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Abstract: The multifactorial mechanistic nature of cancer calls for the
development of multifunctional therapeutic tools, i.e., single compounds
able to interact with multiple altered pathogenetic pathways. Following
this rationale, we designed compounds able to irreversibly block
epidermal growth factor receptor (EGFR), and to induce apoptosis in
tumor cell lines. The novel molecules were synthesized by combining
the structural features of the EGFR inhibitor PD153035 (1) and lipoic
acid, which among other therapeutic effects triggers apoptosis in human
cancer cells.

Cancer, like diabetes and cardiovascular and neurodegenera-
tive diseases, is a complex pathology. All complex diseases are
multifactorial, meaning that they cannot be ascribed to mutations
in a single gene, and consequently, altering the activity of a
gene product might not simply alter the course of the disease.
It is likely that complex diseases arise from a complicated
network of interdependent biological changes occurring in a
single cell over a period of time. To address this extraordinary
biological complexity and to develop adequate therapeutic tools,
the pharmaceutical community is directing R&D efforts toward
the discovery of new drug combinations or, more likely, multi-
functional drugs, namely, single compounds able to interfere
with multiple altered pathways.1,2 Following this latter approach,
the so-called “multitarget-directed drug” strategy,3 we were
successful in designing multitargeted agents to hit more than
one target underlying the neurodegenerative pathways in Alz-
heimer’s disease.4 In the present report, we have further extended
this paradigm5 to compounds able to exert different actions
beneficial in the treatment of neoplastic disorders, namely, to
irreversibly block the epidermal growth factor receptor (EGFR,
also known as HER-1) tyrosine kinase and to induce apoptosis
in tumor cell lines.

Receptor tyrosine kinases play a crucial role in signal
transduction pathways that regulate cell differentiation and
proliferation, and their overactivation is strongly associated with
carcinogenesis.6 In this context, the role of EGFR in a wide
range of solid tumors has long been appreciated, and therefore,
it was one of the first molecular targets to be identified and
validated.7,8 Structurally, EGFR is a 170 kDa glycoprotein that
contains an extracellular ligand-binding domain, a transmem-

brane region, and an intracellular domain with kinase activity.9

It is one of the four members of the EGFR family, which also
includes HER-2 (erbB2), HER-3, and HER-4.

Inhibition of EGFR has been achieved through two main
approaches: by blocking ligand binding to the extracellular
domain with monoclonal antibodies and by using small-molecule
inhibitors that interact at the ATP-binding site.10 A well-studied
class of these latter inhibitors is represented by 4-anilino-
quinazolines, exemplified by the lead compound PD153035 (1)
and erlotinib (2; Tarceva, OSI Pharmaceuticals), approved by
the FDA for the treatment of advanced non-small-cell lung
cancer in November 2004. Further development in this class
has led to the discovery of irreversible inhibitors, such as
PD168393 (3)11 and canertinib (4),12,13 currently in phase II
clinical trials, which both carry, at the 6-position of the
quinazoline core, an acrylamide moiety able to form a covalent
bond with a Cys residue of the active site (see Chart 1 for
structures). This irreversible binding confers a prolonged sup-
pression of receptor activity with a resultant improved thera-
peutic efficacy and pan-erbB specificity, since an unpaired Cys
is conserved among three members of the HER family (Cys773
of erbB-1 or the analogous Cys784 and Cys778 in erbB-2 and
erB-4, respectively). Given the multiplicity of erbB receptors’
expression in individual tumors, this characteristic could provide
irreversible inhibitors with greater efficacy and a broader
spectrum of antitumor activity.

However, the modest results of clinical trials to date suggest
that targeting EGFR alone may not be sufficient to eradicate
established tumors. This limited antitumor efficacy as mono-
therapy has led researchers to integrate anti-EGFR agents with
conventional therapies and to explore combinations with other
molecular targeted approaches, which interfere with the altera-
tions in cell function that collectively dictate malignant growth.14,15

Oxidative stress induces a cellular redox imbalance, which
has been found in various cancer cells when compared to normal
cells. The role of antioxidants in the process of carcinogenesis
has therefore recently gained considerable attention.16 R-Lipoic
acid (LA), a naturally occurring disulfide molecule, is a powerful
antioxidant and has been reported to have beneficial effects in
patients with advanced cancer by reducing reactive oxygen
species levels and increasing glutathione peroxidase activity.17,18

Moreover, LA has been shown to trigger apoptosis, another
critical parameter impaired in cancer cells, and this induction
is selectively exerted in transformed cell lines, whereas no
apoptosis in normal cells after treatment with LA has been
observed.19,20 The differential selectivity of the proapoptotic
effect, the antioxidant capacity, and the safety of this compound
strongly support its use as a potential antineoplastic agent.

On the basis of these considerations, we planned to design
anilinoquinazolines5-7 related to3, in which the acrylamide
group at the 6-position is replaced by a 1,2-dithiolane ring of
LA (8) or its lower homologues9 and 10, allowing different
spacers between the pendent disulfide ring and the anilino-
quinazoline core (see Figure 1 for design strategy). In principle,
the new compounds should retain the activities of parent
compounds, such as the ability to covalently bind the Cys
residue of EGFR via a thiol-disulfide interchange reaction
operated by the dithiolane ring and to exert proapoptotic effects,
leading to improved therapeutic potential due to the multiple
mechanism of action. The synthesis of quinazolines5, 6, and7
was accomplished by coupling 6-aminoquinazoline1121 with
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LA (8), 2-(1,2-dithiolan-3-yl)acetic acid (9), and 1,2-dithiolane-
3-carboxylic acid (10), respectively, following a reported
procedure (Scheme 1).22

The inhibition of the EGFR activity by5-7 was evaluated
in human epidermoid carcinoma (A431) cells in comparison
with reference compounds1 and3, well-known EGFR reversible
and irreversible inhibitors, respectively. A431 cells are known
to overexpress EGFR, which leads to continuous activation of
the EGFR pathway involved in A431 cell proliferation. Initially,
the inhibitory effects on A431 cell proliferation were determined
after 72 h of treatment with various concentrations (0.1-30µM)
of the tested compound. The cell proliferation was measured
by MTT assay, and the results were expressed as IC50 values.
As reported in Table 1, treatment of A431 cells with5-7
induced a decrease of the cell proliferation with IC50 ranging
from 7.90 µM (7) to 21.56 µM (5), with potency highly
dependent on the substitution pattern at the 6-position of the
anilinoquinazoline nucleus. In parallel, EGFR tyrosine kinase
(EGFR-TK) activity was evaluated by measuring the phospho-
rylation of synthetic peptide substrate poly(Glu,Tyr)4:1 using
EGFR isolated from A431 cells23 after 60 min of incubation
with the compounds (0.01-3 µM). As shown in Table 1,7 was
able to completely block the phosphorylation induced by EGFR-
TK, with an IC50 in the low nanomolar range, which was
comparable with that displayed by the reference compounds1
and3, whereas homologues5 and6 were only weak inhibitors.
Taken together, these results show that lengthening the chain
separating the 1,2-dithiolane ring from the anilinoquinazoline

nucleus is detrimental to cell proliferation and EGFR-TK activity
inhibition (compare7 with 5 and6). Owing to the inhibitory
effect on A431 cell proliferation and EGFR-TK activity,7 was
selected for further studies.

To study the reversibility of the antiproliferative effects, A431
cells were treated with1, 3, and7 for 72 h or for 4 h followed
by 68 h of recovery in compound-free medium. As reported in
Figure 2, a significant reduction of activity was observed for1
(IC50 ) 8.31 vs 26.29µM), indicating that it induced reversible
growth inhibitory activity. In contrast,3 and7 showed retention
of their activities. This finding supports the view that7 might
react with a sulfydryl residue within the EGFR catalytic domain,
via an exchange mechanism. Subsequently, to confirm this

Chart 1. Chemical Structures of Four Previously Reported
EGFR Inhibitors

Scheme 1a

a Reagents and conditions: (a) DMF, EDCI‚HCl, 0 °C to room temp, 4
h, flash chromatography.

Figure 1. Design strategy for compounds5-7.

Table 1. Effects of Compounds1, 3, and5-7 on EGFR-TK Activity
and A431 Cell Proliferationa

compd IC50 (µM),b EGFR-TK IC50 (µM),c A431

1 0.028( 0.004 8.31( 2.12
3 0.036( 0.005 1.96( 0.63
5 >3d 21.56( 3.35
6 >3d 13.70( 2.49
7 0.060( 0.009 7.90( 1.32

a The values are the mean( SD of at least two independent experiments.
b Concentration of compound resulting in 50% inhibition of EGFR-TK
activity. The tyrosine kinase activity of EGFR isolated from A431 cells
was determined by the nonradioactive tyrosine kinase activity assay kit (as
described in the Supporting Information), after 60 min of incubation with
compounds (0.01-3 µM). c Concentration of compound resulting in 50%
inhibition of A431 cell proliferation. The cell proliferation in A431 cells
was determined by the MTT assay (as described in the Supporting
Information), after 72 h of incubation with compounds (0.1-30µM). d IC50

not determined because less than 50% inhibition was observed at the highest
tested concentration (3µM).

Figure 2. Reversibility of antiproliferative effects of1 (a), 3 (b), and
7 (c) in A431 cells. Cells were incubated with various concentrations
of compounds for 4 h (open circles), after which they were allowed to
recover for 68 h in compound-free medium or continuously for 72 h
(closed circles). Cell proliferation was determined by MTT assay (as
described in the Supporting Information). Results are reported as the
mean( SD of two independent experiments.
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mechanistic rationale, A431 cells were treated with7 for 4 h,
after which they were allowed to recover for 68 h in compound-
free medium with or without dithiothreitol (DTT). This reducing
agent is able to cleave the intermolecular disulfide bonds at the
EGFR level.24 In addition, the use of DTT on the inhibition of
EGFR-TKs by various compounds has been previously de-
scribed.25 As shown in Figure 3, increasing concentrations of
DTT caused a strong decrease in the inhibition of cell prolifera-
tion induced by7. In particular, the inhibitory effect was
concentration-dependent, with significant differences with re-
spect to basal values (IC50 ) 9.23µM) at DTT concentrations
of 50 µM (IC50 ) 22.41µM, p < 0.05) and 100µM (IC50 )
28.10 µM, p < 0.01). Higher concentrations completely
abolished the inhibition of cell proliferation by7 (data not
shown).

To further investigate the capability of7 to covalently interact
at the EGFR kinase catalytic domain, docking simulations were
carried out by means of the GOLD software, using the publicly
available coordinate of the EGFR-TK/2 complex (see also the
Supporting Information). One of the best-scored poses is
reported in Figure 4, where some main interactions between
the ligand and the receptor can be observed. In particular, the
sulfur atom of Cys773 is about 3.21 Å from the closest sulfur
atom of the lipoic acid moiety, demonstrating that this scaffold
is suitably oriented to properly form a covalent S-S bond with
Cys773. Moreover, some noncovalent interactions between7

and the receptor were also identified: (i) the carbonyl oxygen
of 7 interacts via H-bond with the amide of the Cys773
backbone; (ii) the N1 of the quinazoline moiety interacts via
H-bond with NH of Met769 backbone; (iii) the hydrogen atom
of C2 of the quinazoline moiety electrostatically interacts with
the carbonyl oxygen of Gln767 backbone; (iv) the N3 estab-
lished an H-bond with the OH group of Thr766; (v) some
hydrophobic interactions mainly with Val702, Met742, and
Leu764 are responsible for the stabilization of the aniline moiety
of 7. Furthermore, in Figure 4 the relative orientations of7, as
the outcome of docking simulations, and2, as extracted from
the crystallographic complex, are also shown. It can be seen
that the two molecules adopt a very similar conformation at
the EGFR-TK ATP binding pocket, showing very similar
noncovalent interactions. Concerning the size and the hydro-
phobicity,7 is smaller than2, while its logP value is slightly
greater than that of the reference compound (estimated logP
of 5.60 and 4.34, respectively).

Induction of apoptosis is a highly desirable therapeutic
strategy for cancer control. In fact, many anticancer agents act
through the induction of apoptosis as a mechanism to suppress
cancer development, and proapoptotic effects also characterize
the LA spectrum of activity. Moreover, the approach of com-
bining EGFR inhibitors with other targeted agents to augment
proapoptotic signaling has been pursued to produce a more
significant clinical effect.26 Therefore, we determined the ability
of 1, 3, and 7 to induce DNA fragmentation, a hallmark for
apoptosis, in A431 cells. In parallel, as an apoptosis-positive
control, camptothecin (CAM) was used. As shown in Figure 5,
treatment of A431 cells with 0.3-3 µM 7 increased DNA
fragmentation in a concentration-dependent manner to a maxi-
mum of 2.8-fold. In contrast, lower levels of apoptosis were
observed in cells exposed to1 and3, indicating that the 1,2-
dithiolane ring has conferred significant proapoptotic properties
to 7. In parallel, the necrosis, in terms of loss of membrane
integrity, was determined by measuring lactate dehydrogenase
(LDH) release to confirm the apoptotic events; no increase of
LDH release was detected at any concentrations of compounds
evaluated (data not shown). Together, these results demonstrate
that the antiproliferative effects of7 on A431 cells may arise
from its multifunctional mechanism of action. Importantly, as
postulated by the multitarget-directed drug design strategy,3 we
have experimental evidence that each of the pharmacophoric
moieties associated with the molecular frame of7 imparts the
multifunctional ability for this agent; the anilinoquinazoline core
allows molecular recognition of the receptor site, whereas the

Figure 3. Effect of DTT on the inhibition of A431 cell proliferation
by 7. Cells were incubated with7 (0.1-30 µM) for 4 h, after which
they were allowed to recover for 68 h in compound-free medium with
or without DTT. Cell proliferation was determined by the MTT assay
(as described in the Supporting Information). At least three independent
concentration response curves were done, and the concentration of
compound resulting in 50% inhibition of cell proliferation (IC50) was
calculated: (/) p < 0.05, (//) p < 0.01 (vs untreated samples, ANOVA
with Dunnett’s test).

Figure 4. Low-energy docking model of the EGFR-TK/7 complex.
H-bond interactions are shown as dark-red dotted lines. The distance
between the sulfur of Cys773 and a sulfur atom of the lipoyl moiety
of 7 is displayed. In the inset, the relative orientations of7, as the
outcome of docking runs, and2 in the experimental orientation are
also shown.

Figure 5. Apoptotic effect of1, 3, and7 in A431 cells. Cells were
treated with various concentrations of compounds (0.3-3 µM) for 24 h,
after which apoptosis in terms of DNA fragmentation was determined
by the Cell Death Detection ELISAplus (as described in the Supporting
Information). As an apoptosis positive control, CAM was assayed in
the same range of concentrations. The values in the treated samples
are expressed as fold increases with respect to corresponding nontreated
controls. Results are reported as the mean( SD of two independent
experiments.

6644 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 23 Letters



lipoyl fragment is responsible for the proapoptotic properties
and for the irreversible binding. Moreover, the use of dithiolane
as Cys labeling group has inherent advantages over the highly
reactive acrylamide. In fact, reaction of the inhibitor with non-
specific targets other than the thiol of the Cys residue should
be reduced, and consequently, its tumor availability should be
greatly enhanced.

In conclusion, we have further demonstrated the power of
multifunctional drug design strategy to discover drugs to combat
various diseases. To this end, following a similar approach (the
“combi-targeting” concept), some nitrosourea derivatives capa-
ble of blocking EGFR and alkylating DNA were recently
synthesized and selected by the U.S. National Cancer Institute
for further development.27 We believe this may represent the
future direction of the drug discovery process.
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