
Abstract. Persistent but relatively limited research has been
devoted to the use of compounds related to polycyclic aromatic
hydrocarbons (PAH) as anticancer agents. In previous reports,
we have described the cytotoxicity of a number of new and
novel PAH against human cancer cell lines. However, the
involved molecular mechanisms of inducing cell death were
not elucidated. In the current study, we describe the apoptotic
pathway as apparently playing a crucial role in induced cell
death in human leukemia Jurkat T cells by several diamide and
diamine PAH that contain chrysene as their core aromatic ring
system. Structure-activity relationships were analyzed.
Importantly, no effect was demonstrated in a normal, non-
transformed line of human natural killer cells. These results
provide additional evidence for the potential chemotherapeutic
use of PAH.

Introduction

Persistent but relatively limited research has been focused on
the use of PAH-compounds as anticancer agents. For example,
Bair et al (1,2) have studied a number of unique compounds
of this type and have reported a close correlation between anti-
tumor activity and the shape of their polyaromatic system.
They have developed several, highly active benzylic amino-
propanediols using structure-activity relationships (SAR) as
the basis for synthesizing new derivatives. These compounds
were believed to interact with DNA by intercalation and to

act as topoisomerase inhibitors. However, they were not able
to produce a definitive correlation between the ability of these
compounds to bind to DNA and the resultant cytotoxic
activity (3,4). Clinical studies of two of the most active of
these napththalimides failed as a result of CNS toxicity. To
improve the potency and the toxicity:benefit ratio, naphthalene
was changed to anthracene to serve as the chromophore.
While the resulting analog, azonafide, showed enhanced
potency, and had many of the characteristics similar to those
of other classes of DNA intercalators, it did not definitively
localize in the nucleus (5,6). Other differences from existing
DNA intercalating agents such as mitoxantrone (7) include
the failure of inhibition of topoisomerase II at equicytotoxic
concentrations. Denny et al have published a number of crucial
studies that raise important questions as to the exact target of
a number of related compounds (8).

In the current study, we examined the apoptosis-inducing
activity of several PAH that contain chrysene as the core
aromatic ring system (9,10). Previous examination of SAR
utilizing their cytotoxicity against a number of human cancer
cell lines (9-11) revealed interesting correlations of activity
with modification of types and numbers of functional groups
off the chrysene core. For example, while the length of the
carbon chains did not confer significant differences, the
presence of amine verses amide groups in these chains or
modification and/or the presence of the terminal, heterocyclic
rings, resulted in striking differences. However, the basis for
the cytotoxicity induced by some of the highly active
derivatives was not identified.

Therefore, using several of these model compounds, we
have now examined the influence of SAR on the induction of
the apoptotic pathway in human leukemia Jurkat T cells and
have found it to play a crucial role. Of interest, even the most
active of these compounds failed to produce any damage in
normal, non-transformed natural killer cells.

Materials and methods

Reagents. Fetal bovine serum was purchased from Tissue
Culture Biologicals (Tulare, CA). Mixture of penicillin-
streptomycin-L-glutamine, MEM sodium pyruvate, MEM
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non-essential amino acids, and RPMI were purchased from
Invitrogen (Carlsbad, CA). Dimethylsulfoxide (DMSO) and
trypan blue were purchased from Sigma-Aldrich (St. Louis,
MO). Fluorogenic peptide substrate Ac-DEVD-AMC (for
caspase-3/-7 activities) was obtained from Calbiochem (San
Diego, CA).

Synthesis of polycyclic aromatic compounds. The compounds
used in this study were synthesized as described previously
(9).

Cell culture, protein extraction, and Western blot assay.
Human leukemic Jurkat T cells and non-transformed natural
killer YT cells were cultured in RPMI-1640 medium, supple-
mented with 10% fetal bovine serum, 100 units/ml penicillin,
and 100 μg/ml streptomycin. The YT cells were also supple-
mented with 1 mM MEM sodium pyruvate and 0.1 mM MEM
non-essential amino acids solution. These cell lines were
maintained at 37˚C in a humidified incubator with an atmo-
sphere of 5% CO2. Monoclonal anti-mouse IgG-horseradish
peroxidase was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The polyclonal antibody to poly(ADP-
ribose) polymerase (PARP) was purchased from Biosource
(Camarillo, CA). A whole-cell extract was prepared and
Western blotting was performed as described previously (12).

Trypan blue assay. The trypan blue dye exclusion assay was
used to ascertain cell death in Jurkat T cells treated with various
polycyclic aromatic compounds at various time-points. Briefly,
20 μl of cell suspension was mixed with 20 μl of 0.4% trypan
blue dye. The cell/dye mixture was loaded onto a hemocyto-
meter. The number of cells that absorbed the dye and those that
excluded the dye were counted to determine the percentage of
non-viable cell number to total cell number.

Caspase-3 activity assay. To measure cell-free caspase-3
activity, whole cell extracts (30 μg) from untreated or treated
cells were incubated with 40 μM of the fluorogenic substrate
caspase-3/-7 (Ac-DEVD-AMC) for 2 h at 37˚C in 100 μl of
assay buffer (50 mM Tris, pH 8.0). Measurement of the

hydrolyzed AMC groups was performed on a Wallac Victor3

Multilabel plate reader™ (Perkin-Elmer) with an excitation
filter of 380 nm and an emission filter of 460 nm. Changes in
fluorescence were calculated and compared with vehicle
control treatment and plotted with statistical analysis using
Microsoft Excel™ software.

TUNEL assay. Terminal deoxynecleotydyl transferase-
mediated dUPT-biotin nick end-labeling (TUNEL) assay was
performed using the BD PharMingen, APO-Direct™ kit (San
Diego, CA). Cells were treated with varying concentrations,
harvested at varying time-points, counted, and washed twice
with ice-cold PBS. Briefly, approximately 2x106 cells were
fixed in 1% paraformaldehyde for 15 min on ice, washed
with PBS, and then fixed again in 70% ethanol at -20˚C
overnight. The cells were then incubated in DNA labeling
solution [containing terminal deoxynucleotidyl transferase
(TdT) enzyme, fluorescein-conjugated dUTP, and reaction
buffer] for 90 min at 37˚C. After removing the DNA labeling
solution by rinsing cells with rinsing buffer, the cells were
incubated with propidium iodide/RNase A solution, incubated
for 30 min at room temperature in the dark, and then analyzed
by flow cytometry within 3 h of staining. Fluorescence intensity
was visualized and estimated for the TUNEL assay using a
FACScan (Becton-Dickinson Immunocytometry, CA).

Results

Relationship of structure to cytotoxicity. The compounds
utilized in this study possess a chrysene moiety as their core
PAH with attached amide or amine chains of varying lengths
and a terminal heterocyclic group, with or without an additional
amine group (Fig. 1). Their synthesis and their cytotoxicity
against a number of human tumor cell lines, using counts of
surviving cell numbers, have been reported previously (9-11).
In the current study, cytotoxicity against Jurkat T cells was
first measured by trypan blue dye exclusion in both dose- and
time-dependent assays. Four hours of Jurkat T cell exposure
to a concentration of 8 μM of Tx-5 resulted in approximately
45% cell death, which increased to 100% at 8 h (Fig. 2a). In
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Figure 1. Polycyclic aromatic compounds with varying functional groups. Compounds containing a chrysene moiety with attached amide or amine chains of
varying lengths and a terminal heterocyclic group with (Tx-1, Tx-23) or without (Tx-3, Tx-5, Tx-25, Tx-84) an additional amine are shown.
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contrast, exposure for 4 h to 8 μM Tx-84, which possesses
two identical amino chains, resulted in approximately 30%
cytotoxicity, which increased by only 10% at 8 h with no
further increase through 24 h (Fig. 2a).

Tx-1, Tx-3, Tx-23 and Tx-25 were tested similarly
(Fig. 2b). None of these compounds produced as significant
cytotoxicity as Tx-5 at 8 μM and, therefore, they were tested
at 20 μM. At this concentration, Tx-3 and Tx-25 achieved a

maximum cytotoxicity of 30% and 40%, respectively. Tx-1
achieved a maximum cytotoxicity of 58% at 8 h and 20 μM
while, at this concentration, Tx-23 resulted in a slightly greater
cytotoxicity of approximately 63% at 24 h.

Examination of the apoptotic pathway. To determine whether
an apoptotic pathway played a role in the cytotoxicity induced
in Jurkat T cells by these compounds, activation of caspase-3
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Figure 2. Structure-activity relationships via trypan blue analysis. (a) Jurkat T cells were treated with the solvent (DMSO), 8 μM of Tx-5 or Tx-84, for up to 24 h,
followed by trypan blue incorporation assay. (b) Jurkat T cells were treated with the solvent (DMSO) or 20 μM of indicated compound for up to 24 h, followed
by trypan blue incorporation assay. The data are represented as the mean number of dead cells over total cell population ± SD and are representative of three
independent experiments.

Figure 3. Tx-5 potently induces apoptosis in Jurkat T cells. Jurkat T cells were treated with the solvent (DMSO), (a) 8 μM of Tx-5 or Tx-84 or (b) 20 μM of
Tx-1, Tx-3, Tx-23, or Tx-25 for the indicated times, followed by cell-free caspase-3 activity assay. Caspase-3 activity was determined by incubating whole
cell extracts with 40 μM caspase-3 substrate and measuring production of hydrolyzed 7-amido-4-methyl-coumarin (AMC) groups using a multi-label plate
reader. The results are representative of 3 separate experiments.
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was measured during exposure to the 6 compounds. When
compared to solvent (DMSO) control values, exposure to Tx-5
resulted in an increase of caspase-3 activity by >30-fold at 4 h
(Fig. 3a). Exposure to Tx-84 resulted in a barely detectable
increase of 3-fold. To confirm the effect of this degree of
caspase-3 activation in Tx-5 treated cells, Western blot analysis
was performed to determine the presence of cleaved PARP.
Reflecting the cellular impact of this degree of caspase activ-
ation resulting from exposure to Tx-5, a significant degree of
PARP cleavage was detected in these cells (Fig. 4). In contrast,
cells treated with Tx-84 demonstrated no cleavage of PARP,

confirming the impression that the level of caspase increase
was not significant in terms of resultant cell alteration and
damage. These findings also support the impression that the
caspase activity measured as a result of exposure to Tx-3 and
Tx-25 of at most 2-fold, even at 20 μM treatment (Fig. 3b)
was not a significant contributor to cell toxicity. However, at
20 μM, Tx-1 and Tx-23 resulted in a maximal caspase
activation of 15- and 17-fold respectively at 4 h and PARP
cleavage was observed after 8 h (Fig. 4). These findings
further support the possibility that the apoptotic pathway plays
a role in the cytotoxicity induced by this series of compounds.

Effects on non-transformed, human natural killer cells. To
determine the effect of Tx-5 on normal, non-transformed,
natural killer cells, and to extend the examination of its
induction of apoptosis, its effects were examined in Jurkat
and YT cells using the TUNEL assay. Since ß-lactams such
as L-1 have been shown previously to induce apoptosis in
human cancer cell lines, but not in normal cell lines (13-15),
L-1 was used as a control in this experiment. Jurkat T and
YT cells were exposed to 8 μM of Tx-5 or 10 μM L-1 for up
to 24 h, harvested, fixed in 70% ethanol, stained (see Materials
and methods) and analyzed for TUNEL positivity by flow
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Figure 4. PARP cleavage as a result of apoptotic cell death. Jurkat T cells
were treated with the solvent (DMSO), 8 μM of Tx-5 or Tx-84 or 20 μM of
Tx-1, Tx-3, Tx-23, or Tx-25 for 8 h. Western blot analysis was performed
using specific antibodies to PARP.

Figure 5. Tx-5 explicitly induces apoptosis in tumor cells. The TUNEL assay was performed by using an APO-Direct kit as described in Materials and methods.
Jurkat T and YT cells were treated with the solvent (DMSO), 8 μM Tx-5, or 10 μM lactam-1 for up to 24 h. Fluorescence intensity was estimated for the TUNEL
assay using a flow cytometer.
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cytometry (Fig. 5). Jurkat cells incubated with Tx-5 were
84.4% TUNEL-positive after 8 h and increased to 98% after
24 h. However, Tx-5 produced no significant difference in
TUNEL positivity in YT cells when compared with control
cells. L-1 produced similar results.

Discussion

The results of the study of these compounds using trypan
blue dye uptake as a measure of cytotoxicity indicate a strong
correlation with their chemical structure and, in general,
agree with previous results that used counts of surviving cells
as a measure of cell death. The most dominant determinant of
cell damage was the presence of the diamine chain in Tx-5 as
is especially evident when compared with the corresponding
diamide derivative, Tx-25. The latter failed to induce any
significant degree of caspase-3 activation and significantly
lesser level of cell death, even at a 2.5-fold greater concen-
tration. Again, as previously reported, the presence of the
terminal N-methpyridinal heterocyclic ring (Tx-1 and Tx-23)
was more potent than the terminal ring lacking the methyl
group (Tx-3 and Tx-25). In no case did a one C change in
chain length alter the effectiveness of the compounds.

One anomalous finding was the significantly lesser cyto-
toxicity of Tx-84 when compared with Tx-5, a difference that
was not previously demonstrated using other human tumor
lines, where Tx-84 was equally potent. We must conclude
from this finding with Jurkat as the target cell, that the
second diamine chain inhibits the expected cytotoxicity by an
unknown mechanism. Either this results from some stereo
hindrance with the reactive site within the Jukat cell, or
suggests that the 12th position of the chrysene ring, which is
known to be highly reactive, is required for the cytotoxicity
induced by Tx-5. It is, however, further evidence of the high
degree of specificity demonstrated by many anti-tumor agents.

The mechanism by which these compounds induced cyto-
toxicity was not previously known. The high degree of
caspase-3 activation, PARP-cleavage, and DNA damage
demonstrated by the TUNEL assay as a result of exposure to
Tx-5, clearly illustrate the key role played by the apoptotic
pathway in the resulting cell death. In addition, the degree of
caspase activation induced by Tx-1 and Tx-23, albeit at a
higher concentration, suggests that, here too, apoptotic cell
death was determinative. These results correlate perfectly
with the relative percentages of cell damage as demonstrated
in this and previous studies and their correlation with structure-
activity.

One of the most striking findings was the absence of
effect of Tx-5 against a non-transformed, natural killer cell
line, YT. This further supports the probability that the effect
of Tx-5 against leukemic Jurkat T cells specifically targets
some aspect of tumor cell physiology, which strengthens its
possible role in clinical treatment.

Finally, while there was no significantly detectable increase
in caspase-3 activation at 8 μM Tx-84 or at 20 μM Tx-3 and
Tx-25, each of these compounds induced approximately 30-
40% cell death. It should not come as a surprise that this
finding suggests that alternate pathways exist for inducing
cell damage, such as direct interaction with the cells' surfaces,
as has been previously recognized.
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