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Abstract

Previous studies showed that SMA41, a 3-methyltriazene termed ‘“‘combi-molecules” possessing a dual epidermal growth factor
receptor (EGFR)/DNA targeting properties induced potent antiproliferative activity against alkylating-agent-resistant cells expressing
EGFR in vitro. However, despite its marked potency, its antitumour activity in vivo was significantly hampered by its poor hydrosolubility
and the moderate reactivity of its alkylating moiety. To circumvent this problem, we designed the quinazolinotriazene ZRBA1 to contain a
N,N-dimethylaminoethyl group grafted to the 3-position of the triazene chain where it could serve both as a water soluble and a more
potent alkylating moiety. ZRBA1 exhibited five-fold stronger EGFR tyrosine kinase (TK) inhibitory activity (ICso = 37 nM) than SMA41,
decomposed into a 6-amino-quinazoline FD105 (ICs, = 200 nM) and preferentially blocked EGF- over platelet-derived growth factor
(PDGF)-or serum-induced cell growth. ZRBA1 induced DNA damage, concomitantly blocked EGF-stimulated EGFR phosphorylation by
a partially irreversible mechanism in MDA-MB-468 breast cancer cells, and induced partially irreversible antiproliferative activity. It also
prevented EGFR-mediated MAP kinase activation and, in contrast to FD105 and SMA41, induced high levels of apoptosis. Furthermore,
ZRBA1 showed significantly greater antitumor activity (p < 0.05) than SMA41 in the human MDA-MB-468 breast cancer xenograft
model. The results in toto indicate that the appendage of N,N-dimethylaminoethyl to combi-triazenes may be an alternative to the reduced
hydrosolubility and also to the lack of potency of monofunctional combi-triazenes against resistant tumours.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Overexpression of EGFR and its closely related ErbB-2/
HER-2 are observed in many human cancers including
breast cancer and are correlated with aggressive progres-
sion and poor prognosis [1,2]. We recently reported a novel
tumour-targeting strategy termed the ‘“‘combi-targeting
concept” that sought to combine inhibitors of EGFR TK
with DNA damaging agents in order to irreversibly block
EGF-dependent tumorigenesis [3—7]. The combi-targeting
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concept postulates that a combi-molecule termed I-TZ (see
Fig. 1;where I represents the inhibitory moiety and TZ the
DNA damaging species), designed to behave not only as an
inhibitor of a TK but also to be hydrolyzed to another
EGFR TK inhibitor (I) and a DNA damaging species
should induce more sustained antitumour activity than
the reversible inhibitor alone. The first I-TZ studied in
vivo was SMA41, a methylating agent that showed a rather
moderate activity in an A431 carcinoma of the vulva
xenograft model [8]. This was imputed to its poor water
solubility and perhaps to the lack of sensitivity of A431
cells that expresses O°-alkylguanine transferase (AGT), a
DNA repair enzyme capable of removing the methyl group
from the O°-methylguanine adduct by transferring it onto
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Fig. 1. Hydrolysis and binary targeting of SMA41 and ZRBAI.

its own cystein residue [9]. In an attempt to develop a
tandem approach to these limitations, we designed the
quinazolinotriazene ZRBA1 to contain a polar N,N-
dimethylaminoethyl group on the alkylating moiety. This
was designed to form N,N-dimethylaminoethylguanine
adducts which were expected to be poor substrates for
the AGT compared with O°-methylguanine (Fig. 1).
ZRBA1 was designed to tautomerize to a non-conjugated
form that can generate N,N-dimethylethyldiazonium upon
hydrolytic cleavage (see Fig. 1B). Moreover, in contrast to
usual solubilizing strategies in the quinazoline series that is
often based on grafting morpholinoalkyl group to the 6- or
7-positions of the quinazoline ring [10], the appendage of
the N,N-dimethylaminoethyl group to the alkylating moi-
ety presents the advantage of not increasing the steric bulk
of the molecule, a debility that could decrease its affinity
for the ATP binding site of EGFR. Here, we studied the
mechanism of action of this novel combi-molecule and
compared its in vivo activity with that of its methylating
counterpart SMA41 using an MDA-MB-468 human breast
cancer xenograft model.

2. Materials and methods
2.1. Drug treatment
FDI105, SMA41 and ZRBA1 were synthesized in our

laboratory according to published procedures [11,12,7].
Temozolomide (TEM) was provided by Schering-Plough

(Kenilworth, NJ). In all assays, drug was dissolved in
DMSO and subsequently diluted in RPMI-1640 containing
10% fetal bovine serum (FBS) (Wisent Inc. St.-Bruno,
Canada) or in DMEM containing 10% FBS immediately
before the treatment of cell cultures. In all assays, the
concentration of DMSO never exceeded 0.2% (v/v).

2.2. Cell culture

The human tumour cell lines MDA-MB-468 (breast
carcinoma), SF126 and SF188 (glioma) (American Type
Culture Collection, Manassas, VA) were maintained in
RPMI-1640 supplemented with FBS (10%), antibiotics
and HEPES (12.5 mM) (Wisent). The mouse fibroblast cell
line NIH3T3, its stable EGFR transfectant NIH3T3HER 14,
its ErbB2 transfectant NIH3T3neu (generous gifts from Dr.
Moulay Aloui-Jamali of the Montreal Jewish General Hos-
pital) and the MDA-MB-453 (American Type Culture Col-
lection, Manassas, VA) were maintained in DMEM supple-
mented with FBS (10%), antibiotics and HEPES (12.5 mM).
All cells were maintained in 5% CO, atmosphere at 37 °C.

2.3. Solubility and hydrolysis of ZRBA1

The hydrosolubility of ZRBA1 and SMA41 was tested
by dissolving the compound in 15 pl DMSO stock solution
and dilution in saline buffer (1 ml) at various densities
(0.07-0.55 g/1). Solubility concentration was defined as the
highest one at which barely detectable precipitation was
apparent.
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The conversion of ZRBA1 to FD105 was monitored by
spectrofluorometer as the latter amine was fluorescent
(absorption 270 nm, emission 451 nm). Briefly, 125 uM
of ZRBA1 was added to RPMI-1640 with 10% of FBS and
incubated for 6 h at 37 °C in a microplate spectrofluorom-
eter. The half-life of ZRBA1 was determined using the
non-linear regression, one phase exponential association
(SoftMaxPro and Graph pad software).

2.4. Kinase assays

The EGFR kinase assay is similar to the one described
previously [4]. Nunc Maxisorp 96-well plates were incu-
bated overnight at 37 °C with 0.25 mg/ml poly (L-glutamic
acid-L-tyrosine, 4:1) PGT in PBS. The kinase reaction was
performed by using 4.5 ng/well EGFR affinity-purified
from A431 cells. The compound was added and phosphor-
ylation initiated by the addition of ATP (50 uM). After
8 min at room temperature, the reaction was terminated by
aspiration of the reaction mixture and phosphorylated PGT
was detected with HRP-conjugated PY20 anti-phosphotyr-
osine antibody (Santa Cruz Biotechnology, CA). The
signals were developed by the addition of 3,3',5,5 -tetra-
methylbenzidine peroxidase substrate and H,SO,4 (0.09 M)
was added to stop the reaction. The plates were read at
450 nm using a Bio-Rad ELISA reader (model 2550).

2.5. Phosphorylation assay

MDA-MB-468 cells were pre-incubated in a 6-well
plates with serum-free media for 18 h, after which they
were exposed to the indicated concentrations of ZRBA1 for
2h and subsequently treated with 100 ng/ml EGF for
10 min. Equal amounts of cell lysates were analyzed by
Western blotting using anti-phosphotyrosine antibodies
(NeoMarkers, Fremont, CA). The membrane was stripped
and reprobed with anti-EGFR antibodies (NeoMarkers).

The reversibility of inhibition was studied as described
by Fry et al. [13]. Duplicate sets of cells were treated with
2 uM of designated compound for 2 h. One set of cells was
then stimulated with EGF. The other set was washed free of
the compound with serum-free media, incubated for 2 h,
washed again and then incubated for another 2 h. A final
washout was subsequently performed and the cells were
further incubated for 4 h. This set of cells was then
stimulated with EGF and Western blotting was performed
using anti-phosphotyrosine antibodies. The membrane was
stripped and reprobed with anti-EGFR antibodies. The
inhibition of the extracellular signal-regulated kinasel,2
(Erk1,2) activation by ZRBA1 was performed by Western
blotting as described by Tari and Lopez-Berestein [14].
The membrane was incubated with anti-phosphorylated
Erk1,2 antibodies (Cell signaling Technology Inc., Bev-
erly, MA), stripped and then reincubated with anti-Erk1,2
antibodies (Cell signaling Technology Inc.). Films were
scanned and band intensities were measured using the

alphalmager 1220 software package. Values are percentage
of control of phosphotyrosine/EGFR or phosphoERK1,2/
ERK1,2 for one experiment.

2.6. Growth inhibition studies

To study the effect of ZRBA1 on growth factors stimu-
lated proliferation, cells were grown to approximately 70%
of confluence in 48-well plates and washed twice with
PBS. The cells were further incubated in serum-free med-
ium for 18 h, after which ZRBA1 and growth factors (EGF,
PDGF or serum) were added for 72 h.

The antiproliferative effect of ZRBA1 and FDI105 in
isogenic mouse fibroblast cells NIH3T3, NIH3T3HER 14
(NIH3T3 transfected with EGFR gene), NIH3T3neu
(NIH3T3 transfected with ErbB2 gene) and in glioma cells
SF188 (AGT™), SF126 (AGT™) were studied by growing
cells in 96-well plates to approximately 70% of confluence
and exposing them to each drug for 72 h in fibroblast and
120 h in glioma.

To study the reversibility of the antiproliferative effect of
ZRBA1 and FD105, cells were pre-incubated in 96-well
plates to approximately 70% of confluence and exposed to
each drug for 2 h, after which they were allowed to recover
for 120 h in drug free medium, or continuously for 120 h.
All growth inhibitory activities were evaluated using the
sulforhodamine B (SRB) assay [15]. Briefly, following
drug treatment, cells were fixed using 50 pl of cold
trichloroacetic acid (50%) for 60 min at 4 °C, washed five
times with tap water and stained for 30 min at room
temperature with SRB (0.4%) and dissolved in acetic acid
(0.5%). The plates were rinsed five times with 1% acetic
acid and allowed to air dry. The resulting colored residue
was dissolved in 200 1 of Tris base (10 mM) and optical
density read for each well at 450 nm using a Bio-Rad
microplate reader (model 2550).

2.7. Alkaline comet assay for quantitation of DNA
damage

The modified alkaline comet assay was performed as
described previously [16,4]. The cells were exposed to a
dose range of each drug for 2 h, harvested and resuspended
in PBS. Cell suspensions were diluted to approximately
10° cells and mixed with agarose (1%) in PBS at 37 °Cina
1:10 dilution. The gels were cast on Gelbond strips (Man-
del Scientific, Canada) using gel-casting chambers and
then immediately placed into a lysis buffer [2.5 M NaCl,
0.1 M tetra-sodium EDTA, 10 mM Tris-base and 1% (v/v)
Triton X-100, pH 10.0]. After being kept on ice for 30 min,
the gels were gently rinsed with distilled water and
immersed in a second lysis buffer (2.5 M NaCl, 0.1 M
tetrasodium EDTA, 10 mM Tris-base) containing 1 mg/ml
proteinase K for 60 min at 37 °C. Thereafter, the gels were
rinsed with distilled water, incubated in alkaline electro-
phoresis buffer for 30 min at 37 °C and electrophoresed at
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19V for 20 min. They were subsequently rinsed with
distilled water and placed in 1 M ammonium acetate for
30 min. Thereafter, they were soaked in 100% ethanol for
2 h, dried overnight and stained with SYBR Gold (1/10,
000 dilution of stock supplied from Molecular Probes,
Eugene, OR) for 20 min. Comets were visualized at 330 x
magnification and DNA damage was quantitated using the
Tail Moment parameter (i.e., the distance between the
barycenter of the head and the tail of the comet multiplied
by the percentage of DNA within the tail of the comet). A
minimum of 50 cell/comets were analyzed for each sam-
ple, using ALKOMET Version 3.1 image analysis soft-
ware.

2.8. Annexin V binding analysis

Cells were pre-incubated in 6-well plates until conflu-
ence and then exposed to a dose range of each drug for
48 h. Thereafter, they were harvested and incubated with
annexin V-FITC and propidium iodide (PI) using the
apoptosis Detection Kit (BD Bioscience Pharmingen,
USA) and the supplier’s protocol. Annexin V-FITC and
PI binding were analyzed with a Becton-Dickinson FACS-
can. Data were collected using logarithmic amplification of
both the FL1 (FITC) and FL2 (PI) channels. Quadrant
analysis of co-ordinate dot plots was performed with
CellQuest software.

2.9. In vivo studies

Severe combined immunodeficient (SCID) mice were
maintained according to McGill guidelines for the use of
laboratory animals. SCID mice housed in filtered cages
were implanted subcutaneously (s.c.) with the human
breast carcinoma MDA-MB-468 and treatment began
when the tumours become palpable (n =8 mice/group).
Each drug (50 mg/kg) was given by intraperitoneal (i.p.) in
a solution of aqueous cremophore (25%)/ethanol (25%)
(0.2 ml) every 3—4 days for 1 month. The tumour burden
was measured with a caliper and mice were weighed twice
weekly. Statistical analysis was carried using two-tailed
Student’s #-test.

3. Results
3.1. Solubility and hydrolysis of ZRBAI

Solubility testing demonstrated that ZRBA1 could be
dissolved at 0.27 g/l, a threshold concentration higher than
that of SMA41 that started precipitating at 0.14 g/l.

The conversion of ZRBALI to its corresponding amino-
quinazoline FD105 in serum containing media was con-
firmed by spectrofluorometry as FD105 was fluorescent
(absorption 270 nm, emission 451 nm). The characteriza-
tion of the released N,N-dimethylethyldiazonium was
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Fig. 2. Formation of free FD105 from ZRBAI1. One hundred and twenty-
five micro molars of ZRBA1 was added to RPMI-1640 with 10% of FBS
and incubated for 6 h at 37 °C in a microplate spectrofluorometer. The half-

life of ZRBA1 was determined using the nonlinear regression, one phase
exponential association (SoftMaxPro and Graph pad software).

reported elsewhere [17]. Based upon fluorescence intensity
data collected at various time points, the half-life of ZRBA1
in serum-containing media was 108 min (Fig. 2), indicating
that ZRBALI is relatively a stable monoalkyl triazene com-
pared to SMA41 (¢, ~ 30 min) [3].

3.2. Inhibition of EGFR TK activity

The assay was performed with a rapid 8-min drug expo-
sure to ensure that the results translate the EGFR TK
inhibitory activity of intact ZRBA1. The latter (IC5q=
37 nM) showed more than five-fold greater binding affinity
for the EGFR TK ATP site than FD105 (ICs5o = 200 nM) in
an isolated enzyme assay. More importantly, Western blot-
ting analysis demonstrated that ZRBA1 at 1 pM induced
98% inhibition of EGF-induced EGFR phosphorylation in
MDA-MB-468 cells without affecting total EGFR (Fig. 3A).

3.3. Mechanism of EGFR inhibition

Unlike FD105, ZRBALI is a reactive molecule capable of
alkylating nucleophiles. Thus, we surmised that it might
inflict some covalent damage to the ATP site of EGFR,
thereby inducing irreversible receptor inhibition. To test
this hypothesis, we used the reversibility assay described
by Fry et al. [13] and Smaill et al. [10] and in which cells
are treated with drug for 2 h and then washed free of drug.
After 8 h, cells were stimulated with EGF for 10 min, lysed
and EGFR phosphorylation measured. As expected,
ZRBA1 and FDI105 at 2 puM completely suppressed
EGF-dependent EGFR phosphorylation in MDA-MB-
468 cells immediately after drug exposure. However, at
8h post-treatment in drug-free medium (following
repeated washouts), only 42% of the EGFR phosphoryla-
tion activity was restored in cells treated with ZRBAI,
indicating that this molecule is capable of inducing par-
tially irreversible inhibition of EGFR phosphorylation. In
contrast, 93% of EGFR phosphorylation activity was



F. Brahimi et al./Biochemical Pharmacology 70 (2005) 511-519

-EGF | +EGF

2.5 10 uM

‘ 0 0.5 1 5
TR = - —
N ey A S e e WA £orR

EGF | +EGF

No drug FD105 ZRBA1
2h 8hw

2h 8hw

515

(B)

-EGF \ +EGF

| 0 0.5 1 2.5 5
— D D G - -

10 uM

Phosphorylated Erk 1,2

(©)

Fig. 3. Inhibition of EGFR phosphorylation and Erk1,2 activation by ZRBA1 in MDA-MB-468. (A) Serum starved cells were pre-incubated for 2 h with the
indicated concentrations of ZRBAL1 prior to stimulation with EGF for 10 min. Western blotting was performed using anti-phosphotyrosine or anti-EGFR
antibodies. (B) Duplicate sets of serum starved cells were treated with 2 WM designated compound for 2 h. One set of cells was then stimulated with EGF. The
other set of cells was stimulated with EGF after 8 h post treatment in drug free media and repeated washouts (8 h w). Western blotting was performed as in A. (C)
Serum starved cells were treated as in A and Western blotting was performed using anti-phosphorylated Erk1,2 or anti-Erk1,2 antibodies. Band intensities were

measured using the alphalmager 1220 software package.

restored in cells treated with FD105 at the same dose
(Fig. 3B).

3.4. Inhibition of EGF-dependent signal
transduction

We investigated the ability of ZRBA1 to inhibit the
phosphorylation of the MAPK ERKI1,2, a major signal
tranduction pathway activated by EGF [18,19]. The results
showed that ZRBA1 at 2.5 pM induced complete inhibi-
tion of EGF-induced phosphorylation of ERK 1,2 in MDA-
MB-468 cells, suggesting that blockage of EGFR phos-
phorylation by ZRBAL1 is associated with inhibition of
downstream signalling (Fig. 3C).

3.5. Growth inhibition studies

3.5.1. Inhibition of growth factor-stimulated
proliferation

SRB assay demonstrated that ZRBA1 was capable of
selectively blocking EGF-stimulated proliferation in

NIH3T3 cells stably transfected with the EGFR gene
(NIH3T3HER14) over PDGF@ and serum, confirming
its receptor-type specificity (Fig. 4A).

3.5.2. Selective growth inhibition

In isogenic cell lines NIH3T3, NIH3T3HER14 and
NIH3T3neu, ZRBA1 induced more than 19-fold stronger
antiproliferative activity in the EGFR or ErbB2 trans-
fectants compared with their wild type counterpart
(Fig. 4B).

3.5.3. Reversibility of growth inhibitory activity

Reversibility studies using growth assays revealed that
in contrast to the reversible inhibitor FD105 which lost
over 90% of its activity, ZRBA1 significantly retained its
effect 5 days after a 2-h exposure in MDA-MB-468 cells,
indicating more sustained antiproliferative activity of the
latter (Fig. 5A). Similar results were obtained in ErbB2-
overexpressing breast carcinoma cell line MDA-MB-453
(data not shown), indicating that ZRBA1 could target other
ErbB receptors family.
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Fig. 4. (A) Effect of ZRBA1 on growth factors stimulated proliferation in
NIH3T3HERI14. Cells were exposed to ZRBAI + growth factors (EGF,
PDGF@ or serum) for 72 h. (B) Antiproliferative effect of ZRBAI in
NIH3T3, NIH3T3HER14 and NIH3T3neu. Cells were exposed to each
drug for 72 h. Cell growth was measured using SRB assay. Each point
represents at least two independent experiments.

3.5.4. Differential cytotoxicity against AGT"/
AGT Cells

In order to test whether the N,N-dimethylaminoethyl
group could confer enhanced cytotoxicity in cells expres-
sing AGT, we studied the differential effects of ZRBA1 on
SF188 (AGT") and SF126 (AGT "), two cells lines that do
not express EGFR, in order to avoid complications that
could be caused by the influence of EGFR inhibition on the
antiproliferative activity. The results showed that TEM, a
cyclic triazene was 10-fold more potent against the AGT ™
cells when compared with the AGT" cells. In contrast, the
differential antiproliferative activity produced by ZRBAI1
in the AGT* and AGT~ was eight-fold lower than that
induced by TEM (Fig. 5B).

3.6. Induction of DNA damage and apoptosis

Using the alkylating comet assay, we demonstrated that
in contrast to FD105 and like SMA41 [3], ZRBA1 was
capable of inducing DNA damage in a dose dependent-
manner in MDA-MB-468 cells (Fig. 6A).

Annexin V-FITC and PI staining (detected by flow cyto-
metry) were used to distinguish viable (PI-/FITC—), early
apoptotic (PI-/FITC+), dead cells by apoptosis (PI+/
FITC+) and necrotic (PI+/FITC—) cells. ZRBA1 at
50 uM induced a significant increase in early apoptosis in

MDA-MB-468 cells after 48 h drug exposure. In contrast,
barely detectable levels of early apoptosis were observed in
cells exposed to its daughter inhibitor FD105 and its parent
combi-molecule SMA41, indicating that the (N,N-dimethy-
laminoethyl)triazene moiety has conferred significant cyto-
toxic properties to ZRBA1 (Fig. 6B).

3.7. In vivo studies

In order to evaluate the contribution of the N,N-dimethy-
laminoethyl group to in vivo antitumour activity compared
to its parent methylating agent SMA41, we used the MDA-
MB-468 breast cancer cells that co-express EGFR/AGT
and is sensitive to EGFR inhibitors in vivo [20]. As shown
in Fig. 7, ZRBAI at a dose of 50 mg/kg showed signifi-
cantly superior potency (p < 0.05) against the MDA-MB-
468 cells implanted s.c. in SCID mice when compared with
its parent combi-molecule SMA41. More importantly,
there was no significant weight loss during treatment with
ZRBAI1 (Fig. 7B).

4. Discussion

The combi-targeting concept postulates that the mole-
cules possessing multiple targets should induce greater
antitumour activity in refractory tumours than agents with
single mechanism of action. To prove this concept, mole-
cules termed combi-molecules were designed to block
EGFR (primary target) and to degrade to a DNA damaging
agent (secondary target) plus an additional degradation
product that retains EGFR TK inhibitory property (the free
inhibitor). The first prototype of these combi-molecules,
SMA41, was designed to generate a methyl diazonium
species plus SMAS2 (the free inhibitor). The latter exhib-
ited a rather moderate EGFR TK inhibitory activity
(ICs0 =1 pM) [3,6]. When administered in vivo, the activ-
ity SMA41 was significantly superior to that of the free
inhibitor SMAS52 (p < 0.05) [8]. Nevertheless, in vivo
activity remained moderate and, more importantly, the
antiproliferative properties of SMA41 were mitigated by
expression of AGT in vitro [6]. Since it was believed that
these limitations were due to lack of solubility and lack of
potency of the released free inhibitor and the DNA dama-
ging species, ZRBA1 was designed with an N,N-dimethy-
laminoethyl group grafted to the N3 of 1,2,3-triazene to
improve water solubility.

Previous structure—activity relationship studies showed
that quinazoline series with 3’-chloro group showed super-
ior potency when compared with the ones with 3’-methyl
group as in SMA41 [7,12]. Thus, ZRBA1 was synthesized
to contain a 3’-chloro group in the quinazoline ring and the
N,N-dimethylaminoethyl group at the 6-position of the
quinazolines ring. Indeed, as demonstrated by the solubi-
lity test, ZRBA1 was significantly more water-soluble than
SMAA41. Furthermore, it could form a clear solution in an
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Fig. 5. (A) Reversibility of antiproliferative effect of ZRBA1 and FD105 in MDA-MB-468. Cells were exposed to each drug for 2 h, after which they were
allowed to recover for 120 h in drug free medium, or continuously for 120 h. (B) Antiproliferative effect of ZRBA1 and TEM in SF126 and SF188. Cells were
exposed to each drug continuously for 120 h. Cell growth was measured using SRB assay. Each point represents at least two independent experiments.

aqueous mixture of cremophore (12.5%)/ethanol (12.5%),
the vehicle for in vivo testing. The improved solubility of
ZRBA1 may be due to its basic dimethylaminoethyl group
that promotes aqueous solvation.

As demonstrated, ZRBA1 (I-TZ) degraded to FD105 (),
a two-fold more potent EGFR TK inhibitor than SMAS2, in
cell culture media in a manner similar to SMA41 [3]. The
release of the methyldiazonium species from SMA41 has
already been confirmed by radiotracing [8,23] and studies
designed to trap the N,N-dimethylethyldiazonium released
from ZRBAL reported elsewhere [17]. ZRBA1 was more
stable than the latter combi-molecule with a calculated #;,,
of 108 min, whereas the #,,, of SMA41 was approximately
30 min [3]. It has already been suggested that the stability
of triazenes of the same class as ZRBA1 may be due to
their ability to form intramolecular hydrogen bonding (see
Fig. 1B) that stabilizes the conjugated tautomer. More
importantly, the formation of FD105 seems to play a role
in the overall activity of ZRBAI, since significant activity
(p < 0.05) was lost when the drug was washed out after a
2 h exposure. Thus, the released FD105 may maintain the
EGFR inhibitory activity thereby, potentiating DNA
damage induction. Furthermore, ZRBA1 exhibited selec-
tivity for EGFR in growth factor-stimulated proliferation, a
property that it awes to its strong EGFR TK inhibitory
potency combined with that of its inhibitory metabolite.

ZRBA1 showed marked binary targeting properties: (a)
it could simultaneously block EGFR phosphorylation and

subsequent activation of Erkl,2 and (b) induce DNA
damage. This dual effect translated into significant levels
of apoptosis in the MDA-MB-468 cells. Induction of
apoptosis by ZRBA1 may not solely be due to its ability
to block EGFR TK, since FD105, a reversible inhibitor of
EGFR, could not induce apoptosis in those cells over the
entire dose range. Its proapoptotic potency may be due to
its ability to induce DNA lesions with simultaneous inhibi-
tion of EGF-induced activation of anti-apoptotic signaling.
Apoptosis induced by EGFR inhibitors have already been
associated with decreased phosphorylation of the serine-
threonine kinase Akt [21,22]. However, since ZRBA1 can
damage DNA, apoptotic signaling may also be induced
through the stress response pathway leading to multiple
pathways through which apoptosis could be triggered by
the combi-molecule.

Interestingly, the marked cytotoxic property of the
combi-molecule ZRBA1 translated into significantly
superior potency (p < 0.05) when compared with the
methylating combi-molecules SMA41 in the AGT-expres-
sing MDA-MB-468 [6] xenograft model. The marked
potency of ZRBA1 in this model may be attributed to
its hydrosolubility and more importantly to its ability to
induce DNA adducts that are perhaps less susceptible to
AGT repair than the O°-methylguanine adducts induced by
SMAA41. As mentioned previously, because of its marked
chemical difference when compared with the methyl
group, the N,N-dimethylaminoethyl group was expected
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Fig. 6. (A) Quantitation of DNA damage using the alkaline comet assay. Tail moment (i.e., the distance between the barycenter of the head and the tail of the
comet multiplied by the percentage of DNA within the tail of the comet) was used as a parameter for the detection of DNA damage in MDA-MB-468 cells
exposed to ZRBA1 or FD105 for 2 h. Each point represents at least two independent experiments. (B) Annexin V binding analysis after drug treatment in MDA-
MB-468. Cells were untreated or treated with 50 wM FD105 or 50 uM SMA41 or 50 pM ZRBA1 for 48 h. Cells were harvested and incubated with annexin V-
FITC and PI as described in Section 2. Annexin V and PI binding were quantitated by flow cytometry.

to confer a much lesser differential cytotoxicity profile in
AGT*/AGT™ cells than the methyl group. Indeed, SMA41
[6] and TEM produced eight-fold greater differential cyto-
toxicity in AGT*/AGT ™ cells than ZRBALI, indicating that
DNA lesions induced by ZRBA1 may be less sensitive to
repair by AGT than those produced by SMA41.

In summary, the combi-molecular strategy involving an
EGFR inhibitory mechanism and DNA damage by the
N,N-dimethylaminoethyl alkylating moiety may well
represent a novel approach for enhancing the potency of
monofunctional alkylating combi-molecules of the tria-

zene class.
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Fig. 7. (A) In vivo efficacy of ZRBA1 and SMA41 against human breast
MDA-MB-468 tumours implanted s.c. in SCID mice. Mice were treated when
tumours become palpable (n =8 mice/group). Each drug (50 mg/kg) was
given i.p. in a solution of aqueous cremophore (25%)/ethanol (25%) (0.2 ml)
every 3—4 days for one month. Results are shown as mean £+ S.E.M. tumour
volume and statistical analysis was carried using two-tailed Student’s #-test,
“p < 0.001 drugs vs. vehicle; “p < 0.05 ZRBA1 vs. SMA41. (B) Variation
of body weights of SCID mice treated with ZRBA1 at 50 mg/kg or vehicle
alone. Animals were given compounds i.p. and weighed twice weekly over 1
month.
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