
rodent experiments, the administration of polycyclic aro-
matic hydrocarbons such as benzanthracene, benzo[a]-
pyrene or 3-methylcholanthrene led to the induction of a
number of liver microsomal enzyme activities collectively
referred to as aryl hydrocarbon (Ah) hydroxylase (1). The
inducibility of Ah hydroxylase activity in both hepatic and
extrahepatic tissues appeared to be controlled by a single
gene locus encoding a protein known as the Ah receptor
(AhR).

The AhR has been found in most, if not all, investigat-
ed mammalian and a number of nonmammalian verte-
brate species. In humans, it has been found in tissues
and cells in culture, including lung, liver, kidney, placenta,
tonsils and B-lymphocytes (2), and ovarian (3) and breast
(4) cancer cells. Although many of the molecular proper-
ties of the AhR are comparable to those of steroid hor-
mone receptors (5), cloning (6) revealed that it belongs to
a new family within the helix-loop-helix (HLH) superfami-
ly of proteins, other members of which include the AhR
nuclear translocator protein (ARNT), the Drosophila pro-
teins SIM and PER [6], as well as the hypoxia-inducible
factor HIF-1α (7).

Activation of the AhR pathway was, until relatively
recently, associated with the process of chemical car-
cinogenesis induced by agents such as 3-methylcholan-
threne. More recent data from our laboratory and others
indicated that certain potent antitumor agents may utilize
the AhR pathway in their own activation to cytotoxic
species within cancer cells. This renewed interest in the
AhR pathway as a therapeutic target will form the focus of
the present review. For more general descriptions of AhR
biology and ligands, a number of recent review articles
are available (8-12).

The aryl hydrocarbon receptor (AhR)
signaling pathway

A depiction of the AhR signaling pathway is presented
in Figure 1 (13). The Ah receptor exists as an inactive
complex with two molecules of heat shock protein Hsp90
and a 43-kDa protein known as AIP, XAP2 or Ara9. The
chaperone protein Hsp90 serves a dual role in preventing
premature nuclear translocation and/or dimerization with
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Abstract

Agonists of the aryl hydrocarbon receptor (AhR),
which in turn induce their own metabolism by cyto-
chrome P-450 isozymes (e.g., CYP1A1) to produce
cytotoxic species selectively within cancer cells, repre-
sent attractive anticancer drug development candi-
dates. The concept of utilizing the AhR pathway as a
vehicle to induce selective cytotoxicity in cancer cells,
however, remains untested in the clinic to date. The
most promising agents in this class are the 2-(4-
aminophenyl)benzothiazole prodrug Phortress (Uni-
versity of Nottingham/National Cancer Institute [NCI]
Developmental Therapeutics) and a fluorinated
diaminoflavone (Kyowa Hakko/NCI Developmental
Therapeutics); both agents are currently in advanced
preclinical development. The development of selective
antitumor agents targeting the AhR pathway will be
reviewed here, and an assessment made of their clin-
ical potential.

Introduction

The aryl hydrocarbon receptor (AhR) pathway was
first described in the late 1950s as a metabolic response
to environmental pollutants such as polycyclic and poly-
halogenated aromatic hydrocarbons. In these early



attempts to try to turn this xenobiotic defense system to
our therapeutic advantage against cancer cells through
the selective induction of AhR gene products (mainly
CYP1A1) to generate cytotoxic intermediates, leading
ultimately to DNA damage and apoptosis.

Studies have suggested a cell cycle-regulatory role
for the AhR signaling pathway (18-20), and recent data
implicated the AhR in cell cycle arrest (21); however, the
role of AhR in the regulation of cell cycle progression is
thought not to be critical for survival, since uncontrolled
cell proliferation is not one of the results of homozygous
deletion of the mouse AhR gene (22). The role of AhR
signaling in apoptosis has also been studied (23, 24).

Expression of CYP1A1

The role of cytochrome P-450 in tumors in the fate of
anticancer drugs has until recently been a rather neglect-
ed field, and a number of prodrug antitumor agents have
retrospectively been identified as substrates for tumor
CYP activation (reviewed in 25). Examples of clinically
used anticancer agents where cytochrome P-450 is
responsible for metabolic activation (hydroxylation)
include the alkylating agents cyclophosphamide
(CYP2B6) and ifosphamide (CYP2B6 and CYP3A4) (26).

Activation of the AhR pathway leads to expression of
a variety of protein products, of which P-450 family 1 iso-
forms such as CYP1A1 are amongst the best character-
ized and understood. Cytochrome P-450 isoforms have
been detected at low activity levels in tumor cell lines,

DNA-binding partners, and also keeping the AhR in a
configuration that favors ligand binding (14). The AIP pro-
tein appears to enhance the magnitude and sensitivity of
AhR ligand-induced signaling through binding and stabi-
lization of the AhR-Hsp90 complex (15).

Hydrophobic AhR ligands enter the cell by diffusion
and bind to the AhR-Hsp90-AIP complex, triggering a
conformational change associated with breakdown of the
cytosolic complex and rapid translocation of a more DNA-
affinic AhR-ligand complex into the nucleus. In the nucle-
us, the AhR-ligand complex then forms a heterodimer
with its partner protein ARNT; this new complex
binds with high affinity to a specific DNA sequence
(5�-GCGTG-3�), the core binding motif of the dioxin or
xenobiotic response element (DRE or XRE, respectively).
Binding of AhR-ARNT leads to changes in the chromatin
structure, allowing transactivation of AhR-controlled
genes (for reviews, see 1, 8, 16).

The AhR battery comprises several genes that
encode phase I and phase II drug-metabolizing enzymes,
such as the cytochrome P-450 enzymes CYP1A1,
CYP1A2 and CYP1B1, NQ01 (NAD[P]H dehydrogenase
[quinone], DT-diaphorase) (17), UDP-glucuronosyl-trans-
ferase (UGT1A6), glutathione S-transferase A1 (GSTA1)
and aldehyde dehydrogenase (ALDH3c). Importantly,
most of these enzyme systems show a preference for
substrates that are themselves AhR agonists; thus the
activation of this pathway appears to have evolved as a
self-defense system aimed at elimination of hydrophobic
xenobiotic substrates (e.g., aromatic hydrocarbons and
heteroaromatic amines). This review will focus on
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Fig. 1. The aryl hydrocarbon receptor signaling pathway.



and breast cancer MCF7 xenograft growth in B6D2F1
immunosuppressed mice (32, 33). In Seveso, Italy, the
accidental exposure of humans to TCDD in 1976 led to
reduced incidences of mammary and endometrial can-
cers (34, 35). TCDD has recently been found to down-
regulate ERα protein and mRNA levels in human ovarian
carcinoma cells (36).

AhR ligands such as TCDD are not conventional ER
antagonists; however, the use of TCDD and related
agents as molecular probes has revealed a great deal
regarding AhR-ER signaling crosstalk, and the most per-
tinent factors relating to this field are outlined below (11):

� AhR agonist-dependent induction of CYP1A1 and
CYP1B1 may result in enhanced metabolism of estro-
gen, and thus depletion of hormone levels.

� Interactions between the nuclear AhR complex and
critical regions of estrogen-responsive gene promoters
have been identified that repress gene activation.

� Competition has been detected between AhR and ERα
signal transduction for the transcription factor nuclear
factor 1 (37).

The observation of the antiestrogenic effects of the
toxic agent TCDD in a number of tumor models has stim-
ulated a surge of interest led by Safe et al. into the devel-
opment of selective AhR modulators (SAhRMs) for the
treatment of estrogen-dependent tumors (11). The major
structural class of SAhRM described has been the alter-
nate-substituted (1,3,6,8- and 2,4,6,8-) polychlorinated
dibenzofurans (PCDFs) (38-41).

Potent antitumor activity has been associated with
alkyl PCDFs in rat mammary tumor models induced by
the carcinogen DMBA (7,12-dimethylbenz[a]anthra-
cene) (42). Both 6-methyl-1,3,8-trichlorodibenzofuran
(6-MCDF) and 8-methyl-1,3,6-trichlorodibenzofuran (8-
MCDF) (Fig. 3) significantly inhibited mammary tumor
growth at doses of 5, 10 or 25 mg/kg/week. Structure-
antitumorigenicity relationships correlated with both the
relative binding affinities of these compounds for the AhR
and structure-antiestrogenicity studies in rat uterus and
human breast cancer MCF7 cells. Furthermore, 6-MCDF
and tamoxifen were found to act synergistically to inhibit
the growth of DMBA-induced mammary carcinomas, and
through the reduction of tamoxifen-induced ERα levels,
6-MCDF may confer protection against tamoxifen-
induced estrogenic activity in the endometrium (38). Alkyl
polychlorinated dibenzofurans may therefore represent
a new, relatively nontoxic class of indirectly acting

including those comprising the NCI screen (27).
Constitutive CYP1A1 levels in particular were found to be
low in a range of tumor cell lines, and anticancer drugs
have not historically been reported to induce P-450 iso-
forms. This is not the case for the preclinical drug candi-
dates described in this review, which are found to critical-
ly depend on induction of CYP1 isoforms to enable their
conversion to cytotoxic species in certain cancer cell
lines.

Also relevant to the present discussion are those
agents dependent on activation through enzyme systems
that comprise part of the AhR gene battery, but where the
role of AhR remains to be fully elucidated. The clinically
used bioreductive drug mitomycin C is an example, and
provides a precedent for the discussion on AhR/CYP1A-
activated agents that follows. Mitomycin C, along with
other factors such as heat shock and hypoxic stress,
induces the activity of the 2-electron bioreductive enzyme
NQ01 (DT-diaphorase) (28). The relevance of this exam-
ple to the present discussion lies in the fact that NQ01 is
part of the gene battery associated with AhR (17), and
induction of this bioreductive enzyme can be seen with
agents that interact with the AhR such as 3-methyl-
cholanthrene. In addition, sensitivity to mitomycin C in the
NCI tumor cell line panel was found to correlate with
NQ01 enzyme activity (29).

AhR regulation and crosstalk

Multiple signal transduction pathways are implicated
in overlap and competition with the AhR pathway, and the
AhR signaling system influences diverse cellular process-
es, including mitogenesis, vascularization and the hypox-
ia response. Regulation of and crosstalk with other sig-
naling pathways is a complex and only partially
understood aspect of AhR biology. It is not the purpose of
this review to describe AhR regulation and crosstalk in
any detail; the reader should consult a number of recent
review articles in this area for further information (8, 9, 11,
12, 30). Crosstalk between the AhR and estrogen recep-
tor (ER) signaling pathways, outlined below, is one area
where substantial progress has been made, and where
therapeutic possibilities in the cancer field have emerged
(11).

AhR-ER crosstalk and anticancer therapy

Inhibitory AhR-ERα crosstalk has been repeatedly
observed, for example, in rodent uterus, rodent mamma-
ry tumors and breast, ovarian and endometrial cancer cell
lines. The high-affinity AhR ligand and environmental
toxicant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
(Fig. 2) (31) elicits distinct antiestrogenic responses in the
rodent uterus and human breast cancer cell lines. In addi-
tion, TCDD inhibits spontaneous, age-dependent and
carcinogen-induced mammary tumor formation and
growth in rat models, and the incidence of uterine cancer
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structure of the AhR ligand binding domain has hindered
detailed analysis of the molecular mechanisms involved
in AhR-mediated signal transduction. Recently, an AhR
ligand binding model for the recognition of polychlorinat-
ed dibenzo-p-dioxins such as TCDD has been construct-
ed, and preliminary hypotheses on the residues that may
be involved in binding have been made (46, 47). A cau-
tionary note should be added here, since the model is
only an approximate and probably incomplete picture of
the AhR ligand binding domain based on low sequence
similarities. The model will, however, serve as a frame-
work for future developments in this area.

Endogenous ligands

A major recent development in the AhR ligand field
has been the identification of a number of postulated
endogenous ligands for the AhR (reviewed in 9, 10).
Proof of the existence of endogenous ligands has, how-
ever, been impeded by the fact that the ligands identified
have been found to be present in very small quantities
and/or have weak AhR-agonist activity. A likely scenario
is that distinct endogenous ligands exist with cell-specific
distribution, inducing expression of gene products for a
desired biological activity in a cell-specific manner. The
existence of a number of relatively weak-affinity endoge-
nous AhR ligands, rapidly degraded by the detoxification
enzymes that they induce, would then provide the tran-
sient induction of gene expression required in the cellular
context.

Naturally occurring ligands with therapeutic potential

Naturally occurring compounds can act as agonists of
the AhR; perhaps the most well-known example of this is
the phytochemical indole-3-carbinol, found in cruciferous
vegetables (Fig. 4). Indole-3-carbinol is metabolized with-
in the body to form diindolylmethane and indolo[3,2-b]car-
bazole (Fig. 4), and inhibits the development of hormone-
dependent mammary or endometrial cancer in human
and animal models. In addition, indole-3-carbinol has
been shown to be effective against human papillo-
mavirus-mediated tumors in human patients (48), and is
therefore a potential therapeutic agent of considerable
interest.

Antitumor 2-(4-aminophenyl)benzothiazoles

Lead discovery

The 2-(4-aminophenyl)benzothiazoles (see Figure 5
for general structure) comprise a potent and highly selec-
tive class of novel antitumor agents. The discovery of this
class and the subsequent development through to identi-
fication of the clinical candidate prodrug Phortress
have been reviewed (49, 50); an abbreviated summary

antiestrogens with potential for the clinical treatment of
estrogen-driven cancers.

Overview of AhR ligands

A wide range of compounds of diverse structure and
lipophilicity, of either synthetic or natural origin, are now
known to bind the AhR and induce gene expression. In
this sense, the AhR resembles other promiscuous xeno-
biotic receptors such as the peroxisome proliferator-acti-
vated receptor (43) and the pregnane X receptor (44),
orphan receptors of the steroid hormone receptor super-
family. As Denison and Nagy point out in their recent
review (10), the characteristic of promiscuous ligand
binding to the AhR may confer some adaptive advantage
to the organism. Since activation of the AhR enhances
expression of numerous detoxification enzymes (such as
the cytochrome P-450 isozymes), each of which exhibits
quite broad substrate specificity, a relatively nonspecific
ligand binding site may provide the organism with a wide
dynamic range of �chemical detection� and metabolism.
Some general observations are made here on the nature
of AhR ligands; the discussion throughout this review will
focus on those AhR ligands with therapeutic potential in
the cancer field.

The first identified and best characterized ligands for
the AhR are the polycyclic aromatics that form noncova-
lent and reversible high-affinity interactions with the
receptor. Extensive structure-activity relationship (SAR)
studies with polychlorinated aromatic molecules and
related analogues have suggested that the ligand binding
site preferentially accommodates planar, nonpolar
ligands having molecular dimensions approximating a
1.0 x 0.3 nm rectangle (14). Higher affinity binding has
also been reported with substantially larger molecules
such as substituted indoles and flavonoids, where a
binding site of dimensions 0.7 x 1.4 nm must be postulat-
ed to accommodate the binding of these ligands. Com-
parative molecular field analysis using a wider range of
ligand types has predicted a single ligand binding pocket
of 1.4 x 1.2 x 0.5 nm to accommodate known AhR ligands
(45). Alternatively, the AhR may possess more than one
ligand binding site.

At the present time, there are no X-ray- or NMR-deter-
mined structures of either ligand-bound or unbound AhR,
and a lack of information regarding the three-dimensional
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Target discovery

During initial SAR studies on the active members of
the 2-(4-aminophenyl)benzothiazole class, the molecular
target was unknown. COMPARE analysis is routinely
used by the NCI for analysis of the �fingerprint� of activity
in the 60-cell line panel in relation to other agents in the
NCI database (55). A high Pearson correlation coefficient
(PCC > 0.7) is indicative of a similar pattern of cellular
activity and highly suggestive of a conserved mechanism
of action. The active compounds in the series possessed
a similar profile of antitumor activity across the NCI panel
(PCC > 0.7); however, this class of agents was distinct
from any known class of antitumor agents used in the
clinic (COMPARE-negative, PCC < 0.6).

The role of the AhR signaling pathway

The planar, hydrophobic 2-(4-aminophenyl)benzothia-
zole analogues, which are readily sequestered by sensi-
tive cell lines only (56), were found to be potent agonists
for the AhR (57). Nuclear translocation follows ligand
binding to cytosolic AhR, inducing XRE-driven luciferase
activity, and the formation of protein-DNA complexes on
the XRE sequence of the CYP1A1 promoter. In vitro,
CYP1A1 mRNA activity (58, 59) and CYP1A1 (and to a
lesser extent CYP1B1) protein expression (60) were
induced exclusively in sensitive cell lines. Induction of
CYP1A1 gene expression is considered one of the most
sensitive indicators of exposure to AhR agonists (42).
Activation of the AhR pathway was therefore concluded
to be an essential feature of the mechanism of action of
this novel series.

The working mechanistic model for antitumor 2-(4-
aminophenyl)benzothiazoles, following the identification

focusing on mechanistic aspects relating to AhR and
downstream targets is given here.

The initial discovery in this area was made when 2-(4-
aminophenyl)benzothiazole (R = H) was synthesized as a
synthetic intermediate in the early 1990s. This simple
lipophilic compound was found to possess remarkable
growth-inhibitory activity against human breast cancer
cell lines (MCF-7 and MDA-MB-468) in the low nanomo-
lar range, irrespective of cellular estrogen receptor status.
Initial SAR studies indicated that the benzothiazole was
required for optimal activity (compared to related hetero-
cycles) and that a 3�-substituent (e.g., halogen, methyl,
cyano or alkynyl group) was tolerated, and indeed broad-
ened the potent antitumor activity to include other cancer
cell lines (e.g., renal  and ovarian cancer) (51-54). A
particularly notable feature of this new series was the
remarkable contrast between sensitive (low nanomolar
IC50) and insensitive (IC50 > 10 µM)  cancer cell lines
(NCI 60-cell line panel analysis). In vivo antitumor activi-
ty was demonstrated for this class of agent; the growth of
5 of 6 breast and 2 of 2 colon tumor xenografts was sig-
nificantly delayed by 2-(4-amino-3-methylphenyl)ben-
zothiazole (DF-203, NSC-674495; R = Me). On the basis
of superior in vivo activity in sensitive cell lines, DF-203
was selected as the lead compound for further study.
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induction of selective cytotoxicity by 5F-203 (66).
Following drug treatment of sensitive breast cancer MCF-
7 cells, induction of CYP1A1 and CYP1B1 transcription,
7-ethoxyresorufin-O-deethylase (EROD) activity (indica-
tive of CYP1A1 protein activity) (67), and cell cycle arrest
in the G1 and S phases were observed. These observa-
tions were in complete contrast to AhR-deficient AHR100

variant MCF-7 cells, indicative of the central role played
by the AhR pathway in mediating the cytotoxicity of this
class of antitumor agents.

Further work characterizing the involvement of
CYP1A1 and CYP1B1 in the unique cytotoxic activity of
5F-203 was recently carried out (68) through measure-
ment of constitutive and 5F-203-induced CYP1A1 and
CYP1B1 gene expression across the 60 cell lines of
the NCI panel. A significant correlation between 5F-203
(and DF-203) sensitivity and induced CYP1A1 (r = 0.752,
p < 0.001), but not constitutive CYP1A1 mRNA expres-
sion was found. Gene expression changes were found to
be concordant with function, since CYP1A1 protein
expression mirrored the corresponding gene expression.
In addition, induction of CYP1A1 correlated with sensitiv-
ity to 5F-203 following ex vivo treatment of fine needle
aspirates obtained from a variety of human tumor
xenografts. Induction of CYP1A1 mRNA in response to
5F-203 treatment ex vivo may therefore provide a possi-
ble surrogate marker for determination of drug-sensitive
tumors in patients. Interindividual variability in P-4501A
induction (69) will also likely prove to be an important fac-
tor in determining the efficacy of the 5F-203 prodrug
Phortress in the clinic.

Downstream events in mediating selective cytotoxicity

Antitumor 2-(4-aminophenyl)benzothiazoles, follow-
ing binding to the AhR and induction of downstream gene
products such as CYP1A1, become substrates for their
own metabolism. Further evidence for the existence of an
electrophilic reactive intermediate has been assimilated
through the time- (and concentration-) dependent accu-
mulation of DNA damage (alkaline and neutral Comet
assays in breast cancer MCF-7 cells), and through the
time- and concentration-dependent generation of 5F-203-
derived DNA adducts specifically in sensitive cell lines
(e.g., MCF-7 and ovarian cancer IGROV-1 cells) (70).

Questions surrounding the antitumor and metabolic
activities of 2-(4-aminophenyl)benzothiazoles and their
fluorinated analogues � such as why fluorination in the
5- or 7-position of the benzothiazole ring prevents the for-
mation of the major exportable inactive 6-hydroxy
metabolite of DF-203 � cannot easily be explained or pre-
dicted by conventional chemical means. Computational
quantum mechanical studies on the electronic structures
and possible intermediates following CYP1A1 activation
have been used to shed some light on this important
issue. The counterintuitive patterns of metabolism can
only be explained by considering the active intermediate
to be a nitrenium ion, since the electronic distribution of

of the essential role of AhR and CYP1A1, was thought to
involve CYP1A1-catalyzed DF-203 bioactivation to a
reactive electrophilic species, followed by downstream
formation of DNA damage. This hypothesis was support-
ed by the finding that DF-203-derived covalent binding to
recombinant CYP1A1 is significantly reduced by glu-
tathione (60), and the detection of DF-203-generated
adducts in the DNA of sensitive cells only (61).

Paradoxically, however, CYP1A1 was found to cat-
alyze the formation of a major inactive hydroxylated
metabolite from DF-203, 2-(4-amino-3-methylphenyl)-6-
hydroxybenzothiazole (6OH-203) (Fig. 6). This 6-hydroxy
metabolite, released into the nutrient media of sensitive
cells, inhibits the cellular uptake of DF-203 and DF-203-
derived covalent binding to CYP1A1, impedes CYP1A1
activity and antagonizes DF-203-induced growth inhibi-
tion. The occurrence of a second growth phase of the
unusual biphasic dose-response pattern, seen consis-
tently with first-generation benzothiazoles (49), is consis-
tent with the emergence of this hydroxylated metabolite.
As a strategy to thwart undesirable deactivating hydroxyl-
ation (62, 63), a series of 2-(4-aminophenyl)benzothia-
zoles fluorinated on the benzothiazole ring was synthe-
sized.

Fluorinated benzothiazoles

The new generation of fluorinated benzothiazole ana-
logues was found to retain the exquisite potency and
selectivity profile of the parent nonfluorinated counter-
parts; crucially, however, in the case of the 5-fluoro and
7-fluoro isomers, eradication of the second growth phase
of the biphasic relationship was observed, resulting in a
conventional dose-response curve, and negligible
amounts of exportable metabolites (64). 2-(4-Amino-3-
methylphenyl)-5-fluorobenzothiazole (5F-203; Fig. 6) in
particular possessed very similar selectivity and
enhanced potency within the NCI cell panel. Unequivocal
demonstration of selective antitumor activity in vivo has
also been demonstrated when sensitive MCF-7 and resis-
tant MDA-MB-435 tumor xenografts were transplanted in
opposite flanks of the same mouse (65); only the growth
of MCF-7 tumors was significantly delayed upon 5F-203
treatment (4 mg/kg i.p. on 5 consecutive days). 

In common with the earlier generation 2-(4-amino-
phenyl)benzothiazoles, a fully functional AhR signaling
pathway was found to be a necessary requisite for the
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of 5F-203 regenerated from Phortress, sufficient to elicit
cytocidal activity against human mammary carcinoma cell
lines, persist for over  6 h. 

The NCI cancer cell panel mean graphs for both
Phortress and its active component 5F-203 are shown in
Figure 10. Comparison of the antitumor activity of
Phortress (12, 18 mg/kg i.p.) with that of doxorubicin
administered via the clinically optimum route (8 mg/kg i.v.
on days 1 and 8) using 9 mammary tumor xenografts
revealed that Phortress was equiactive against 6 tumors,
slightly (not significantly) less active against 2 tumors,
and significantly better than doxorubicin in 1 xenograft
model. Phortress significantly delays the growth of a
range of breast and ovarian cancer xenografts in vivo.
The mechanism of action of Phortress is summarized in
Figure 11.

Antitumor diaminoflavones

Lead discovery

Flavonoids, of either natural or synthetic orgin, are
known to exhibit a wide range of biological activities,
including antitumor activity against a range of cancer-rel-
evant targets (77-80). A number of flavonoids exhibit

the highest occupied molecular orbital (HOMO) for the
nitrenium species derived from each fluorinated analogue
correlates perfectly with the production, or otherwise, of
an exportable metabolite (71). Further related com-
pounds have been analyzed by this computational
method and the predictions of their metabolism have sub-
sequently been verified experimentally.

Prodrug strategy

On the basis of its superior antitumor properties,
5F-203 was chosen as a candidate for preclinical devel-
opment. 5F-203, as a small-molecule lipophilic agent,
possesses negligible water solubility. This property pre-
sented something of a dilemma, as ideally an aqueous
intravenous (i.v.) formulation would be preferred in order
to improve bioavailability and minimize the possibility of
first-pass metabolism in the liver (where CYP1A1 is
known to be constitutively expressed). Initial aqueous
prodrug strategies aimed at overcoming these limitations
focused on simple ionic salt derivatives of the parent
compounds (72), including a novel prodrug strategy
involving the preparation of 2-(4-aminophenyl)benzothia-
zole sulfamate salts (73). Unfortunately, the sulfamate
salts (Fig. 7) were found to be only sparingly soluble
under aqueous conditions (pH 4-9), and degradation to
the active species (free amine) was found to occur only
under strongly acidic conditions.

An ultimately more successful prodrug strategy
involved the conjugation of alanyl- and lysyl-amide
hydrochloride salts to the exocyclic amine function of
2-(4-aminophenyl)benzothiazoles (Fig. 8) (74), a strategy
similar to that used to prepare water-soluble prodrugs of
dapsone (75). The synthesized amino acid prodrugs met
the criteria of both aqueous solubility and chemical stabil-
ity. In the presence of sensitive and insensitive cancer
cells in vitro, rapid (several hours) and quantitative con-
version to the parent amine was observed. The amino
acid prodrugs retained the stark in vitro selectivity profile
(NCI 60-cell panel) of the parent drugs (76); total growth
inhibition and cytocidal activity were elicited by nanomo-
lar concentrations of prodrug in sensitive cell lines.

The lysyl-amide dihydrochloride salt of 5F-203, known
as Phortress (Fig. 9), was chosen as a clinical candidate
from this class on the basis of its superior antitumor pro-
file and pharmacokinetic properties amongst the amino
acid prodrug candidates. In vivo, plasma concentrations
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Fig. 10. Comparison of the activities of 5F-203 (A) and its lysyl-amide dihydrochloride salt (Phortress, B).

Fig. 11. Summary of Phortress mode of action.



6,8,3�-trifluoroflavone was thus selected as a preclinical
lead compound from this series.

Further exploration of SAR around the 7-position of
5,4�-diamino-6,8,3�-trifluoroflavone was subsequently
carried out, following the observation that the antiproli-
ferative activity of 5,4�-diaminoflavone was modulated by
the addition of apigenin (5,7,4�-trihydroxyflavone), which
itself exhibits both growth-inhibitory and growth-stimulat-
ing activity in certain types of cancer cell lines. A number
of these new 7-substituted analogues were found to
exhibit comparable or superior antitumor activity against
MCF-7 cells compared to 5,4�-diamino-6,8,3�-trifluo-
roflavone both in vitro and in vivo. Notably, several of
these new potent analogues, e.g., 7-(acyloxy)methyl- and
7-aminomethyl-substituted, were also found to be appre-
ciably soluble in water as compared to the water-insolu-
ble lead 5,4�-diamino-6,8,3�-trifluoroflavone (86).

Antitumor diaminoflavones � mechanism of action

In common with the antitumor 2-(4-aminophenyl)ben-
zothiazoles, the mechanism of action associated with the
antitumor diaminoflavones such as 5,4�-diamino-7-
methyl-6,8,3�-trifluoroflavone was initially unclear. The
antitumor diaminoflavones produced a unique pattern of
activity across the NCI cell panel (COMPARE analysis),
with no statistically significant correlation to patterns of
activity of known classes of antitumor agents, a finding
consistent with a novel mechanism of action.

The mechanism of action associated with the lead
fluorinated diaminoflavone analogue (5-amino-2,3-fluoro-
phenyl)-6,8-difluoro-7-methyl-4H-1-benzopyran-4-one
(AF, NSC-686288) has been studied (87-89). A mecha-
nistic scenario has emerged for the fluorinated dia-
minoflavones that is reminiscent in a number of respects
to the mode of action associated with the antitumor 2-(4-
aminophenyl)benzothiazoles. AF was found to be an AhR
agonist (90). Recombinant human (and rat) CYP1A1, and
to a lesser extent CYP1A2, were found to metabolize AF
to several products, one of which was identified by mass
spectrometry as a potentially reactive hydroxylamine.
Following treatment of sensitive human breast cancer
MCF-7 cells with AF, increased CYP1A1 mRNA and
CYP1A1/1A2 protein were observed, followed by covalent
binding of an AF metabolite to DNA (91). Downstream
events included phosphorylation and stabilization of p53,
and increased expression of the p53 transcriptional target
p21. The induction of CYP1A1 and covalent binding of an
AF metabolite were restricted to sensitive cancer cell
lines only. Further evidence for the intimate role of the
CYP1A family in mediating the antitumor activity of
AF came from the observation that pretreatment with
the CYP1A inducer 3-methylcholanthrene enhanced
covalent binding to macromolecules of the AF metabolite,
whereas covalent binding was decreased by coincubation
with the CYP1A inhibitor α-naphthoflavone. These obser-
vations suggest that AF is able to utilize the AhR
signaling pathway to induce CYP1A1/1A2 and its own

antiproliferative effects against breast cancer cells or
binding affinities for the estrogen receptor; apigenin, for
example, possesses antiproliferative activity against the
human breast cancer cell line ZR-75-1 (81). As part of a
search for novel flavonoids for breast cancer, effective
against both estrogen-dependent and -independent
growth, Akama et al. (Kyowa Hakko) synthesized and
tested a range of amino-substituted flavone derivatives
for antitumor activity. Among the new flavone derivatives,
the 5,4�-diaminoflavone (Fig. 12) was found to possess
remarkable antiproliferative activity (low nanomolar IC50)
against the ER-positive human breast cancer cell line
MCF-7, irrespective of the presence or absence of estro-
gen (82).

Flavonoids are known to be subject to metabolic oxi-
dation in vivo (83), and the two benzene rings of 5,4�-
diaminoflavone were suspected to be targets of elec-
trophilic oxidation due to the presence of the two amino
electron-donating groups. The Ames test using S-9 mix,
the 9000 G supernatant of enzyme-induced rat liver
homogenates, is often used to assess metabolic activa-
tion, and incubation of 5,4�-diaminoflavone with S-9 mix
led to the formation of metabolites with a 16-mass
increase (OH addition, LC-MS analysis). Addition of S-9
mix also led to a dramatic decrease in the activity of 5,4�-
diaminoflavone against MCF-7 cells, suggestive of poten-
tial metabolic deactivation in vivo. The scenario of meta-
bolic deactivation via aromatic ring hydroxylation has a
degree of resonance with the aforementioned deactivat-
ing metabolism of 2-(4-amino-3-methylphenyl)benzothia-
zole (DF-203).

Calculation of the superdelocalizability (Sr) values
(84) for 5,4�-diaminoflavone allowed estimates to be
made of the likely positions susceptible to metabolism,
and, in common with the 2-(4-aminophenyl)benzothiazole
series, fluorine atoms were selectively introduced into
these positions. Most notably, 5,4�-diamino-6,8,3�-trifluo-
roflavone (Fig. 12) was found to exhibit potent antitumor
activity (nanomolar IC50) against MCF-7 cells, even in the
presence of S-9 mix. In vivo, this fluorinated diamino-
flavone completely suppressed the growth of MCF-7 cells
inoculated into nude mice, and exhibited potent antiprolif-
erative activity against a range of human tumor cell lines
in vitro, including those derived from ER-negative breast,
endometrial, ovarian and liver cancers (85). 5,4�-Diamino-
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metabolic activation to cytotoxic intermediates, causing
DNA damage and ultimately cell death in those cancer
cells most responsive to CYP1A1/1A2 induction. The
development of the antitumor fluorinated diaminoflavones
was carried out in parallel in separate laboratories with
the antitumor 2-(4-aminophenyl)benzothiazoles; notably,
both lead compounds from these two classes are in
advanced preclinical development within the Develop-
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Conclusions and future outlook

This review has mainly focused on two novel classes
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reveals one striking feature by which the exquisitely
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preclinical toxicology studies (unpublished) allow us to
proceed to phase I evaluation with confidence.

It is anticipated that preclinical observations on a
number of novel pharmacodynamic endpoints relating to
known mechanistic features of the antitumor benzothia-
zoles (e.g., CYP1A1 induction) may allow selection of
patients likely to respond to treatment based on the bio-
chemical phenotype of their tumor.
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