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ABSTRACT. Several sulfonamides have antitumor activities and are currently undergoing clinical evaluation
for the treatment of cancer. In this study, we have elucidated the antiproliferative mechanism of action of
five indole sulfonamides. The indole sulfonamides inhibited the polymerization of microtubule protein
into microtubules in vitro. In addition, three representative derivatives, ER-6&37BR-68384 4) and
ER-68394 §), suppressed the dynamic instability behavior at the plus ends of individual steady-state
microtubules in vitro. The analogues inhibited HelLa cell proliferation with half-maximal inhibitory
concentrations in the range of-@7 uM. The compounds blocked cell cycle progression at mitosis. At
their lowest effective antimitotic concentrations, they depolymerized the spindle microtubules and
disorganized the chromosomes but did not affect the microtubules in interphase cells. However, at relatively
high concentrations, interphase microtubules were also depolymerized by these sulfonamides. Furthermore,
all five compounds were found to induce apoptosis in the cells in association with the phosphorylation of
bcl-2. The results suggest that the indole sulfonamides inhibit cell proliferation at mitosis by perturbing
the assembly dynamics of spindle microtubules and that they can kill cancer cells by inducing apoptosis
through the bcl-2-dependent pathway.

Sulfonamides, which have been clinically used for many at multiple checkpoints. These compounds exert antitumor
years, have been found to possess a large number of differenproperties by targeting the G1/S and/or G2/M phases of the
biological activities, including antibacterial, antiviral, an- cell cycle ((2—15). Recently, E7010 (Figure 1) has been
tidiabetic, diuretic, and antithyroid activitied{4). They shown to block cells at mitosis by inhibiting tubulin
exert their diverse pharmacological effects by interacting with polymerization {6, 17). E7010 reversibly binds to the
a wide range of different cellular targets. For example, colchicine-binding site gf- tubulin, and it displays antitumor
sulfonamides exert their antibacterial activity by targeting activity against both rodent tumors and several types of
the folate biosynthetic pathway and act as diuretics by human tumor xenograftdg, 19). In addition, the compound
inhibiting carbonic anhydrase. Recently, sulfonamides have s also active against various types of drug-resistant tumor
been used in retroviral therapy as HIV protease inhibitors cell lines (L0, 16). Both E7070 and E7010 are currently
(5—7). Using cell-based and micro array-based screening undergoing phase |l clinical evaluations and have demon-
strategies, sulfonamide-focused compound libraries have alsastrated tolerable toxicity profiles and some objective anti-
been evaluated for their antitumor potenti@—(@1). A tumor response20—24).

structure-activity relationship study identified two classes Although E7010 and E7070 have been shown to inhibit
of antitumor sulfonamides, represented i(3-chloro-7- tubulin polymerization 10) and cell proliferation, their

wdd?gy'lhtsel?;;?sg]'ssuIfo?igm'c:]e 4(57;3;3))( ?)Zﬂzzé[rgi_sul antiproliferative mechanism of action is far from clear.
foynamiéllg (E7>(;10) E7070pgnd its:y analogues byelong toa noveIR.eceme’ anew c_:Iass of mdc_)lg sulfonamides was prepared
class of cell cycle i.nhibitors that inhibit cell cycle progression Wlth pme”“"’?' anncanggr act.|V|ty. In these derivatives, the
amino substituted pyridine ring of E7010 was replaced by
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Compound 1 (ER-67836) indole sulfonamides are promising candidates for the treat-
SoMH._7 5 ment of cancer.
Hzco/©/ H:.j\S:L EXPERIMENTAL PROCEDURES
P Materials. Mouse monoclonal anti-tubulin antibody,

Compound 2 (ER-68378) mouse monoclonal anti-bcl-2 antibody, alkaline phosphatase
/©/S°’“” | N conjugated anti-mouse IgG, 4, 6-diamidino-2-phenylindole

E7010

P som (DAPI'Y), Hoechst 33258, BCIP/NBT, and fetal bovine serum
e were obtained from Sigma (St. Louis, MO). Mouse mono-
o clonal anti-p53 (DO-1) antibody was purchased from Santa
" Cruz Biotechnology, California. Goat anti-mouse IgG-Alexa
—> i

568 conjugate was obtained from Molecular probes (Eugene,
OR). All other reagents were of analytical grade. The five

OH

Compound 3 (ER-67880) sulfonamide compounds tested in this study were synthesized
som and characterized spectroscopically, as previously published
£ %
H00 " Cell Culture and Cell Proliferation Assays$ielLa cells
— were cultured in Eagle’s minimal essential medium (Hime-
o dia) supplemented with 10% (v/v) fetal bovine serum, 1.5
Compound 4 (ER-68384) g/L of sodium bicarbonate, and 1% antibiotic antimycotic

» solution containing streptomycin, amphotericin B, and
- penicillin. The cells were maintained at 3Z in a humidified
atmosphere of 5% carbon dioxide and 95% air. The cells
Haco o ¢ were seeded at a density ofxd 10 cells/mL on 96-well
= plates, and the inhibition of cell proliferation was determined
using a standard sulforhodamine B assay as described
Compound 5 (ER-68394) previously @5). The cells were incubated with different
ot . concentrations of the five sulfonamides for one cell cycle
(24 h). DMSO was used as a vehicle control. The cells were
stained with 0.4% sulforhodamine B, and the concentration
e ™ of the protein-bound dye was detected by measuring the
= absorbance at 560 nm.

Mitotic Index HeLa cells (6x 10* cells/mL) were grown
for inhibition (26). This docking study indicates that E7010 ©N Poly+-lysine coated cover slips in 24-well tissue culture
and the indole derivative (compourglin this work, see plgtes and trea.ted with various concentrations of sulfona-
Figure 1) have distinct binding modes at the colchicine site Mides as described above. The cells were sedimented onto
of tubulin. coverslips using a Labofuge 400R cytospin centrifuge
Tubulin heterodimers are the subunits of microtubules, (Heraeus, Germany) (10gp The cells were fixed in 3.7%
dynamic cytoskeletal polymers that have many important formaldehyde for 30 min at 37C and permeabilized with
cellular functions including the segregation of chromosomes IC€-cold methanol for 20 min. After washing with phosphate
to daughter cells during the processes of mitosis and cell Puffered saline (PBS), the cells were incubated withgl
division (26—29). The dynamic behaviors of spindle micro- ML of 4,6-diamidino-2-phenylindole (DAPI) for 20 s at room
tubules during mitosis are critical for the proper function of témperature. Coverslips were mounted in 50% glycerol in
the spindle 0). It is well known that subtle suppression of PBS containing 1 mg/mL of ascorbic acid, and the cells were
microtubule dynamics by microtubule-targeted antimitotic €xa@mined with a Nikon eclipse 2000-U fluorescence micro-
drugs, such as the taxanes, tiaca alkaloids, and estra-  SCOP€ USing & 4@ objective. Images were analyzed with
mustine, prevents cell cycle progression in G2/M by inhibit- Image Pro Plus softwarg. The mitotic index was calculated
ing mitosis 81—34). In this work, we have examined the 23 thg percentage of mitotic cells in 500 cells counted per
actions of five new indole sulfonamides (Figure 1) on €XPeriment.
proliferation and mitosis in HeLa cells and on microtubule ~ Immunofluorescence Microscapymmunofluorescence
polymerization and dynamics. The five derivatives differ Microscopy was performed as described previous§).(
from one another in the position of a single chlorine Briefly, the cells were grown on coverslips and incubated
substituent, except for ER-67838)(which has no chlorine with different concentrations of sulfonamides for one cell
substituent. We have found that the five analogues inhibit cycle (24 h). The cells were fixed and permeabilized as
cell cycle progression at mitosis by perturbing microtubule described previously3g, 37). After blocking nonspecific
assembly dynamics. They also inhibited microtubule as-
sembly both in vitro and in cells, and three of the derivatives 1 Abbreviations: DAPI, 6-diamidino-2-phenylindole; PIPES, pip-
that were examined, strongly suppressed the dynamicerazineN,N'-bis(2-ethanesulphonic acid); EGTA, ethylene glycol-bis-

; in FIRSRTAE ; I (2-aminoethyl etherN,N,N',N'-tetraacetic acid; MgGl magnesium
instability of individual microtubules in vitro. We also present _chloride; GTP, guanosine-fiphosphate: PBS, phosphate buffered

evidence indicating that these sulfonamides induce apoptosissaline; EDTA, ethylenediaminetetraacetic acid; DTT, dithiothreitol;
in association with the phosphorylation of bcl-2. Thus, the PMSF, phenylmethanesulfonyl fluoride.

Ficure 1: Chemical structures of E7010 and compouhds.
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sites with 2% BSA/PBS, the cells were incubated with the
mouse monoclonal anti-tubulin antibody (1:300 dilution

in 2% BSA/PBS) fo 2 h at 37°C followed by the Alexa-
568 conjugated anti-mouse IgG antibody (1:100 dilution in
2% BSA/PBS) fo 1 h at 37°C. To observe p53 localization,

Mohan et al.

P-40) containing protease inhibitors followed by centrifuga-
tion at 75@ for 20 min at 4°C. The protein concentration

of the extract was determined by the Bradford assay. Equal
guantities of protein (5@g) were separated by 10% SBS
PAGE and blotted onto a nitrocellulose membrane (Pall

the cells were stained with the mouse monoclonal anti-p53 Corporation). The membrane was probed with the mouse

antibody (1:250 dilution in 5% goat serum)rfé h at 37
°C, followed by the Alexa conjugated secondary antibody.
To visualize nuclei, the cells were incubated with DAPI and
examined with a Nikon eclipse 2000-U fluorescence micro-
scope as described earlier.

Determination of Apoptotic Cell Deatfihe cells seeded
at a density of Ix 10 cells/mL were incubated with different
concentrations of sulfonamides. The cells were fixed and

permeabilized as described earlier. After washing with PBS,

300uL of Hoechst 33258 (2g/mL) was added to each well,

and the wells were incubated in the dark at room temperature

for 20 min. The cover slips were washed with PBS, mounted,
and visualized by a fluorescence microscope.

Microtubule Protein Polymerization Assalicrotubule
protein (MTP) from a goat brain was prepared by two cycles
of assembly and disassembly in a PEM buffer (50 mM
PIPES, 1 mM EGTA, and 0.5 mM Mgght pH 6.9). The
reaction mixture containing 16M of microtubule protein

and the desired concentrations of sulfonamides were polym-

erized in a PEM buffer containing 1 mM GTP. The turbidity

in the absence and presence of various concentrations o

sulfonamides after 20 min at which polymerization reached

monoclonal anti-bcl-2 antibody (1:1000 dilution in Tris
buffered saline containing 0.1% Triton X 100)rf@ h at
room temperature. Bound antibodies were detected with anti-
mouse lgG-alkaline phosphatase conjugate (1:5000 dilution)
for 1 h. After washing, the blot was developed using the
BCIP/NBT substrate.

RESULTS

Effects of Indole Sulfonamides on Microtubule Polymer-
ization In Vitro. The effects of the five indole sulfonamides
(compoundsl—5) on microtubule polymerization in vitro
were analyzed using bovine brain MAP-rich microtubule
protein (70% tubulin and 30% MAPS). As shown in Figure
2, all five analogues inhibited the rate and extent of
polymerization in a concentration-dependent manner. The
concentrations required for half-maximal inhibition of po-
lymerization were 20, 10, 24, 25, and M for sulfona-
mides1—5, respectively. Although all five analogues were
generally similar in potency, compoungsnd5 were more

potent than the others.

Effects of Indole Sulfonamide Compounds on Dynamic

the steady state were noted, and considering the turbiditylnstability of Indwidual Microtubules In Vitro at Steady State
for control samples as 100%, the percent inhibition of 1he effects of three of the analogues, compouhd§ and

polymerization in the presence of different concentrations
of sulfonamides were calculated. Fifty percent inhibition of
polymerization (IGy) for each of the compounds was
determined by plotting the data points for the inhibition of
polymerization vs the concentrations of the compounds.
Analysis of Microtubule Dynamic InstabilityPurified
tubulin (20uM) was polymerized for 30 min at the ends of
sea urchin $trongylocentrotus purpuratyaxonemal seeds
at 30°C in the absence or presence of sulfonamiglel or
5in 87 mM Pipes, 36 mM MES, 1.4 mM Mggland 1
mM EGTA at pH 6.8. The dynamic instability at the plus
ends of individual microtubules was record@&®)( The ends

5, on the dynamic instability parameters of individual
microtubules at their plus ends at steady state are shown in
Table 1. All three compounds strongly decreased the
shortening rate, the fraction of time the microtubules spent
growing, and the overall dynamicity while increasing the
fraction of time the microtubules spent in an attenuated
(paused) state. For example, @& compound5 reduced

the shortening rate by 66% and the percentage of time spent
growing by 75%, and it suppressed the overall dynamicity
by 76%. In addition, the three sulfonamides reduced the
catastrophe and rescue frequencies. For exampley.5
compound>5 reduced the catastrophe frequency by 54%.

were designated as either plus or minus on the basis of thender the same conditions, compourgjsl, and5 had no
growth rate, the number of microtubules that grew at opposite detectable effects on the microtubule polymer mass (data
ends of the seeds, and the relative lengths of the microtubulesn0t Shown), revealing that their effects on dynamic instability

The changes in microtubule length with time were analyzed.
Analysis started 30 min after polymerization initiation, when
steady-state had been reachedl)( Data points were
collected at 3a 5 s intervals. A microtubule was considered
to be in a growth phase if it increased in length*b§.2 um

at a rate of> 0.3 um/min. Microtubules showing length
changes<0.2 um over the duration of six data points were
considered to be in an attenuated state.

Western Blot AnalysisieLa cells were seeded at a density
of 1 x 1 cells/mL in culture flasks. After incubating in
the absence and presence of/28 each of compounds,

2, 3, 4, and5 for one cell cycle (24 h) or 10 and 2M of
compound4, the cells were harvested by using a cell scraper
and centrifuged at 6@ for 10 min. Cell lysates were
prepared by lysing cell pellets in a lysis buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 0.1% Triton X 100, 4 mM EDTA,

1 mM DTT, 1 mM PMSF, 50 mM NaF, and 0.2% Nonidet

are much stronger than their effects on polymer mass.

Effect of the Indole Sulfonamides on HelLa Cell Prolifera-
tion. The effects of compounds-5 on the proliferation of
human cervical cancer (HeLa) cells were determined by
incubating the cells with different concentrations (0.1 to 20

uM) of the compounds for 24 h. All of the sulfonamides

produced a concentration-dependent inhibition of cell pro-
liferation. The concentrations required to produce the half-
maximal inhibition of proliferation (IG) varied in a narrow
range from 6 to 1M, as shown in Table 2. Compourd
was the most potent with an §g€of 6 + 1 uM.

Indole Sulfonamides Blocked Cell Cycle Progression at
Mitosis Inhibitors of microtubule assembly dynamics,
including vinblastine, taxol, colchicine, and griseofulvin, have
been shown to inhibit cell proliferation by blocking cell cycle
progression at mitosi®{). Therefore, the effects of the five
sulfonamides on cell cycle progression were examined. All
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Ficure 2: Inhibition of microtubule polymerization by compountis5. The polymerization of microtubule protein (181) was measured
in the absence and presence of different concentrations of the sulfonamides. The effects of corhpdummicrotubule assembly were
monitored by measuring the increase in the turbidity at 360 nm with time as described in Experimental Procedures.

Table 1: Suppression of Steady State In Vitro Microtubule Dynamics at the Plus Ends by Sulfonanfidasd 5

compd2 compd4 compd5

control (2.5uM) (2.5uM) (0.5uM)
growth rate gm/min) 1.7+ 0.8 (11) 1.7+ 0.6 (10) 2.3+1.1(8) 1.8+ 0.5(12)
shortening rateim/min) 28.4+ 7.3 (24) 6.9+ 3.70 (20) 15.6+ 8.1 (20) 9.5+ 3.3 (24)
growing length gm) 2.3+ 0.7 1.7+ 0.6 2+ 0.09 1.9+04
shortening lengthu(m) 5.0+ 23 3.1+ 0.4 5.0+ 0.5 3.5+ 0.9
% time growing 44.8% 10.2% 7.6% 11.0%
% time shortening 7.7% 10.3% 7.5% 9.3%
%time attenuated 47.1% 79.5% 84.9% 79.8%
catastrophe frequency (per min) 048.07 0.23+ 0.05 0.2+ 0.05 0.22+ 0.05
rescue frequency (per min) 1480.7 1.01+0.3 1.01+ 04 1.10+0.3
dynamicity 2.3 0.5 0.7 0.55

a Growth rate, shortening rate, and growing and shortening lengths areSB. Catastrophe and rescue frequencies are BEM. Tubulin
concentration is 2@M.

five sulfonamides inhibited mitosis in a concentration- For example, 6uM compound 4 inhibited HelLa cell
dependent manner. For example, 26 and 57% of the cellsproliferation by 50%, and it arrested mitosis by 57%. The
were arrested at mitosis by 3 and®1 compound4, concentrations that produced 50% arrest at mitosissgVB
respectively (Figure 3). The induction of mitotic block were 19+ 4, 10+ 1, 15+ 3, 6 + 2, and 15+ 1 for
occurred in parallel with the inhibition of cell proliferation. compoundd, 2, 3, 4, and5, respectively. The results indicate
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Table 2: Effects of Sulfonamide Analogues on the Proliferation and
Cell Cycle Progression of HeLa Célls

|C50 MBSO
compd  sulfonamides  chemical formula (uM) (uM)
1 (ER-67836) GsH14N203S 17+1 19+4
2 (ER-68378) GsH13N203SCI 10+ 2 10+1
3 (ER-67880) GsH1aN203SClI 15+2 15+3
4 (ER-68384) GsH13N203SCl 6+1 642
5 (ER-68394) GsH1aN,03SClI 13+2 15+1

a|Cso represents half-maximal inhibitory concentration for HeLa cell
proliferation. MBso represents concentration of compounds that produce

50% of the cells to be arrested in mitosis. Data are the average of three

independent experiments, presented together witt5. D. Each
individual experiment was performed in duplicate.

80
70

/i

60 -
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o & & © o
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10 15 20
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Ficure 3: Effects of compound on the mitotic index in HeLa
cells. The mitotic index was determined by DAPI staining as
described in Experimental Procedures.

o
(%]

that all of the indole sulfonamides inhibit HelLa cell
proliferation by blocking the cells at mitosis.

Effect of Indole Sulfonamides on Mitotic Spindle Orga-
nization All five of the indole sulfonamides perturbed HelLa
cell spindle organization. As shown in Figure 4A, the

a manner typical of all five analogues, compourskverely
perturbed mitotic spindle organization. For example, @b
compound4, ~60% of the cells displayed abnormal spindle
organization. Many of the cells had multipolar spindles,

whereas others had aberrant bipolar spindles with misaligned

Mohan et al.

Effect of Indole Sulfonamides on Interphase Microtubules.
The effects of the indole sulfonamides were also analyzed
on interphase microtubules. All five of the indole sulfona-
mides depolymerized the interphase microtubules in a
concentration-dependent manner, but depolymerization of
interphase microtubules required higher sulfonamide con-
centrations than those required to disrupt the spindle micro-
tubules (Figure 5 BV). For example, at its half-maximal
inhibitory concentration for blocking mitosis with compound
4 (6 uM), the organization and density of the interphase
microtubules were similar to those of control cells (Figure
5N). Higher concentrations of compoudddepolymerized
the interphase microtubules (Figure 50, Q, R). Furthermore,
high concentrations of compourti(10 and 20uM) also
induced multinucleation (Figure 5P). At XM compound
4, 40% of the interphase cells contained£nuclei/cell. At
50 uM compound 4, the interphase microtubules were
completely absent, and only tubulin aggregates remained.
Similar results were obtained with compourid<, 3, and
5 (Figure 5C-1, K—M, and T-V).

The Indole Sulfonamides Induced Bcl-2 Phosphorylation
It was previously shown that microtubule-targeted agents that
block cell cycle progression at mitosis also induce apoptotic
cell death 88). Thus, we determined whether the indole
sulfonamides could induce apoptosis. HeLa cells were treated
with either the vehicle or different concentrations of sul-
fonamides for 24 h. As shown in Figure 6 with compound
4, a representative sulfonamide, Hoechst 33258 staining of
the chromatin showed the characteristics of apoptotic cell
death, including nuclear envelope blebbing and nuclear
condensation, indicating that compouAdndeed induces
apoptotic cell death (Figure 6BB9) Similar results were
obtained with the other tested sulfonamides (data not shown).
Several microtubule-targeted agents that induce apoptosis are
also known to hyperphosphorylate bcl-2, and it has been
suggested that hyperphosphorylation of bcl-2 induces apo-

metaphase spindles of untreated cells were bipolar with their.pmtIC cell death40, 41). The levels of bcl-2 phosphorylation

chromosomes organized into a compact metaphase plate. |

in the cells treated with the vehicle and 10 or 2™

rEompoundﬁl were examined using anti-bcl-2 antibody (Figure

6C). The vehicle-treated cells showed no phosphorylation,
whereas the compourdttreated cells showed significant

phosphorylation of bcl-2. (Figure 6C, lanes 2 and 3).
Similarly, the other indole sulfonamides also induced bcl-2
phosphorylation (Figure 7). Thus, like several other micro-

chromosomes (Figure 4B). The chromosomes in some of they,j,, je targeted antimitotic agents, sulfonamides induce apo-

cells remained at the poles. The chromosomes in most cells
were organized into condensed ball shaped arrays (Figure

4C). Multipolar spindles, abnormal bipolar spindles, and ball
shaped chromosomes were also found at 10 angMO0
concentrations of this compound (Figure 4C). The spindle
microtubules in cells treated with @V compound4 were
significantly depolymerized (Figure 4B). At 20M com-
pound4, the spindle microtubules were significantly shorter
in length than the control microtubules (Figure 4A and C).
At a concentration of 1@M, compoundsd, 2, and3 (Figure
4 D, F, and H) and compountl at 20 uM concentration

ptosis by hyperphosphorylating bcl-2.

Another major mechanism of apoptotic cell death is driven
by the activation of p5342). To examine whether p53 is
involved in apoptosis caused by compoufidthe nuclear
accumulation of p53 protein was studied. Immunofluores-
cence studies performed with anti-p53 antibody showed no
difference in the nuclear concentration of p53, both in the
untreated and sulfonamide-treated cells, indicating that
compound4 does not induce apoptosis by the p53 pathway
(data not shown).

(Figure 4E), short multipolar spindles and tubulin aggregates pscuyssioN

were found. At 2QuM compound<? and3 (Figure 4G and
I) and 10uM compound5 (Figure 4J), the spindle micro-
tubules were completely depolymerized, and only tubulin

Five different sulfonamidesl—5, containing an indole
scaffold were found to inhibit HeLa cell proliferation with

aggregates were found. The chromosomes were organizedalf-maximal inhibitory concentrations ranging from 6 to 17

into ball shaped contracted, globular masses (Figure 3E

uM. Of the five compounds examined, compouhdas the
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(A) control (B) 6 uM Compound 4
(C) 20 pM Compound 4 (D) 10 uM Compound 1
(E) 20 yM Compound 1 (F} 10 pM Compound 2

(G) 20 pM Compound 2 (H) 10 pM Compound 3

() 20 uM Compound 3 (I3 10 pM Compound 5

(K) 20puM Compound 5

Ficure 4: Effects of sulfonamide$—5 on spindle microtubules and chromosome organization of HeLa cells. The cells were incubated in
the absence (A) and presence @fd (B) and 20uM (C) compound4; 10 uM compoundLl (D), 20uM compoundLl (E); 10uM compound

2 (F), 20uM compound? (G); 10uM compound3 (H), 20 uM compound3 (1); 10 uM compound5 (J); and 2QuM compound5 (K) for

24 h. The spindle microtubules (red) and chromosomes (blue) were analyzed as described in Experimental Procedures.

most potent with an 163 of 6 + 1 uM. The inhibition of mitotic spindle microtubules, with the effects on spindle
proliferation occurred together with the induction of apoptosis microtubules being much stronger than those on interphase
in association with the phosphorylation of bcl-2. The microtubules (see below). All of the compounds inhibited
antimitotic activities of the indole sulfonamides paralleled the polymerization of purified microtubule protein into
their abilities to inhibit cell proliferation. The indole sul- microtubules with moderate potencies in vitro. The effects
fonamides induced depolymerization both of interphase andof three representative sulfonamides (compoud$ and
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A. Control B. 10 pM Compound 1 C. 20 pM Compound 1 D30 pM Compound 1 E. 50 pM Compound 1

F. 10 pM Compound 2 G. 20 pM Compound 2 H. 30 pM Compound 2 I. 50 uM Compound 2 J. 10pM Compound 3

K. 20 uM Compound 3 L. 30 uM Compound 3 M. 50 uM Compound 3 N. 6 pM Compound 4 0. 10 uM Compound 4

... .

P. 10 uM Compound 4 Q. 20 pM Compound 4 R. 30 pM Compound 4 8. 50 pM Compound 4 T. 20 pM Compound 5

U. 30 pM Compound 5 V. 50 uM Compound 5

Ficure 5: Effects of sulfonamide&—5 on the interphase microtubules of HelLa cells. The cells were incubated with the vehicle (A), 10
uM (B), 20 uM (C), 3uM (D), and 50uM (E) compoundl; 10 uM (F), 20 uM (G), 3uM (H), and 50uM (I) compound2; 10 uM (J),

20 uM (K), 30uM (L), and 50u«M (M) compound3; 6 uM (N), 10 uM (O, P), 20uM (Q), 3QuM (R), and 50uM (S) compound4; 20 uM

(T), 3QuM (U), and 50uM (V) compound5 for 24 h and stained with the-tubulin antibody.

5) on the steady-state dynamic instability behavior of All three drugs suppressed growing and shortening dynamics,
individual microtubules at their plus ends in vitro were found with the strongest suppressive effects on the rate and extent
to be much stronger than their effects on the polymer mass.of shortening and the fraction of time the microtubules spent
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tubule lattice, as occurs with colchicine, may also be
responsible for preventing microtubule growth, either by
sterically blocking further addition of tubulin dimers to the
ends or by perturbing the ends. A microtubule could resume
growth by dissociation of the bound sulfonamide.

Inhibition of Mitosis by the Indole Sulfonamideshe
assembly dynamics of spindle microtubules are crucial for
chromosome segregation during mitosis, and it is believed
that at their lowest effective concentrations, many antimitotic
drugs inhibit mitosis at the metaphase/anaphase transition,
(A4) (B) primarily by suppressing microtubule dynami&s,(30, 31,

36, 37). The indole sulfonamides depolymerized both inter-
phase and spindle microtubules; however, they had a stronger

depolymerizing effect on spindle microtubules than on
— == TEn e interphase microtubules. This may occur because spindle
microtubules are more dynamic than interphase microtubules,

! 2 34 and their stability is regulated differently than that in
interphase microtubule®7). Similar differential depolym-
erization activity has been observed for several agents that

© inhibit mitosis by targeting microtubule81, 34, 36, 37).
Ficure 6: Induction of apoptosis in HelLa cells by compouhd At relatively high concentrations (£20xM), compound

The Hela cells were grown in the absence (A) and presence of 4 ; ; ; ;
compound4 (20 uM) (B). The chromosomes were stained with 4 induced the formation of multinucleated cells, which are

Hoechst 33258. The effects of compouhdn the phosphorylation thought to arise W_hen cells exit mitosis Wit_hou_t cytokinesis
state of bcl-2 (C). Western blot of a HeLa cell lysate treated with and undergo multiple rounds of DNA replicatioA4( 45).
the vehicle (lane 1), 18M compound4 (lane 2), 2QuM compound Nuclear division without cytokinesis results in polyploidy

4 (lane 3), and 100 nM taxol (lane 4). (46). Owa et al. found that compound induced the
formation of 4 and 8N peaks in p388 cells as determined by
flow cytometry (L1). The results suggest that relatively high

— concentrations of compound induce abnormal mitosis
leading to polyploidy and multinucleation in certain tumor
a b c d e f g cells.
Ficure 7: Effect of compound&—5 on the phosphorylation state The indole sulfonamides killed Hela cells by inducing
of bcl-2. Western blot of a HeLa cell lysate treated with the vehicle apoptosis (Figure 6). Western blot analysis of the lysates of
(@), 25uM each of compound (b), compoun (c), compound cells treated with compounds—5 showed an increase in

(d), compound4 (e), and compound (f) and 100 nM taxol (9).  pcl-2 phosphorylation (Figure 6C and Figure 7), suggesting
in the growing phase (Table 1). These activities are consistentthe involvement of this apoptotic pathway. The bcl-2 family
with those of several other known antimitotic agents, such plays a key role in apoptotic regulation with some members
as vinblastine, colchicine, cryptophycin-52, griseofulvin, and (bax and bad) promoting apoptosis and others (bcl-2 and bcl-
benomyl @7, 34, 36, 37). The results together suggest that x;) promoting cell survival47, 48). Competitive dimerization
the indole sulfonamides inhibit HeLa cell proliferation at between bcl-2 family members regulates the activation of
mitosis by suppressing spindle microtubule dynamics. caspases leading to nuclear disintegration and cell death. For
Possible Mechanisms by which the Indole Sulfonamidesexample, heterodimerization of bcl-2 and bax prevents bax-
Might Suppress Plus-End Dynamic Instabilitysing Ka mediated apoptosis. Bcl-2 function is regulated through
values from a previous study on the binding of the indole phosphorylation 49). Several microtubule targeting com-
sulfonamides to tubulin2), in a suspension containing 20 pounds are known to induce phosphorylation at serine-70
M tubulin and the drug concentrations used in Table 1 (2.5, and serine-87 residues of bcl&2X 51). The phosphorylation
2.5, and 0.5tM of compound<, 4, and5, respectively) we  leads to the loss of anti-apoptotic function of bcl-2, by
calculated that only 10.5, 7.5, and 2.3% of the soluble tubulin decreasing its ability to heterodimerize with bax and, thus,
would have been bound to tubulin under the conditions used.promotes apoptosis. Thus, similar to other microtubule
Thus, a relatively small number of drug molecules bound to interacting drugs, the indole sulfonamides appear to induce
soluble tubulin appears to be sufficient to produce large apoptosis in association with the phosphorylation of bcl-2.
effects on the suppression of dynamics. These results suggest The cells treated with compourdshowed no increase in
that the suppression of dynamics is probably brought aboutthe nuclear concentration of p53 (data not shown). This
by the binding of free sulfonamide molecules or sulfona- finding rules out the possibility of p53-mediated apoptosis
mide—tubulin complexes at the ends. The binding of a few in these cells§2, 53). Many of the microtubule interacting
molecules of free sulfonamides or sulfonamidebulin agents such as taxol and vinblastine do not induce p53
complexes to the tips or their incorporation into the micro- accumulation, whereas DNA damaging agents induce p53
tubule lattice as sulfonamigdubulin complexes could nuclear accumulation. Recent studies have shown that
stabilize the ends against depolymerization and reduce thecolchicine- and taxol-triggered mitotic block induces p53-
rate and extent of shortening as occurs with colchieine independent apoptosi§4, 55).
tubulin complexes43). The presence of the compounds at A number of antimitotic sulfonamides have entered clinical
the microtubule ends or their incorporation into the micro- trials as potential anticancer agen#2{24). The results
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obtained herein indicate that the antimitotic indole sulfona-
mides inhibit cancer cell proliferation at mitosis and induce
apoptosis in a fashion similar to that of known microtubule-
targeting agents such as taxol and vinblastine. Furthermore,
unlike taxol and vinblastine, E7010 and the indole sulfona-
mides have been shown to exhibit good growth inhibitory
activity against P-glycoprotein overexpressing MDR cell
lines such as the human colon cancer lines HCT15 and
DLD-1 (ref 16 and unpublished data by T. O.). Although

the
yet

antitumor efficacy of the indole sulfonamides has not
been evaluated in animal models, our results indicate

that these compounds may serve as important lead com-
pounds for the development of novel anticancer drugs.
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