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ABSTRACT. The tricyclic compound 2,5-bis(5-hydroxymethyl-2-thienyl)furan (NSC 652287) has shown a
highly selective pattern of differential cytotoxic activity in the tumor cell lines comprising the National Cancer
Institute (NCI) Anticancer Drug Screen. The mechanism underlying the selective cytotoxicity is unknown. We
hypothesized that differential sensitivity to the compound observed in several renal tumor cell lines could be the
result of selective accumulation or differential metabolism of this agent. We demonstrated here that the capacity
of certain renal cell lines to accumulate and retain the compound, determined by accumulation of [14C]NSC
652287-derived radioactivity and by flow cytometric determination of unlabeled compound, paralleled the
sensitivity of the renal cell lines to growth inhibition by NSC 652287: A-498 . TK-10 .. ACHN ; UO-31.
The ability of the cell lines to metabolize [14C]NSC 652287 to a reactive species capable of binding covalently
to cellular macromolecules also directly correlated with sensitivity to the compound. Different patterns of
metabolites were generated by relatively more drug-sensitive cell lines in comparison with drug-resistant cell
lines. The metabolizing capacity for NSC 652287 was localized primarily to the cytosolic (S100) fraction. The
rate of metabolism in the cytosolic fraction from the most sensitive renal cell line, A-498, was faster than that
observed in the cytosolic fractions from the other, less sensitive cell lines. The data support the hypothesis that
both selective cellular accumulation and the capacity to metabolize NSC 652287 to a reactive species by certain
renal carcinoma cell types are the basis for the differential cytotoxicity of this compound class. BIOCHEM
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The NCI§ Anticancer Drug Screen consists of a panel of 60
human tumor cell lines including leukemias and cancers of
the skin, lung, colon, brain, ovary, kidney, prostate, and
breast [1, 2]. The panel was established as a disease-oriented
preclinical screening model to facilitate the discovery of
novel drug leads with selective cytotoxicity toward solid
tumors. The pattern of sensitivity to a new agent in the cell
line screen provides a “fingerprint” that can be used as a
tool to identify compounds of known or unknown mecha-
nisms of action. The fingerprint of a given compound is
analyzed by the computerized COMPARE algorithm [2–4],
which describes the degree of similarity of the action of the
new compound in comparison to that of standard agents.

Structurally and/or mechanistically related compounds of-
ten have similar fingerprints. Tubulin-interactive antimi-
totics, topoisomerase inhibitors, antimetabolites, and alky-
lating agents, among others, have been identified by use of
the COMPARE analysis [2–5, and references cited therein].
Current efforts are directed toward the quantitation of
potential molecular targets for drug action in the tumor cell
lines. These targets include oncogenes, tumor suppressor
genes, drug resistance-mediating transporters, cell cycle
proteins, apoptotic pathways, DNA repair enzymes, com-
ponents of the cytoarchitecture, and drug metabolizing
enzymes, among others [5]. The hypothesis is that the
pattern of expression of a molecular target may be related to
the pattern of cell susceptibility to agents directed at the
target. Using this approach, substrates for the mdr-1/P-
glycoprotein drug resistance transporter [6] and agents that
target the epidermal growth factor receptor and c-erbB2
signaling pathways [7, 8] have been identified. It is ex-
pected that the molecular characterization of the cell lines
will also help define molecular mechanisms not previously
considered as drug targets.
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Thiophenes are sulphur-containing compounds widely
distributed among plants of the family Asteraceae (Com-
positae) including many species with known medicinal uses
[9]. Several naturally occurring and synthetic dithiophenes
and terthiophenes have been shown to posses insecticidal,
bactericidal, antifungal, and antiviral (including antiretro-
viral) activity [9–11]. Other thiophene-containing com-
pounds have therapeutic applications, such as tienilic acid,
a diuretic and uricosuric drug [12, 13], ZD 1694 (Tomudex),
a thymidylate synthase inhibitor with activity against
colorectal tumors [14, 15], and suprofen and tenoxicam,
both non-steroidal anti-inflammatory agents [16, 17].

A series of naturally occurring and synthetic compounds
containing one or more thiophene moieties have been
tested in the NCI Anticancer Drug Screen and have
demonstrated differential antiproliferative activity. Thio-
phene derivatives as a class exhibit very similar patterns of
differential sensitivity, the molecular basis for which is not
clear. The compound 2,5-bis(5-hydroxymethyl-2-thienyl)
furan (NSC 652287, Fig. 1), is the most potent thiophene
derivative and has been selected as the lead compound for
mechanistic studies. This compound has notable activity
against renal carcinoma cell lines, and this is of particular
interest since there are few therapeutic options with reli-
able activity against metastatic renal cell carcinomas. The
antitumor activity observed in vitro was retained in vivo
using xenografts of the A-498 renal cell carcinoma in nude
mice. The COMPARE algorithm analysis shows no simi-
larity of the pattern of activity to the 170 standard
antitumor agents in the NCI database. This unique pattern
suggests that aspects of the action of the compound utilize
a novel cell-type related mechanism for causing cytotoxic-
ity. The present study was undertaken to determine factors
responsible for the selective antiproliferative and cytotoxic
activity of NSC 652287 in several renal carcinoma cell
lines. Our findings suggest that both differential cellular
accumulation and metabolism are determinants of the
unique cytotoxicity of NSC 652287 in the renal cell lines
studied.

MATERIALS AND METHODS
Materials

Cell culture reagents were purchased from Quality Biolog-
ical, Inc. except for fetal bovine serum, which was pur-
chased from HyClone Lab., Inc. NSC 652287 (purity .
99% as determined by LC-MS) was obtained from the
repository of the NCI-Frederick Cancer Research and
Development Center and originally was submitted to NCI
by Dr. Michael Cava, University of Alabama. [14C]NSC
652287 (19 mCi/mmol) was synthesized at the Research

Triangle Institute. The synthesis of [14C]NSC 652287 was
accomplished by treatment of 2,5-bis(2-thienyl)furan with
n-butyllithium and tetramethylenediamine in diethyl ether
to generate the bis(5-lithiothienyl) derivative. Reaction of
this dilithium salt with N-methyl([14C]form)anilide gave
the corresponding bis([14C]carboxaldehyde), which was
reduced directly by the addition of potassium triethylboro-
hydrate to yield radiolabeled 2,5-bis(5-hydroxy [14C]methyl-
2-thienyl)furan (NSC 652287). Purification was accom-
plished by a combination of sequential chromatography on
silica gel, dilution with unlabeled NSC 652287, and recrys-
tallization. The final product was 99% radiochemically pure
(as determined by TLC), with a 1H-NMR spectrum iden-
tical to that of a standard sample of NSC 652287. For all
experiments NSC 652287 was dissolved in DMSO and
prepared as a 1000x stock. HPLC-grade acetonitrile was
purchased from Baker. All other reagents were of the
highest grade commercially available.

Cell Lines

The human renal tumor cell lines were obtained from the
repository of NCI-FCRDC. The identities, sources, deriva-
tion, and morphological and immunocytochemical charac-
teristics of the cell lines have been published previously
[18–20]. Cells were grown in an atmosphere of 5% CO2/
95% air in RPMI-1640 medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, 100 mg/mL
streptomycin, and 2 mM L-glutamine.

Drug Sensitivity Studies

Initial screening studies were conducted as described [21]
using the sulforhodamine B protein assay. Examination to
assess susceptibility of cells to a wider concentration range
of NSC 652287 was done using the XTT assay as described
by Scudiero et al. [22]. Cells were inoculated into 96-well
flat-bottom plates at a density of 1500 cells per well and
incubated for 24 hr at 37° in a humidified 5% CO2/95% air
atmosphere. Serial concentrations of NSC 652287 in
DMSO were added to the wells, and sensitivity was deter-
mined 48 hr after the addition of the compound. Assess-
ment of the in vivo activity of NSC 652287 in athymic
mouse xenografts was conducted as described by Plowman
et al. [23].

Cellular Uptake of [14C]NSC 652287-Derived
Radioactivity

Each cell line was grown in six-well plates until 60–70%
confluent. Cells were incubated with 100 nM [14C]NSC
652287 (19 mCi/mmol) for 0.5 to 72 hr. Medium was
removed and plates were placed immediately on ice. Cell
monolayers were rinsed rapidly three times with ice-cold
PBS (150 mM NaCl, 5.6 mM Na2HPO4, 1.06 mM
KH2PO4), pH 7.4, and solubilized at room temperature by
incubation for 16 hr with 1 mL 0.2 N NaOH. The amount
of [14C]NSC 652287-derived radioactivity that had accu-

FIG. 1. Structure of NSC 652287, 2,5-bis(5-hydroxymethyl-
2-thienyl)furan.
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mulated intracellularly was quantitated by liquid scintilla-
tion spectrometry. Glacial acetic acid (2.75 mL/L) was
added to the liquid scintillation fluid to prevent chemilu-
minescence in the alkaline solution. The results were
expressed as picomoles per milligram of protein. Protein
content was determined by the Coomassie Blue assay
(Pierce) using BSA as standard.

Rate of Disappearance of NSC 652287 from the Cell
Medium and Pattern of Metabolites Generated

Cells were grown in six-well plates until 60–70% conflu-
ent. NSC 652287 was added to a final concentration of 0.1
or 1 mM. Aliquots of the cell medium were removed at
0–48 hr and analyzed for levels of NSC 652287 and for
presence of metabolites using HPLC with concurrent fluo-
rescence and ultraviolet detection. At each time point, the
cell monolayer was solubilized in 1 mL 0.2 N NaOH, and
protein content was determined by the Coomassie Blue
assay. In preliminary studies we observed that the soluble
metabolites were found in the medium rather than intra-
cellularly. Subsequently, we analyzed aliquots from the cell
medium for the presence of metabolites generated by the
cell lines. Half-lives (T1/2) of drug disappearance were
determined by nonlinear regression analysis of concentra-
tion vs time data using the geometric means of the
compound concentrations (normalized for total protein
content of the incubation wells).

Fluorescence excitation and emission spectra in the
range 190–600 nm were obtained during chromatography
(see below) with a HP 1046A programmable fluorescence
detector. The detector was equipped with a xenon-arc
flash-lamp (flash frequency 55 Hz), a 2 3 2 mm excitation
slit (25 nm bandwidth), 4 3 4 mm emission slits (50 nm
bandwidth), and a 5 mL flow cell. A 370-nm cutoff filter
was inserted between the flow cell and the emission slit.
Uncorrected spectra were measured by stopping the eluent
flow, scanning at 6 nm/sec. The excitation spectrum was
characterized by a maximum wavelength at 360 nm. Max-
imum emission was obtained at 420 nm.

The HPLC analysis was performed using a Hewlett
Packard 1050 Series Module (pump, autosampler, and
multiple wavelength detector) and a Hewlett Packard
1046A fluorescence detector. Fifty microliters of the sample
was mixed with 150 mL acetonitrile to precipitate proteins.
After centrifugation at 15,000 g (10 min), 150 mL of the
supernatant was mixed with 225 mL of ammonium formate
buffer, pH 4.0. The sample was vortexed, and 325 mL of the
supernatant was injected into a 5-mm reverse-phase C18

analytical column (4.6 3 150 mm, YMC J9 Sphere-ODS-
H80). Chromatography was effected with an isocratic
eluent at a flow rate of 1 mL/min using a mobile phase
consisting of acetonitrile:50 mM ammonium formate
buffer, pH 4.0 (30:70, v/v) Fluorescence detection was
performed using excitation and emission wavelengths of
360 and 414 nm, respectively. Concurrent ultraviolet
detection was also performed at wavelengths of 200 and 365

nm to verify the specificity of the fluorescence detection,
and to increase the probability of detection of metabolites
whose fluorescence properties may have been altered.
Under these conditions NSC 652287 has a retention time
of 21 min. Hewlett Packard Chemstation software (v. 4.01)
was used for data control and analysis. Calibration stan-
dards were prepared by sequential dilution of a 1 mM
DMSO stock solution of the compound with cell culture
medium or buffer containing the appropriate cell fraction
inactivated by heating. The concentration of calibration
standards was selected to cover the range of concentrations
to be encountered in the specific study. Calibration curves
were constructed by plotting the peak area against the
theoretical concentration of the standard. The slope and
y-intercept of the line of best fit was determined by linear
least squares regression analysis.

In the experiments where we used 14C-labeled NSC
652287, fractions of 0.25 to 2 min were collected following
injection into the HPLC. Scintillation fluid was added to
the samples (14 mL), and radioactivity was determined by
liquid scintillation spectrometry.

Cellular Accumulation and Retention (Flow Cytometric
Method)

Cells were grown in 162-cm2 flasks until 60–70% conflu-
ent. The intracellular accumulation of 0–50 mM NSC
652287 was measured following a 30-min incubation. Me-
dium was removed, and the cell monolayer was rinsed twice
with ice-cold PBS. All steps were carried out at 4° to
minimize efflux of the drug. Cells were released from the
flasks by incubation for 5 min with 3 mL of cold trypsin
(0.05%)-EDTA (0.1%). Seven milliliters of ice-cold PBS
was added, and cells were sedimented by centrifugation at
300 g for 2 min. The sedimented cells were resuspended in
300 mL 1% paraformaldehyde in PBS and kept on ice in the
dark. Aliquots containing 1 3 106 cells were used for
analysis by flow cytometry.

In the retention experiments, cells were exposed to 10
mM NSC 652287 for 1 hr. Medium was removed and cells
were rinsed twice with ice-cold PBS. Drug-free medium was
added and incubation continued for 0–120 min. At the end
of each period of time, the medium was removed and cells
were rinsed twice with ice-cold PBS. Subsequent steps were
done as described above for the drug accumulation exper-
iments.

The fluorescence intensity retained within the cells and
attributable to NSC 652287 was measured on a Coulter
EPICS753 flow cytometer using a Coherent INNOVA 90
laser run at 30 mW in UV mode (Coulter Corporation). As
mentioned in the previous section, NSC 652287 has
maximum excitation and emission fluorescence at 360 and
420 nm, respectively, and these wavelengths were used for
the analysis by flow cytometry. Ten thousand events were
collected per sample. The results are expressed as either
mean channel fluorescence (accumulation studies) or per-
centage of NSC 652287 retained (retention studies). Values
were corrected for the endogenous fluorescence of the cells.
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Covalent Binding to Cellular Proteins

Cells were grown in 75-cm2 tissue culture flasks until
60–70% confluent. [14C]NSC 652287 (19 mCi/mmol) was
added to a final concentration of 0.25 to 1 mM. Following
a 4- to 96-hr incubation, medium was removed and cells
were rinsed twice with ice-cold PBS, pH 7.4. Cells were
scraped off the plates, disrupted by sonication, and protein
was precipitated with 10% trichloroacetic acid (final con-
centration). The protein pellet was washed exhaustively
with 60° methanol to remove non-covalently bound radio-
activity. The precipitated protein was solubilized with 1 N
NaOH (80° for 15 min), and covalent binding was deter-
mined by liquid scintillation spectrometry. Glacial acetic
acid (2.75 mL/L) was added to the liquid scintillation fluid
to prevent chemiluminescence in the alkaline solution.
Values were expressed as picomoles per milligram of pro-
tein. The extent to which [14C]NSC 652287 was metabo-
lized by each cell line was determined as described in the
previous section.

Metabolism of NSC 652287 by Subcellular Fractions

Cells were grown in 560-cm2 plates (PGC Scientifics) until
70–80% confluent. Cells were scraped off the plates, rinsed
twice with ice-cold PBS, and incubated on ice for 10 min in
a hypotonic buffer containing 5 mM Tris-HCl, pH 7.4, 10
mM KCl, 1.5 mM MgCl2, 1.5 mM CaCl2, 10 mg/mL
leupeptin, 10 mg/mL aprotinin, and 0.5 mM PMSF. Cells
were disrupted in a Potter-Elvehjem homogenizer (clear-
ance 5 0.08 to 0.13 mm) at a speed of 1000 rpm, using
15–25 strokes depending on the cell line. After homogeni-
zation, 2 M sucrose was added to a final concentration of
0.25 M. The subcellular fractions were isolated by differen-
tial centrifugation [24]. Briefly, cell homogenates were
centrifuged at 1000 g for 10 min to precipitate nuclei,
unbroken cells, and cell debris. The pellet was resuspended
in isotonic buffer and centrifuged as above. The superna-
tant was centrifuged at 10,000 g, 20 min, to obtain the
crude mitochondrial fraction. The mitochondrial pellet was
resuspended in buffer and recentrifuged at 10,000 g. The
10,000 g supernatant was further centrifuged at 100,000 g,
40 min, to obtain the cytosolic (supernatant) and micro-
somal fractions (pellet). The microsomal pellet was resus-
pended in buffer and recentrifuged at 100,000 g. To
determine the metabolism of NSC 652287 by the subcel-
lular fractions, incubation reactions were carried out in 50
mM potassium phosphate buffer (pH 7.4), 10 mM MgCl2,
1 mg/mL protein, 6 2 mM NADPH and 10 mM NSC
652287 at 37° for 0–4 hr. NSC 652287 remaining intact
was analyzed by HPLC as described above.

Statistical Analysis

All data are expressed as means 6 SD or SEM. Mean values
were compared by ANOVA followed by post hoc Student–
Newman–Keuls test to determine significance.

RESULTS
Screening Studies

Table 1 shows the concentrations of NSC 652287 produc-
ing 50% growth inhibition (GI50) in the tumor cell lines of
the NCI Anticancer Drug Screen after a 48-hr exposure to
the compound. A number of cell lines showed a striking
differential sensitivity to NSC 652287 when compared with
the other cell lines in the panel, with GI50 values of 10–60
nM. The compound was found to decrease the initial
number of cells by 50% (LC50) at a concentration of 100 nM
in the A-498 cell line, compared with $ 100 mM for the
majority of the tumor cell lines (data not shown). NSC
652287 was evaluated against A-498 tumor cell xenografts
grown subcutaneously in nude mice (Table 2). When NSC
652287 was administered twice a day (i.v. injections 7 hr
apart) on an intermittent schedule (every 4 days for 12
days), all three doses resulted in complete tumor regression
in 100% of the treated mice by the end of the third
treatment period. The tumors did not regrow during the
remaining 40 days of the study, and no gross evidence of
toxicity was observed. Studies with xenografts derived from
other sensitive cell lines including the renal CAKI-1,
melanoma UACC-257, ovarian OVCAR-5, and colon
HCC-2998, showed moderate or minimal in vivo activity
[25]. In a separate series of experiments, in vitro time-course
evaluation studies demonstrated that periods of exposure of
the A-498 sensitive cell line to the compound as short as
0.75 hr were as effective in producing growth inhibition or
cytotoxicity as exposure for up to 6 days (E. Sausville et al.,
unpublished results). The ovarian OVCAR-5 and renal
CAKI-1 cell lines were also relatively sensitive but required
longer exposures and/or higher concentrations.

Response of Renal Cell Lines to NSC 652287

More detailed analysis of cytotoxicity was completed in a
series of renal carcinoma cell lines. The A-498 and TK-10
cell lines were particularly sensitive to NSC 652287-
induced cytotoxicity compared with ACHN and UO-31
cell lines (Fig. 2). The IC50 values were 2 nM, 20 nM, 13
mM, and 37 mM, respectively. The sensitivity obtained
with this assay was in accord with that observed in the NCI
Anticancer Drug Screen, and suggested that the renal
subpanel of cell lines could be utilized to understand the
basis for the selective cytotoxicity of NSC 652287.

Cellular Accumulation of [14C]NSC 652287-Derived
Radioactivity

Cells were exposed to 100 nM [14C]NSC 652287 for 0.5 to
72 hr. This concentration of NSC 652287 was selected
because it produced a marked difference in cytotoxicity
between the sensitive and relatively resistant cell lines used
in these studies (Fig. 2). The extent of accumulation of
radioactivity in the most sensitive cell line, A-498, was 3–4
times greater than that of the cell line with intermediate
sensitivity, TK-10 (Fig. 3). Both relatively resistant cell
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lines, ACHN and UO-31, did not accumulate significant
amounts of radioactivity for up to 96 hr. Therefore, the
extent of accumulation of [14C]NSC 652287-derived radio-
activity paralleled the sensitivity of the cell lines to the
compound.

Rate of Disappearance of NSC 652287 from the Cell
Medium

The negligible amounts of accumulated radioactivity in the
resistant cells could result from the lack of uptake of
[14C]NSC 652287 or from the ability of these cells to export
the compound. To determine whether the resistant cell
lines were able to take up NSC 652287, we measured the

rate of disappearance of the compound from the culture
medium. Figure 4 illustrates the results obtained at (A) 0.1
mM and (B) 1 mM NSC 652287. The rate of disappearance
was more rapid in the two most sensitive cell lines (T1/2 of
2.18 6 0.01 and 3.0 6 0.00 hr at 0.1 mM, and 4.42 6 0.39
and 7.8 6 0.9 hr at 1 mM for A-498 and TK-10, respec-
tively). The rate of disappearance of NSC 652287 from the
medium of the resistant cell lines was considerably slower
(T1/2 of 16.4 6 4.1 and 145 6 76 hr at 0.1 mM, and 38 6
7.2 and 98 6 34 hr at 1 mM for ACHN and UO-31,
respectively). Thus, the rate of disappearance of NSC
652287 from the cell medium directly correlated with the
sensitivity of the renal cell lines to the compound. It is

TABLE 1. Growth inhibition by NSC 652287 in the NCI anticancer drug screen

Cell line GI50 (mM) Cell line GI50 (mM)

Leukemia/lymphoma Melanoma
RPMI-8226 5.45 6 2.97 MALME-3M 67.3 6 22.4
SR 3.95 6 0.70 M19-MEL 59.9
HL-60 (TB) 3.17 6 0.47 SK-MEL-28 53.1 6 16.6
MOLT-4 2.57 6 0.93 M14 35.6 6 10
CCRF-CEM 2.21 6 0.83 SK-MEL-2 27.2 6 1.2
K-562 1.03 6 0.76 LOXIMVI 25.1 6 4.5

SK-MEL-5 24.0 6 4.1
Non-small cell lung carcinoma UACC-257

UACC-62
0.02 6 0
0.02 6 0HOP-92 36.9 6 16.8

EKBX 27.5 6 3.1 Ovarian
NCI-H522 24.6 6 3.5 OVCAR-8 12.6 6 1.9
NCI-H23 20.1 6 6.4 SK-OV-3 12.4 6 11.6
NCI-H322M 12.0 6 5.49 OVCAR-4 0.17 6 0.08
A549/ATCC 5.31 6 2.39 OVCAR-3 0.14 6 0.06
HOP-18 0.34 IGRO1 0.05 6 0.01
HOP-62 0.33 OVCAR-5 0.03 6 0.02
NCI-H226 0.07 6 0.04
NCI-H460 0.04 6 0.01 Renal
LXFL-529 0.02 UO-31 40.8 6 10.4

ACHN 27.8 6 20.3
Small cell lung carcinoma SN12C 6.24 6 2.55

DMS 114 13.4 786-0 4.01 6 1.02
DMS 273 0.73 RXF-393 0.79 6 0.33

TK-10 0.03 6 0.01
Colon A498 0.02 6 0.01

KM-12 21.7 6 5.7 CAKI-1 0.01 6 0.00
HCT-15 0.77 6 3.61
DLD-1 5.21 Prostate
HCC-2998 2.27 6 1.53 PC-3 53.5 6 18.0
HT29 0.98 6 0.20 DU-145 7.21 6 2.97
COLO 205 0.45 6 0.13
SW-620 0.25 6 0.04 Breast
HCT-116 0.11 6 0.07 MDA-MB-231/ATCC 36.7 6 16.7
KM20L2 0.01 HS 578T 25.0 6 1.2

MCF7/ADR-RES 20.0 6 5.6
CNS MDA-N 6.66 6 3.03

SF-268 62.3 6 18.3 MDA-MB-435 4.79 6 1
SNB-19 49.6 6 23.4 BT-549 3.58
SNB-75 41.0 6 18.6 T-47D 0.43 6 0.29
SF-539 35.1 6 19.6 MCF7 0.07 6 0.04
SF-295 10.3 6 4.2
U251 0.20 6 0.10
XF 498 0.06

GI50 is the concentration that inhibited growth of the indicated cell line by 50% in a 48-hr continuous exposure to drug. Values are the means 6 SEM, 3–5 separate experiments.
Values with no SEM have N 5 1 or 2.
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noteworthy that parental compound completely disap-
peared from the cell medium in the resistant ACHN cell
line and decreased 40–50% in the resistant UO-31 cell line
after incubation for 48 hr. At this time point, the intracel-
lular accumulation of 100 nM [14C]NSC 652287-derived
radioactivity was still negligible (Fig. 3).

Cellular Uptake and Efflux (Flow Cytometry Studies)

Taking advantage of the fluorescent properties of NSC
652287, we studied in greater detail the ability of the renal
cell lines to accumulate and retain the compound. In
agreement with the study in which we measured the
time-dependent accumulation of [14C]NSC 652287-de-
rived radioactivity (Fig. 3), the A-498 cells accumulated
the compound to concentrations that were significantly
higher than in the other cell lines (Fig. 5). This differential
accumulation of the compound was concentration-depen-
dent. At the 100 nM concentration (Fig. 5 insert), the
mean channel fluorescence value in the A-498 cell line was
3-fold higher than in the TK-10 cell line, whereas only
background fluorescence was detected in both resistant cell
lines (ACHN and UO-31). The resistant cell lines required

concentrations higher than 1 mM to substantially accumu-
late NSC 652287. At this concentration, the mean channel
fluorescence value in the resistant cell lines was 20-fold
lower than in the sensitive A-498 cell line. The difference
in the mean channel fluorescence was less than 2-fold for
all cell lines compared with A-498 cells at the highest
concentration used (50 mM). The curve for the A-498 and
TK-10 cell lines was biphasic. The slope of the line
decreased at concentrations $ 1 mM.

The results of the efflux experiments in cells exposed to
10 mM NSC 652287 for 60 min are shown in Fig. 6. The
A-498 cells retained more than 80% of the compound for
up to 2 hr compared with 50% in the TK-10 cell line. In
contrast, the mean channel fluorescence in both resistant
cell lines decreased to background levels within 10 min
after the removal of NSC 652287 from the cell medium.

Covalent Binding of [14C]NSC 652287 to Cellular
Proteins

In order to test the possibility that the differential accumu-
lation of NSC 652287 reflects a difference in the ability of
the sensitive cell lines to generate a reactive species capable

TABLE 2. In vivo activity of NSC 652287; advanced stage A-498 renal carcinoma athymic mouse xenografts

Dose (mg/kg)
IV q 7 hr 3 2* No. of mice Drug death Tumor free

%T/C
(day)†

Median day to
2 doublings‡

0 8 0 0 — 9.7
44.5 8 0 8 2100 (27) UE§
66.7 8 0 8 2100 (24) UE
100 8 0 8 2100 (24) UE

*Schedule was started at day 18 after implant of the tumor cells. Three treatments were administered. The start of tumor regression was observed before beginning the second
treatment day.

†T/C 5 Change in tumor weight for the treated group/change in tumor weight for the control group. Number in parentheses indicates day at which the optimum value was
obtained. %T/C values , 250 are interpreted as tumor regression.

‡Median of the times (days) required for the tumor weights to increase by 2 doublings. Tumor-free survivors are excluded from the calculations.
§Unevaluable.

FIG. 2. Response of renal cells to NSC 652287 in a
48-hr XTT assay. Data are means 6 SD (N 5 3).
Key: M, A-498; F, TK-10; ‚, ACHN; f, UO-31.
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of binding to cellular macromolecules, cells were incubated
with several concentrations of [14C]NSC 652287 for a
period of 4 hr, and radioactivity covalently bound to
cellular proteins was measured (Fig. 7). There was a
concentration-dependent increase in label apparently
bound covalently to proteins in the most sensitive cell line,
A-498, and in the cell line with intermediate sensitivity,
TK-10. The levels of covalent binding to proteins in the
A-498 renal cell line were markedly higher (4- to 8-fold)
than those in the TK-10 renal cell line. Both relatively
resistant cell lines, ACHN and UO-31, had minor levels of
covalent binding. Thus, the differential sensitivity to
growth inhibition by the compound correlated directly with
the ability of the cells to generate a reactive species capable
of binding covalently to cellular macromolecules.

In Table 3 we compare the fraction of [14C]NSC 652287
remaining in the medium with the levels of radioactivity
covalently bound to proteins after incubation of the cell
lines for several time intervals with 1 mM [14C]NSC
652287. After a 4-hr incubation, the A-498 and TK-10 cell
lines had a similar decrease in the medium concentration of
compound (about 20%) but there was a 4-fold difference in
the levels of covalent binding to cellular proteins. At the
same time point, there was a 10% decrease in the concen-
tration of [14C]NSC 652287 in both ACHN and UO-31
resistant cell lines, which may explain the lower levels of
covalent binding. Measurement of the levels of covalent
binding to proteins at time points where little [14C]NSC
652287 remained in the medium did show an increase in
the levels of covalently bound radioactivity in the relatively
resistant cell lines, which were maximum at 24 hr. How-
ever, these levels were substantially lower than those found
in both the most sensitive A-498 cell line and the cell line
with intermediate sensitivity, TK-10. For instance, at time

points where the decrease in the concentration of
[14C]NSC 652287 was about 70%, the levels of covalent
binding compared with those found in A-498 cells were 4-,
400-, and 200-fold less in TK-10, ACHN, and UO-31 cell
lines, respectively.

Incubation of A-498 renal cell carcinoma with antioxi-
dants such as catalase (100 U/mL), superoxide dismutase
(100 mg/mL), and tempol (1 mM), or the iron chelator
deferoxamine (500 mM, 2-hr preincubation), afforded no
protection against the toxic effects of NSC 652287 (M. I.
Rivera and J. Mitchell, unpublished results). In addition,
there was no difference in cytotoxicity in cells incubated
with NSC 652287 under aerobic vs hypoxic conditions.
The evidence argues against formation of reactive oxygen
species as the mechanism leading to NSC 652287-induced
cytotoxicity in A-498 cells.

Different Pattern of NSC 652287 Metabolites
Generated in the Sensitive and Resistant Renal
Carcinoma Cell Lines

The formation of metabolites derived from [14C]NSC
652287 was analyzed after a 4-, 24-, 48-, and 96-hr
incubation. Figure 8 shows the profile of radioactive me-
tabolites generated following incubation with 1 mM
[14C]NSC 652287 at a time point when a similar concen-
tration of compound remained in the medium (20–30% of
the initial concentration). Within each cell line, the same
profile of metabolites was obtained at the time intervals
analyzed although the amount of each metabolite varied
with time (data not shown). All cell lines produced two
metabolites with retention times of 7 and 12 min. The
radioactivity in the 12-min peak was minor and accounted
for less than 5% of the total radioactivity injected into the
HPLC for all cell lines and at all time points. The amount
formed of the metabolite eluting at 7 min was significantly
greater in the resistant cell lines (35 and 30% in ACHN
and UO-31, respectively, vs 10% in both A-498 and
TK-10). Two additional, more polar metabolites were
detected in the sensitive cell lines. Both A-498 and TK-10
cells produced the metabolite eluting at 5 min. This was the
major metabolite generated in the A-498 cell line (15%).
The metabolite eluting at 3.75 min was detected only in the
TK-10 cell line and was the major one accounting for 25%
of the total radioactivity injected into the HPLC.

Metabolism of NSC 652287 by A-498 Subcellular
Fractions

Cellular components of the A-498 cell line were separated
using differential centrifugation to determine the subcellu-
lar fraction(s) responsible for the metabolism of NSC
652287. Cell homogenates metabolized 80% of the com-
pound by 4 hr, and the metabolic capacity was lost upon
incubation of the homogenates at 95° (Table 4). The
metabolism of NSC 652287 was concentrated primarily in
the cytosolic fraction (S100), where the compound was

FIG. 3. Accumulation of [14C]NSC 652287-derived radioactiv-
ity in renal carcinoma cell lines. Cells were exposed to 100 nM
[14C]NSC 652287 (19 mCi/mmol) for the specific times indi-
cated in the figure. The cell monolayer was solubilized in 0.2 N
NaOH and intracellular radioactivity was determined by liquid
scintillation spectrometry. Data are means 6 SD (N 5 6). Key:
M, A-498; F, TK-10; ‚, ACHN; f, UO-31.
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metabolized almost completely by 2 hr. Some metabolic
activity was also present in the nuclear (P1) and mitochon-
drial (P10) fractions. In these fractions, however, more
than 50% of the drug still remained by 2 hr. The microso-
mal fraction (P100) showed minimal metabolic activity.
The addition of NADPH to the incubation reaction re-
sulted in a decrease in the extent of NSC 652287 metab-
olized by the cell homogenate and subcellular fractions. For
instance, in the S100 fraction containing exogenous
NADPH approximately 70% NSC 652287 remained un-
metabolized by 2 hr. In contrast, nearly complete metabo-
lism had occurred in the absence of exogenous NADPH at
the same time point.

Metabolism of NSC 652287 by S100 Fractions from the
Renal Carcinoma Cell Lines

The rate of metabolism of NSC 652287 by S100 fractions
was cell line-dependent (Fig. 9). Consistent with the
sensitivity to growth inhibition and cytotoxicity induced by
NSC 652287, S100 fractions from A-498 cells showed a
higher capacity to metabolize the compound. In this frac-
tion, the concentration of NSC 652287 decreased to 30%
by 1 hr, with complete disappearance by 2 hr. In contrast,
50–80% of NSC 652287 still remained intact by 2 hr in the
incubations containing S100 fractions from the other cell
lines.

FIG. 4. Disappearance of NSC 652287 from
the cell medium. Cell lines were incubated with
(A) 0.1 mM or (B) 1 mM NSC 652287. At
selected time intervals, an aliquot of the me-
dium was removed and analyzed for levels of
compound using HPLC with concurrent fluo-
rescence and ultraviolet detection as described
in Materials and Methods. Data are means 6
SD (N 5 3). Significantly different from
A-498 and TK-10 at aP < 0.01 or bP < 0.05,
cACHN at P < 0.01, dA-498 at P < 0.01,
eTK-10 at P < 0.01. NSC 652287 was stable
in culture medium for the entire duration of the
experiment. Time 0 values (nmol NSC
652287/mg protein) for 0.1 and 1 mM cul-
tures, respectively: A-498, 1.79 6 0.07 &
18.2 6 1.22; TK-10, 2.03 6 0.13 & 19.5 6
0.94; ACHN, 1.14 6 0.07 & 12.5 6 0.30;
UO-31, 1.71 6 0.03 & 17.1 6 0.72. Key: M,
A-498; F, TK-10; ‚, ACHN; f, UO-31.
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DISCUSSION

The experiments presented in this paper have led to the
following conclusions. First, NSC 652287 caused selective
growth inhibition in a variety of tumor cell lines from the
NCI Anticancer Drug Screen, with notable activity in
several renal carcinoma cell lines. The pattern of activity
was distinct from that of the standard anticancer agents,

suggesting a new mechanism for the anticancer activity.
Second, the compound was particularly cytotoxic to the
A-498 renal carcinoma cell line, and this activity was
retained in vivo in the athymic nude mice xenograft model.
Third, sensitive renal carcinoma cell lines had enhanced
capacity to accumulate and retain NSC 652287 and to
transform the compound to a form capable of binding

FIG. 5. Concentration curve for the accumulation
of NSC 652287. Cell lines were incubated with
0.01, 0.1, 1, 10, and 50 mM NSC 652287 for 30
min. At the end of treatment, cells were fixed in
1% paraformaldehyde, and aliquots containing
1 3 106 cells were used for analysis by flow
cytometry as described in Materials and Methods.
Data represent the means 6 SD of three separate
experiments. Insert shows data points at < 1 mM.
Significantly different from A-498 cell line at aP
< 0.01 or bP < 0.05; from TK-10 cell line at cP
< 0.01 or dP < 0.05. Key: M, A-498; F, TK-10;
‚, ACHN; f, UO-31.

FIG. 6. Efflux of NSC 652287. Cell lines were
incubated with 10 mM NSC 652287 for a period
of 1 hr. Compound was removed and incubation
continued for several times up to 2 hr. At the end
of treatment, cells were fixed in 1% paraformal-
dehyde, and aliquots containing 1 3 106 cells
were used for analysis by flow cytometry as
described in Materials and Methods. Data repre-
sent the means 6 SD of three separate experi-
ments. Significantly different from A-498 cell
line at aP < 0.01 or bP < 0.05; from TK-10 cell
line at cP < 0.01 or dP < 0.05. Time 0 values
(mean channel fluorescence): A-498, 144 6 13;
TK-10, 66 6 18; ACHN, 39 6 13; UO-31,
28 6 8. Key: M, A-498; F, TK-10; ‚, ACHN;
f, UO-31.
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covalently to cellular proteins. These results are consistent
with the hypothesis that the capacity of the cells to
metabolize NSC 652287 to a reactive species is crucial for
eliciting cytotoxicity in the renal cell lines studied, and the
presence of this metabolizing system(s) also may determine
sensitivity in other tumor cell types.

Different factors may determine the intrinsic sensitivity
or resistance of cells to the biological effect of an agent.
These factors have been grouped into three major mecha-
nisms for selective toxicity [26]. A biologically active agent
can exert selectivity of effect either by differences in drug
distribution in an organism, differences in biochemical
properties of the target cells, or through interaction with a
cytological feature that exists only in the susceptible cells.
Often, two or more of these factors can function together to
confer drug selectivity. In this investigation, we focused on
whether accumulation and metabolism might be the basis
for the selective toxicity of NSC 652287 in several renal
cell lines from the NCI tumor cell line panel.

We considered first whether the renal carcinoma cell
lines might differentially accumulate NSC 652287. We
found a direct correlation between the accumulation of
[14C]NSC 652287-derived radioactivity and the sensitivity
of the cell lines to the compound (Fig. 3). The lack of
accumulation of radioactivity in the resistant cell lines
(ACHN and UO-31) could be interpreted as lack of uptake
of NSC 652287 in these cell lines. However, studies of the
rate of disappearance of NSC 652287 from the medium
demonstrated that, indeed, all four cell lines were able to
take up the compound, and the rate of uptake directly
correlated with the sensitivity to NSC 652287 (Fig. 4). The
data were confirmed by flow cytometry experiments in

FIG. 7. Covalent binding of
[14C]NSC 652287 to proteins. The
cell lines were incubated with NSC
652287 for 4 hr. Medium was re-
moved and covalent binding was de-
termined in the precipitated proteins
as described in Materials and Meth-
ods. Data are means 6 SEM (N 5
3). Significantly different from *A-
498 or ¶TK-10 at a given concen-
tration (P < 0.01). The difference
between concentrations for a given
cell line was significant for A-498,
TK-10, and ACHN (P < 0.05).
Stippled bars, A-498; open bars,
TK-10; hatched bars, ACHN; solid
bars, UO-31.

TABLE 3. Comparison of covalent binding to cellular proteins
and % [14C]NSC 652287 remaining in the cell medium

Cell line and
incubation time

Covalent binding
(pmol/mg protein)

% [14C]NSC
652287 Remaining

A-498
0 hr 29.7 6 3.48 92.7 6 2.08
4 hr 2705 6 151 78.7 6 2.08
24 hr 11732 6 391 42.0 6 6.24
48 hr 13157 6 1046 35.3 6 6.66

TK-10
0 hr 17.5 6 0.40 92.7 6 1.15
4 hr 703 6 3.10 73.3 6 3.06
24 hr 3264 6 246 27.3 6 6.11
48 hr 4694 6 429 11.3 6 3.51

ACHN
0 hr 3.18 6 0.41 96.0 6 5.29
4 hr 9.22 6 0.76 88.0 6 6.56
24 hr 31.2 6 1.50 28.8 6 17.6
48 hr 25.1 6 1.79 10.6 6 2.92
96 hr 12.5 6 0.79 0

UO-31
0 hr 4.69 6 0.54 96.0 6 5.29
4 hr 10.5 6 1.45 92.7 6 5.86
24 hr 96.9 6 8.57 81.7 6 1.53
48 hr 92.7 6 1.83 61.7 6 1.53
96 hr 62.0 6 0.58 35.3 6 7.51

Cell lines were incubated with 1 mM [14C]NSC 652287 for the indicated times. Cell
medium was removed and analyzed for levels of [14C]NSC 652287 remaining as
described in Materials and Methods. Protein was precipitated with 10% TCA, and
the amount of covalent binding was determined after exhaustive washes with 60°
methanol to remove non-covalently bound radioactivity. Metabolism of [14C]NSC
652287 by A-498 cells reached a plateau by 24 hr as a consequence of extensive cell
death as observed by light microscopy. Radiolabeled compound was found to be
stable for up to 96 hr when incubated in medium under the same conditions as the
cell lines. Values are means 6 SD (N 5 3).
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which we utilized the fluorescent properties of NSC 652287
to analyze intracellular drug accumulation (Figs. 5 and 6).
The sensitive cells retained a substantial fraction of thio-
phene-derived fluorescence, whereas rapid efflux of the
compound occurred in the resistant cells. These results
could argue in favor of an efflux mechanism present in the
resistant cells, but they do not rule out the possibility that
the resistant cell lines have a decreased capacity to metab-
olize NSC 652287. In addition, the resistant cell lines may
generate non-toxic species that are released into the me-
dium. The fact that the resistant cell lines accumulated
negligible amounts of radioactivity (Fig. 3) at time points

when most of the compound has disappeared from the
medium (Fig. 4) is consistent with this view. In contrast,
NSC 652287 fluorescence remained at a constant level in
the sensitive cell lines during the remaining 2-hr incuba-
tion period after the removal of the compound (Fig. 6),
consistent with the view that sensitive cells generate a

FIG. 8. Pattern of NSC 652287 metabolites generated in the
sensitive and resistant renal tumor cell lines. Cells were exposed
to 1 mM [14C]NSC 652287 for selected time intervals, at the
end of which an aliquot of the medium was removed and
analyzed by HPLC and scintillation counting spectrometry as
described in Materials and Methods. Profiles represent time
points at which a similar concentration of thiophene remained in
the medium (30%). Bars, radioactivity detection (dpm/fraction
of 0.25 to 2 min); line, fluorescence detection (% Fluorescence
3 sec). Parameters are expressed as % time 0. The offset of the
dpm bar from the chromatographic peak is due to the delay from
the time the peak was detected by the fluorescence detector and
when it actually reached the fraction collector, and the times,
relative to this, over which the fractions were programmed to be
collected.

TABLE 4. Metabolism of NSC 652287 by A-498 renal
carcinoma cell line homogenate and subcellular fractions

NSC 652287 remaining (% time 0)

Subcellular
fraction

2 NADPH 1 NADPH

2 hr 4 hr 2 hr 4 hr

Control 100 6 0.68 98 6 8.54 90 6 8.12 92 6 7.88
Homogenate 39 6 7.12 19 6 2.41 66 6 1.42 39 6 0.11
Boiled

homogenate 90 6 0.41 81 6 0.60 90 6 1.56 89 6 8.59
P1 56 6 4.61 47 6 0.70 77 6 7.47 58 6 3.66
P10 52 6 5.77 33 6 3.16 70 6 1.52 48 6 3.26
S10 26 6 3.55 0.37 6 0.14 73 6 0.45 51 6 4.26
P100 75 6 1.46 76 6 1.84 93 6 0.44 92 6 0.48
S100 1.3 6 0.46 0 66 6 2.51 27 6 1.36

Incubation reactions were carried out in 50 mM potassium phosphate buffer (pH
7.4), 10 mM MgCl2, 6 NADPH, 1 mg/mL protein, and 10 mM NSC 652287 (10
nmol/mg protein) at 32° for 2–4 hr. Compound remaining intact was analyzed by
HPLC with concurrent fluorescence and UV detection. Data represent the means 6
SD (N 5 3). Control contains all incubation components except protein.

FIG. 9. Metabolism of NSC 652287 by S100 fractions from
renal carcinoma cell lines. Incubation reactions were carried out
in 50 mM potassium phosphate buffer (pH 7.4), 10 mM MgCl2,
1 mg/mL S100 protein, and 10 mM NSC 652287 (10 nmol/mg
protein) at 37° for 0–2 hr. Compound remaining intact was
analyzed by HPLC with concurrent fluorescence and ultraviolet
detection as described in Materials and Methods. Data are
means 6 SD (N 5 3). Values for all cell lines were significantly
different from those of A-498 (P < 0.01) at both 1 and 2 hr.
Value for ACHN was significantly different from UO-31 at 2
hr (P < 0.01). Key: M, A-498; F, TK-10; ‚, ACHN; f,
UO-31.
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species which binds covalently to intracellular macromol-
ecules.

To further investigate whether metabolism was impor-
tant for the selective toxicity of the compound, we deter-
mined the ability of the cell lines to generate radioactivity
covalently bound to cellular proteins following a 4-hr
incubation with several concentrations of [14C]NSC
652287. The formation of covalently bound label to pro-
teins paralleled the sensitivity of the cell lines to NSC
652287 (Fig. 7). Since at 4 hr negligible accumulation/
metabolism has occurred in the resistant cell lines, we
measured the levels of covalent binding to proteins at later
time points when little compound remained in the me-
dium. At these time points, the levels of covalent binding
in the resistant cell lines were still very low compared to
those found in either A-498 or TK-10 cells (Table 3).
Therefore, these findings support the hypothesis that the
selective cytotoxicity results from the capacity of the cell
lines to metabolize NSC 652287 to a reactive species that
can bind covalently to cellular macromolecules. This pro-
cess seems to occur rapidly in the sensitive cell lines. In
contrast, in the resistant cell lines, the metabolism of NSC
652287 may not be as rapid and likely yields species with
little capacity to bind to cellular components. In fact, the
metabolism of the compound was faster in cytosolic frac-
tions (S100) from the most sensitive cell line A-498 (Fig.
9). Therefore, the patterns of NSC 652287 accumulation
and efflux appear to reflect differences in drug metabolism
among the renal cell lines. The view of distinct metabolic
pathways is further supported by the different pattern of
metabolites detected by HPLC (Fig. 8). At time points
where a similar amount of NSC 652287 has been metabo-
lized, both sensitive cell lines have early eluting metabolites
(more polar) as primary peaks, whereas a metabolite eluting
later was primarily generated by the resistant cell lines.

The compound accumulation curve for the sensitive cell
lines (Fig. 5) had two distinct phases, suggesting the
involvement of a low capacity (saturable) component. This
observation is intriguing in the context of our findings that
sensitive cells can metabolize NSC 652287 to a species
capable of covalent interaction with proteins. It raises the
possibility that a saturable facilitated transport into suscep-
tible cells may present large quantities of compound to a
metabolizing system. Alternatively, NSC 652287 uptake
may be driven by the metabolizing system itself, which may
saturate.

CYP450 has been reported to play a central role in the
metabolic activation of certain thiophene derivatives [27–
29]. For instance, tienilic acid, a diuretic and uricosuric
thiophene involved in rare cases of immunoallergic hepa-
titis, is oxidized mainly by CYP450 2C9 [30]. This reaction
results in the formation of an electrophilic species capable
of binding to liver proteins including P450 itself. Binding to
CYP450 leads to suicide inactivation of the enzyme. How-
ever, our finding that metabolism of NSC 652287 is
concentrated primarily in the cytosolic fraction argues
strongly against a role for CYP450 in the metabolism of

thiophene in the A-498 renal cell carcinoma. The reason
for the decrease in the metabolic rate of thiophene when
NADPH was added to the incubations is unknown but
suggests inhibition of an oxidative step in the metabolism
of the compound. Experiments presently are underway in
our laboratory to purify the metabolizing system and char-
acterize the nature of the reactive species.

The extent of covalent binding to macromolecular cell
components paralleled sensitivity of the renal carcinoma
cell lines to the compound. Although this may reflect the
rate of bioactivation of the drug, it is possible that the
mechanism of toxicity of NSC 652287 involves covalent
binding to critical cellular components. The extensive
covalent binding of reactive metabolites to proteins (or
other cellular macromolecules) may cause major structural
modifications that result in a loss of essential biochemical
functions. We have obtained evidence that supports forma-
tion of DNA cross-links as a potential mechanism leading
to growth inhibition and cell death [31].

In summary, we have used a subpanel of four renal
carcinoma cell lines from the NCI Anticancer Drug Screen
to identify factors responsible for the selective cytotoxicity
and growth inhibition patterns of the tricyclic agent NSC
652287. Our data suggest that both cellular accumulation
and the ability of the cell lines to metabolize the compound
to a reactive species are major factors responsible for the
differential antiproliferative activity. High levels of cova-
lent binding to proteins were observed in the sensitive cell
lines, and led to the hypothesis that covalent binding to
essential cellular components is relevant to the antiprolif-
erative mechanism of action of NSC 652287. Further
investigations are warranted to elucidate the mechanism for
the growth inhibitory and cytotoxic activity of this thio-
phene-containing compound.
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