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Abstract

WP631, a new DNA-binding drug that bisintercalates into DNA with high affinity, seems to be highly cytotoxic against Jurkat T
lymphocytes. The purpose of this study was to gain new insights into the mechanisms by which WP631 halts proliferation in this cell type.
Treating Jurkat cells with nanomolar concentrations of WP631 produced G,/M arrest, inhibited the transcription of c-myc and p53 genes,
and induced limited apoptosis during the duration of treatment. Suppression of c-myc and p53 expression, and time-dependent decline in
c-Myc and p53 protein levels, was associated with growth arrest. A weak interdependence was also found between the potent
antiproliferative activity and the apoptotic response; treatment with WP631 for 24-36 hr produced arrest in G,/M and allowed for
partial DNA repair. Longer treatments with WP631 allowed some repaired cells to re-enter the cell cycle, but produced aneuploidy or
apoptosis in others. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Small molecules that bind with high affinity to DNA and
recognize extended sequences are being explored as poten-
tial antitumor agents [1-4]. Recent studies on targeting
small molecules to specific sequences in DNA have led
to the design of novel DNA-binding bisintercalating agents
with significantly increased DNA-binding affinity [2,5] and
high antitumor activity. One such molecule, WP631 (Fig. 1),
was designed on the basis on the structure of DNA—daunor-
ubicin complexes [2]. WP631 shows an ultratight binding
affinity for a six base-pair DNA sequence, which is of the
same range of several DNA-binding proteins [2,4,6,7]. At
nanomolar concentrations, WP631 displaces the Spl tran-
scription factor from its binding site in promoters, thereby
interfering strongly with the eukaryotic transcription
machinery in vitro [8]. This is accompanied by a remarkable
biological activity. Preliminary studies have established that
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Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

WP631 is more active than some monoanthracyclines
against the breast carcinoma MCF-7/VP-16 cell line, in
which it overcomes a specific form of multidrug resistance
[2]. It is also more potent than daunorubicin or doxorubicin
in inhibiting the growth of Jurkat T lymphocytes [9].

In the present study, we explored the mechanisms that
account for the cytotoxicity of WP631. Jurkat cells treated
with nanomolar concentrations of WP631 showed accu-
mulation in the G,/M phase and limited apoptotic death
over a 72 hr interval. Since susceptibility to drug-induced
apoptosis in leukemia cells seems to be regulated by c-myc
and p53, among other genes [10], the levels of their
mRNAs and proteins were also analyzed to study the
possible relationship between WP631, the expression of
these genes and cell growth arrest.

2. Materials and methods
2.1. Cell line and culture conditions
Jurkat T lymphocytes were obtained from the cell culture

facilities at the Department of Biochemistry of the Univer-
sity of Barcelona, Spain. Cells were maintained in RPMI
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Fig. 1. Chemical structure of WP631.

1640 medium (GibcoBRL); supplemented with 10% fetal
calf serum (GibcoBRL) and 2 mM r-glutamine (Gib-
coBRL), at 37° in a humidified atmosphere with 5% CO,.

A 500 uM stock solution of WP631 was prepared with
sterile 150 mM NaCl, maintained —20°, and brought to the
final concentration with RPMI 1640 medium just before use.

2.2. Growth arrest and cell death assays

The capacity of WP631 to interfere with the growth of
Jurkat cells was determined by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye assay
[11] in 96-well microtiter plates (Coming Costar) with flat-
bottomed wells, in a total volume of 100 pL. Cells sub-
cultured at a density of 5 x 10* cells/mL were incubated
with various concentrations of WP631 at 37° for 72 hr.
Upon completion of the incubation, MTT (Sigma) was
added to each culture (15 pL per well). The dark-colored
crystals that were produced by viable cells were solubilized

with 30 mM HCI in 2-propanol. Absorbance was deter-
mined at 570 nm using a SPECTRAmax-250 microplate
spectrofluorometer (Molecular Devices). Viable cell num-
ber was determined based on the exclusion of Trypan Blue
(Fluka) as described elsewhere [12].

2.3. Morphological examination

The morphology of Jurkat cells after drug treatment was
analyzed by light microscopy. Smears were prepared by
spreading a cell suspension with the edge of a coverslip. The
smears were air-dried, stained with 20% Wright-Giemsa
and coverslipped. Apoptotic cells were identified by the pre-
sence of cytoplasmic shrinking and nuclear condensation.

2.4. Flow cytometry

After treatment with WP631 for various periods, the
cells were harvested and stained with propidium iodide
(Sigma) as described elsewhere [13]. Nuclei were analyzed
with an Epics Elite flow cytometer (Coulter Corporation)
at the ‘Serveis Cientifico-Tecnics de la Universitat de
Barcelona,” using the 488 nm line of an argon laser and
standard optical emission filters. Cell percentages at each
phase of the cell cycle were estimated from their DNA
content histograms after drug treatment. Apoptosis was
quantified and distinguished from necrosis by using the
Annexin-V-Fluos staining kit (Roche Diagnostics) and
flow cytometry in accordance with described procedures
[14] using 488 nm excitation and 515 nm bandpass filter
for fluorescence detection.

2.5. Analysis of internucleosomal DNA damage

Qualitative analysis of DNA fragments resulting from
internucleosomal cleavage in cells undergoing apoptosis
was carried out by following procedures described else-
where [15], with minor modifications. Briefly, 2 x 10°
Jurkat T cells treated with WP631—or with daunorubicin
(Sigma) for comparison—were lysed in 40 pL of a buffer
consisting of 10 mM Tris—HCI (pH 7.4), 10 mM NaCl,
1 mM EDTA, 0.5% SDS and 0.5 mg/mL proteinase K for
1 hr at 50°. Thereafter, 1 pL. of 1 mg/mL. RNAse A was
added and incubated for 2 hr at 50°. The high molecular
weight DNA was precipitated by addition of NaCl up to
1 M. After centrifugation, at 500 g for 30 min, the super-
natants were collected by ethanol precipitation and the
pellets resuspended in 50% glycerol containing 0.02%
bromophenol blue. Samples were analyzed by electrophor-
esis in 1.8% agarose gels, stained with 0.5 pg/mL ethidium
bromide, and photographed under UV light.

2.6. Northern blot analysis

Total RNA was isolated from WP63 1-treated and control
cells (those to which no drug was added) by using the
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UltraspecRNA isolation reagent (Biotecx) according to the
procedure provided by the vendor. RNA samples were
denatured in 0.02M 3-(N-morpholino)propanesulfonic
acid (pH 7.0) containing 2.2 M formaldehyde and 50%
formamide, and transferred to a Hybond-N+ membrane
(Amersham Biosciences). Radiolabeled probes for human
c-myc exon 2, p53 (kindly provided by Evelyne May) and
GAPDH c-DNA were prepared by using Ready-to-Go
Labeling Beads (Amersham Biosciences) and [o-
32P]dCTP. The blots were hybridized with the labeled
probes and washed under stringent conditions before auto-
radiography [16]. Signal intensities were quantified in a
Molecular Dynamics densitometer and normalized using
the GAPDH probe as reference.

2.7. Western blot analysis

Protein was extracted from WP631-treated and control
cells, at the indicated times, with a lysis buffer consisting of
50 mM Tris—HC1 (pH 8), 150 mM NaCl, 5 mM EDTA,
0.5% Nonidet P-40, 0.1 mM phenilmethylsulphonil fluor-
ide, containing protease inhibitors. Total protein was quan-
tified by the Bradford assay (Bio-Rad). Denatured proteins
(30-50 pg per sample) were subjected to electrophoresis
on SDS-polyacrylamide gels (12% for c-Myc and p53 and
10% for actin), blotted onto Optitran BA-S85 membranes
(Schleicher & Schuell), analyzed with antibodies (pur-
chased from Sigma and Oncogene), and detected by che-
miluminescence using luminol (Sigma). Signal intensities
were quantified in a Molecular Dynamics densitometer and
normalized using actin as reference.

3. Results

Over the course of a 72 hr drug treatment, WP631
produced a concentration-dependent decrease in cell
growth. Its 1c5 (drug concentration required to inhibit cell
growth by 50%), determined from dose-response curves,
was 18 nM, and its 1c;5 (drug concentration required to
inhibit cell growth by 75%) was 60 nM, in agreement with
our previous findings with Jurkat cells [9]. We thus aimed
to gain new insights into the mechanisms followed by

WP631 to halt cell proliferation.
X 2]

Morphological changes observed after that Jurkat cells
were exposed to 60 nM WP631 for 72 hr (Fig. 2) included
chromatin condensation and nuclear fragmentation corre-
sponding to apoptotic cells. Although these effects were
pronounced, they affected only a limited number of cells
(Fig. 2A).

Cells treated with WP631 were also analyzed by flow
cytometry and double staining with propidium iodide and
Annexin-V-fluorescein (Fig. 3) to distinguish necrotic cells
(propidium iodide staining) from the translocation of
phosphatidylserine to the outer layer of the plasma mem-
brane (Annexin-V) [14]. The total amount of apoptotic plus
necrotic cells was rather small, especially in light of the
low WP631 concentration required to stop cell growth.
They represented, through the total period of treatment,
about 5-10% of cells. The number of apoptotic cells was
between 4% at 24 hr (Fig. 3B) and around 8% at 72 hr.
Continuous exposure to WP631 did not produce a signifi-
cant change in the number of cells suffering necrosis or
apoptosis, compared to the control. However, after 72 hr
treatment the double staining (propidium iodide plus
Annexin-V) uncovered the presence of an additional 2%
of apoptotic cells, which were not evident by using the less
sensitive flow cytometry analysis with propidium iodide
staining only.

Ethidium bromide-stained agarose gels (Fig. 4) showed
internucleosomal DNA fragmentation, a hallmark of apop-
tosis, in cells treated with WP631 or daunorubicin. There-
fore, from a qualitative point of view, WP631 did induce
some apoptotic cell death in Jurkat cells. However, the
results presented in Fig. 3 suggest that apoptosis was
infrequent in the total population of quiescent cells after
WP631 treatment.

Flow cytometry was used to evaluate the effect of
WP631 on the cell cycle distribution. In the absence of
WP631 (Fig. 5A), the average distribution of the lympho-
cytes corresponded to 37.1% Gy/Gy, 28.3% S phase, and
33.5% G,/M, with a 1.1% sub-G, peak. After 32 hr of drug
treatment (Fig. 5B) the distribution was 29.7% Gy/G,
17.7% S phase, and 42.6% G,/M, with a 10% sub-G,
peak. These values are similar to those previously obtained
at 36 hr [9]. The effects of treatment with WP631 for up to
36 hr on G, accumulation are shown in Fig. 6A. Thereafter,
the proportion of cells in G, became similar to that of the

B

Fig. 2. Effect of WP631 on the morphology of Jurkat T lymphocytes. (A) A 20% Wright-Giemsa stained preparation. Morphological changes include
condensation of chromatin, nuclear fragmentation, membrane blabbing, and formation of apoptotic bodies; (B) a magnified cell (2.5 x) showing details of the

apoptotic bodies after 72 hr treatment with 60 nM WP631 (icys).
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Fig. 3. Flow cytometry analysis of apoptotic Jurkat cells stained with Annexin-V-Fluos and propidium iodide. (A) Control untreated cells; (B) cells treated
with 60 nM WP631 for 24 hr. Quadrant R1 living cells, R2 apoptotic cells, R3 necrotic cells. Apoptotic cells are characterized by high Annexin-V-Fluos

staining and low propidium iodide staining.

untreated control cells. Fig. 6B shows the influence of
WP631 on the viability of Jurkat cells, measured by Trypan
Blue exclusion, at different times, together with the ana-
lysis of cell proliferation using MTT assays, which mea-
sures the antiproliferative effect of WP631 (i.e. cells which
are not metabolically active). These experiments showed
that the 1c;5 of WP631 produced low growth inhibition
over 32-36 hr treatment, followed by a decline in the
number of proliferating cells (empty bars in Fig. 6B)
reaching a 25% at 72 hr. However, the same time-depen-
dent proportion number of non-viable Trypan-stained cells
did no decrease much (filled bars in Fig. 6B). Treatment
with WP631 for 62-72 hr-induced polyploidy (Fig. 7)
whereas untreated Jurkat cells maintained a nearly uniform

size marker
Control

1 Daunorubicin
I WP631

Fig. 4. Agarose gel analysis of the apoptosis-associated internucleosomal
DNA fragmentation in Jurkat cells treated with 60 nM WP631 for 18 hr.
The effect of daunorubicin is shown for comparison.

distribution of cells in each phase of the cell cycle. The
number of apoptotic and necrotic cells at 72 hr could not be
quantified in this experiment directly. In fact, apoptotic G,-
phase cells exhibit a reduced DNA content, which could
overlap the content of G-cells. Nevertheless, they were
calculated as about 12% by double staining with propidium
iodide and Annexin-V-fluorescein.

We treated exponentially growing Jurkat cells with
WP631 and analyzed the expression of the oncogene c-
myc because the c-Myc protein targets genes are involved
in cell growth, apoptosis, and in arrest at both the G, and G,
checkpoints [17,18]. We also analyzed the transcription of
the p53 gene, because the p53 protein is essential in the
apoptotic response to many drugs [19], and mediates
apoptosis by preventing the proliferation induced by onco-
gene activation [20]. Northern blot analyses (Fig. 8)
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Fig. 5. Cell cycle distribution of Jurkat T cells in the absence (A) and the
presence of 60 nM WP631 for 32 hr (B), analyzed by propidium iodide
staining and flow cytometry. Increases in sub-G; and G,/M peaks are
evident after treatment.
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Fig. 6. (A) Percentage of Jurkat cells arrested in the Go/M phase of the cell cycle after WP631 treatment (empty bars) control, untreated cells; (filled bars)
cells treated with 60 nM WP631, for the times in the figure. Data are means = SD for three-four independent experiments. Accumulation in G, was
statistically significant at 6, 24 and 32 hr of treatment (P < 0.05, Student’s t-test). (B) A comparative plot of the influence of 60 nM WP631 (ic;s) on the
time-dependent “‘cell growth inhibition” (six replicate MTT assays) (empty bars), and “number of viable cells” (filled bars) (three replicate Trypan Blue

experiments). Data presented are the means == SEM.

showed that the exposure of Jurkat T lymphocytes to
WP631 produced a time-dependent decrease in both c-
myc and p53 mRNA levels by about 80% after 3 hr of
treatment (Fig. 8B), whereas the expression of the house-
keeping GAPDH remained almost unaltered. Reduction in
c-myc and p53 RNA levels can prevent apoptosis [20]. The
inhibition of p53 mRNA synthesis may also influence G,/S
and G,/M checkpoints [21,22] and participate in the
appearance of aneuploidy (Fig. 7 and [23]).

Fig. 9 shows the time-dependent reduction on the levels
of the c-myc and p53 proteins in the presence of WP631.
After about 4 hr of continuous treatment with the bisan-
thracycline, both protein levels decreased in parallel,
although, after 24 hr, the amount of c-Myc was clearly
lower than p53 (Fig. 9B). The presence of some c-Myc
protein during the first hours of treatment may be required
to abate G, arrest, allowing cells to go to phase S. The rapid
decrease in p53 after about 32 hr (slope of the curve in
Fig. 9B), and the concomitant materialization of poly-
ploidy, would indicate that p53 played an important role

256
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Fig. 7. Flow cytometry analysis of Jurkat T cells in the presence of 60 nM
WP631, after 62 hr of continuous treatment. A peak corresponding to
aneuploid cells is indicated by the arrow.

in maintaining the G, arrest shown in Fig. 6A. These
results agree with p53 involvement in G, arrest [24].
The experiments presented in Figs. 8 and 9 strongly
suggest that Jurkat T cells, which were in a transient
Gj-arrest after treatment with WP631 (Fig. 6A), might
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Fig. 8. (A) A representative Northern blot showing time-dependent
reduction in c-myc and p53 expression, but not in the housekeeping
GAPDH gene exposed to 60nM WP631 (ic75). (B) Quantitative
representation of the time-dependent suppression of gene expression by
WP631 in Jurkat cells: c-myc (&), p53 (O) and GAPDH ([). Data are the
means =+ SD for three experiments, normalized for GAPDH expression.
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Fig. 9. (A) A representative Western blot showing time-dependent
reduction in c-Myc and p53 levels, but not in the actin levels, in Jurkat
T cells exposed to 60 nM WP631. (B) Quantitative representation of the
time-dependent decrease in protein levels by WP631, as percent of protein
at time 0. c-Myc (O), p53 (@). Data are the means+ SD for two
independent experiments, normalized for the levels of actin.

overcome the G, checkpoint when p53 levels clearly
decreased after about 32 hr. This resulted in polyploidy
(Fig. 5), with only about 5% death cells, but 75% of
quiescent cells measured using the MTT proliferation
assay (Fig. 6B).

4. Discussion

Strong transcription inhibitors like WP631 [8,9] can
induce quiescence in growing Jurkat cells at rather low
concentrations and can inhibit the transcription of several
genes such as p53 and c-myc, which are associated with
cellular proliferation and are also important in apoptosis.

WP631 is a strong growth inhibitor of some tumor cells
in culture [2,9]. The apparent cell growth inhibition in our
study, measured by MTT assay, resulted from several
factors. Not all Jurkat T cells underwent apoptosis after
treatment with WP631 over a 62 hr period, but rather
underwent either immediate or delayed growth cessation,
which was accompanied by an increase in the DNA content
per cell. The cytotoxic effects of WP631 in Jurkat cells
could be accompanied by other additional events like DNA
damage, which is frequently linked to G,/M arrest [12,25].

Damage in DNA might be enhanced through the collision
between trapped topoisomerase II cleavage complexes and
the replication fork, or transcription complexes [26]. Some
cell death should appear if cells with unrepaired damage
attempt mitosis, thus explaining the marginal presence of
apoptotic cells (Fig. 3). The accumulation of Jurkat cells in
G, until about 36 hr treatment (Fig. 6) might also be
connected with the capacity of p53 to maintain growth
arrest in Gj.

We observed the presence of aneuploid cell changes that
occurred during still longer treatments. Notably, daunor-
ubicin causes higher apoptotic cell death in Jurkat T cells in
similar experimental conditions [27]. G, arrest is consid-
ered an effect of DNA-binding agents because cells
engaged in cell division are particularly susceptible to
DNA damage [15,28,29]. This arrest would demand p53
activity [29]. Protein levels decreased in a time-dependent
manner, and, after about 32-36 hr (Fig. 9), the cells that
elicited G, block without fully restored DNA integrity
would result in the observed polyploidy (Fig. 7). In the
present study, we report a time-dependent decrease in p53
protein, which was followed by polyploidy at longer
periods of treatment. A result that agrees with the correla-
tion that has been established between loss of p53 and
genetic instability [30]. These findings are consistent with
other reports that low levels of p53 render cells more
susceptible to gene amplification and the development
of aneuploidy [23,31]. Prolonging the G,/M transition
would permit some cells to repair DNA and complete their
replication [32]. Our results substantiate that several cyto-
static drugs perturb the cell cycle distribution and produce
changes in DNA content, which lead to a remarkable
increase in cell mass and ploidy [29,30].

Reduced c-myc expression occurs in response to drugs
that produce mainly G, arrest, but it is the inhibition of p53
gene that mainly determines the extent of growth arrest and
apoptosis [21,22]. WP631 clearly decreased the levels of
p53 mRNA. The decrease in the levels of c-Myc protein
after treatment with WP631 possibly affected the G,
checkpoint, a result that is in keeping with the low apop-
tosis detected (Fig. 3). Jurkat cells failed to arrest in G;.
The absence of G; arrest in Jurkat cells, despite the
inhibition of c-myc transcription after 2—4 hr treatment,
can be explained by the presence of previously synthesized
c-Myc protein (cf Figs. 8 and 9). Notwithstanding, the
absence of G, arrest can also be due to other defects in
checkpoint function, as it has been described in other cell
lines in the presence of certain drugs [33].

The refractoriness of MCF-7 cells to apoptosis induced
by doxorubicin [12,34] or WP631 [9] and the limited
apoptosis observed in Jurkat T cells after 72 hr treatment
agrees with finding that the transcription of c-myc was
highly sensitive to nanomolar concentrations of WP631
(Fig. 8). There is a known association between the effects
of some drugs on c-myc expression and the response to
DNA damage in MCF-7 cells [12,34]. We recently reported
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a diminution in c-myc RNA levels, without apoptosis, in
MCEF-7 cells as a result of WP631 treatment [9]. However,
internucleosomal DNA fragmentation was observed in
Jurkat cells (Fig. 4). Since the synthesis of p53 mRNA
was also strongly inhibited by WP631 in a time-dependent
manner, the limited apoptosis in Jurkat cells during the first
12-24 hr of treatment could have resulted from storage of
the protein in the cytoplasm, as detected by Western blot
analysis (Fig. 9), or through a different mechanism inde-
pendent of p53. Hence, WP631 should directly produce
cell cycle arrest in G, (quantified in Fig. 6). An effect that
may be enhanced by the indirect effect of p53 on the down-
regulation of c-myc. The presence of limited apoptosis
during the 72 hr of continuous exposure to the drug is not at
variance with the presence of active p53-independent
apoptotic pathways in Jurkat cells [35].

In summary, we have found an apparent interdepen-
dence between the low c-myc and p53 RNA levels
observed after drug treatment, the time-dependent decrease
in c-Myc and p53, and cell cycle arrest. From a quantitative
point of view, the main effect of WP631 on Jurkat T
lymphocytes is cell arrest at the G, checkpoint, at least
during the first 3648 hr of treatment, which was followed
by polyploidy. These results support, but do not prove, that
in Jurkat T lymphocytes, altered c-myc expression by
WP631 is directly linked to cell pathways leading to
growth arrest. A similar correlation has been described
for DNA-binding agents in other cell lines [9,34,36].
Transcription inhibition seems to be more complex in a
cell system than in vitro, in which WP631 was a strong
inhibitor in basal and Sp1-activated transcription [8]. Since
the human c-myc contains a Spl-responsible promoter
([37], and references therein) cell distribution in the dif-
ferent phases of the cell cycle may be associated with the
extend of transcription of the oncogene. Nevertheless, a
WP631 effect on the binding of Sp1 to the c-myc promoter
in vivo does not imply specificity, since p53 was also
inhibited, even though it lacks functional Sp1-binding sites
in the proximal promoter [38]. Nevertheless, the inhibition
of p53 transcription could be an indirect consequence of
the absence of the c-Myc trans-activation of the p53
promoter [39]. Additional genes may be altered in vivo.
The use of DNA arrays, together with the determination of
the levels of different proteins other than p53 and c-Myc,
should provide us with further evidences about the genes
ultimately responsible of the antiproliferative effects of
WP631. Experiments along these aspects are being under-
taken in our laboratory.
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