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Enhancement of the cytotoxic potential of the mixed
EGFR and DNA-targeting ‘combi-molecule’ ZRBA1 against
human solid tumour cells by a bis-quinazoline-based drug

design approach

Sherin Al-Safadi®, Juozas Domarkas®, YingShan Han?, Fouad Brahimi®

and Bertrand J. Jean-Claude?

ZRBAT1 is a quinazoline-based molecule termed
‘combi-molecule’ designed to block the epidermal growth
factor receptor (EGFR) and further degrade to FD105,

an EGFR inhibitor plus a DNA-alkylating agent. To augment
the potency of ZRBA1, we designed JDE52, a bistriazene
that, following degradation, was ‘programmed’ to yield
higher concentrations of the free inhibitor FD105 and

a more cytotoxic bifunctional DNA-damaging species.

The results indicated that JDE52 was capable of inducing
significant blockade of EGFR phosphorylation, DNA strand
breaks and interstrand cross-links in human cells. The
fluorescent property of FD105, the secondary inhibitor
that both JDE52 and ZRBA1 are capable of releasing,

has permitted the analysis of its levels in tumour cells

by ultraviolet flow cytometry. It was found that JDE52

was indeed capable of significantly releasing higher levels
of fluorescence (P<0.05) in human tumour cells when
compared with ZRBA1. Apoptosis was triggered by JDE52
at a faster rate than ZRBA1 and led to higher levels of cell
killing. The results in toto suggest that the superior potency
of JDE52, when compared with ZRBA1, may be imputed
to mechanisms associated with the generation of higher
intracellular concentrations of FD105 and to the induction

Introduction

Throughout the past decade, a paradigm shift has
occurred in the field of drug development, moving from
traditional receptor-specific drugs to a more recent cross-
receptor view [1-4]. The current trend leans towards the
development of drugs that are able to target not only one
but multiple members of a receptor family [5-7].
Recently, we took this multitargeted approach a step
further by designing not only drugs to target a receptor
but also different macromolecules involved in the pro-
liferation of cancer cells. The first examples designed
were based on the class of drugs termed ‘triazenes’ [8-11].
These molecules, termed combi-molecules, clearly de-
monstrated the ability to block epidermal growth factor
receptor-tyrosine kinase (EGFR-TK) and simultaneously
damage DNA [12-14]. As one such example, SMA41 was
shown to be more potent than a combination of temozol-
omide (a DNA-damaging agent) and SMAS52 (an inhibitor of
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of DNA cross-links. These combined mechanisms
(blockade of EGFR-tyrosine kinase and induction of
cross-links) contributed to an accelerated rate of apoptosis
by JDE52. This study conclusively demonstrated that
designing molecules as prodrugs of high levels of
quinazoline inhibitors of EGFR and bifunctional DNA
cross-linking species is a valid strategy to enhance the
potency of mixed EGFR-DNA-targeting combi-

molecules. Anti-Cancer Drugs 23:483-493 © 2012 Wolters
Kluwer Health | Lippincott Williams & Wilkins.
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EGFR) [15]. Our fundamental premise for the development
of such molecules was that downregulation of receptor-
dependent signalling could lead to a depletion of the levels
of DNA repair enzymes required to reverse lesions induced
by the DNA-damaging property of the combi-mole-
cule [16-19]. Recently, we developed ZRBA1 (Scheme 1),
a molecule that showed significant activity # vivo in an
MDA-MB-468 human breast tumour model [14]. How-
ever, its in-vitro inhibitory concentration (ICsq) for growth
inhibition was in the high 20 pmol/l range in many tumour
cells [14,20]. To enhance the potency of this type of
molecules, we redesigned them to induce aggressive cross-
linking lesions and degrade to a higher titre of inhibitors.
Here, we describe the potency and mechanism of action of
one such molecule designated as JDE52. ZRBA1 contains a
dimethylethylamino moiety, which, after degradation, is
converted to the short-lived dimethylethyl diazonium,
leading to the formation of a mono-alkylating agent [14].
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In contrast, JDE52 is an extension of ZRBA1, wherein
one methyl group is replaced by an additional ethyltri-
azenoquinazoline moiety, leading to a system that when
hydrolysed (see Scheme 2) will produce a nitrogen
mustard-like species methyldiazonium (TZ), plus perhaps
two moles of the aminoquinazoline FD105 (I), a molecule

that is known to strongly inhibit EGFR (Scheme 2).
FD105 fluoresces in the blue (451 nm), upon excitation at
290 nm. This unique property has permitted the analysis
of its release in the intracellular compartment by
fluorescence microscopy. The main purpose of this study
was primarily to determine whether the newly designed
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ZRBAT1, a quinazoline-based combi-molecule, and JDE52, the bistriazene counterpart redesigned to augment the potency of ZRBA1.
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When hydrolysed, JDE52 produces a nitrogen mustard-like species methyldiazonium (TZ), plus perhaps 2 moles of the aminoquinazoline FD105 (), an

inhibitor of EGFR. EGFR, epidermal growth factor receptor.
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combi-molecule would release higher levels of FD105,
induce stronger blockade of EGFR phosphorylation and
more cytotoxic DNA damage than ZRBAI1, thereby
triggering higher levels of apoptosis and cell killing than
the latter drug in human tumour cells [21-25].

Methods

Drug treatment

ZRBAL1 and JDES52Z were synthesized in our laboratories
(Cancer Drug Research Laboratoryy, MUHC, McGill
University, Montreal, Quebec, Canada). In all assays, the
drug was dissolved in dimethyl sulfoxide (DMSO) and
subsequently diluted in sterile Roswell Park Memorial
Institute medium (RPMI-1640), containing 10% fetal
bovine serum (FBS) (Wisent, St Bruno, Quebec, Canada)
immediately before the treatment of cell cultures [con-
centration of DMSO never exceeded 0.2% (v/v)].

Cell culture

The cell lines used in this study were the human prostate
cancer DU145 cell line, obtained from the American Type
Culture Collection (Manassas, Virginia, USA), and the
human isogenic breast carcinoma cell line MDA-MB-435
(stably transfected with the ErbB2 and EGFR genes),
which were generous gifts from Dr Moulay Aloui-Jamali
(Montreal Jewish General Hospital, Montreal, Canada).
Transfection of MDA-MB-435 cells was performed accord-
ing to methods described by Yen ez /. [26]. Western blot
analysis confirming the differential levels of EGFR and
ErbB2 in these cells has already been reported by our
group elsewhere [27,28]. All cell lines were maintained in
RMPI-1640 medium supplemented with 10% FBS, and
with antibiotics as described previously [14]. Cells were
maintained in a monolayer at 37°C in a humidified
environment of 5% CO,, 95% air. The cultures were
maintained in exponential growth by harvesting with a
trypsin-EDTA solution containing 0.5 mg/ml trypsin and
0.2mg/ml EDTA and replating before confluence. In all
assays, the cells were plated for 24-48h before drug
administration.

Degradation

The study of the conversion of JDE52 to FD105 was
performed by spectrofluorimetry as the latter amine
was fluorescent (absorption 290 nm, emission 451 nm).
A 50 mmol/l stock solution of JDE52 in DMSO was added
to RPMI-1640 with 10% FBS and incubated overnight at
37°C in a microplate spectrofluorimeter. The data were
analysed using the SoftMaxPro (Molecular Devices, LLL.C,
Sunnyvale, California, USA) and Graphpad software pack-
ages (GraphPad Software, La Jolla, California, USA).

Fluorescence microscopy imaging for intracellular
release of the amine

DU145 cells were seeded in RPMI with 10% FBS for
24h and grown in six-well plates (1 x 10%well). Cells
were then treated with varying concentrations of ZRBA1
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or JDE52 for 2 h and the medium was replaced with drug-
free medium in each well. Thereafter, the plates were
analysed using a Zeiss LSM 510 confocal microscope
(Carl Zeiss Microlmaging GmbH, Gottingen, Germany),
and cells were excited at 451 nm; emission was at 340 nm.

Ultraviolet flow cytometric analysis of intracellular
fluorescence

DU145, MDA-MB-435, MDA-MB-435/EGFR and MDA-
MD-435/ErbB2 were seeded in RPMI or Dulbecco’s
Modified Eagle Medium with 10% FBS for 24h and
grown in six-well plates (1 x 10%well). Cells were then
treated with varying concentrations of ZRBA1 or JDES52
and 10% FBS at 37°C for 2h. Thereafter, cells were
harvested with trypsin-EDTA, subsequently collected by
centrifugation and resuspended in PBS. Fluorescence
levels were measured using the BD LSR flow cytometer
(Becton Dickinson, Oakville, Ontario, Canada).

Epidermal growth factor receptor kinase assay

The EGFR kinase assay was performed as described
previously [10,14-16]. Briefly, MaxiSorp 96-well plates
(Nalgen Nunc International, Naperville, Illinois, USA)
were incubated overnight at 37°C with 100 ml/well of
0.25 ng/ml poly[L-glutamic acid-L-tyrosine, 4:1] (PGT)
in PBS. Excess PGT was removed and the plates washed
three times with washing buffer (0.1% Tween 20 in PBS).
The kinase reaction was performed with 4.5 ng/well of
EGFR. Drugs were added and phosphorylation initiated
by the addition of ATP (50 pmol/l). After 8 min at room
temperature with constant shaking, the reaction was
terminated by aspiration of the reaction buffer and rinsing
the plate four times with washing buffer. Phosphorylated
poly(Glu:Tyr)4:1 (PGT) was detected after a 25min
incubation with 50 pl/well of horseradish peroxidase-
conjugated PY20 antiphosphotyrosine antibody (Santa
Cruz Biotechnology, Santa Cruz, California, USA) diluted
to 0.2 mg/ml in blocking buffer (3% bovine serum albumin
and 0.05% Tween 20 in PBS). The antibody was removed
and the plate washed four times with washing buffer. The
signals were developed by the addition of 50 pl/well 3,5,3',5'-
tetramethylbenzidine peroxidase substrate (Kirkegaard
and Perry Laboratories, Gaithersburg, Maryland, USA).
On appearance of a persistent blue colour, a solution of
sulfuric acid (50 pl, 0.09 mol/l) was added per well to stop
the reaction. The plates were read at 450 nm using a Bio-
Rad ELISA reader (model 2550; Bio-Rad, Hercules,
California, USA).

Epidermal growth factor receptor phosphorylation assay
DU145 cells (1 x 10°) were preincubated in a six-well
plate with 10% serum at 37°C for 24h and starved
overnight for 24 h, after which they were exposed to a
dose range of each drug for 2h. Thereafter, they were
treated with 50 ng/ml EGF for 15 min at 37°C. Cells were
washed with PBS and resuspended in cold lysis buffer
[50 mmol/l Tris-HCI pH 7.5; 150 mmol/l NaCl; 1%
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Nonidet P-40, 1 mmol/l EDTA; 5mmol/l NaF; 1 mmol/l
Na3zVOy; protease inhibitor tablet (Roche Biochemicals,
Laval, Canada)]. The lysates were kept on ice for 30 min
and collected by centrifugation at 10000 rpm for 20 min
at 4°C. The concentrations of protein were determined
using the Bio-Rad protein assay kit (Bio-Rad Labora-
tories). Equal amounts of protein were added to a 10%
SDS-polyacrylamide gel electrophoresis and transferred
to a polyvinylidene difluoride membrane (Millipore,
Bedford, Massachusetts, USA). Nonspecific binding on
the membranes was minimized with a blocking buffer
containing nonfat dry milk (5%) in phosphate buffered
saline with Tween 20. Thereafter, the membranes were
incubated with primary antiphosphotyrosine antibody
(Upstate Biotechnology, Lake Placid, New York, USA) for
the detection of phosphotyrosine. Membranes were stripped
and reprobed with anti-EGFR (Neomarkers, Fremont,
California, USA) for detection of corresponding receptor
levels. Blots were incubated with horseradish peroxidase-
goat anti-mouse antibody (1:1000 dilution; Cell Signaling
Research, Beverly, Massachusetts, USA) and the bands
visualized with an enhanced chemiluminescence system
(Amersham Pharmacia Biotech, Little Chalfont, UK).

Growth inhibition assay

For nonstimulated cell growth inhibition, approximately
10 x 10° cells/well were plated in 96-well plates. After
24 h incubation at 37°C, cell monolayers were exposed to
different concentrations of each drug continuously for
72 h. All growth inhibitory activities were evaluated using
the sulforhodamine B (SRB) assay. Briefly, following drug
treatment, cells were fixed using 50 pl of cold trichlor-
oacetic acid (50%) for 60 min at 4°C, washed four times
with tap water and stained for 30 min at room tempera-
ture with SRB (0.4%) dissolved in acetic acid (0.5%). The
plates were rinsed five times with 1% acetic acid and
allowed to air dry. The resulting coloured residue was
dissolved in 200 pul of Tris-base (10 mmol/l), and optical
density was read for each well at 540nm using
a Bio-Rad microplate reader (model 2550). Each point
represents the average of at least two independent
experiments run in triplicate. ICs, values were calculated
using the median effect equation [29].

Alkaline comet assay for quantification of
single-strand breaks

The modified alkaline comet assay was performed as
previously described [15]. For in-vitro analysis, 8 x 10°
cells were exposed to a dose range of either drug (ZRBAI
and JDE52) for 24h, harvested with trypsin-EDTA,
washed with PBS and collected by centrifugation (1.6g
for 5min). The supernatant was collected and the cells
washed three times with cold PBS. For comet analysis, cell
suspensions were diluted to an approximated 1 x 10° cells
and mixed with agarose (1%) at 37°C in a 1:10 dilution.
The gels were cast on Gelbond strips (Mandel Scientific,
Guelph, Ontario, Canada) using gel casting chambers, as

previously described, and then immediately placed into
lysis buffer [2.5 mol/l NaCl, 0.1 mol/l tetra-sodium EDTA,
10 mmol/l Tris-base, 1% (w/v) N-lauryl sarcosine, 10% (v/v)
DMSO, and 1% (v/v) Triton X-100, pH 10.0]. After being
kept overnight at 4°C, the gels were gently rinsed with
distilled water and immersed in a second lysis buffer
(2.5mol/l NaCl, 0.1 mol/l tetra-sodium EDTA, 10 mmol/l
"Tris-base containing 1 mg/ml proteinase K) for 60 min at
37°C. Thereafter, they were rinsed with distilled water,
incubated in alkaline electrophoresis buffer for 30 min at
37°C and electrophoresed at 300 mA for 20 min. The gels
were subsequently rinsed with distilled water and placed
in 1 mol/l ammonium acetate for 30 min. Thereafter, they
were soaked in 100% ethanol for 2 h, dried overnight and
stained with SYBR Gold (1:10000 dilution of stock
supplied from Molecular Probes, Eugene, Oregon, USA)
for 30 min. Comets were visualized at x 330 magnification
and DNA damage was quantified using the tail moment
parameter (i.e. the distance between the barycentre of the
head and the tail of the comet multiplied by the
percentage of DNA within the tail of the comet). A
minimum of 25 cell comets were analysed for each sample
as previously described [30,31], using ALKOMET version
3.1 image analysis software (Richard Branker Research,
Ottawa, Canada), and values represent calculated means of
tail moments for the entire cell population.

Alkaline unwinding assay

DU145 cells were seeded in RPMI with 10% FBS for 24 h
and grown in six-well plates (1 x 10%well). Cells were then
treated with 5 and 10 umol/l of ZRBA1 or JDE52 for 2 h and
washed twice with PBS. Following scraping of the cells in
PBS, 1 x 10° cells were harvested by centrifugation, and the
pellet generated was resuspended in 1 ml PBS. DNA was
extracted using the GenElute Mammalian Genomic DNA
miniprep kit (supplied by Sigma Aldrich, St Louis, Missouri,
USA). A 3 ml solution containing ethidium bromide (10 pg/
ml), K,HPO, (20mmol/l) and EDTA (0.4 mmol/l), pH
12.1, was added to the extracted DNA for 30 min. The
mixture was heated to 100°C for 5min to denature the
DNA and then cooled on ice for 6 min to allow the DNA
to reanneal. Before the mixture was heated, the
fluorescence was measured at a wave length of 525 nm,
and after the mixture had cooled, the fluorescence was
measured at a wave length of 580 nm. DNA cross-links
were determined according to the following equation [32]:

Ct: (fafr,cr /fbcforc)t_(faftcr /fbcforc)u %100 %
1- (faftcr /fbcfore)u ’
where fiefore and foper are fluorescence intensities before
and after heat denaturation for treated (t) and untreated
(u) cells.

DAPI staining for apoptosis
DU145 prostate cancer cells were plated in six-well plates
for 24 h, at which point they were observed as confluent.
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The cells were treated with JDE52 or ZRBA1 for 24 h,
washed twice with PBS and centrifuged. They were
subsequently treated with 1mg/ml 4',6-diamidino-2-
phenylindole (DAPT) (0.5 pl) for 5 min and washed twice
again with PBS. Cells in PBS (5pl) were mounted on a
glass slide and observed by using a x 60 Zeiss LL.SM 510
confocal microscope lens.

Annexin V binding

Cells were grown in six-well plates until confluence and
then incubated with the compounds for 48 h. The cells
were then harvested, washed twice with PBS and
centrifuged. Cells (10%) were treated with annexin V-
fluorescein isothiocyanate (FITC) and propidium iodide
(PI) using the apoptosis detection kit (BD Bioscience
Pharmingen, San Jose, California, USA) and the supplier’s
protocol. Annexin V-FITC and PI binding were analysed
by flow cytometry. Data were collected using logarithmic
amplification of both the FL1 (FITC) and FL2Z (PI)
channels. Quadrant analysis of coordinate dot plots was
performed with CellQuest software (Becton Dickinson
Biosciences, Mississauga, Ontario, Canada). Unstained
cells were used to adjust the photomultiplier voltage and
for compensation setting adjustment to eliminate spec-
tral overlap between the FLL1 and FL2 signals.

Results

Fluorescence analysis

We first demonstrated that JDES52 could decompose into a
fluorescent species by monitoring its degradation under
physiological conditions (Fig. 1a). Its half-life was deter-
mined by calculations based on the rate of formation
of FD105 and was found to be 1h. It was less stable
than ZRBA1 for which we previously reported a half-life
of 1.8h [14]. Having found that JDE52 was capable of
decomposing into a fluorescent molecule, we further
observed its intracellular degradation by fluorescent micro-
scopy after a 2 and 24 h drug treatment. Although analyses
were achievable after a 2h drug treatment, 24 h later most
cells treated with JDES2 were killed, thereby compromis-
ing microscopic observation at this time point. Having
designed JDES52 to generate higher levels of FD105 than
ZRBA1, we expected higher fluorescence intensities in
DU145 cells treated with JDE52 than in those exposed to
ZRBA1 (Fig. 1b). Indeed, at the higher doses (5, 10 and
50 umol/l), a marked difference in fluorescence intensitics
was observed, with cells treated with JDE52 showing higher
levels of fluorescence (Fig. 1c). Ocular inspection of single
cells (Fig. 1d) showed that the fluorescence was concen-
trated in the perinuclear region of the cells, indicating that
perhaps the compound is trapped in this area of the cell
where it decomposes to release the fluorescent FD105.

Fluorescence microscopy being a qualitative analysis, we
repeated this experiment using ultraviolet flow cytometry
to quantify the levels of fluorescence generated by each
drug in the DU145 cells. Cells treated with JDES52 showed
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(a) Formation of free FD105 from JDE52. A solution of JDE52 was added
to RPMI-1640 with 10% of FBS and incubated overnight at 37°C in

a microplate spectrofluorimeter. The half-life of JDE52 was determined
using first-order reaction kinetics based upon the rate of formation of
FD105. Internalization of (b) ZRBA1 and (c) JDE52 in DU145 cells as
revealed by fluorescence microscopy. Drugs were given for 2 h before
observation. (d) Localization of FD105 around the perinuclear region of
two DU145 cells treated with JDE52, as shown by confocal microsopy.
FBS, fetal bovine serum; RPMI, Roswell Park Memorial Institute medium.

levels of fluorescence significantly higher (P < 0.05) at the
high doses, when compared with ZRBA1 (Fig. 2a). To
verify whether this type of distribution could be seen in
other cell types, we analysed the intracellular degradation
of ZRBA1 (Fig. 2b), JDE52 (Fig. 2¢) and FD105 (Fig. 2d)
in a panel of isogenic MDA-MB-435 breast cancer cells.
We sought to verify whether the levels of EGFR or ErbB2
expressed in the cell could correlate with the levels of
fluorescence intensities. We found that fluorescence
emanated from JDE52 intracellular degradation was sig-
nificantly higher in cells expressing EGFR than in the
wild type. It is also to be noted that in these experiments,
levels of FD105 generated by JDE52 were significantly
higher compared with those generated by ZRBAI.
Further, cells treated with pure FD105 alone showed
significantly lower levels of intracellular fluorescence
than those with JDE52, indicating that the latter behaved
as a good prodrug of FD105 in the cells (Fig. 2d).

Growth inhibitory activity
The growth inhibitory effects of JDE52 were compared
with those of ZRBAl in the human DU145 prostate
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Ultraviolet flow cytometric analysis of intracellular levels of FD105
released by ZRBA1/JDES2 in DU145 cells (a), and in isogenic MDA-
MB-435 cells (b, c), or FD105 alone treated isogenic MDA-MB-435
cells (d). Cells were treated with a dose range of ZRBA1 (b) or JDE52

Concentration of FD1 05 (umol/1)

(c) for 2 h before analysis. Each point represents at least two

independent experiments run in duplicate. EGFR, epidermal growth
factor receptor.

ICs, inhibitory concentration; SRB, sulforhodamine B.

cancer cell line and in the isogenic MDA-MB-435 cell
line panel, using the SRB assay. The results showed that,
in DU145 cells, JDE52 was eight-fold more potent than
ZRBA1 (Fig. 3a). In the MDA-MB-435 isogenic cells,
JDES52 was on average two-fold more potent than ZRBAI.
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(a) Quantification of DNA damage using the alkaline comet assay.
DNA damage induced by JDE52 or ZRBA1 in DU145 cell lines.

Tail moment was used as a parameter for the detection of DNA
damage in DU145 cells exposed to JDE52 or ZRBA1 for 2 h.

Each point represents two independent experiments run in duplicate.
(b) Representative images of DNA comets stained with SYBR Gold
dye and visualized by fluorescence microscopy at x 330 at different
doses of JDE5S2. (c) JDE52 induces cross-link formation in DU145
prostate cells. DU145 cells were treated with a dose range of ZRBA1
or JDE52 for 2 h before analysis by a cross-linking assay.

Interestingly, both compounds were more selective for
the ErbB2 transfectants than the EGFR ones, with fold
selectivity of around 1.6 for EGFR and 4 for ErbB2
(Fig. 3b and c¢).

DNA lesions induced by JDE52 in DU145 cells
As mentioned earlier, ZRBAL1 is designed to degrade to a
mono-alkylating agent, whereas JDES52 is supposed to
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(a) Competitive binding to epidermal growth factor receptor by JDE52.
Poly[L-glutamic acid-L-tyrosine, 4 : 1] substrate phosphorylation was
detected using antiphosphotyrosine antibodies, after an 8-min drug
exposure to the isolated EGFR-tyrosine kinase. Each point represents
the average of two experiments run in duplicate. (b) Selective inhibition
of EGFR autophosphorylation in DU145 cells by JDE52. Serum starved
DU145 cells were preincubated for 2 h with the indicated
concentrations of JDE52 before stimulation with EGF for 15 min. Equal
amounts of cell lysates were analysed by western blotting using
antiphosphotyrosine antibodies. Membranes were stripped of
antiphosphotyrosine and reprobed with anti-EGFR antibodies as a
loading control. (c) Selective inhibition of EGFR autophosphorylation in
DU145 cells by ZRBA1. EGFR, epidermal growth factor receptor.

!

generate a bifunctional cross-linking metastable species.
Thus, we designed two sets of experiments, one to deter-
mine whether JDES52 could generate any type of damage
and the other to determine levels of DNA cross-links.
Total levels of DNA single-strand breaks were deter-
mined by micro-gel electrophoresis comet assay and DNA
cross-linking by alkaline unwinding. The results showed
that, similar to ZRBA1, JDES52 was capable of inducing
dose-dependent DNA damage (Fig. 4a-b). Alkaline
unwinding also showed that, in contrast to ZRBAI,
JDES2 was capable of inducing significant levels of DNA
cross-links (Fig. 4c).
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Inhibition of epidermal growth factor phosphorylation
by ZRBA1 and JDE52 in DU145 cells

In an isolated enzyme assay (Fig. 5a), JDE52 inhibited
EGFR phosphorylation in a dose-dependent manner with
an 1Csq of 7.8 nmol/l. As shown in Fig. 5b, this inhibition
translated into a dose-dependent blockade of EGF-induced
EGFR phosphorylation in the human DUI145 prostate
cancer cells, with almost 100% inhibition at a concentration
as low as 0.1 pmol/l. In contrast, at the same concentration,
EGFR phosphorylation activity was not fully inhibited by
ZRBA1 (Fig. 5¢). Cell exposure being longer than the half-
life of the combi-molecule, this strong effect may result
from both the intact molecule and its degradation products.

Apoptosis

The DU145 cells overexpress EGFR and it has been shown
that in these cells activation of EGFR leads to the
activation of the antiapoptotic pathway through Akt and
Bcl-2-associated death promoter phosphorylation. There-
fore, we surmise that the potent inhibition by JDESZ in this
cell line should alleviate the antiapoptotic pathway, thereby
leading to apoptosis. Indeed, when cells were exposed
to ZRBA1 or JDES52, formation of apoptotic cells with
condensed nuclei was detected using DAPI staining
(Fig. 6). Quantification with the annexin V binding assay
showed that JDE5Z and ZRBA1 were capable of inducing
apoptosis in a dose-dependent manner. JDES52 triggered
apoptosis at a much lower concentration than did ZRBA1
(Fig. 7a). Analysis of the necrosis quadrant also showed that
JDES52 could induce higher levels of necrosis than ZRBAL,
indicating its superior cytotoxicity over ZRBA1 (Fig. 7b—d).

Discussion
The combi-targeting strategy developed in our laborat-
ory seeks to design molecules termed combi-molecules

Fig. 6

with affinity to target TK receptors and also programmed
to degrade into another inhibitor of the same TK
[13,14,33,34]. As depicted in Scheme 2, molecules
termed TZ-1 are designed to generate an alkylating
moiety TZ +, an inhibitor I. To enhance the potency of
the combi-molecule, here we designed a novel system to
generate 2 moles of inhibitor plus a bifunctional
alkylating agent. We surmised that the generation of
a high titre of the inhibitor plus a more aggressive alkyla-
ting function would give rise to a combi-molecule with
increased potency when compared with its mono-alkylat-
ing counterpart. ZRBA1 was an adequate comparative
molecule, as it possessed almost the exact same moiety as
JDES52 (see Scheme 1). In principle, JDE52 was expected
to be a two-fold stronger inhibitor of EGFR and a stronger
DNA-damaging agent than ZRBA1. However, degradation
studies showed that the molecule generated less than
2 moles of FD105. This could be explained by the for-
mation of by-products during the degradation of JDE52
that lowered the yield of FD105. However, its decom-
position led to the generation of a higher yield of FD105
than that of its mono-alkyltriazene counterpart ZRBAI1.
Furthermore, as outlined in Scheme 2, we demonstrated
that, in contrast to ZRBA1, the chemical mechanism of
degradation of JDE52 leads to the formation of a species
responsible for its ability to induce DNA intrastrand
cross-links. Thus, JDE52 is the first combi-molecule
capable of generating high levels of FD105, in addition to
inducing DNA strand breaks and DNA interstrand cross-
links in tumour cells.

One of the most important aspects of the study was to
verify whether the new strategy will increase EGFR
inhibitory potency. Given the expected high titre of
FD105, a strong EGFR inhibitory potency was predicted

Control

Fluorescence

Phase contrast

ZRBA1 (25 pmol/l)

JDE52 (25 umol/l)

Drug-induced apoptosis in the DU145 prostate cancer cell line. Cells were treated with a dose range of ZRBA1 and JDE52 for 24 h and stained with
DAPI, before observation of apoptotic cells by microscopy. DAPI, 4’,6-diamidino-2-phenylindole.
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Assessment of: (a) apoptotic effects and (b) necrotic effects induced by ZRBA1 or JDE52. DU145 cells were treated with a dose range of
ZRBAT1 or JDE52 for 48 h. Levels of apoptotic cells were determined using annexin V-FITC staining. Each point represents two independent
experiments run in duplicate. Representative dot plots obtained from annexin V/PI staining for quantifying apoptosis and necrosis induced by
JDE52 (c) and ZRBA1 (d) in the DU145 cells. FITC, fluorescein isothiocyanate.

for this molecule. Indeed, the results showed that, at
concentrations as low as 0.01 pmol/l, JDE5S2 was capable
of significantly inhibiting EGFR phosphorylation in whole
cells. The superior potency of JDE52 when compared
with ZRBA1 was also translated in growth inhibitory
assays. 1Csq values of ZRBA1 were as previously reported
in the 20 pumol/l range, whereas JDES52 values were as low
as 3 umol/l in tumour cells.

Although the potency of JDES52 was clearly evident in the
cells, it was important to analyse the ability of this large
molecule to block EGFR in isolated assays. As shown
in Fig. 5a, JDE52, despite its bulkiness, was capable of
strongly blocking EGFR-TK phosphorylation in a short
8-min exposure assay, a time point that was significantly

shorter than the half-life of JDE52 under physiological
conditions. The experiment was carried out at room
temperature to prevent the degradation of the molecule.
Indeed, molecular modelling in an independent study
(J. Domarkas, Q. Qiyu, E Brahimi, R. Banerjee, B.]J.
Jean-Claude, unpublished observation) has confirmed
that one-half of the molecule could bind to the receptor,
whereas the other half pointed away from the binding
site, indicating that JDES2 is not only capable of
degrading to another inhibitor in a high yield but is also
able to bind to EGFR-TK as an intact structure.

Using the human prostate cancer DU145 cell line, which
is known to undergo apoptosis upon blockade of EGFR,
we confirmed that one of the mechanisms of cell death
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induced by our molecule was apoptosis. The level of
apoptosis induced by JDE52 was superior to that of ZRBA1,
a result that may be explained by its high DNA-damaging
potential and its strong EGFR inhibitory potency. More-
over, the subcellular distribution of JDE52 seems to
have played a role in its potency. Indeed, it was found
that significantly higher levels of fluorescence associated
with FD105 was seen in cells transfected with EGFR,
suggesting that the presence of the latter proteins in the
cell may contribute to a retention of FD105. Although the
direct involvement of the receptors in the abundance of
FD105 is not clearly elucidated, it appears that the
perinuclear region of the cell is the preferred localization
of FD105. With the assumption that this correlates with
the localization of intact JDE52, perhaps this preferential
subcellular distribution also concentrated the release of
the DNA-damaging species in the vicinity of the nucleus.
It is also important to note that, despite the more
abundant release of FD105 in EGFR-transfected cells
when compared with its ErbB2 counterpart, both combi-
molecules (JDE52 and ZRBA1) were more potent in the
ErbB2 transfectants. This may perhaps be because of the
fact that ErbB2 is playing a more proliferative role in
the MDA-MB-435 transfectant than in its EGFR counter-
part. However, further studies are required to elucidate
this observation.

The study clearly demonstrates that a molecule with the
size of JDE52 can be designed to not only bind to a
receptor but also to degrade to multiple bioactive species
directed at specific anticancer targets in the cell. This
molecular programming seems to present the advantage
of discrete subcellular distribution of the combi-molecule
in the intracellular compartment. Although the signifi-
cance of the perinuclear localization of FD105 in the
cytotoxicity of JDES2 requires further studies, here we
demonstrate that it can correlate with the levels of EGFR
in the cell and with selective antiproliferative activity in
human cancer cells. Thus, the molecule can be designed
to enhance the potency of each targeted bioactive
species [35,36]. This model may well represent a new
avenue in the design of drugs capable of reversing the
refractory mechanisms that protect advanced solid
tumour cells against cytotoxic therapeutic agents [37].
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