/DMSO 1:1. Vinblastine sulfate was dissolved in
methanol/water 1:1.

Cells and Culture Conditions. Human chronic myelog-
enous K562 leukemia cells were obtained from Dr. H. Tapiero,
ICLG, Villejuif, France, and cultured in RPMI 1640 medium
containing 10% fetal bovine serum (FBS), kanamycin (0.1 mg/
mL), penicillin G (100 units/mL), and I-glutamine (30 mg/L)
at 37 °C in 5% CO,. The mammary cancer cell line MCF-7
and cell line SF268 (central nerval system carcinoma) were
obtained from NCI. The cell lines LCL H460 (lung, large cell
adenocarcinoma), LXFA 629L (lung, adenocarcinoma), LXFL
529L (large cell lung cancer), MAXF 401NL (papillary breast
adenocarcinoma), and RXF 944L (renal hypernephroma) were
established at the University of Freiburg/Oncotest GmbH,
Freiburg. Human breast carcinoma MCF-7/Casp-3 cells stably
transfected with caspase-3*¢ were cultured in RPMI 1640
medium (Invitrogen, Carlsbad, CA) supplemented with peni-
cillin (100 U/mL), streptomycin (100 ug/mL), and 10% fetal
calf serum (PAA Laboratories GmbH, Cdlbe, Germany).

The human tumor cell lines KB/HelLa (cervical carcinoma),
SKOV3 (ovarian adenocarcinoma), NCI—H460, and L1210
(murine leukemia) were obtained from ATTC. The RKO
human colon adenocarcinoma cells containing an ecdysone-
inducible expression vector of p27<Plwere described recently.*

The L1210VCR cell line was described recently.® Rat LT12
cells and the LT12/MDR subline as well as P388 cells and the
P388/Adr subline were provided by Dr. Nooter (University
Hosp. Rotterdam, NL).

Assay of Cell Growth. K562 cells were plated at 2 x 10°
cells/mL in 48 well dishes (Costar, Cambridge, MA). Untreated
control wells were assigned a value of 100%. Drugs were made
soluble in DMSO/methanol 1:1, and control wells received
equal volumes (0.5%) of vehicle alone. To each well were added
5 uL of drug, and the final volume in the well was 500 uL.
Cell numbers were counted with a Model ZM Coulter Counter
(Coulter Electronics, Luton, England) after treatment with
chemicals for 48 h. Each assay condition was prepared in
triplicate, and the experiments were carried out three times.
ICso values are the concentration at which cell growth was
inhibited by 50%. To calculate the inhibition of growth, the
number of cells at time 0 was first subtracted. The adjusted
cell number was calculated as a percentage of the control,
which was the number of cells in wells without the addition
of compound.

Cell Viability Assay. A modified propidium iodide (PI)
assay, quantifying dead cells by staining of DNA and RNA,
was applied to determine activity against a human tumor cell
panel.?® Human tumor cells were plated in 96-well flat-
bottomed microtiter plates (50 «L cell suspension, 1 x 10° or
5 x 10* cells/mL), and additionally 50 u«L of culture medium
was added. After a 24 h recovery, 50 uL of culture medium
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containing 50 ug/mL gentamycin was added into the six control
wells, or medium containing the test drug was added to the
wells. Each drug concentration was plated in triplicate.
Following 3—6 days of incubation, depending on cell doubling
time, culture medium was replaced by fresh medium, and 50
uL of an aequous PI solution (25 ug/mL) was added to each
well. The fluorescence signal correlates with the number of
dead cells. Fluorescence (FU;) was measured using a Millipore
Cytofluor 2350 microplate reader (excitation 530 nm, emission
620 nm). Microplates were thereafter kept at —18 °C for 24 h,
yielding a total cell kill. After thawing of the plates, followed
by a second fluorescence measurement (FU;), the amount of
viable cells was calculated by subtraction of FU; from FUj;.
Growth inhibition was expressed as treated/control x 100 (%
T/C) and inhibiting concentrations were determined by plotting
compound concentration versus cell viability.

XTT Assay. The XTT assay was used to determine prolif-
eration by quantification of cellular metabolic activity.?® 1Csg
values were obtained by nonlinear regression (Graphpad
Prism). The various tumor cell lines were cultivated in
microtiter plates (1 x 10° cells/well in 100 L) and were
incubated with different concentrations of cytotoxic agents for
48 h.

In RKOp27Kirt cells, expression of p27XiPt was induced by 3
uM ponasterone A in 24 h, leading to an arrest of these cells
in the G1 phase of the division cycle. Cell cycle specific
substances, such as tubulin inhibitors, are only cytotoxic if the
cells are not arrested and the cell cycle is in progress. The
assay is performed in 96-well plates. The cell count of induced
cells is about three times higher than that of noninduced cells.
RKO cells with/without p27¥iPt expression (2 x 104 cells /well
induced; 6 x 103 cells/well not induced, in 150 uL) were treated
with the test compound for 48 h at 37 °C. The controls are
untreated cells (& induction). On day 1, the cells are plated
(+ ponasterone A) and incubated at 37 °C for 24 h. On day 2,
the test substance is added (control DMSO), and incubation
at 37 °C is continued for another 48 h. Thereafter, a standard
XTT assay is carried out.

Flow Cytometric Analysis of Cell-Cycle Status. K562
cells were washed twice with phosphate-buffered saline (PBS),
resuspended in 1 mL of PBS, fixed with 5 mL ice-cold 70%
ethanol, and stored at 4 °C. DNA content was then measured
after staining with PI solution (0.1 mg/mL propidium iodide,
0.6% NP-40, and 2 mg/mL RNase) for 30 min. Finally, the cells
were analyzed with a flow cytometer using an Epics system
(Coulter Electronics Inc.) equipped with an argon-ion laser
operated at a wavelength of 488 nm.

For a concentration-dependent cell cycle analysis, subcon-
fluent KB/HeLa cells were exposed to test compounds for 24
h at 37 °C, detached, and collected. After fixation with 70%
ethanol, the DNA was simultanously stained by propidium
iodide and digested with RNase. The DNA content of cells was
determined with a FACS CaliburTM cytometer (Beckton
Dickinson, Heidelberg, Germany). The number of cells in G2/M
phase was calculated by a cell cycle analysis software (Mod
Fit LT; VERITY). ICs values were calculated by nonlinear
regression (GraphPad Prism).

Assessment of Caspase Activity. After treatment with
9h and vinblastine sulfate, the culture medium was aspirated,
cells were washed three times with HBS, and extracts were
prepared by treatment with 200 uL of lysis buffer (10 mM
Hepes, pH 7.4, 42 mM KCI, 5 mM MgCl;, 1 mM phenylmeth-
ylsulfonyl fluoride, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
dithiothreitol, 1 ug/mL pepstatin A, 1 ug/mL leupeptin, 5 ug/
mL aprotinin, 0.5% 3-(3-cholamidopropyldimethylammonio)-
1-propanesulfonate (CHAPS). Fifty microliters of this lysate
was mixed with 150 uL of reaction buffer (25 mM Hepes, 1
mM EDTA, 0.1% CHAPS, 10% sucrose, 3 mM DTT, pH 7.5).
The reaction buffer was supplemented with 10 uM of the
caspase substrate acetyl-Asp-Glu-Val-Asp-aminomethylcou-
marin (Ac-DEVD-AMC). Production of fluorescent AMC was
monitored over 120 min using a spectrofluorometric plate
reader (HTS 7000, Perkin-Elmer) (excitation wavelength 380
nm and emission wavelength 465 nm). Fluorescence of blanks
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containing no cellular extracts were subtracted from the
values. Protein content was determined using the Pierce
Coomassie Plus Protein Assay reagent (KMF, Cologne, Ger-
many), and the caspase activity is expressed as change in
fluorescent units per microgram of protein and per hour.

Epifluorescence Microscopy. Cytochrome c-GFP-express-
ing cells (1.7 x 10 cells/dish in 150 uL of medium) were
cultivated at least for 36 h on 35-mm glass-bottom dishes
(Willco BV, Amsterdam, The Netherlands) coated with poly-
L-lysine to let them attach firmly. EGFP fluorescence was
observed using an Eclipse TE 300 inverted microscope and a
100x oil immersion objective (Nikon, Dusseldorf, Germany)
equipped with the appropriate filter sets. Digital images of
equal exposure were aquired with a SPOT-2 camera using Spot
software version 2.2.1 (Diagnostic Instruments, Sterling
Heights, MI). To observe nuclear changes indicative of apop-
tosis, the chromatin-specific dye Hoechst 33258 was used. Cells
were stained with 1 ug/mL Hoechst 33258 (Sigma) in PBS at
room temperature for 20 min. Hoechst staining was viewed
with an Eclipse TE 300 inverted-stage fluorescence microscope.

Tubulin Polymerization Assay. To measure the degree
of tubulin polymerization, we used a slightly modified method
originally described by Minotti et al.®® Cells were plated in 60
mm-diameter dishes (Costar) at a cell density of 2 x 10° cells/
mL. The total cell number was 109 cells. Cells were incubated
with compounds for 24 h.

Thereafter, cells were washed twice in PBS without Ca?*
and Mg?* and lysed in 70 uL of hypotonic buffer [20 mM Tris-
HCI (pH 6.8), 1 mM MgCl,, 2 mM EGTA, 0.5% NP-40, 2 mM
phenylmethylsulfonyl fluoride, 1 mM benzamidine] containing
4 ug/mL paclitaxel, %40 at 37 °C in the dark. After vortex, a 60
uL suspension from each tube was transferred to a new
Eppendorff tube and corrected for protein amount (Bio-Rad
Protein Assay). Aliquots of 50 uL cell lysates were centrifuged
at 14 000 rpm for 15 min at room temperature. Supernatants
containing cytosolic (soluble) tubulin were carefully separated
from pellets containing cytoskeleton (polymerized) tubulin. The
pellets were resuspended in lysis buffer [50 mM Tris-HCI (pH
7.2), 125 mM NacCl, 0.5% NP-40, 0.1 mg/mL leupeptin, 1 mM
phenylmethylsulfonyl fluoride] and vortexed vigorously. After
centrifugation at 14 000 rpm for 15 min at room temperature,
supernatants containing polymerized tubulin were transferred
to new Eppendorff tubes. Fractions of soluble and polymerized
tubulin were mixed with 22.5 uL of 3x SDS—PAGE sample
buffer [3x sample buffer: 150 mM Tris-HCI (pH 6.8), 30%
(m/v) glycerol, 3% SDS, bromophenol blue 3%, 150 uL/mL
2-mercaptoethanol], heated for 5 min at 95 °C, and analyzed
by SDS—PAGE on a 9% gel. After SDS—PAGE, protein cell
lysates were transferred to Hybond-P PVDF membranes,
blocked with 10% nonfat dry milk powder in TBS-Tween for 1
h, followed by incubation with primary anti-o-tubulin anti-
body. Membranes were washed several times with TBS-Tween
before probed with the secondary horseradish-peroxidase
linked anti-mouse IgG, diluted in TBS-Tween. The substrate
was then visualized by the Western blot enhanced chemilu-
minescent staining using ECL reagents.

Isolation of MTP and in Vitro MT Assembly Assay by
Turbidimetric Measurement. Microtubule protein (MTP)
consisting of 80 to 90% tubulin and 10 to 20% microtubule-
associated proteins (MAPs) was isolated from porcine brain
by two cycles of temperature-dependent disassembly (0 °C)/
reassembly (37 °C) according to the method described by
Shelanski et al.5* To increase the yield, the reassembly steps
were performed in the presence of glycerol.? Satisfactory
purity of the MTP was reached after the second cycle of
assembly and disassembly. Microtubules to be used for deter-
mining antimicrotubule effector activities were prepared by
in vitro self-assembly of MTP in the presence of GTP (gua-
nosin-5'-triphosphate) and magnesium ions. The MTP concen-
tration for assembly was 1 mg/mL (determined by the Lowry
procedure using bovine serum albumin as a standard). Micro-
tubules were assembled in a buffer solution containing 20 mM
PIPES (1,4-piperazine diethane sulfonic acid, pK, 6.8), 80 mM
NaCl, 0.5 mM MgCl;, 1 mM EGTA (ethylenebis(oxyethyl-
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enenitrilo)tetraacetic acid) by adding 0.25 mM GTP and by
warming the samples to 37 °C. The steady state level, at which
the mass of tubulin in the polymerized state shows no further
increase, was usually observed by turbidity measurements
after an incubation time of 20 min.

The turbidimetric measurement was carried out by spec-
trophotometry at 360 nm, and the temperature in the as-
sembly/disassembly cuvette was regulated with a cryostat/
thermostat combination. The tubulin effectors, dissolved in
DMSO, were added to the cold MTP solution (MTP concentra-
tion 1 mg/mL, temperature 2 to 4 °C) in PIPES buffer (for
composition see above) at pH 6.8. Immediately at the begin-
ning of the measurement, the temperature was raised to 37
°C. After a gap phase, the MTP assembled into microtubule
(MT), and the solution became turbid and achieved finally the
steady state. To prove reversibility of the assembly, stabiliza-
tion by the effectors or to discriminate the turbidity from an
unspecific protein precipitation, the solution was cooled to 2
°C and kept for 5 min at this temperature, resulting in MT
disassembly. The MTP solution became transparent again. If
the drug binds to or interferes with tubulin, the assembly
steady state level is decreased for assembly inhibitors or
increased for MT stabilizers. The ICs value is defined as the
concentration that causes a 50% deviation from the maximum
tubulin assembly rate.

3H Colchicine Competition-Binding Assay.* *H-Colchi-
cine was diluted, and biotin-labeled tubulin (T333, Cytoskel-
eton, Denver, CO) was reconstituted according to the manu-
facturers protocol. The diluted compounds and the 3H-
colchicine were transferred to a 96-well isoplate (PE-Wallac,
Boston, MA), buffer, and the reconstituted biotin-labeled
tubulin was added. After incubation, streptavidin-coated yt-
trium SPA beads (Amersham Pharmacia Biotech, Piscataway,
NJ) were added, and the bound radioactivity was determined
using a MicroBeta Trilux Microplate scintillation counter (PE-
Wallac Boston, MA). ICs values were obtained by nonlinear
regression (GraphPad Prism).

Acquisition and Analysis of EM Data. For EM studies,
tubulin (2 mg/mL) with MAPs was incubated with 9h (0.7 uM)
or colchicine (1 uM) in assay buffer buffer solution containing
20 mM PIPES (1,4-piperazine diethane sulfonic acid, pK, 6.8),
80 mM NaCl, 0.5 mM MgCl,, 1 mM EGTA (ethylenebis-
(oxyethylenenitrilo)tetraacetic acid), and 0.25 mM GTP (gua-
nosin-5'-triphosphate). The assembly was started by incuba-
tion at 37 °C and followed by turbidity measurements at 360
nm. The samples were applied to carbon mica interface, and
the floating carbon films were transferred to a 2% aequous
uranyl acetate solution as a negative stain and mounted on
copper grids. Electron micrographs were obtained using a Zeiss
EM 902 A transmission electron microscope with an accelerat-
ing voltage of 80 kV. The samples were fixed, processed, and
examined under EM at x50 000.
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