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Abstract
A series of small molecules from sulfonamide-focused
libraries have been evaluated in these laboratories to
discover novel antitumor agents. Cell-based screens
using flow cytometric analysis revealed the presence
of two distinct classes of cell cycle inhibitors in this
series; one (including E7010 and ER-67865) arrested
mitosis by preventing tubulin polymerization; and the
other (including E7070 and ER-68487) caused a
decrease in the S-phase fraction along with cell cycle
perturbation in G1 and/or G2 via an unknown
mechanism(s). To further characterize both classes of
antitumor sulfonamides with respect to their effects on
gene expression, we used oligonucleotide microarray
analysis for representative compounds. Consistent with
the phenotypic observations, essentially the same
transcription profiles were found between E7010 and
ER-67865 and also between E7070 and ER-68487.
However, there was very little overlap between genes
affected by E7010 and E7070. As a characteristic
expression change for microtubule-depolymerizing
agents, the down-regulation of ␣-tubulin transcripts
was evident in both E7010- and ER-67865-treated cells.
On the other hand, E7070 and ER-68487 repressed
significantly the expression of a variety of genes
involved in metabolic processes, cell cycle
progression, immune response, and signal
transduction. Of the compounds examined, E7010 and
E7070 have progressed to clinical trials, demonstrating
some objective responses in the Phase I setting.
Described herein is profiling of novel anticancer drug
candidates from the sulfonamide class based on
phenotypic screens and gene expression analysis. This
includes a translational research that may suggest
potentially useful markers for pharmacodynamic drug
assessment in clinic.
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Introduction
The advent of high-throughput screening systems has allowed us to evaluate a large number of small molecules in
parallel and automated fashions. In response to this screening innovation, one of the greatest concerns in recent drug
discovery programs has been directed toward how to design
and prepare compound libraries for getting “hits” in various
biological assays (1). In this regard, historical reviews of drug
discovery often give us practical lessons. One highly informative example is represented by the sequential development
of sulfonamide therapeutics such as antibiotic sulfa drugs,
insulin-releasing hypoglycemic agents, carbonic anhydraseinhibitory diuretics, high-ceiling diuretics, and antihypertensive drugs (2– 4). These diverse pharmacological effects were
serendipitously found through the serial derivatization of a
single chemical structure of sulfanilamide, indicating that the
sulfonamide motif is a crucial functionality capable of interacting with multiple cellular targets. Therefore, we have seriously considered that novel anticancer chemotherapeutics
might be discovered from the sulfonamide class. In fact, our
drug discovery efforts using sulfonamide-focused libraries
have resulted in the finding of E7010 and E7070 as anticancer drug candidates (5– 8).
E7010 was shown to reversibly bind to the colchicine site
of ␤-tubulin, thereby halting mitosis (9). The compound exhibited good in vivo efficacy against rodent tumors and human tumor xenografts (10). As a p.o.-active antimitotic agent,
E7010 demonstrated objective responses in 2 of 16 patients
in the single-dose study of Phase I trials; spinal cord metastasis was reduced by 74% in a patient with uterine sarcoma,
and a minor response was observed in a pulmonary adenocarcinoma patient (11). In contrast to E7010, E7070 was
found to block cell cycle progression of P388 murine leukemia cells in the G1 phase, accompanied by a decrease in the
S-phase fraction (6). Although its precise mode of action has
not yet been determined, E7070 appears to be considerably
different from conventional anticancer drugs in clinical use
with respect to its cell cycle effect and its tumor type selectivity (8, 12). Furthermore, preclinical animal tests established
the promising efficacy of E7070 against human tumor xenografts (12). Thus, the compound has progressed to clinical
evaluation in collaboration with the European Organization
for Research and Treatment of Cancer (13). In the Phase I
setting, one patient with a uterine adenocarcinoma experienced a partial response with a ⬎50% shrinkage of measurable tumors after i.v. administration on the weekly schedule (14). Another partial response was reported in a patient
with breast cancer on the daily ⫻ 5 schedule (15). Phase II
studies of E7070 are currently ongoing in Europe and the
United States.
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On the basis of the significant observations described
above, we decided to further examine E7010, E7070, and
some other antitumor sulfonamides from these two classes
of cell cycle inhibitors with special interest in their effects on
gene expression. Array-based hybridization technology (16,
17) has enabled monitoring of the mRNA levels of thousands
of genes simultaneously, displaying the patterns of transcriptional changes under various conditions. In particular, global
gene expression analysis with a biologically active small
molecule represents the chemical genomic approach to understanding complex cellular processes relevant to drug activity (18). An early example is a method for drug target
validation with the immunosuppressants cyclosporin A and
FK506 using yeast cDNA microarrays (19). In the report, the
authors also highlighted the applicability of this technology to
identifying secondary drug target effects using yeast mutant
strains defective in drug target genes. A more recent microarray analysis disclosed that some nutrient-sensitive signal pathways were regulated by another immunosuppressive
agent, rapamycin (20). In the Developmental Therapeutics
Program of the National Cancer Institute, the correlation
between gene expression and drug activity patterns in the
NCI60 lines has been assessed to integrate large databases
on gene expression and anticancer drug pharmacology (21).
All of these reports, comprehensibly illustrating genomewide studies for rational drug discovery and development,
urged us to use oligonucleotide microarray analysis for profiling the E7010 and E7070 classes of antitumor sulfonamides on the basis of compound-induced transcriptional
changes. In the present study, several sulfonamide molecules containing the 2-oxindole or 3-cyanoindole core were
evaluated together with E7010 and E7070 in cell-based
screens, i.e., the MTT2 assay and FACS analysis. Furthermore, E7010, E7070, ER-67865, and ER-68487 (Fig. 1) were
selected as representative compounds for array-based transcriptional profiling.

Materials and Methods
Chemical Synthesis of Sulfonamide Derivatives. The
compounds listed in Tables 1 and 2 were synthesized using
procedures published previously (5–7). E7010, E7070, and
compounds 7, 9 (ER-68487), and 10 were characterized by
spectroscopic and analytical data as described previously (5,
6). The other new derivatives were characterized according
to the following general methods. Melting points were determined on a Yanagimoto micromelting point apparatus and
are reported uncorrected. Proton (1H) NMR spectra were
obtained at 400 MHz on a Varian UNITY 400 spectrometer in
DMSO-d6. Carbon (13C) NMR spectra were obtained at 150
MHz on a JEOL JNM-␣ 600 spectrometer in DMSO-d6.
Chemical shifts are expressed in ␦ (ppm) units relative to
tetramethylsilane reference. Mass spectra (HRMS) were recorded on a JEOL JMS-SX102AAQQ using a direct intro-

2

The abbreviations used are: MTT, 3-(4,5-dimethylthiazoyl-2-yl)-2,5diphenyltetrazolium bromide; FACS, fluorescence-activated cell sorting;
NMR, nuclear magnetic resonance; mp, melting point; RT-PCR, reverse
transcription-PCR.

Fig. 1.

Drug discovery flow chart of a series of antitumor sulfonamides.

duction method in the EI⫹ ion mode. Elemental analyses (C,
H, N) were carried out at the Eisai Analytical Chemistry
Section, and the results were within ⫾0.4% of the theoretical
values.
N-(1,3-Dihydro-2H-indol-2-on-7-yl)-4-methoxybenzenesulfonamide (1). mp 266 –267°C. 1H NMR (400 MHz,
DMSO-d6, ␦): 3.46 (2H, s), 3.80 (3H, s), 6.81 (1H, dd, J ⫽ 8.2,
7.1 Hz), 6.89 (1H, dd, J ⫽ 8.2, 1.1 Hz), 6.97 (1H, dd, J ⫽ 7.1,
1.1 Hz), 7.02–7.07 (2H, AA’BB’), 7.62–7.67 (2H, AA’BB’), 9.37
(1H, br s), 9.82 (1H, s); 13C NMR (150 MHz, DMSO-d6, ␦):
35.81, 55.62, 114.29, 119.29, 121.51, 121.56, 121.97,
126.98, 129.04, 130.89, 137.00, 162.53, 175.53. HRMS (EI)
M⫹ calculated for C15H14N2O4S 318.0675, found 318.0687.
Analysis calculated for C15H14N2O4S: C 56.59, H 4.43, N
8.80; found: C 56.52, H 4.35, N 8.80.
N-(1,3-Dihydro-2H-indol-2-on-7-yl)-4-methylbenzenesulfonamide (2, ER-67865). mp 269 –272°C. 1H NMR (400
MHz, DMSO-d6, ␦): 2.34 (3H, s), 3.46 (2H, s), 6.80 (1H, dd,
J ⫽ 8.2, 7.1 Hz), 6.87 (1H, dd, J ⫽ 8.2, 1.3 Hz), 6.98 (1H, dd,
J ⫽ 7.1, 1.3 Hz), 7.30 –7.37 (2H, AA’BB’), 7.58 –7.63 (2H,
AA’BB’), 9.43 (1H, s), 9.84 (1H, s); 13C NMR (150 MHz,
DMSO-d6, ␦): 20.95, 35.82, 119.17, 121.52, 121.62, 121.96,
126.85, 127.02, 129.59, 136.51, 137.05, 143.39, 175.55.
HRMS (EI) M⫹ calculated for C15H14N2O3S 302.0726, found
302.0721. Analysis calculated for C15H14N2O3S: C 59.59, H
4.67, N 9.27; found: C 59.76, H 4.71, N 9.16.
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Table 1

Inhibition of cell proliferation (IC50) for sulfonamide antitumor agents

The MTT assays were performed twice in triplicate with each test compound.

a

IC50s were calculated using the least-squares method to afford the means of six independent data obtained from two separate assays. Errors were within
⫾10% of the reported values.
Resistance factors were calculated as IC50s for the resistant cell line/IC50s for the parental cell line.
c
ND, not determined.
b

Table 2

Effects of sulfonamide antitumor agents on cell cycle progression and tubulin polymerization

FACS analyses were performed three times using propidium iodide staining to quantitate the DNA content. Mitotic index represents the percentage of
mitotic cells under a microscope. Assembly of microtubules was evaluated turbidimetrically at 350 nm 30 min after the reaction mixture was warmed from
4 to 37°C. The experiments were carried out three times with each test compound.

Drug treatment at 8 M for 12 h.
The appearance of tetraploid (8C) cells indicates that the cells went through an additional DNA replication without finishing mitosis.
NC, no change.
d
Drug treatment at 8 M for 12 h. The mitotic index of control (nontreated) P388 cells measured 4.8%.
e
The maximum drug concentration was fixed at 100 M. IC50s were calculated using the least-squares method to afford the means of three independent
experimental data. Errors were within ⫾10% of the reported values.
a

b
c
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4-Amino-N-(1,3-dihydro-2H-indol-2-on-7-yl)benzenesulfonamide (3). mp 278 –280°C. 1H NMR (400 MHz,
DMSO-d6, ␦): 3.45 (2H, s), 5.99 (2H, s), 6.48 – 6.54 (2H,
AA’BB’), 6.81 (1H, dd, J ⫽ 8.2, 8.1 Hz), 6.94 (1H, dd, J ⫽ 8.1,
1.1 Hz), 6.96 (1H, dd, J ⫽ 8.2, 1.1 Hz), 7.32–7.37 (2H,
AA’BB’), 9.06 (1H, s), 9.75 (1H, s); 13C NMR (150 MHz,
DMSO-d6, ␦): 35.83, 112.53, 120.08, 120.92, 121.28, 121.47,
124.02, 126.78, 128.82, 136.11, 152.95, 175.54. HRMS (EI)
M⫹ calculated for C14H13N3O3S 303.0679, found 303.0702.
Analysis calculated for C14H13N3O3S: C 55.43, H 4.32, N
13.85; found: C 55.32, H 4.34, N 13.77.
4-Chloro-N-(1,3-dihydro-2H-indol-2-on-7-yl)benzenesulfonamide (4). mp 277–279°C. 1H NMR (400 MHz,
DMSO-d6, ␦): 3.47 (2H, s), 6.80 (1H, dd, J ⫽ 8.2, 1.6 Hz), 6.82
(1H, dd, J ⫽ 8.2, 6.4 Hz), 7.02 (1H, dd, J ⫽ 6.4, 1.6 Hz),
7.60 –7.65 (2H, AA’BB’), 7.68 –7.73 (2H, AA’BB’), 9.61 (1H, br
s), 9.91 (1H, s); 13C NMR (150 MHz, DMSO-d6, ␦): 35.83,
118.54, 121.56, 122.20, 122.83, 127.18, 128.81, 129.32,
137.91, 138.00, 138.22, 175.59. HRMS (EI) M⫹ calculated for
C14H11N2O3SCl 322.0180, found 322.0166. Analysis calculated for C14H11N2O3SCl: C 52.10, H 3.44, N 8.68; found: C
52.15, H 3.39, N 8.59.
N-(1,3-Dihydro-2H-indol-2-on-7-yl)-1,4-benzenedisulfonamide (5). mp ⬎300°C. 1H NMR (400 MHz, DMSO-d6,
␦): 3.48 (2H, s), 6.79 (1H, dd, J ⫽ 8.2, 1.3 Hz), 6.82 (1H, dd,
J ⫽ 8.2, 6.4 Hz), 7.02 (1H, dd, J ⫽ 6.4, 1.3 Hz), 7.60 (2H, s),
7.89 –7.94 (2H, AA’BB’), 7.94 –7.99 (2H, AA’BB’), 9.75 (1H, s),
10.02 (1H, s); 13C NMR (150 MHz, DMSO-d6, ␦): 35.87,
118.43, 121.57, 122.19, 122.49, 126.57, 127.28, 127.75,
137.92, 142.32, 147.75, 175.64. HRMS (EI) M⫹ calculated for
C14H13N3O5S2 367.0298, found 367.0321. Analysis calculated for C14H13N3O5S2: C 45.77, H 3.57, N 11.44; found: C
45.91, H 3.43, N 11.30.
N-(3-Cyano-1H-indol-7-yl)-1,4-benzenedisulfonamide
(6). mp 273–274°C. 1H NMR (400 MHz, DMSO-d6, ␦): 6.73
(1H, d, J ⫽ 7.7 Hz), 7.08 (1H, dd, J ⫽ 8.0, 7.7 Hz), 7.46 (1H,
d, J ⫽ 8.0 Hz), 7.59 (2H, s), 7.88 –7.93 (2H, AA’BB), 7.93–7.99
(2H, AA’BB’), 8.22 (1H, d, J ⫽ 3.1 Hz), 10.34 (1H, s), 11.98 –
12.06 (1H, m); 13C NMR (150 MHz, DMSO-d6, ␦): 84.92,
115.84, 116.61, 118.01, 121.97, 122.23, 126.56, 127.76,
128.50, 130.35, 134.93, 141.97, 147.77. HRMS (EI) M⫹ calculated for C15H12N4O4S2 376.0302, found 376.0309. Analysis calculated for C15H12N4O4S2: C 47.86, H 3.21, N 14.88;
found: C 47.90, H 3.12, N 14.89.
4-Acetyl-N-(3-cyano-1H-indol-7-yl)benzenesulfonamide (8). mp 258 –259°C. 1H NMR (400 MHz, DMSO-d6, ␦):
2.60 (3H, s), 6.74 (1H, d, J ⫽ 7.7 Hz), 7.05 (1H, dd, J ⫽ 7.9,
7.7 Hz), 7.42 (1H, d, J ⫽ 7.9 Hz), 7.81–7.88 (2H, AA’BB’),
8.03– 8.10 (2H, AA’BB’), 8.21 (1H, s), 10.34 (1H, br s), 11.92–
12.07 (1H, m); 13C NMR (150 MHz, DMSO-d6, ␦): 26.96,
84.88, 115.83, 116.49, 117.95, 121.98, 122.32, 127.25,
128.44, 128.90, 130.29, 134.89, 139.79, 142.79, 197.24.
HRMS (EI) M⫹ calculated for C17H13N3O3S 339.0679, found
339.0668. Analysis calculated for C17H13N3O3S: C 60.17, H
3.86, N 12.38; found: C 60.08, H 3.96, N 12.27.
Cancer Cell Lines. Colon 38 murine adenocarcinoma,
P388 murine leukemia, and LX-1 human small cell lung carcinoma were supplied by the Cancer Chemotherapy Center,
Japan Foundation for Cancer Research (Tokyo, Japan).

HCT116 human colon carcinoma was purchased from American Type Culture Collection (Manassas, VA). HCT116-C9,
an E7070-sensitive subclone, was isolated from the parental
HCT116 cell line by using a limiting dilution method. Two
E7070-resistant subclones, HCT116-C9-C1 and LX-1-E2,
were obtained from viable colonies after continuous E7070
exposure with serial dose escalation. All of these cancer
cells were cultured at 37°C in a humidified atmosphere of
5% CO2 in RPMI 1640 containing 10% heat-inactivated
fetal bovine serum, penicillin (100 units/ml), and streptomycin (100 g/ml).
Cell Growth Inhibition Assay. Exponentially growing
cells (1.25 ⫻ 103 cells/well for P388, 2.5 ⫻ 103 cells/well for
colon 38, 3.0 ⫻ 103 cells/well for HCT116-C9 and HCT116C9-C1, and 3.5 ⫻ 103 cells/well for LX-1 and LX-1-E2) were
seeded into 96-well microtiter plates and precultured for 1
day. Each of the test compounds was dissolved at 20 mM in
DMSO (22) and further diluted with the culture medium to
prepare 3-fold serial dilutions with the maximum concentration being 100 M after the addition into each well. The
obtained dilutions were added to the plates, and then incubation was continued for an additional 3 days. The antiproliferative activity was measured by the MTT colorimetric assay (23).
Flow Cytometric Analysis. Exponentially growing cells
(2.0 ⫻ 105 cells/well for P388 and 4.5 ⫻ 105 cells/well for
HCT116-C9) were seeded in six-well plates and precultured
for 1 day. Test compounds (2.0 mM solution in DMSO) were
each added to the plates at the final concentration of 8 M,
and then incubation was continued for 12 or 24 h. For FACS
analysis, the cells were fixed in 70% ethanol, treated with
RNase (1 mg/ml), and stained with propidium iodide (50
g/ml). The DNA content was quantified by detecting red
fluorescence with a flow cytometer (FACSCalibur; Becton
Dickinson), and analysis was done using CellQuest and ModFit LT software (Becton Dickinson).
Mitotic Index. P388 cells (2.0 ⫻ 105 cells/well in 24-well
plates) were cultured with 8 M of each test compound for
12 h. The cells were treated with 75 mM KCl, fixed with
methanol and acetic acid (3:1), and stained with 0.1% crystal
violet. The mitotic index was determined by counting at least
500 cells under a microscope.
Tubulin Polymerization Assay. Test compounds dissolved at graded concentrations in DMSO were each added
to the wells of 96-well microtiter plates containing 1 mg/ml
microtubule protein from bovine brain. A final DMSO concentration of 5% (v/v) and compound concentrations of 0.30,
1.0, 3.0, 10, 30, and 100 M were used for assays in polymerization buffer [0.1 M 2-(N-morpholino)ethanesulfonic
acid, 1 mM EGTA, and 0.5 mM MgCl2, pH 6.8]. After 30-min
incubation at 4°C, the mixture was warmed to 37°C with 1
mM GTP to start tubulin polymerization. Microtubule assembly was monitored by measuring the turbidity at 350 nm with
a microplate reader (THERMO max; Molecular Devices) for
40 min kinetically. At the time point of 30 min, the polymerization of the control reached a plateau level. Therefore, the
turbidity at 30 min was plotted on a linear scale versus
the concentration of the test compound on a log scale, and
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the drug concentration causing a 50% inhibition of polymerization was determined (6, 9).
High Density Oligonucleotide Array Expression Analysis. HCT116-C9 cells were plated at 5.0 ⫻ 106 cells/dish in
10-cm diameter dishes with 10 ml of fresh medium. After
24-h preincubation, the cells were treated for 12 h with 8 M
of each test compound or with 0.015% DMSO (as control).
The following microarray experiments were all carried out in
duplicate. Sample preparation was performed according to
established protocols (17). In brief, total RNA was extracted
from the cells using Trizol (Life Technologies, Inc.) and further
purified with RNeasy columns (Qiagen). Double-stranded
cDNA was prepared from 10 g of total RNA using SuperScript Choice System (Life Technologies, Inc.) and T7-d(T)24
primers. The cDNA product was purified by phenol/chloroform extraction. In vitro transcription was carried out with
RNA Transcript Labeling kit containing biotinylated UTP and
CTP (Enzo Diagnostics). After purification with RNeasy columns, the cRNA was fragmented and then hybridized to
Affymetrix GeneChip HuGeneFL arrays. According to the
EukGE-WS2 protocol, the probe arrays were washed and
stained with streptavidin-phycoerythrin and biotinylated goat
anti-streptavidin on an Affymetrix fluidics station. Fluorescence intensities were captured with a Hewlett Packard confocal laser scanner. All quantitative data were processed
using the Affymetrix GeneChip software (17).
Real-Time RT-PCR Assay. The PCR-primers for selected
genes were designed using the Primer Expression software
(Perkin-Elmer Applied Biosystems) as follows: glyceraldehyde3-phosphate dehydrogenase, 5⬘-GAAGGTGAAGGTCGGAGTC-3⬘ and 5⬘-GAAGATGGTGATGGGATTTC-3⬘; cyclin H,
5⬘-GTCATTCTGCTGAGCTTGCACTTA-3⬘ and 5⬘-GAGAGATTCTACCAGGTCGTCATCA-3⬘; basic transcription factor Mr
62,000 subunit (BTFp62), 5⬘-CCAAGTTACGAAGCTCTGTCCAT-3⬘ and 5⬘-TGTAGGCTGTCTGGAGCATCTCT-3⬘; CDC16,
5⬘-TGTTGATTCCTCAGAACGCATC-3⬘ and 5⬘-TGTATCATCTCGCCTAAGACCAAG-3⬘; replication factor C Mr 37,000 subunit (RFC4), 5⬘-CAAAGCGCTACTCGATTAACAGGT-3⬘ and
5⬘-CCTTGACCACAGCTTCTAGTTTGTC-3⬘; proliferating cell
nuclear antigen (PCNA), 5⬘-TTGCACGTATATGCCGAGATCT-3⬘ and 5⬘-AACAGCTTCCTCCTCTTTATCGAC-3⬘; mitotic
centromere-associated kinesin (MCAK), 5⬘-ATCTCACCAGGCATAAGCTCCT-3⬘ and 5⬘-ACAGTTCCTCCTCTTCCTTGGAT-3⬘; ␥-tubulin, 5⬘-CTCAAGAGGCTGACGCAGAAT-3⬘ and
5⬘-CTGGCTGACATGATGGTAGACAC-3⬘. The SYBR Green
assay was performed according to a two-step procedure. In the
first step, 1 g of total RNA from drug-treated cells was converted to cDNA through a reverse transcription step for 30 min
at 48°C with TaqMan Reverse Transcription Reagents (PerkinElmer Applied Biosystems). In the second step, the PCR reaction with 4 ng of the cDNA product was carried out using SYBR
Green PCR Core Reagents (Perkin-Elmer Applied Biosystems).
Thermal cycling conditions were for 2 min at 50°C, for 10 min at
95°C followed by 40 cycles of 20 s at 95°C, for 20 s at 55°C, and
then for 30 s at 72°C. The mRNA levels were monitored in
real-time with the ABI PRISM 7700 sequence detection system
(Perkin-Elmer Applied Biosystems).

Results
Antitumor Screens Using Growth Inhibition Assay, Cell
Cycle Analysis, and Tubulin Polymerization Assay. Several sulfonamide compounds from our focused libraries were
initially screened for the in vitro antiproliferative activity
against colon 38, P388, HCT116-C9, HCT116-C9-C1, LX-1,
and LX-1-E2. Drug concentrations required for 50% cell
growth inhibition (IC50s), listed in Table 1, were determined
according to the 3-day MTT assay protocol (23). Further
phenotypic characterizations of the test compounds were
performed using cell cycle analysis and tubulin polymerization assay. The results are summarized in Table 2.
In the 2-oxindole-containing series, compounds 1-4
showed a pattern of antiproliferative activity similar to that of
E7010; to all of these drugs: (a) P388 cells were somewhat
more sensitive than colon 38; and (b) two E7070-resistant
clones HCT116-C9-C1 and LX-1-E2 were not significantly
cross-resistant. Antimitotic action of these compounds was
confirmed severally by a G2-M arrest phenotype in FACS
analysis, a clear increase in the mitotic index, and a potent
inhibition of microtubule assembly. A good correlation was
found between potencies of each compound in growth inhibition assay and in tubulin polymerization assay, with a rank
order of E7010 ⬇ 1 ⬇ 2 (ER-67865) ⬎ 3 ⬎ 4. However,
compound 5, possessing an electron-withdrawing sulfamoyl
(SO2NH2) group as the R1 substituent similar to E7070,
proved to be completely inactive: (a) both IC50s for cell
growth and tubulin polymerization were ⬎100 M; and (b) no
increase in the mitotic index was observed in drug-treated
cells as compared with control cells. These results suggest
that an electron-donating group such as methoxy (CH3O) or
methyl (CH3) at the position of R1 is critical for the E7010 type
of antiproliferative and antitubulin activities. From the complete loss of antitumor properties in compound 5, it can be
concluded that the 2-oxindole motif is unfit for interacting
with a putative molecular target(s) of the E7070 class of
compounds.
Compounds 6-9 in the 3-cyanoindole-containing series
were comparable with E7070 with respect to: (a) preferential
activity against colon 38 rather than P388; (b) marked crossresistance of HCT116-C9-C1 and LX-1-E2 to all of these
drugs; (c) cell cycle effect of G1 or G2-M increase coincident
with S decrease; and (d) substantially no influence on mitotic
index and tubulin polymerization. Of these, compound 9
(ER-68487) displayed an almost equal activity profile to that
of E7070 in all of the antitumor screens used here. Although
compound 10 also possesses the 3-cyanoindole core, its
activity profile distinctly differed from those of the others in
the same series: (a) the two E7070-resistant cell lines were
less cross-resistant to compound 10 as compared with compounds 6-9 and E7070; and (b) its antimitotic action was
evident from the results of FACS analysis, mitotic index
measurement, and tubulin polymerization assay as shown in
Table 2. Hence, it can be stated that the structure of N-(3cyano-7-indolyl)benzenesulfonamide is adaptable to both
activity types of E7010 and E7070, depending on the R2
substituent. In other words, activity profiles of this series of
compounds appear to be determined by the nature of the R2
substituent rather than the framework.
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Table 3

Transcriptional changes caused by sulfonamide antitumor agents

cRNA probes were prepared from drug-treated (at 8 M for 12 h) and control HCT116-C9 cells. Up- and down-regulated genes were selected based on
the following criteria of the Affymetrix software algorithm: (a) fold change, 3-fold or more alteration with at least one of the four test compounds; (b)
differential call, I (increase) or D (decrease); (c) absence call, genes except for indicating A (absent) in both control and drug-treated cells; (d) genes satisfying
all of (a)–(c) in the data set either before or after antibody amplification; (e) gene satisfying all of (a)–(d) in both data sets taken in duplicate. Fold change
values for each test compound are presented. NC means “no change” for genes with ⬍2-fold alteration.
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Table 3

Continued

Drug Effects on Cell Cycle Progression. The cell cycle
effects of representative antitumor sulfonamides (at 8 M) are
illustrated in Fig. 2, based on FACS analyses using P388 and
HCT116-C9 cell lines. A clear G2-M arrest pattern was observed in both P388 and HCT116-C9 exposed to each of

E7010 and ER-67865 for 12 h. Judging from a significant
increase in the mitotic index as shown in Table 2, this cellular
phenotype may be mainly attributed to mitotic arrest. On the
other hand, E7070 and ER-68487 caused a decrease in the
S fraction to both cell lines after 12 h of treatment, accom-

Fig. 2. Flow cytometric analysis of sulfonamide antitumor agents. Drug effects on cell
cycle progression of P388 and HCT116-C9
cells were examined according to the procedure described in “Materials and Methods.” The experiments were performed
three times with each test compound, and
representative DNA histograms are presented. The percentages of the cells in each
cell cycle phase were calculated using the
ModFit LT software for the FACSCalibur flow
cytometer (Becton Dickinson) to afford the
means of three independent data.
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panied by G1 increase in P388 or G2-M increase in HCT116C9. The observations at the 24-h time point indicated a
time-dependent manner of the cell cycle effect of E7070 (Fig.
2) or ER-68487 (data not shown). At this extended time point,
inhibition of the G1-S transition in HCT116-C9 was also
evident from a marked drop in the early S fraction despite
very few variations in G1 proportion. There was no increase
in the mitotic index after 12 h of treatment with E7070 or
ER-68487, suggesting that the drug-induced G2-M accumulation is attributable to cell cycle perturbation in the G2 phase
but not in the M phase. Furthermore, none of these four
sulfonamides exhibited potent cell-killing activity up to the
12-h time point, indicated by the fact that the sub-G1 fraction
representing cells with fragmented DNA was not observed in
the FACS analyses (24, 25). This supported that any drug
treatment at 8 M for 12 h should permit us to detect earlier
characteristic changes in gene expression before terminal
cellular events such as apoptosis. The same experimental
conditions were therefore used for the subsequent transcriptional profiling with oligonucleotide microarrays.
Array-based Transcriptional Profiling. To assess transcriptional effects of these four antitumor sulfonamides,
gene expression analysis was performed with HuGeneFL
arrays containing ⬃5600 gene probes. cRNA probes were
prepared from drug-treated and control HCT116-C9 cells.
The experimental conditions of drug treatment (at 8 M for
12 h) were rationalized by the FACS data. In addition, time
course array experiments showed that the 12-h treatment
produced more informative data for transcriptional profiling
rather than the 3- or 6-h treatment (data not shown). Table 3
summarizes gene expression changes caused by each test
compound, presenting fold change values of affected transcripts. The criteria for gene selection are described in the
Table 3 legend.
E7010 treatment led to the 3-fold or more up-regulation
and down-regulation of six and five genes, respectively.
These include subsets of genes involved in immediate-early
response (induction of c-Jun and Fra-1), extracellular matrix
signaling (induction of Cyr61 and tissue factor gene), and
cytoskeletal organization (repression of two subtypes of
␣-tubulin). ER-67865 proved to be comparable with E7010
with respect to the fingerprint pattern of transcriptional
changes as well as the above-mentioned activity profile,
based on several antitumor screens. Despite their clear mitotic arrest phenotype, both compounds did not change
significantly the expression of any cell cycle-regulatory gene
at the 12-h time point.
E7070 altered at least 3-fold the levels of 60 transcripts; 58
of these were down-regulated, and the remaining 2 were
up-regulated. This predominant transcriptional repression
appears to be one of the characteristics for the array-based
E7070 profile. These down-regulated genes can be classified
into several categories according to their putative functions;
cellular metabolism (10 genes), cell cycle regulation (9
genes), immune response (5 genes), cell signaling (5 genes),
transcription (4 genes), mRNA processing (3 genes), cytoskeletal organization (2 genes), translation (2 genes), membrane trafficking (2 genes), and others. Some genes are
counted for more than one category, e.g., ISGF-3 is consid-

ered as participating in IFN-related cell signaling, immune
response, and transcription (26). Also, there are subsets of
genes involved in energy production (mitochondrial malic
enzyme, NSE, mitochondrial intermediate peptidase precursor, and others), DNA replication (RFC Mr 36,000 subunit,
ORC2 homologue, DNA polymerase ␣-subunit, and Topo II),
the basic transcription factor TFIIH (BTFp62 and cyclin H),
protein turnover (CDC16 and APP-BP1), and cell adhesion
(integrin ␤4 and receptor tyrosine kinase DTK ).
ER-68487 displayed a quite similar transcription profile to
that of E7070. The compound up-regulated 4 genes and downregulated 47 genes at least 3-fold. Of the total 51 genes, 41 are
shared with E7070 on the same selection criteria. The overlap
between the E7070 and ER-68487 profiles is more significant in
case the 2-fold alteration is used as the threshold for gene
selection. However, there is very little overlap between the
profiles of E7010 class and E7070 class. Taken altogether,
cell-based phenotypic profiling and array-based transcriptional
profiling led to the same classification of these antitumor sulfonamides. Our array data well confirmed that compounds in
the E7070 class operate by a completely different mechanism(s) of action from the E7010 type of antimitotic action.
Verification of Microarray Data by Quantitative RTPCR. To verify the transcriptional changes detected by our
microarray analysis, the quantitative RT-PCR technique was
used. We were particularly interested in E7070-responsive
genes because of a primary molecular target(s) for the compound being still unclear. Hence, the following seven cell
cycle-related genes were selected for the verification: cyclin
H and BTFp62 involved in cell cycle coordination; RFC4 and
PCNA in DNA replication; MCAK, ␥-tubulin, and CDC16 (27)
in mitosis. As shown in Fig. 3A, the RT-PCR data for
HCT116-C9 cells were well consistent with the array data. At
the 12-h time point, for example, the cyclin H transcript was
down-regulated 5-fold by 8 M E7070 in microarray analysis,
corresponding to the 5.9-fold down-regulation in PCR-based
quantitation. As for cyclin H, BTFp62, and CDC16, all of
which were down-regulated more than 3-fold, we further
monitored the time course of their expression changes with
the drug-sensitive and -resistant cell lines: HCT116-C9 and
HCT116-C9-C1; LX-1 and LX-1-E2, respectively. The degree
of transcriptional changes in these four cell lines showed a
clear tendency to correlate with the rank order of drug sensitivity, HCT116-C9 ⬎ LX-1 ⬎ LX-1-E2 ⬎ HCT116-C9-C1
(Fig. 3B and Table 1). In the most resistant cell line HCT116C9-C1, none of the three genes were down-regulated at all
by 8 M E7070 during the time course tested. Although the
E7070 treatment repressed about 2-fold the expression of
cyclin H in another resistant clone LX-1-E2, this might be
explained by the fact that the exposure of 8 M E7070 was
not “cytotoxic” but somewhat “cytostatic” to this clone in the
growth inhibition assay (data not shown).

Discussion
In this study, we used oligonucleotide microarrays containing probes of ⬃5600 human genes to investigate transcriptional effects of a series of sulfonamide antitumor
agents. The expression profiling with thousands of genes
illuminated a fingerprint pattern for each of four test com-
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Fig. 3. Monitoring transcriptional changes of E7070-treated cancer cell lines using real-time RT-PCR. Four cell lines, HCT116-C9, HCT116-C9-C1, LX-1,
and LX-1-E2, were treated with 8 M E7070. At time points of 3, 6, and 12 h, total RNA was extracted from each of these cells. For relative quantitation,
the expression levels of the test genes were measured by real-time RT-PCR and normalized based on the glyceraldehyde-3-phosphate dehydrogenase
levels as control.

pounds. Of these, E7010 and ER-67865 are mitotic arrest
agents that disrupt microtubule assembly. The microarray
analysis of another microtubule-depolymerizing agent,
myoseverin, has been reported recently by Rosania et al.
(28). A comparison between array-based fingerprints for
myoseverin and the E7010 class of antimitotic sulfonamides indicates that the repression of tubulin transcripts

is in common despite their entirely different chemical
structures. In our data, E7010 and ER-67865 repressed
⬎3-fold the mRNA levels of two subtypes of ␣-tubulin,
whereas myoseverin was shown to down-regulate the expression of two subtypes of ␤-tubulin 2- and 2.6-fold,
respectively. The decrease in the expression levels of
tubulin genes is known to be caused by a feedback reg-
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ulatory mechanism resulting from the accumulation of tubulin mono mers (29). Therefore, the tubulin down-regulation can be considered as a characteristic expression
change with microtubule-depolymerizing agents, potentially usable as an end point indicative of drug efficacy in
clinic.
Our results in cell-based phenotypic screens suggest that
E7070 and ER-68487 belong to a novel class of cell cycle
inhibitors. The FACS analyses revealed that both compounds reduced the proportion of S-phase and accumulated
P388 cells in G1 or HCT116-C9 cells in G2-M. In the time
course experiment with HCT116-C9, they were also found to
inhibit G1-S transition at the 24-h time point. The expression
changes in several genes of HCT116-C9 appear to be consistent with these cellular phenotypes. E7070 and ER-68487
down-regulated ⬎3-fold the expression of critical genes for
DNA replication and mitosis, including RFC Mr 36,000 subunit, ORC2 homologue, DNA polymerase ␣-subunit, CDC16,
and APP-BP1 (associated with the S-M checkpoint; Ref. 30).
These changes are thought to be linked with the druginduced S decrease and G2-M increase, although it has yet
to be elucidated whether they are causes or effects of the
phenotypic alterations.
As for the cell cycle perturbation, repression of the cyclin H
transcript should be also noted. Western blotting analysis
has further revealed that the expression of the cyclin H
protein in HCT116-C9 is reduced by ⬃55% after 24 h of
treatment with 8 M E7070.3 Cyclin H is known to form part
of the CDK-activating kinase (CAK) together with CDK7 and
MAT1 (31). CAK is not only a TFIIH subcomponent that
phosphorylates the COOH-terminal domain of the large subunit of RNA polymerase II (pol II) but also exists as a free
complex to phosphorylate several cyclin-dependent kinases
(CDKs) for their activation (32, 33). This activation at appropriate time points is essential for well-regulated cell cycling.
Judging from the important role of cyclin H in coordinating
the cell cycle, its repression at both mRNA and protein levels
is likely to result in cell cycle arrest at several checkpoints.
The fact that E7070 and ER-68487 simultaneously downregulate the mRNA expression of another TFIIH component
BTFp62 indicates that the efficiency of transcription and
nucleotide excision DNA repair might be suppressed as well
by this class of antitumor agents (34).
In current clinical trials, there are a variety of anticancer
drug candidates with novel mechanisms of action targeting angiogenesis, oncogenic signaling, cell cycle-regulatory machinery, and others. These agents may require
different end points from those used traditionally for clinical drug assessment. In the well-defined classical design,
the end point of Phase I trials is toxicity, whereas the end
point of Phase II is response rate based on tumor regression. However, this design needs to be modified to properly evaluate novel agents that are expected to cause
tumor growth suppression but not to reduce tumor size
(35). Actually, E7070 was reported to produce many cases
of “stable disease (SD)” in the Phase I studies (13–15, 22).

3

A.Yokoi and T. Owa, unpublished data.

A crucially important point for the development of these
agents is considered to be the ability to assess the drug
effect on their individual targets or pathways, providing
validity and rationale for drug development. In this regards, DNA microarray technology appears to be particularly useful for detecting tumor changes in relevant genes
to drug efficacy.
Of the genes affected by E7070 treatment in microarray
analysis, we selected seven genes involved in cell cycle
events for monitoring their mRNA levels by using real-time
RT-PCR. Among them, cyclin H was most clearly downregulated at a time point of 12 h in two E7070-sensitive cell
lines HCT116-C9 and LX-1. The extent of the down-regulation was not only in a time-dependent manner but also in
accord with the rank order of drug sensitivity of each cell line
(HCT116-C9 ⬎ LX-1 ⬎ LX-1-E2 ⬎ HCT116-C9-C1), suggesting that a putative molecular mechanism of E7070 action
has a close connection with the cyclin H transcription. Although the expression of cyclin H is known not to fluctuate
through the cell cycle, its transcriptional regulation remains
to be fully understood. A target finding study of E7070 may
provide a new insight into the control mechanism of the
cyclin H transcription, bringing us closer to using its expression change for the pharmacodynamic evaluation of E7070
efficacy.
In addition to the cell cycle-targeted effects, metabolic
perturbation and immunomodulation were also conspicuous
in the array data for the E7070 class of antitumor agents.
Metabolic processes such as energy production are often
accelerated in various cancers to maintain their abnormally
aggressive proliferation. Cell adhesion and cytokine signaling are associated with formation and progress of some
hyperproliferative diseases besides their pivotal roles in immune response. Therefore, it is likely that a wide range of the
down-regulation of these genes may exert a fatal influence
on the viability of cancer cells.
Our microarray data showed that both of E7070 and ER68487 down-regulated three genes rather strongly (over
8-fold); nuclear cap binding protein 1 (CBP80), PDCD2 (an
Rp8 homologue), and phospholipid scramblase 1:
(a) CBP80 forms the heterodimeric nuclear cap-binding
complex (CBC) together with CBP20. CBC has been reported to mediate the stimulatory functions of the cap in
mRNA processing, 3⬘-end formation, and U snRNA export
(36). E7070 and ER-68487 also repressed significantly the
expression of cleavage stimulation factor, SRp55, KOC,
eIF2B⑀, and ribosomal protein S6 kinase 2. These genes are
known to be involved in either mRNA processing or translation. In this regard, cellular pathways sensitive to compounds
of the E7070 sort may be connected with the regulatory
mechanism of mRNA biogenesis.
(b) Phospholipid scramblase 1 has been shown to cause
a bidirectional movement of plasma membrane phospholipids by an increase in intracellular calcium (37). With
reference to this down-regulation, several [Ca2⫹]i-responsive genes, including calcineurin A1, CaM kinase II, and
tropomyosin, were decreased in their expression ⬎2-fold
in both E7070- and ER-68487-treated HCT116-C9 cells.
These findings imply a potential link between intracellular
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calcium signaling and biological activity of the E7070
class. Finally, the precise role of PDCD2 is still unknown,
although its rat homologue Rp8 is thought to be associated with programmed cell death (38).
Further intensive work to identify a primary molecular
target(s) of E7070 is currently under way and will be reported in due course, hopefully clarifying the relevance
between functions of the target(s) and all of the cellular
responses discussed above. We herein demonstrate an
integrated strategy for the discovery and development of
novel anticancer drugs, consisting of sulfonamide-focused compound libraries, phenotypic antitumor screens,
and array-based transcriptional profiling. The present
study includes a translational research that may be informative in relation to potential pharmacodynamic end points
for assessing the E7010 and E7070 classes of sulfonamide
antitumor agents.
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