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ABSTRACT: Hybrid molecules are composed of two
pharmacophores with different biological activities. Here, we
conjugated phthalazine moieties (antiangiogenetic pharmaco-
phore) and bis(hydroxymethyl)pyrrole moieties (DNA cross-
linking agent) to form a series of bis(hydroxymethyl)pyrrolo-
[2,1-a]phthalazine hybrids. These conjugates were cytotoxic
to a variety of cancer cell lines by inducing DNA damage,
arresting cell cycle progression at the G2/M phase, triggering
apoptosis, and inhibiting vascular endothelial growth factor
receptor 2 (VEGFR-2) in endothelial cells. Among them,
compound 29d encapsulated in a liposomal formulation (e.g,,
29dL) significantly suppressed the growth of small-cell

VEGFR 3
inhibition R

I SN DNA interstrand

l{l crosslinking

(- WA

R'gR?

1,2-Bis(hydroxymethyl)pyrrolo-
[2,1-a]phthalazine hybrids

lung cancer cell (HS26) xenografts in mice. Based on

immunohistochemical staining, the tumor xenografts in mice treated with 29dL showed time-dependent decreases in the
intensity of CD31, a marker of blood vessels, whereas the intensity of y-H2AX, a marker of DNA damage, increased. The
present data revealed that the conjugation of antiangiogenic and DNA-damaging agents can generate potential hybrid agents for

cancer treatment.

B INTRODUCTION

Antiangiogenic therapy (AAT) is a strategy for treating cancer
involving starving cancer cells to death.' Bevacizumab, a
monoclonal antibody that neutralizes vascular endothelial
growth factor A (VEGF-A),” is an FDA-approved drug used
for the treatment of metastatic solid tumors." Several receptor
tyrosine kinase inhibitors, which inhibit vascular endothelial
growth factor receptors (VEGFRs), are also approved for
cancer treatment as AAT agents.' Unfortunately, the rapid
appearance of resistance to AAT agents causes treatment
failure and even promotes aggressiveness.g"4 However, AAT is
still a relevant and promising strategy for fighting highly
aggressive cancers.” Therefore, the development of novel AAT
agents is desirable. Recently, a large number of small-molecule
VEGFR inhibitors with diverse chemical scaffolds have been
synthesized and evaluated for their therapeutic potential in
oncology.” Some of these compounds, such as sunitinib and
sorafenib, were approved for the treatment of selected
cancers.””®

Several phthalazine derivatives exhibited potent angiogenesis
inhibition and anticancer activities.”~ "> Vatalanib (1) (Figure
1), an anilinophthalazine derivative,”'*"> can inhibit all

-4 ACS Publications  © 2019 American Chemical Society

VEGFRs, but it shows especially high selectivity for VEGFR-
2, which is the principle endothelial VEGF signaling receptor
and primary mediator for tumor angiogenesis.'® This agent has
been included in several clinical trials on the treatment of
metastatic colorectal cancer, pancreatic adenocarcinoma, and
relapsed lymphoma.'”~"? Substitution of the bioactive
pharmacophores at positions 1 and 4 of the phthalazine core,
such as with compounds 2 and 3 (Figure 1), provided
derivatives with an improved inhibitory activity toward
VEGFR-2 and cancer cells.'””'****" The conjugation of
phthalazine and a triazole ring was an alternative approach
for generating phthalazine-based VEGFR-2 inhibitors (4) with
enhanced anticancer activity (Figure 1)."> Moreover, phthala-
zine-based compound exerted diverse pharmacological activ-
ities, such as AMG900 (5), which acts as a potent inhibitor of
aurora kinase, and phthalazino[1,2-b]quinazolinones (6),
which is a p53 activator (Figure 1).”*7** These studies
revealed important information for phthalazine-based drug
development.
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A series of 1,2-bis(hydroxymethyl)pyrrolo[1,2-f]phenanthridine derivatives and their alkyl (ethyl and
isopropyl) carbamates and 12,13-bis(hydroxymethyl)-9,14-dihydro-dibenzo[f,h]pyrrolo[1,2-b]isoquino-
line derivatives were synthesized for antiproliferative evaluation. The preliminary antitumour studies
revealed that these two types of bis(hydroxymethyl) derivatives showed significant antitumour activities
and were able to inhibit the growth of various human tumour cell lines in vitro. Several of the derivatives
were demonstrated to cause DNA interstrand cross-links by an alkaline agarose gel shifting assay. These
conjugates were cytotoxic to a variety of cancer cell lines by inducing DNA damage, delaying cell cycle
progression in the G2/M phase and triggering apoptosis. Compound 21a, dissolved in a vehicle suitable
for intravenous administration, was selected for antitumour studies in animal models. We demonstrated
that at a dose that did not cause body weight loss in mice, compound 21a could significantly suppress the
growth of tumour xenografts of human lung cancer H460 and colorectal cancer HCT-116 cells in nude
mice. Our present results confirm the antitumour activities of these conjugates.

DNA cross-Linking
Apoptosis

© 2020 Elsevier Masson SAS. All rights reserved.

1. Introduction

Cancer is one of the major leading causes of death worldwide.
The design of new antitumour agents is one of the most challenging
tasks in the field of medicinal chemistry. Among anticancer agents,
DNA alkylating agents have attracted attention and have been
widely used as potential therapeutic agents for a long time. Notably,
DNA-damaging therapeutic agents are widely used in combination
therapy with targeted therapeutics as well as immunotherapeutics
in clinical settings [1—4].

Naturally occurring mitomycin C (MMC, 1, Fig. 1) is a clinically
useful chemotherapeutic agent for treating various cancers [5].

* Corresponding author.
** Corresponding author.
E-mail addresses: tlsu@ibms.sinica.edu.tw (T.-L. Su), bmtcl@ibms.sinica.edu.tw
(T.-C. Lee).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.ejmech.2020.112516
0223-5234/© 2020 Elsevier Masson SAS. All rights reserved.

Both MMC and synthetic indoloquinone EQ9 (2) [6], which possess
two reactive nucleophilic centres on its pyrrole, are capable of
inducing DNA cross-linking via bioreductive activation [7].
Numerous pyrrolizine alkaloids [8—10] and their synthetic ana-
logues bearing a bis(hydroxymethyl)pyrrolidine moiety, such as IPP
(3)[11], are also capable of inducing DNA interstrand or intrastrand
cross-linking (CL), giving them potent antitumour activities [12].
Numerous studies had shown that synthetic bis(hydroxymethyl or
alkylcarbamate)pyrroles or pyrrolizines were able to generate an
electrophilic centre on the pyrrole ring, and hence reacted with
DNA to induce DNA interstrand cross-linking (ICL) via an electro-
philic reaction (Fig. 2) [13,14]. Obviously, these agents do not
require bioreductive activation to induce DNA CL.

To explore new bifunctional DNA alkylating agents, we previ-
ously synthesized 3a-azacyclopenta[alindene derivatives (4)
(wherein R' = H or CONH-alkyl; R? = alkyl or aryl), which contain a
bis(hydroxymethyl)pyrrole alkylating pharmacophore and was
viewed as a “benzologue” of IPP (3). Among these congeners,
compound BO-1012 (5) exhibited significant in vitro cytotoxicity
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ABSTRACT: Designing hybrid molecules with dual functions is one
approach to improve the therapeutic efficacy of combination
treatment. We have previously conjugated phthalazine and bis-
(hydroxymethyl)pyrrole pharmacophores to form hybrids bearing
antiangiogenesis and DNA interstrand cross-linking activities. To
improve the bioavailability, we adopted a benzology approach to
design and synthesize a new series of 1,2-bis(hydroxymethyl)benzo-
[g]pyrrolo[2,1-a]phthalazines. These new hybrids retained the dual
functions and could be formulated into vehicles for intravenous and
oral administration. Among them, we demonstrated that compound
19a with dimethylamine at the C6 position markedly suppressed the
tumor growth of human small cell lung cancer cell line HS526,
squamous lung cancer cell line H520, and renal cancer cell line 786-O
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Pyrrole
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DNA
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in nude mice, implying that compound 19a is a broad-spectrum anticancer agent. Our results implicated that the conjugation of

antiangiogenic and DNA cross-linking is likely to be a helpful approach to improving the efficacy of combination therapy.

B INTRODUCTION

Designing hybrid molecules, which possess multiple modes of
action in one molecule, is a promising strategy to discover new
chemical entities with marked anticancer activity."” Since
hybrid compounds are designed by conjugating two or more
different bioactive moieties, they may possess certain
advantages that are features of combination therapy, such as
enhancement of efficacy by targeting different pathways in a
characteristically synergistic or additive manner, reducing
adverse effects, and overcoming drug resistance.>*

Several reviews have reported that pharmacophores such as
quinolone, triazole, and indoles are promising moieties for
emerging novel hybrid molecules with potential for clinical
application.”™” During the past several years, we focused on
developing antitumor hybrid molecules by coupling a bis-
(hydroxymethyl)pyrrole moiety (1, Figure 1) with other active
pharmacophores to generate potent anticancer agents with
dual modes of action.®”'* The scaffold of the bis-
(hydroxymethyl)pyrrole moiety contains two adjacent hydrox-
ymethyl groups, in which the hydroxyl groups serve as leaving
groups, leading to the formation of an electrophilic center at
the N-atom of the pyrrole ring. The electrophilic center
probably targets DNA and hence induces DNA interstrand
cross-links (ICLs).”"* Among these hybrids, indolizino[6,7-
blindoles (2, Figure 1) comprising bis(hydroxylmethyl)pyrrole
and fS-carbolines (3, Topo I/1I inhibiting moiety) have a broad

© 2021 American Chemical Society

7 ACS Publications

spectrum of antitumor activity, and in particular, they potently
suppressed the tumor growth of non-small-cell lung cancer
(NSCLC)."""* Furthermore, compound 2a was shown to have
no cross-resistance to vinblastine and gefitinib. Compound 2a,
either alone or in combination with gefitinib (epidermal
growth factor receptor (EGFR) inhibitor) or cisplatin (DNA
cross-linker), was more potent than irinotecan or cisplatin in
suppressing tumor growth in mice bearing NSCLC H460, PC9
(tyrosine kinase inhibitor (TKI)-sensitive NSCLC), and PC9/
gef B4 (TKl-resistant NSCLC) xenografts."'

The phthalazine scaffold features a nitrogen-containing
heterocycle that displays a variety of pharmacological
activities."> A large number of biologically active compounds
containing phthalazine as the pharmacophore have been
reported in the literature.'>'® Many of them were shown to
inhibit vascular endothelial growth factor receptor-2 (VEGFR-
2) and hence act as antiangiogenic agents.U_19 More recently,
we synthesized a new series of hybrids, namely, 1,2-
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