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Urea-based anticancer agents.
Exploring 100-years of research
with an eye to the future

Roberta Listro?, Giacomo Rossino?, Federica Piaggi®,
Falilat Folasade Sonekan?, Daniela Rossi?, Pasquale Linciano?
and Simona Collina*

Department of Drug Sciences, University of Pavia, Pavia, Italy, ?School of Pharmacy and
Pharmaceutical Sciences, Panoz Institute, Trinity College Dublin, University of Dublin, Dublin, Ireland

Suramin was the first urea-based drug to be approved in clinic, and in the
following century a number of milestone drugs based on this scaffold were
developed. Indeed, urea soon became a privileged scaffold in medicinal
chemistry for its capability to establish a peculiar network of drug-target
interactions, for its physicochemical properties that are useful for tuning the
druggability of the new chemical entities, and for its structural and synthetic
versatility that opened the door to numerous drug design possibilities. In this
review, we highlight the relevance of the urea moiety in the medicinal chemistry
scenario of anticancer drugs with a special focus on the kinase inhibitors for
which this scaffold represented and still represents a pivotal pharmacophoric
feature. A general outlook on the approved drugs, recent patents, and current
research in this field is herein provided, and the role of the urea moiety in the
drug discovery process is discussed form a medicinal chemistry standpoint. We
believe that the present review can benefit both academia and pharmaceutical
companies’ medicinal chemists to prompt research towards new urea
derivatives as anticancer agents.
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Introduction

Suramin: The first urea-based drug. From trypanocidal to
putative anticancer drug

This year marks the 100th anniversary of the introduction of suramin-the first
chemotherapeutic agent developed in a medicinal chemistry project-to clinics (Wiedemar
etal., 2020). Paul Elrich was the first to report the activity of dye or dye derivatives (such as
trypan blue or trypan red) against tropical infections (Wainwright, 2010). To avoid skin
staining as a side effect, and therefore looking for colorless derivatives, Oskar Dressel,
Richard Kothe, and Bernhard Heymann at Bayer replaced the azo moieties present in
trypan dyes with amido and ureyl linkers. These structural modifications preserved the
conjugation between the aromatic rings but did not confer a peculiar coloration to the
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Chemical structures of suramin. The main structural modification that led to the discovery of suramin is highlighted in red.

All
antitrypanosomatidic activities compared to the original dyes.

molecule. urea  derivatives  showed  higher
Particularly, suramin (molecule 205 in the original work) was the
best-in-class compound and in 1922 it entered in therapy for the
treatment of Human African Trypanosomiasis (HAT) (Figure 1)
(Wainwright, 2010).

Despite its poor bioavailability and its intrinsic toxicity,
suramin is still widely used to treat HAT (Steverding, 2010),
and through the years, its use has been extended to other
pathological conditions, including other parasitic infections
(such as leishmaniasis and malaria) and viral infections (such
as HIV, chikungunya, Ebola, dengue, Rift Valley fever and Zika),
although with limited effects (Henf3 et al., 2016; Kuo et al., 20165
Tan et al, 2017). Starting from 1940s, suramin has been
evaluated as an anticancer agent. At first, the capability of
suramin in reducing the tumor mass in mice engrafted with
lymphosarcoma was studied. Later, its potential anticancer
activity was assessed in clinical trials against diverse neoplastic
diseases such as melanoma, breast, prostate, bladder, brain, and
lung tumors. None of these trials proved the efficacy of suramin
as an anticancer agent in monotherapy (Parveen et al., 2022).
be

chemosensitizer in in vivo models by enhancing the efficacy of

Conversely, suramin was shown to an effective
other anticancer drugs such as cyclophosphamide, adriamycin,
mitomycin C, taxol and carboplatin in mice (Osswald and
Youssef, 1979). However, in a Phase I clinical study concluded
in 2003, the association of nontoxic doses of suramin with taxol
or carboplatin did not overcome drug resistance in patients with

drug-resistant non-small cell lung cancer (Villalona-Calero et al.,
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2003). Several combination of suramin with anticancer agents
endowed with different mechanisms of action have been
1989),
nucleic acid polymerases, fibroblast growth factor receptors
(FGFR), heparanase (Nakajima et al, 1991), serine and
1997), caspase (Eichhorst
telomerase histone-

proposed, namely protein kinases (Hensey et al,

cysteine proteases (Cadéne et al,
2004),
deacetylases (Trapp et al, 2007), methyltransferases (Feng
2010), RNA-binding protein (i.e. HuR) (Kakuguchi
2018), and many others. The association of suramin

et al, and sirtuin histone
et al.,
et al,
with estramustine and docetaxel showed promising results in
hormone-refractory prostate cancer patients, though additional
trials are necessary to warrant the clinical use of suramin in
combinatorial antineoplastic therapies.

Along the years, several suramin derivatives have been
developed to enhance its anticancer activity. Firsching et al.
(1995) were the first to investigate the antiproliferative and
angiostatic activity of a series of nineteen suramin derivatives
(1, Figure 2) against 5 different human cell lines (HT29, MCF?7,
SW13, PC3, and T47D). The structure activity relationship
(SAR), mainly delineated on the HT29 activity, suggested that
the number and position of the sulfonic groups do not affect the
activity of the molecules (HT29 ICsq = 43-390 uM) indicating
the effect of other functional groups, and in particular of the urea
moiety, its antiproliferative activity. Indeed, the symmetry of the
molecule around the urea moiety seemed to be mandatory for the
anticancer activity, as the asymmetrical and truncated suramin
derivatives were ineffective against the tumor cell lines that were
investigated. Moreover, the replacement of the urea bridge with a
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-Simmetry at the urea moiety is pivotal for anticancer
activity

-Asymmetrical and truncated suramin derivatives resulted
ineffective against all the tumor cell lines investigated
-Replacement of the urea with a less stiffened linkers
produced less active analogues
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Chemical structures and SAR highlights of the suramin’s derivatives with proved anticancer activity.

less stiffened linker—succinic acid diamide—produced the least
active of the suramin analogues (ICs, > 500 M against almost all
the selected cell lines). This trend was almost maintained against
the other investigated cancer cell lines (T47D ICsy = 73-196 puM,
MCF7 ICsy = 31-300 uM, PC3 ICsy = 100-190 uM, and
SWI3 ICs, = 135-180 pM).
importance of the urea central unit for antiproliferative action
(Firsching et al.,, 1995).

McCain et al. (2004) investigated the effect of suramin and

This evidence suggested the

45 other congeners as inhibitors of protein-tyrosine phosphatases
(PTPs), including Cdc25A. Cdc25A is considered an oncogene
and it is overexpressed in breast, head and neck tumors. Several
suramin derivatives resulted potent (ICs, < 5 uM) and specific (at
least 20-30-fold specificity) Cdc25A inhibitors with respect to
the other human PTPs tested. SAR profiles revealed that it was
the core structure rather than the terminating functionality to
affect the inhibitory properties of the molecules. It also appears
that both halves of the symmetrical suramin core structure and
urea moiety are required for high affinity binding to all PTPs
studied. In 2020, Parveen et al. (2020) reported the
antiproliferative activity of NCTU-Alan-2026 (Figure 2), a
suramin analogue. The mechanism underlying NCTU-Alan-
2026’s anti-mitogenic activity is mediated by the capability of
the molecule to effectively interact with the heparan sulfate
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binding site of FGF1, thus blocking the interaction between
FGF1 and FGFIR2 which ultimately
proliferative

results in anti-

activity. The same authors designed and
synthesized a new series of congeners and assessed the anti-
proliferative activity in breast cancer MCF7 cell lines, with
compound 2 (Figure 2) showing an ICs, of 193 uM. Although
they were slightly less active than suramin (MCF7 ICsy =
153 uM), these derivatives showed a better safety profile, thus
encouraging further in vivo investigation (Parveen et al., 2020).
The binding of these compounds at FGF1 was confirmed by

NMR spectroscopy.

Urea-based anticancer drugs

Suramin is the first ever drug containing a urea moiety to be
introduced to clinics. Since then, urea soon became a privileged
scaffold in medicinal chemistry, as proved by the presence of this
moiety in several drugs and bioactive compounds endowed with
a broad range of therapeutic and pharmacological properties.
Querying the ChemBL, over 90,000 synthetic compounds
possessing the urea scaffold in their structure were retrieved
(Gaulton et al., 2012). Over the last 20 years there has been an
increasing interest of the pharmaceutical community in the
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Number of publications (reviews and articles) and patents per

year (from 2000 to 2021) reported in literature about urea-based
compounds as anticancer agents. Source Scopus and Espacenet
(last web access on 14 July 2022).

design and development of novel urea-based anticancer
compounds as testified by the exponential growth in the
number of documents published per year from the years
2000-2022 (Figure 3).

Recently, several comprehensive reviews have been published
about the physicochemical properties of urea, the traditional and
breakthrough synthetic methodology of this functional group,
and the exploitation of this moiety in modern drug discovery and
medicinal chemistry (Ghosh and Brindisi, 2020; Catalano et al.,
2021; Liang et al., 2021; Siddig et al., 2021).

Herein, we will give a comprehensive overview on the urea
derivatives developed as anticancer agents, highlighting the
relevance of the urea functionality from a medicinal chemistry
standpoint, and providing the up-to-date information (according
to FDA’s and EMA’s websites and to AdisInsight repository, last
access on 16 August 2022) about their therapeutic use, and the
highest clinical phase reached. We will provide a dissertation

10.3389/fchem.2022.995351

about urea-based anticancer drugs characterized by different
mechanisms of action (Figures 4, 5), followed by a special
focus on the kinase inhibitors approved for clinical use or
currently in clinical trials. Lastly, a patent survey as well as an
outlook on the future directions of the research in this field will
also be drawn.

Hydroxycarbamide

Hydroxycarbamide (HU, Figure 5) is an antimetabolite
discovered in 1928, but its effectiveness as an anticancer drug
was demonstrated in clinical trials in the 1960s by Bristol-Myers
Squibb. In 1967, HU was launched worldwide for the treatment
of diverse tumors such as primary brain cancer, renal cell
carcinoma, head and neck cancers, melanoma, and breast
cancer. Starting from 1980s, HU was further approved for the
treatment of chronic myeloproliferative disorders (MPDs) and
chronic myeloid leukemia (CML) (Spivak and Hasselbalch,
2011). HU is a selective and potent inhibitor of ribonucleotide
reductase (IC5, = 87 uM) by selectively quenching the tyrosyl free
radical. This induces the inhibition of DNA synthesis as HU
starves the DNA polymerase at the replication forks for dNTPs
(Kog et al., 2004). The non-specificity of its mechanism of action
makes HU to be an effective cytostatic anticancer drug in a wide
variety of cells with a high turnover. Moreover, the depletion of
the deoxyribonucleotide pool induced by HU, enhances the
anticancer activity of pyrimidine and purine antimetabolites.
Several studies demonstrated the potential of HU in
sensitizing tumors to other chemotherapeutic agents (Spivak
and Hasselbalch, 2011).

Alkylating agents

Nitrosoureas are an old class of alkylating anticancer drugs,
characterized by the N-nitroso-urea scaffold from which their

Hydroxycarbamide
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Chemical structure and main therapeutic use of the urea-based anticancer drugs (not active as kinase inhibitors) herein discussed.

peculiar mechanism of action arises (Gnewuch and Sosnovsky,
1997). The N-nitroso-urea undergoes spontaneous degradation
producing highly reactive alkylating species that generate DNA
crosslinking, thus blocking DNA replication and transcription
(Colvin et al,, 1976; Kohn, 1977; Tong and Ludlum, 1978).
Moreover, the reactive species may react with the nucleophilic
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residues of the DNA repairing enzymes causing their irreversible

inactivation. Carmustine, lomustine, fotemustine and

streptozocin are the main representative and still clinical used
nitrosoureas (Figure 5) (Avendaiio and Menéndez, 2015).
Lomustine, was the first nitrosourea discovered and it was
subsequently launched in 1976. Thanks to its high
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lipophilicity, it is able to cross the BBB by diffusion and for this
reason it is mainly used for the treatment of brain tumors or as a
second-line treatment for Hodgkin’s lymphoma. Lomustine
inhibits the growth of U87 and temozolamide-U87 cell lines
with an ICsy of 55 and 86 pM, respectively. Lomustine reduces
the level of expression of the DNA repair protein O6-
alkylguanine-DNA alkyltransferase (Yamamuro et al, 2021).
Despite its congeners, lomustine is the sole nitrosourea that is
administered orally. Lomustine is still approved in the EU but not
in the United States. Carmustine was launched the following
year (in 1977) and it is still used to treat several types of brain
cancer including glioma, glioblastoma multiforme (U87 IC5, =
18.2 uM), medulloblastoma and astrocytoma, multiple myeloma,
and lymphoma (Hodgkin’s and non-Hodgkin’s) (Avendafio and
Menéndez, 2015; Kumar et al., 2020). Streptozocin is a natural
anticancer antibiotic isolated from a strain of Streptomyces
achromogens. From a chemical standpoint it is a glycosylated
nitrosourea and it was approved by the United States FDA in
1982 (Vavra et al, 1960 Bhuyan, 1970). The presence of the
glucopyranoside sugar portion (in both anomeric forms) gives
the structure good solubility in water in comparison to other
lipophilic antineoplastic nitrosoureas. The sugar moiety makes
the molecule selective for Langerhans cells as it exploits the
glucose transporters to concentrate the compound in the B cells
of the pancreas (Hosokawa et al., 2001). For this reason, it is
mainly used for the treatment of metastatic cancer of pancreatic
islet cells (Brentjens and Saltz, 2001). Lastly, fotemustine was
developed by Servier and was launched for the first time in
France in 1989. It has since been made available to other
in the EU and worldwide, but not in the
United States. Fotemustine alkylates guanine by forming

countries

chloroethyl adducts at the O6 of guanine, resulting in N1-
guanine and N3-cytosine cross linkages, inhibition of DNA
synthesis, cell cycle arrest, and finally apoptosis (Hayes et al.,
1997). This agent is high lipophilic and crosses the blood-brain
barrier and for this reason, it is employed for the treatment of
disseminated malignant melanoma (ICs5y = 173.326 and 125 uM
against A375, MABe and RPMI-7591 cell lines, respectively),
including cerebral metastases (Moarbess et al., 2008; Menaa,
2013).

Gonadotropin-releasing hormone based
therapy

Degarelix (Figure 5) is an injectable gonadotropin-releasing
hormone (GnRH) receptor peptide antagonist launched in
Europe in 2009 by Ferring Pharmaceuticals for the treatment
of prostate cancer. Prostate cancer is known to be hormone-
sensitive and responds to anti-androgen treatments (Chuu et al.,
2011). Degarelix inhibits gonadal testosterone synthesis in men,
and estrogen synthesis in women. It was developed within a
medicinal chemistry program aimed at the amelioration of the
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pharmacodynamic and pharmacokinetic properties of the
gonadotropin secretion antagonists cetrorelix (Bajusz et al.,
2009) and ganirelix (Nestor et al, 1992). Despite their
potency, these two peptides suffer from the stimulation of the
release of histamine and relative short acting activity. Moreover,
all the previously reported GnRH antagonists have poor water
solubility and form gels at low concentration thus preventing the
development of formulations that would last more than a month.
To improve the solubility and the receptor binding ability of
these peptides, functional groups that are able to form H-bonds
such as the urea moiety (or cyclic congeners) have been
introduced onto the side chain of specific amino acids.
Degarelix was the most potent (GnRH ICsy = 3nM)
derivative, with very long-acting activity, higher solubility and
without propension to form hydrogels, thanks to the presence of
the urea moiety. It stabilizes a favorable peptide secondary
structure that is less amenable to forming gels. Lastly, the
chemistry of urea unlocked the synthesis of this peptide on
solid 2001). The
pharmacodynamic and pharmacokinetic properties allowed for

support (Jiang et al, improved
once monthly administration of the drug. Degarelix has been
launched in the United States, EU, and other countries
worldwide, for the treatment of prostate cancer. A single dose
of degarelix, followed by a monthly maintenance dose, causes a
rapid decrease in LH and FSH concentrations and, consequently,
testosterone (Van Poppel, 2010). Serum concentrations of
dihydrotestosterone (DHT) decrease in the same way as those
of testosterone. The monthly maintenance dose allows for the
suppression of testosterone to be sustained in 97% of patients for
at least 1 year, well below medical castration levels (Persson et al.,
2009).

Goserelin (Figure 5) is a synthetic analogue of the
(LHRH),

developed by AstraZeneca. It has been launched in over

luteinizing ~ hormone-releasing ~ hormone
100 countries for the treatment of prostate cancer, early
breast cancer, uterine hemorrhage, and endometriosis.
in 1987 when Dutta et al

synthesized a series of LHRH analogues containing an aza-

Goserelin was discovered

aminoacid in position 6, 9, or 10 of the endogenous peptides.
The introduction of an aza residue in the peptide was
beneficial for obtaining derivatives with a higher affinity
for the receptor site (GnRH ICsq = 2nM) and for
enhancing the stability towards enzymatic degradation,
thus improving the pharmacokinetic profile (Dutta et al.,
1978). Unlike degarelix, LHRH agonists induce a prolonged
blockage of the production of androgen and estrogen
hormones thus inducing a drastic reduction in the level of
testosterone and estradiol after a month of therapy. An effect
comparable to chemical castration is achieved after 4 weeks.
As a side effect, such synthetic hormones may often stimulate
the growth of prostate cancer in men, and breast cancer in
the first of therapy, thus
compromising the efficacy of the treatment (Nasser, 2022).

women during 2 weeks
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Relugolix (Figure 5) is a gonadotropin-releasing hormone
(GnRH) receptor antagonist that prevents the secretion of GnRH
(GnRH ICsy, = 0.33 nM) (Huirne and Lambalk, 2001). This
results in a reduction of the gonadotropins luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) levels,
leading to the suppression of estrogen production in women and
testosterone production in men. Low levels of estrogen and
testosterone can help control of the growth of sex hormone-
based tumors such as uterine lelomyoma in woman and prostate
cancer in men. The research in this field led to the development
of relugolix by Takeda. It was marketed in 2020 in the
United States for the treatment of advanced prostate cancer
(Shore et al., 2020). Relugolix was moreover registered also in
Japan, for uterine leiomyoma (2019) and it was also approved
this year in the European Union for the treatment of advanced
hormone-sensitive prostate cancer. In addition, Myovant
Sciences proved the beneficial effect of the co-administration
of estradiol, norethisterone and relugolix for the treatment of
heavy menstrual bleeding associated with uterine fibroids
(uterine leiomyoma) (Ali et al., 2022). This drug association
aims to optimize estradiol levels to achieve the long-term benefit
of relugolix, while mitigating the side effects from a low-estrogen
state. It is already available in the United States, and it has been
approved in the EU for uterine leiomyoma.

Hedgehog signal transduction inhibitors

Glasdegib (Figure 5), discovered by Pfizer, is the only drug
currently approved for the treatment of acute myeloid leukemia
(AML) and it represents the first and only Hedgehog pathway
inhibitor approved for human use (Goldsmith et al, 2019;

Thompson and Donald, 2020). This drug inhibits a
transmembrane protein involved in hedgehog signal
transduction (Fukushima et al, 2016). The Hedgehog

signaling pathway plays an essential role in embryogenesis
(Pak and Segal, 2016). Glasdegib was registered in 2018 by
FDA for the treatment of AML in adult patients who are
75 years or older or have comorbidities that preclude the use
of intensive induction chemotherapy (Goldsmith et al., 2019;
Thompson and Donald, 2020).

Prostate-specific membrane antigen
directed drugs

Prostate-specifc membrane antigen (PSMA) inhibitors have
been recently introduced in clinic as radiotracers or theragnostic
agents. PSMA, also known as folate hydrolase I (FOLH1) and
glutamate carboxypeptidase IT (GCPII), is a 750-aminoacid type
IT transmembrane glycoprotein which is 1000-fold overexpressed
on the surface of prostate cancer cells. This difference in
expression of PSMA between normal and cancerous cells
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accounts for the high selectivity of these inhibitors (Evans
et al, 2016). The discovery of these high affinity PSMA
ligands, took place by Kozikowski et al. Starting from the
structure of the N-Acetyl-L-aspartyl-L-glutamate (NAAG)
peptide, which is one of the substrates of GCPII, the authors
developed a first series of 4,4'-phosphinicobis-butane-1,3-
dicarboxylic acids as potent GCPII inhibitor (IC5, = 21.7 nM).
With the aim to develop a chemically accessible second series of
congeners for a swift SAR study, the authors replaced the
phosphinic moiety present in the first generation of PSMA
ligands with the urea moiety (Figure 6). The urea was chosen
to mimic a planar peptide bond between the two amino acids and
to improve the resistance to enzymatic hydrolysis (Kozikowski
etal., 2001). According to the results achieved, the glu-ureido-glu
moiety first, and the glu-ureido-lys moiety then, began to become
a common scaffold in the design of the PSMA ligands and of the
corresponding radioactive-nuclide derivatives (Figure 6).
N-[N-[(S)-1,3-dicarboxypropyl] carbamoyl]-(S)-["'C]methyl-
L-cysteine ([''C]DCMC) was the first reported radiolabeled
inhibitor. However, the short half-life of carbon-11 forced the
medicinal chemist to consider a different radioisotope, such as
['**1] or [**F]. In particular, ['°F] is a p+ emitting radionuclide
that enables positron emission tomography. ['**F]DCFBC (N-[N-
[(5)-1,3-
Leysteine) was initially synthesized as a proof of concept for the

dicarboxypropyl]carbamoyl]-(S)-4-['*F]fluorobenzyl-

exploitation of fluorine-18 for clinical translation. Although ['*F]
DCFBC was suitable for the visualization of PSMA positive
prostate cancer in mice, it is characterized by a long
blood residence, which reduces the tumor-to-background
ratio (Rowe et al., 2015). Conversely, the pyridyl derivative [*°F]
DCFPyL (2-(3-{1-carboxy-5-[(6-[**F]fluoro-pyridine-3-
carbonyl)-amino]-pentyl}-ureido)-pentanedioic acid) showed a
higher binding affinity for PSMA and tumor uptake, and lower
blood persistence than ['"*F]DCFBC, with an overall suitable profile
for use in humans (Chen et al., 2011). It was further developed by
Progenics Pharmaceuticals under the name of Piflufolastat F18
(Figure 5) and it is available in the United States for the
identification of suspected metastasis or recurrence of prostate
cancer. The candidate is under regulatory review in the EU. The
extensive SAR around the glu-ureido scaffold, supported by the
crystallographic structures resolved for four PSMA inhibitors,
validated the urea as a worthy surrogate of the peptide bond.
From X-ray structures, the glu-urea-lys moiety fits within the
GCPII SI” pocket with the same orientation for all the four
derivatives, with the urea interacting with the active-site Zn,**
ion and the side chains of Tyr552 and His553 (Barinka et al., 2008).
Banerjee et al. designed a series of PSMA inhibitors based on the
glu-urea-lys peptidomimetic that chelate **Ga as radiotracers
(Banerjee et al, 2010). [**Ga]PSMA-11
Gozetotide Ga-68, Figure 5) was the best-in-class derivative

(also known as
and was further developed by RadioMedix as a tomographic

imaging enhancer radiopharmaceutical for the diagnosis of
prostate cancer, adenoid cystic carcinoma, renal cell carcinoma,
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Medicinal chemistry rationale that was leading to the development of piflufolastat F18, gozetotide Ga-68 and lutetium (177Lu) vipivotide

tetraxetan starting from NAAG.

solid tumours, thyroid cancer, liver cancer and ovarian cancer,
using positron emission tomography-computed tomography
(PET-CT). Gallium (**Ga) gozetotide is approved in the
United States for the diagnosis of prostate cancer and it is
undergoing registration in several countries worldwide.
However, Gallium (®*Ga) gozetotide was not suitable for
radiolabeling with therapeutic radiometals. To fix this issue,
Benesova et al. reported the synthesis of 177Lu-PSMA-617,
where the chelator was conjugated to the Glu-urea-Lys by a
naphthalic spacer (Benesova et al., 2015). The naphthalic spacer
introduced to reach the accessory hydrophobic pocket in the
S1 pocket was detected through the analysis of the GCPII-
PSMA inhibitor crystallographic structures. The naphthyl
function  improved  the  tumor-targeting and  the
pharmacokinetics of this PSMA inhibitor. 177Lu-PSMA-617 is
characterized by a high binding affinity and internalization,
together with a prolonged tumor uptake and rapid kidney
clearance making it suitable for endoradiotherapy (ERT)
(Pastorino et al, 2020). At the target site, the decay of
Lutenium-177 releases a [-particle that causes the focused
death 177Lu-PSMA-617 was further

developed by Advanced Accelerator Applications (a subsidiary

of the cancer cell

of Novartis) with the name of lutetium (177Lu) vipivotide
tetraxetan (Figure 5). It is approved in the United States for
the treatment of (PSMA)-positive metastatic castration-resistant
prostate cancer. Preregistration is ongoing in EU.

Kinase inhibitors

In the late 1990s, the discovery of the key role of the kinase-
regulated biochemistry pathway in the genesis, sustainment and
proliferation of cancer was a breakthrough for new, effective, and
selective anticancer therapeutic strategies. Some kinases, such as
EGFR (Ayati et al., 2020; Sabbah et al., 2020), VEGER (Shibuya,
2011; Modi and Kulkarni, 2019; Wang et al., 2020), RAF kinases
(Holderfield et al., 2014; Karoulia et al., 2017), PKC (Rui et al.,
2017; Linciano et al., 2022), and Aurora kinases (Bavetsias and
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Linardopoulos, 2015; Yan et al., 2016), just to cite a few, are
amplified in various cancer types and their dysregulation is
associated with poor prognosis in cancers. Accordingly, the
development of drugs targeting several kinases resulted in the
winning pharmaceutical option (Kannaiyan and Mahadevan,
2018; Cohen et al., 2021). The approval of the first urea-based
oral multikinase inhibitor for the treatment of cancer in humans
(Sorafenib) in 2005 represented a milestone in this field. To
the
properties of sorafenib and to widen its activity against other

ameliorate pharmacodynamic and pharmacokinetic
tumors, several medicinal chemistry campaigns have been
accomplished, leading to the discovery of over 60 kinase
inhibitor anticancer drugs (Ayala-Aguilera et al., 2022). From
a medicinal chemistry standpoint, the urea moiety played a
pivotal role in the design of these kinase inhibitors, and it is
present as a central scaffold in 10 kinase inhibitors over
66 approved drugs (Ayala-Aguilera et al, 2022). The urea-
based kinase inhibitors are reported in Figure 7 and will be
discussed in the following.

Sorafenib was discovered within a drug discovery
the Ras-Raf-MEK-ERK oncogenic
pathway (Wilhelm et al., 2006). The assessment of a library
0f200,000 compounds against Rafl (or c-Raf) kinase led to the
identification of the 3-thienyl urea 3, which exhibited a c-Raf
ICso of 17uM and was therefore selected for further
improvement (Figure 8) (Riedl, 2001; Smith et al., 2001).
Nevertheless, the first SAR study around the 3-thienyl urea
did not result in a significant improvement in the potency of

campaign targeting

the original hit compound. To quickly extend the SAR, both
Bayer and Onyx Pharmaceuticals synthesized a new library of
almost 1000 bis aryl ureas that were prepared using a parallel
synthesis approach. The 3-amino-isoxazole 4 exhibited a
c-Raf kinase ICso of 1.1 uM (Figure 8) (Smith et al., 2001).
The subsequent replacement of the distal aromatic ring with
bioisosteres, while preserving the central urea moiety, led to 5.
It was selected as lead compound due to its druggability, its
activity in HCT116 proliferation assays and its ability to
decrease the phosphorylation of MEK and ERK. Further
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Key steps in the optimization process of sorafenib starting from the first identify diarylurea.

preclinical studies demonstrated the efficacy of 5 in inhibiting
the growth of HCT116 xenografts, thus providing the first
proof of concept for the inhibition of c-Raf kinase, a suitable
anticancer therapeutic strategy (Figure 8). Further lead
optimization studies confirmed the key role of the urea
moiety in the Rafl kinase inhibition. The modification of
both the heterocyclic moiety and the distal pyridine ring of
compound 5 led to the identification of sorafenib (c-Raf
IC50 = 6 nM), which has been shown to be effective in both
preclinical and clinical studies against several forms of human
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cancer (Lowinger et al., 2002). Further studies showed the
capability of sorafenib to inhibit other intracellular (c-Raf,
BRAF and mutant BRAF) and cell surface kinases (KIT, FLT-
3, VEGFR-2, VEGFR-3, and PDGFR-) (Wilhelm et al., 2004).

The importance of the urea moiety in sorafenib and its
congeners was rationalized in 2004, thanks to the X-ray
crystallographic structure of BRAF in complex with sorafenib
(Wan et al., 2004). As it can be observed in PDB ID: ITUWH, the
distal pyridyl ring of sorafenib binds within the ATP binding
pocket and interacts with Trp530, Phe582 and Phe594. The

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.995351

Listro et al.

aliphatic side chains of Lys482, Leu513, and Thr528 contact the
central phenyl ring of the inhibitor, whereas the trifluoromethyl
phenyl ring is buried into a hydrophobic pocket delineated by
helices C and E and the N-terminal portion of the kinase. The
urea group that plays a pivotal role in c-Raf inhibition forms two
hydrogen bonds; the first is established between the nitrogens of
the urea and the carboxylate side chain of the catalytic Glu500,
whereas the second involves the carbonyl moiety and the peptidic
nitrogen of Asp593. These observations provided a clear
rationale for the importance of the urea moiety in the design
of effective c-Raf inhibitors (Wan et al., 2004).

Regorafenib is a fluorinated analogue of sorafenib (Wilhelm
etal., 2011) with a comparable pharmacodynamic profile and an
enhanced clinical performance, mainly related to the presence of
the fluorine atom at the central aromatic ring. In 2012, it was
approved the treatment of metastatic colorectal cancer (Dhillon,
2018) and in 2017 its use was extended to advanced
hepatocarcinoma (Heo and Syed, 2018).

Donafenib is a modified form of sorafenib with a
trideuterated N-methyl group at the distal pycolinamide
moiety. The introduction of the deuterium atoms was guided
by the necessity to potentially enhance the stability of sorafenib,
thus improving the pharmacokinetic profile. In vitro studies
demonstrated that donafenib and sorafenib have similar
antiproliferative potency in multiple human cancer cell lines.
Preclinical, Phase Ia and Ib studies have demonstrated good
efficacy and safety profiles for donafenib (Bi et al., 2017; Li et al.,
2020). Donafenib is approved in China for the treatment of
hepatocellular carcinoma. Other clinical investigations for biliary
cancer, acute myeloid leukaemia, thyroid cancer, gastric cancer,
gastrointestinal cancer, esophageal cancer, nasopharyngeal
cancer, colorectal cancer, cervical cancer and non-small cell
lung cancer are underway in China.

Lenvatinib is another oral multikinase inhibitor successor of
sorafenib. It is a type IIA inhibitor of VEGFR2 (ICso = 4 nM),
although Okomoto et al. recently suggested a re-classification of
lenvatinib as a type V inhibitor (Okamoto et al, 2015).
Lenvatinib is also an inhibitor of VEGFR1 (ICs, = 22 nM)
and VEGFR3 (ICso = 5.2nM) and other pro-angiogenic and
pro-oncogenic receptor tyrosine kinases, including FGFR 1
(ICs, = 46nM), PDGFR a and B (ICs, = 51 and 39nM,
respectively), and KIT (ICs, = 100nM). In 2015, it was
approved for the treatment of non-radioiodine responsive
thyroid cancer and in 2016 (Hamidi et al, 2022), for
advanced renal cell carcinoma in combination with
everolimus (Motzer et al, 2015, 2021). It is currently in
clinical trials for the treatment of hepatocellular carcinoma.
Lenvatinib differs from regorafenib and sorafenib as the
diaryl-urea core scaffold has been replaced with an N-aryl-N-
cyclopropyl Notwithstanding this difference, the
crystallographic of lenvatinib with VEGFR-2
demonstrated an overall comparable binding mode to
sorafenib with BRAF (PDB ID: 3WZE) (Okamoto et al,

urea.
structure
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2015). Both drugs bind at the ATP-binding site of the
receptor by exploiting the urea core scaffold which occupies a
nearly identical position. The urea is involved in a network of
H-bonds with the main-chain nitrogen of Asp1046 and the
carboxylate in the sidechain of Glu885 as already observed in
the binding mode of sorafenib at VEGFR-2. Notwithstanding the
binding mode interests the ATP-binding site on VEGFR2 as well
as the neighboring nonconservative allosteric region, the
VEGFR2 structure complexed with sorafenib is in a DFG-out
conformation, whereas VEGFR2 complexed with lenvatinib is in
a DFG-in conformation. This different behavior might justify the
longer residence time observed for lenvatinib than sorafenib
(Okamoto et al., 2015).

Tivozanib is a potent pan-VEGFR tyrosine kinase
inhibitor developed by Kirin Brewery, Co., Ltd. It showed
picomolar activity against all three VEGFR isoforms (VEGFR-
2 ICsy = 0.16 nM, VEGER-1 ICs, = 0.21 nM, and VEGFR-3
ICsp = 0.24 nM) (Nakamura et al., 2006). Additionally, it has
nanomolar activity for cKIT and PDGFR at 1.63 and 1.72 nM,
respectively. The sole information regarding the discovery of
tivozanib is only reported in patent no. US2003087907A1
(Kubo et al., 2002). The medicinal chemistry aspect of this
study is not available. Tivozanib was approved in 2017 by the
EMA and in 2021 by FDA as a first-line therapy for the
treatment of relapsed or refractory advanced renal cell
carcinoma (Salgia et al., 2020).

Ripretinib is a novel type II tyrosine switch control inhibitor
being developed by Deciphera Pharmaceuticals for the treatment
of KIT or platelet derived growth factor receptor A (PDGFRA)-
driven cancers, including gastrointestinal stromal tumor.
Ripretinib inhibits KIT and PDGFRA kinases, including other
kinases such as PDGFRB, TIE2, VEGFR2 and BRAF (Okamoto
etal, 2015). Ripretinib is a type II “switch-control” kinase inhibitor
that forces the activation loop (or activation “switch”) into an
inactive conformation (Smith et al, 2019). This innovative
mechanism of action for ripretinibb and congeners was
confirmed by the recently resolved X-ray crystal structure of
KIT1 kinase in complex with the ripretinib chloro analog DP-
2976 (PDB ID: 3WZE). The carbonyl of the pyrimidone ring and
the urea moiety in particular is involved in a dense network of
H-bonds with the key amino acids Lys623, Asp640, and Glu810.
These hydrogen bonds contribute to the switch of the kinase
activation loop into the inactive type II state. Moreover, the
pyridone ring forms additional hydrophobic interactions to
further maintain the activation loop in its inactive state. The
observed binding mode rationalized the peculiar mechanism of
action of ripretinib. The sole information regarding the discovery
of ripretinib is only reported in patent no. US8461179B1 (Flynn
et al,, 2012). The medicinal chemistry aspect of this study is not
available. It was approved for medical use by the FDA in May
2020 and by the EMA in November 2021 for the treatment of
patients with advanced gastrointestinal stromal tumors after
previous therapy with kinase inhibitors.
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Key steps in the design of infigratinib, alpelisib and quizartinib.

Infigratinib is a pan-fibroblast growth factor receptor
(FGFR) kinase 1-4 inhibitor, developed by Novartis. Aimed at
the identification of potent and selective FGFR inhibitors,
Guagnano et al. adopted a nonconventional strategy by
replacing the pyrido [2,3-d]pyrimidin-7- one core structure of
a well-known class of protein kinase inhibitors with a
N-pyrimidin-4- yl-urea motif able to form pseudo six-
membered rings by intramolecular hydrogen bonding, as
depicted in Figure 9 (Guagnano et al, 2011). The first
designed prototype compound 6 showed a submicromolar
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activity against FGFR1 (ICs5y = 570 nM) (Furet et al., 2008). In
a lead optimization process, the key structural motives of another
FGFR1 inhibitor (PD173074, (Barvian et al, 2000)) were
implemented in the chemical structure of 6. Indeed, as
depicted from the crystallographic structure of FGFRI1 in
complex with 6, the two C (3) and C (5) methoxy groups on
the aromatic ring of PD173074 optimally fill the ATP
hydrophobic pocket of the kinase (Mohammadi, 1998). A
series of 3,5-dimethoxy-phenyl pyrimidinyl urea derivatives
were prepared, with Infigratinib being the most potent and
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selective compound of these derivatives. It showed low/sub
nanomolar activity against FGFR1/2/3/4 and high selectivity
over a panel of 76 protein kinases. The achieved binary
FGFRI1-infigratinib complex validated the rationale behind the
design of this new class of FGFR inhibitors. Infigratinib also
possessed a suitable pharmacokinetic profile in rodents to
further inhibited the
proliferation of bladder cancer cells overexpressing wild-type

support in wvivo investigation. It
FGFR3 and demonstrated significant anticancer activity in
RT112 bladder cancer xenografts (Guagnano et al, 2011). In
clinical trials, Infigratinib was assessed for the treatment of head
and neck cancer, breast cancer, urogenital cancer, bladder cancer,
glioblastoma, achondroplasia, gastric cancer, esophageal cancer,
and solid tumors. It is available for the treatment of
cholangiocarcinoma in the United States and is under
regulatory review for the treatment of previously treated
locally

cholangiocarcinoma with a fibroblast growth factor receptor 2

unresectable advanced or metastatic
(FGFR2) fusion or other rearrangement in the EU.

Alpelisib is an orally bioavailable phosphatidylinositol 3-
kinase (PI3K) inhibitor that was developed by Novartis Oncology
and assessed for the treatment of diverse solid tumors such as
breast cancer, ovarian cancer, and head and neck cancer.
Alpelisib is a selective inhibitor of PIK3 in the PI3K/AKT
kinase signaling pathway (Yang et al., 2019). This signaling
pathway is associated with cancerogenesis and its
dysregulation may contribute to tumor resistance. Alpelisib
was developed by the same team of medicinal chemists that in
the same years discovered infigratinib. Furet et al., reported that
the 2-aminothiazole scaffold was a suitable template for the
design of selective PI3K inhibitors (Figure 9) (Furet et al,
2013). The first selective PI3Ka prototype (7) was obtained by
appending a proline residue to the amino group in position 2 of
the thiazole using a ureidic linker (Bruce et al., 2012). Through a
structure-based approach, the molecule was properly modified to
maximize the binding at the ATP pocket of PI3Ka without
altering the ureido-thiazole core scaffold as the thiazole
nitrogen and the 2-NH group formed key bidentate H-bonds
with key amino acids of the kinase. All the designed derivatives
showed low nanomolar inhibitor activity against PI3Ka, with
the

Unfortunately, metabolic studies on rat hepatic microsomes

compound 8 being most interesting candidate.
revealed a rapid metabolism of the compound, mainly at the
t-butyl side chain. To fix this issue, one methyl group of the
t-butyl radical was substituted with a CF; which significantly
improved the metabolic stability and reduced in vivo clearance,
resulting in the identification of alpelisib. The crystallographic
structure of alpelisib in complex with PI3Ka supported the
medicinal chemistry rationale as the capability of the
compound to establish a couple of H-bonds between the
the of GIn859 was
experimentally observed (Furet et 2013).  Alpelisib

displayed a selectivity for p110a 50-fold higher than 442 other

ureidic-thiazole and side chain

al.,
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kinases, no inhibition of the CYP450 cytochrome and an
excellent oral bioavailability in mice, rats and dogs. The
proved anticancer activity of alpelisib in PI3Ka driven tumors
in animal xenograft models and overall good tolerability
supported the further clinical investigation (Furet et al., 2013).
Interestingly, the combination of alpelisib and fulvestrant
demonstrated increased antitumour activity in comparison to
either treatment alone (André et al., 2021) and was registered in
Australia and the EU in 2020 and marketed in the United States,
Netherlands, Finland, UK and Canada in 2021.

Larotrectinib is a first-in-class, highly selective TRK
inhibitor (Federman and McDermott, 2019). It was developed
within a joint collaboration between Bayer and Loxo Oncology (a
subsidiary of Eli Lilly), for the treatment of adult and pediatric
patients with solid tumors (i.e, non-Hodgkin lymphoma,
histiocytic disorders and primary CNS cancers) harboring
neurotrophic receptor tyrosine kinase (NTRK) gene fusions
(Yang et al, 2022). The sole information regarding the
discovery of Larotrectinib is only reported in patent no.
US8461179B1 (Flynn et al, 2012). The medicinal chemistry
aspect of this study is not available. Larotrectinib binds at the
ATP binding site of the TRK kinase family resulting in a potent
inhibition of TRKA, TRKB and TRKC with ICs, values of 6.5,
8.1 and 10.6 nM, respectively, and in a highly selective manner
over a panel of kinase and non-receptors (Federman and
McDermott, 2019). TRK is mutated in a variety of cancer cell
types and these mutations play an important role in tumor cell
growth and survival and in drug resistance. Interestingly,
larotrectinib showed nanomolar inhibitor activity against the
most prevalent TRKA mutations (TRKAS**® ICs, = 109.4 nM,
TRKA®7C ICsy = 32.2nM, and TRKA™*" ICs, = 43.1 nM).
Larotrectinib was launched in 2018 in the United States for the
treatment of NTRK gene fusions-based solid tumors and in the
following years it was registered in the EU and other countries
worldwide for the same therapeutic indication.

Quizartinib is an FLT3 kinase inhibitor developed by Daiichi
Sankyo Company (previously Ambit Biosciences) and Astellas
Pharma, for the treatment of acute myeloid leukaemia (AML)
and myelodysplastic syndromes. FLT3 kinase is mutated in
approximately one-third of patients with AML, and these
patients are less responsive to traditional therapies. From a
medicinal chemistry standpoint, quizartinib was developed
starting from a high-throughput screening (HTS) of small
libraries of compounds using the KinomeScan™ technology
(proprietary of Daiichi Sankyo Company). Patel et al. fished
out some urea derivatives with general structure 9 as potent
FLT3 inhibitors (Figure 9). The aim of the SAR study was to
explore the influence of diverse substituents on the aromatic ring
on the FLT3 inhibitory activity, leading to the development of a
series of derivatives with nanomolar ICs, values. Compounds 10
and 11 (Figure 9) were the most potent and selective
FLT3 inhibitors (FLT3 ICs, of 1.1 and 1.6 nM, respectively)
of the series with sub nanomolar ICs, in counteracting the MV4-
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General structures of the different patented compounds.

11 cell lines proliferation and excellent pharmacokinetic

properties and efficacy in a human tumor xenograft model in
mice (Patel et al., 2009). Unfortunately, these two compounds
suffer from very low aqueous solubility, especially at higher

doses, which
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compromises the further development.
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Attributing their improper physicochemical properties to the
presence of the amide moiety between the central aromatic ring
and the distal heterocycles, Chao et al., in a lead-optimization
program, removed the carboxamide and introduced diverse
groups known to improve water solubility on the distal ring.
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The introduced substitutions on the main structure of 11 did not
affect its potency and selectivity against FLT3 or its
antiproliferative activity against MV4-11. Compound 12 was
outstanding due to its superior pharmacodynamic (both in vitro
and in vivo), pharmacokinetic and toxicological profile and was
advanced into Phase II clinical trials for the treatment of acute
myeloid leukemia, with the common name of quizartinib
(Figure 9) (Chao et al., 2009). Quizartinib was marketed in
Japan in 2019 and obtained pre-registration status in the
United States and EU. However, the FDA and EMA express
doubts on the approval of this drug due to the lack of a significant
benefit-to-risk ratio (Garcia-Horton and Yee, 2020).

The patent landscape

Urea-based
applications

compounds with  potential  anticancer

have increased in number, as clearly
demonstrated by the trend in the literature (Figure 3). A
similar trend was observed for patent applications,
highlighting the importance of this chemical scaffold in drug
development at both industrial and academic level. In the last
20 years, more than 30 thousand patents regarding new potential
anticancer agents have been published and among them,
890 patents are focused on urea derivatives as anticancer drugs.

In this section, patents filled in last 10 years are analyzed and
discussed.

All the general chemical structures of the urea-based
molecules protected are reported in Figure 10.

Companies from all over the world in countries such as the
UK, China, Japan, Denmark, Germany, and Australia are active

in this field. This includes bigger industries such as
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GlaxoSmithKline and Merck as well as smaller companies
such as Mochida Pharmaceutical and Aucentra (Figure 11).
Of note, since the exploitation of kinases as worthy
anticancer targets is quite recent, and due to the discovery of
new kinases involved in cancerogenesis, it is not surprising that
the scientific world has focused its efforts on this hot topic. As a
result, sixteen of the twenty-two patents cover the discovery of
kinases inhibitors and ten are owned by Pharma companies.
In 2022, Carna registered patent
W02022059778A1 (Cyclic urea derivatives) regarding the
identification of selective dual-specificity tyrosine-regulated
kinases (DYRK) inhibitors (Sawa et al., 2022). DYRK is a type
of bispecific protein kinase that phosphorylates tyrosine, serine,
and threonine. Five isoforms, namely DYRK1A, DYRKIB,
DYRK2, DYRK3, and DYRK4, were identified to date (Boni
et al., 2020). Particularly, inhibitors of DYRKIA are of interest
for the treatment of EGFR-dependent cancer through the

Biosciences no.

suppression of the cancer cells growing in EGFR-dependent
tumors. The development of these derivatives is ongoing.

Scandion  Oncology  protected  with  patent
US2021251963A1 (Urea derivatives for use in the treatment of
subjects with elevated expression and/or activity of SRPK1) the

no.

discovery of new urea-based Serine/arginine-rich protein-
specific kinase 1 (SRPK1) inhibitors as anticancer agents
(Briinner and Jan 2021). SRPKI1 is involved in the regulation
of several mRNA processing pathways including alternative
splicing, and overexpression of SRPK1 has been reported in
multiple cancers including prostate, breast, lung, and glioma.
Endovion (or NS 3728, SCO-101) was shown to be the most
promising compound and is in Phase II clinical trials for
colorectal tumor and in Phase I clinical trials for pancreatic
and breast cancers.
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Aucentra therapeutic registered patent no. US11325900B2
(5-(pyrimidin-4-yl)thiazol-2-yl urea derivatives as therapeutic
agents) this year, regarding the discovery of urea derivatives
as inhibitors of cyclin-dependent kinases (CDKs) (Wang et al.,
2018).
physiopathology of cancer is isoform CDK8. CDKS8 has

Of interest for its peculiar involvement in the

specifically been reported to be an oncogene connected to
colorectal cancer, activating P-catenin-mediated transcription
that drives colon tumorigenesis. AU2-85 was presented as the
most promising compound with proved anticancer efficacy and
safety profiles in animal models. Currently, AU2-85 (or being a
new chemical entity, it was renamed sunaciclib) is at the late stage
of preclinical studies with a Phase I study planned for 2023.
Mochida  Pharmaceutical
WO2018199166A1 (Novel  tetrahydronaphthyl
derivatives) in 2017 (Saitoh et al, 2018). The company
protected several urea derivatives represented by the general

registered  patent  no.

urea

formula in Figure 10 as Tropomyosin receptor kinase A
receptor (TrkA) inhibitors. TrkA is involved in several
conditions such as pain, neurodegeneration, infection and
particularly cancer. No information about clinical studies for
the molecules of the present patent are reported at the moment.

In 2017, Sunshine Lake Pharma registered patent no.
TW201706256A (Substituted
pharmaceutical uses thereof which provides substituted urea

urea derivatives and
derivatives, and its stereoisomer, geometric isomer, tautomer,
nitroxide, hydrate, solvate, metabolism product, ester, and

pharmaceutically accepted salt or its prodrug), which was

subsequently extended in Europe with accession no.
US10065934B2 (Substituted urea derivatives and
pharmaceutical uses thereof). In these patents, a deep

investigation of the synthetic procedures for the preparation
of urea derivatives as FLT3 inhibitors is reported (Cheng
et al, 2017, 2018). FLT3 plays an important role in the
proliferation and differentiation of hematopoietic stem cells.
Overexpression of this receptor is found in AML (acute
myeloid leukemia). The anticancer activity against MV4-11
cell lines expressing FLT3/ITD mutation was proved. None of
the reported molecules are actually in clinical trials.

Three Pharmaceutical companies focused their efforts on the
modulation of VEGFR. Kala Pharmaceuticals, HNG Chembio
Pharmacy and Medolution Limited Corporation have patents
nos. US2015072986A1 (Urea derivatives and uses thereof) (Kim
et al, 2013), W02014040243A1 (N-substituted phenyl—N’—
substituted heterocyclic urea compound and application
thereof as anticancer medicament) (Zhang et al, 2012), and
US2012077851A1 (Urea derivatives as kinase inhibitors) (Zhang,
2012). HNG Chembio Pharmacy registered the design and
synthesis of N-substituted heterocyclic urea derivatives with
VEGFR-2 kinase inhibitor activity and the medical application
as anticancer thereof. Medolution Limited Corporation protected
a series of deuterated derivatives of sorafenib and regorafenib as
multitarget kinase inhibitors for the treatment of VEGFR,
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PDGFR and/or RAF mediated cancer diseases (Zhang, 2012).
Lastly, Kala Pharmaceuticals reported the synthesis of three
different series of urea with potent and selective inhibitory
activity against VEGFR. The most promising candidates are
under preclinical studies for the treatment of cancer and
ocular diseases (Kim et al., 2013).

In a public-private partnership, Cancer Research
Technologies and the Institute of Cancer Research registered
patent no. US2016355510A1 (1-(5-tert-butyl-2-aryl-pyrazol-3-
yl)-3-[2-fluoro-4-[(3-0xo-4h-pyrido

phenyl]urea derivatives as Raf inhibitors for the treatment of

[2,3-b]pyrazin-8-yl)oxy]

cancer) in 2013 (Springer et al, 2013). The advantages of
targeting the inhibition of RAF as a cancer therapy were
reported. RAF is a key downstream target for the RAS
binding/GTPase
mediates the activation of the MAP kinase cascade consisting
of RAF-MEK-ERK. RAF genes encode protein kinases that are
thought to play important regulatory roles in signal transduction

Guanine-nucleotide proteins and also

processes that regulate cell proliferation. The in vitro activity of
the protected molecules, in terms of RAF inhibition was
evaluated, along with the in vivo anticancer activity of the
most interesting compounds.

Besides pharmaceutical companies, academia is also active in
this field. In 2021, Modi S.J., Tiwari A and Kulkarni V.M.
registered patent no. AU2021103375A4 (A rational Drug
1,5-
disubstituted naphthalene compounds as potent VEGFR-2

Design based identification of orally bioavailable
inhibitors) where three urea derivatives originating from
different modification on sorafenib and regorafenib were
reported as VEGFR-2 inhibitors (Modi et al., 2021). The most
promising compound reduceed the cell viability of cancer cell
line MCF-7 (breast adenocarcinoma), MDA-MB-231 (breast
adenocarcinoma) and Hep G2 (hepatocellular carcinoma) and
also suppressed the binding of VEGFR-2 on the surface of VEGF.
The in vivo oral toxicity and pharmacokinetic properties were
also investigated using Wistar rats.

Three academic patents focus on the discovery of inhibitors
of a specific class of kinases named protein kinase enzyme
activated by mitogen (MAPK). MAPK plays a key role in the
signal transduction pathways of the p38 mitogen-activated
protein kinase (p38MAPK) enzyme (Koul et al, 2013).
Significant therapeutical results were attributed to p38MAPK
inhibitors for the treatment of cancer, neuropathic pain, and
periodontal diseases (Asih et al, 2020). The University of
Nanjing registered patent no. CN107118157A (Design and
synthesis of diphenyl urea derivative antitumor compounds
containing pyrazol frameworks) in 2017, where the synthetic
methods for the preparation of diphenyl urea derivatives with a
pyrazol moiety and their effectiveness as antitumor agents
against BRAFV*F associated cancers were broadly investigated
and protected (Zhu et al, 2017). Moreover, the abnormal
activation of the downstream MEK-ERK signaling pathway
which is crucial for tumor growth, proliferation, invasion, and
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metastasis was reported. With the same aim, the teams from the
University of Iowa registered patent no. W0O2020263989A1 (JNK
inhibitors as anticancer agents) in 2020 (Salem and Elsaid, 2020).
Herein, a series of ureas, benzamides and benzylamides
derivatives were reported as c-Jun N-terminal kinase (JNK)
inhibitors. JNKs are involved in several physiopathological
processes, including inflammation, morphogenesis, and cell
proliferation, differentiation, survival, and death. Persistent
activation of JNKs is implicated in cancer development and
progression. One of the main pathways controlled by JNK
relies on the phosphorylation of the transcription factor p53.
JNK is also implicated in the MAPK signaling cascade involved in
cardiac hypertrophy. The urea derivatives were tested on A549
(lung carcinoma) cell lines using the MTS assay and showed
promising activity. Lastly, in patent no. WO2021133319A1 of
Erciyes University (Synthesis of urea derivatives which have
p38 mapk inhibition and anticancer efficacy), which was
registered in 2021, the inventors reported a series of urea-
based compounds as effective inhibitors of MAPK (Dogan
et al, 2021). Twenty-three urea derivatives were synthesized
and their anticancer activity was evaluated through in vitro
enzymatic inhibition assays. A real-time cell analyzer
(xCelligence) system was adopted and performed on the most
interesting compounds to monitor the cellular proliferation and
inhibition of p38MAPK. Three urea derivatives were shown to be
promising anticancer agents for further in vivo investigation.
Regarding the discovery of multi kinases inhibitors, of note is
patent no. CN109456280A (4-Phenylthiazole-2-amine derivative
containing urea structure, and preparation method and
application thereof) that was registered in 2019 by Jinzhou
Medical ~ University.

anticancer agents were identified and protected (Cai et al,

4-phenylthiazole-2-amine  ureas as
2019). These compounds are multi kinase inhibitors that act
on VEGFR, PDGFR-f, Kit, RET, Raf and Aurora, and showed
promising antiproliferative activity against hepatic cancer cell
lines with a comparable effect to sorafenib. University of Sung
Kyunkwan registered patent no. KR101849775B1 in 2018
(N-N-aroylureas derivatives preparation method thereof and
pharmaceutical compositions for the prevention and treatment
of cancer containing the same as an active ingredient) (Kim and
Sik, 2018). The inventors protected the discovery of novel N-aryl
urea derivatives with anticancer activity against diverse human
cancer cell lines characterized by an overexpression of different
kinases, along with the development of a pharmaceutical
composition for preventing and treating prostate and breast
cancer. Lastly, in 2014, Guangxi Normal University registered
patent no. CN104292170A (Quinazolinyl-aryl urea derivatives
with antitumor function and application thereof) (JTANIAN
et al,, 2014). The synthetic procedure for the preparation of a
series of congeners of sorafenib and gefitinib with quinazolinyl-
aryl urea was reported. The compounds were assessed for in vitro
kinase inhibitor activity and anticancer activity against several
human cell lines.
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Besides the exploitation of the urea moiety for the design of
kinase inhibitors, this versatile scaffold inspired the development
of anticancer small molecules that act on diverse targets involved
in the physiopathology of cancer. In 2018, Artios Pharma
Company registered two patents regarding urea derivatives as
WO02020030924A1
(Thiazoleureas as anticancer agents) the reported compounds
directed RolQ is a
multifunctional enzyme that is comprised of an N-terminal
low-fidelity DNA
polymerase domain (Blencowe et al., 2020b). Both domains

polymerase inhibitors. In patent no.

were against RoIQ polymerase.

helicase domain and a C-terminal
showed mechanistic functions in Microhomology-mediated
end-joining (MME]). In general, RoIQ has been shown to be
essential for the survival of homologous recombination-defective
(HRD) cells and is up-regulated in HRD tumor cell lines.
Accordingly, RoIQ is a valuable target for preventing or
treating cancers such as breast cancer, ovarian cancer, prostate
cancer, and pancreatic tumor retaining BRCA1 deficiency. In
patent no. W0O2020030925A1 (Heterocyclic substituted ureas,
for use against cancer), Polq polymerase was selected as the target
for a new series of heterocyclic urea derivatives (Blencowe et al.,
2020a). PolQ is involved in the MME] mechanism, such as with
the RoIQ enzyme. Inhibition of this enzyme might be exploited
for preventing and treating tumor diseases, such as BRCA1 and
BRCA2 deficient tumors, including breast, ovarian, prostate, and
pancreatic cancer. The most interesting candidates in both
patents are actually in Phase I or II for the treatment of
metastatic solid tumors.

ChongKunDang Pharmaceuticals registered patent no.
US2016083354A1 in 2013 (Novel compounds for selective
histone  deacetylase  inhibitors, and  pharmaceutical
composition comprising the same) by which the identification
of new compounds with histone deacetylase (HDAC) inhibitory
activity was protected (Lee Changsik et al., 2013). Through the
targeting of HDAC, the histone (protein) acetylation and
chromatin structure were affected, inducing a complex
transcriptional reprogramming exemplified by reactivation of
tumor suppressor genes and repression of oncogenes. This target
is particularly involved in several pathologies such as malignant
tumors. Using Velcade as positive control, three compounds
showed promising activity against multiple myeloma as pan
HDAC inhibitors. Compound CKD-581 (or recently baptized
as Alteminostat) is under Phase I studies for the treatment of
lymphoma and multiple myeloma.

Lastly, among the others, the name of two important big
pharmaceutical companies stand out. Glaxosmithkline reported
in patent no. US10106515B2 (1-(cyclopent-2-en-1-yl)-3-(2-
hydroxy-3-(arylsulfonyl)phenyl)urea derivatives as
CXCR2 inhibitors) the exploitation of small molecule urea
derivatives as anticancer agents targeting CXCR2. Indeed,
chemokines regulate a broad spectrum of cellular functions
and exert their actions by binding to chemokine receptors

which are G protein-coupled receptors. CXCR2 is expressed
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TABLE 1 Summary of cited patents.

Patent number Patent applicant

KR101332830B1 Korea Research Institute
US2012077851A1 Medolution Limited Corporation
W02014040243A1 HNG Chembio Pharmacy
US2016355510A1 Institute of Cancer Research
US2016083354A1 ChongKunDang Pharmaceuticals
US2015072986A1 Kala Pharmaceuticals
CN104292170A Guangxi Normal University
US10106515B2 Glaxosmithkline

CN107118157A University of Nanjing

W O 2018199166A1 Mochida Pharmaceutical
TW201706256A Sunshine Lake Pharma
W02020030924A1 Artios Pharma Company
W02020030925A1 Artios Pharma Company
US11325900B2 Aucentra therapeutic
US2021251963A1 Scandion Oncology
CN109456280A Jinzhou Medical University
WO02020263989A1 University of Iowa
WO2021133319A1 Erciyes University
AU2021103375A4 Modi S.J. and coworkers
W02022059778A1 Carna Biosciences

EP21201359 University of Pavia and University of Milano Bicocca

on a variety of cells including neutrophils, keratinocytes, mast
cells, eosinophils, macrophages, endothelial cells, and neurons,
including sensory neurons. CXCR2 dysregulations are involved
in carcinogenesis (Korbecki et al., 2022). The development of a
medical system to improve drug-like properties was additionally
reported.

Merck, however, exploited tankyrases as innovative targets
for cancer diseases. In 2013, patent no. US2016184285A1
(Piperidine urea derivatives) was registered, which protected
the synthesis and anticancer activity of new urea derivatives
targeting Tankyrases 1 and 2 (TANKs) (Buchstaller and Dieter,
2013). The piperidine urea derivatives were assessed in an in vitro
assay, for autoparsylation, measurement of cellular inhibition of
Tankyrase through Axin 2 level, and ELISA Assay Biochemical
Activity Testing of TNSK 1 and 2 studies. Korea Research
Institute of Chemical Technology registered patent no.
KR101332830B1 in 2012 (A Cancer sensitizer comprising
phenylurea derivatives or salts thereof) which describes the
development of phenyl urea derivatives as modulators of the
tumor necrosis factor-related apoptosis (TRAIL) (Kim Seong,
2013). TRAIL belongs to the tumor necrosis factor (TNF) protein
family, whose activation selectively induces the death of cancer
cells by the formation of the death-inducing pathway complex,
DISC and the autocatalytic activation of caspase 3. The urea
derivatives reported in the patent have the capability to promote
the expression of death receptors (DRs) and to effectively
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Filing date Mechanism of action Development stage
2012 TRAIL ligands Preclinical phase
2012 Multi Kinases Inhibitors Preclinical phase
2012 VEGFR-2 Preclinical phase
2013 RAF Inhibitors Preclinical phase
2013 HDAC Inhibitors Phase 1

2013 VEGEFR Inhibitors Preclinical phase
2014 Multi Kinases Inhibitors Preclinical phase
2014 CXCR2 Inhibitors Preclinical phase
2017 MEK-ERK Inhibitors Preclinical phase
2017 TrkA Inhibitors Preclinical phase
2017 FLT3 Inhibitors Preclinical phase
2018 RolQ polymerase Inhibitors Phase 1

2018 PolQ polymerase Inhibitors Phase 2

2018 CDKs Inhibitors Phase 1

2018 SRPKI1 Inhibitors Phase 1 and 2
2019 Multi Kinases Inhibitors Preclinical phase
2020 JNK Inhibitors Preclinical phase
2021 MAPK Inhibitors Preclinical phase
2021 VEGFRI Inhibitors Preclinical phase
2022 DYRK Inhibitors Preclinical

2022 Undisclosed Preclinical

suppress the expression of anti-apoptotic proteins in a cancer
cell line with TRAIL resistance.

Lastly, in 2022 the University of Pavia and University of
Milano Bicocca filled the patent application no. EP21201359
(Substituted vinyl piperazine-piperidine urea derivatives as
anticancer agents) (Collina et al., 2022).

A summary of the analyzed patents is reported in Table 1.

All the innovations discussed so far represent remarkable
contributions to stimulate the development of new anticancer
treatments. The numerous examples retrieved from the recent
patent landscape prove the extensive exploitation of the urea
moiety as a privileged scaffold in the design and development of
new chemical anticancer entities by both pharmaceutical
companies and academic research groups.

Future perspective and outlook on
novel compounds

As extensively reviewed above, many important antitumor
agents contain a urea moiety, and the importance of this
structural motif is further demonstrated by the large number
of recent patents in this field. If we consider the unique properties
of ureas, it is not surprising that this scaffold is regarded as a
useful and versatile moiety from a medicinal chemistry
standpoint. As described by the many examples reported in
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Resonance structure for urea moiety (A); conformations of N,N’-diphenyl urea, N-methyl-N,N’- diphenyl urea, and N,N’-dimethyl-N,N’-

diphenyl urea (B).

this review, the urea group can serve both as hydrogen bond
acceptor and as hydrogen bond donor: the carbonyl group is a
nucleophile and a hydrogen bond acceptor endowed with the
possibility to engage two hydrogen bonds, whereas the two
nitrogens, depending on the degree of substitution, can donate
up to four hydrogens (in urea itself). Moreover, the three possible
resonance structures of the urea generate a stronger negative
dipole on the carbonyl and a positive dipole on the nitrogen than
other carbonyl derivatives (Figure 12). This partial separation of
charges contributes to the reinforcement of the H-bonds that this
functional group is able to entangle with the biological targets.

This also entails some conformational restriction which
affects the three-dimensional structure of urea derivatives. In
fact, several studies have been conducted in order to determine
their prevalent conformation in solution and solid state. Ganis P.
and co-workers examined the structure of N,N’ -diphenyl-N, N’-
diethylurea through X-ray diffraction, demonstrating a non-
planar distortion of approximately 30° of amide groups and a
bond length of 1.37 A for the C-N bonds (Ganis et al., 1970).
Furthermore, the N-substitution on the urea moiety plays a key
role in its conformation (Figure 12). Indeed, in the solid state,
N,N’ -diphenylureas assume a traus, trans conformation, which
can be shifted to cis, cis by subsequent N-methylation (Figure 3).
This conformation is characterized by the stabilizing -7 stacking
interactions of the aromatic moieties. A dynamic state is shown
in solution, even though the trams, trans isomer remains
predominant. The possibility to switch the most populated
conformation by applying simple structural modifications
(e.g., N-methylation) is of great importance for tuning drug-
target interactions as it can be exploited to rationally design
conformationally constrained urea derivatives that better adapt,
for example, to the binding pocket of a target protein, enhancing
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activity and/or selectivity (Lortie et al, 2003). The
physicochemical properties of the urea functionality are of
paramount importance in the drug design and development
process, since they determine key parameters such as
solubility, permeability, metabolism, and bioavailability.

Thanks to the hydrogen bond donor and acceptor features of
the urea group, this moiety improves aqueous solubility and
permeability. Urea derivatives were successfully employed as
hydrotropic agents, i.e. compounds used to improve a drug’s
solubility in pharmaceutical formulations (Cui, 2013; Herbig and
Evers, 2013).

However, it is possible that ureidic compounds are not
soluble in water and/or organic solvents. To overcome this
problem with a medicinal chemistry approach, different
strategies can be adopted: 1) modulation of hydrogen
bonds; 2) disruption of planarity; 3) formation of a
transient pseudo-ring structure. Regarding the modulation
of the hydrogen bond, the introduction of electron donating
and electron withdrawing groups on the nitrogen atoms
for the of the

intramolecular hydrogen bonds. Particularly, the nature of

allows modification inter- and
aliphatic moieties as nitrogen substituents establishes self-
association of the molecules to promote the solubility in non-
polar solvents (Lortie et al., 2003). Disrupting the planarity
of the urea moiety reduces crystal packing energy and
enhances water solubility. This can be achieved by
introducing N-substituents to produce asymmetrical
(Ishikawa 2011). An

additional method to disrupt planarity is the insertion of

compounds and Hashimoto,

ortho-substituents on the N-aryl group of aryl ureas. A

strategy that increases both solubility and permeability is
the development of a transient pseudo-ring structure that
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Development of new urea-containing ceramide analogs with anti-tumor activity (A); structure of the vinblastine ureidic derivative (B); design of
a highly potent anticancer agent by merging the pharmacophoric elements of sorafenib, imatinib, colchicine and etoposide (C).

involves intramolecular hydrogen bonds. In fact, the
presence of a hydrogen bond acceptor near the urea
moiety may lead the molecule towards a balance between
closed (which increases permeability through lipophilic
membranes via the reduction of exposed HBD) and open
conformation (allowing the interaction of polar groups and
solvent) (Alexetal., 2011). An example of this strategy can be
found in the aforementioned FGFR inhibitor infigratinib, in
which the stable pseudo-ring conformation mimics the
of other
(Guagnano

known
2011).
Furthermore, lipophilicity is of crucial importance for

pyrido [2,3-d]pyrimidin-7-one core

tyrosine kinase inhibitors et al,
drugs targeting the central nervous system, as these
should cross the blood-brain barrier by passive diffusion.
Therefore, the modulation of the lipophilicity/hydrophilicity
balance, exploiting the equilibrium between the open and
close conformation and/or through the modification of
N-substituents are other features accounting for the

versatility of urea derivatives in medicinal chemistry.
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The urea moiety has also been used as a bioisostere of amides
(Kumari et al., 2020). For example, the ceramide analog 12,
which is endowed with potent cytotoxic activity against human
colon cancer cells, underwent structural modifications and
bioisosteric replacements to draw SAR considerations and
identify novel anticancer agents (Figure 13). By substituting
the amide group with a urea functionality, compound 13 was
obtained, which emerged for its superior efficacy and broader
activity toward other cancers (ie, human renal, lung and
prostate cancers as well as human leukemia) (Lim et al., 2003).

The high potential of the urea group to tweak the
pharmacological profile of lead compounds encouraged
further research in this field, and nowadays several medicinal
chemistry research programs are taking advantage of this
functionality to design novel molecules with an enhanced
therapeutic effect. In the search for effective anticancer
agents, natural products (NPs) have always been a major
source of inspiration as privileged scaffolds endowed with
enriched biological relevance (Martino et al, 2017, 2018;
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Khalifa et al., 2019; Malacrida et al., 2021; Varghese and Dalvi,
2021). Although the urea moiety is uncommon among
secondary metabolites-i.e., compounds that are produced by
living organisms to mediate ecological interactions—-it can be
added as a decoration or bioisotere on NP scaffolds. The
vinblastine derivative 14 (Figure 13) represents a remarkable
example of how the urea motif can be exploited to design
semisynthetic NP derivatives with improved pharmacodynamic
and/or pharmacokinetic profile in respect to the parent natural
product. Vinblastine is a vinca alkaloid isolated from
Catharanthus roseus used for the treatment of Hodgkin’s
lymphoma, renal cell carcinoma, breast cancer, small cell
lung cancer and colon cancer. Its mechanism of action
involves the inhibition of microtubule assembly (Martino
et al., 2017, 2018; Khalifa et al., 2019; Malacrida et al., 2021;
Varghese and Dalvi, 2021). Leggans et al. reported a series of
C20’ urea-based vinblastine derivatives and congeners with
superior potency and activity against vinblastine-resistant
tumor cell lines (Leggans et al., 2013). An extensive SAR
revealed the importance of the urea moiety at C20’ over
bioisosteric replacement with a thiourea, carbamate or

amide. Interestingly, the introduction of a sterically
demanding substituent on the second wureic nitrogen
significatively contributed to the anticancer potency of these
derivatives. These results contradicted the previous

observation, i.e., that modification at C20’ of vinblastine
might result in detrimental activity, opening instead new
perspectives for the improvement of the anticancer activity
of vinblastine derivatives. In particular, compound 14 showed a
potency 10-times higher than vinblastine and promising cell
inhibitory activity against the HCT116 (human colon cancer)
and HCT116/VM46 (resistant human colon cancer) cancer cell
lines (Leggans et al., 2013).

The growing interest of academia in this field is confirmed by
the high number of very recent publications (i.e., within the last
2 years) concerning the discovery of novel antitumor agents
containing the urea moiety.

For example, Cherukumalli at al. recently reported a series of
new urea derivatives based on the pyrimidine-pyrazole core
scaffold. These compounds were designed by combining the
key pharmacophoric moieties of sorafenib, imatinib, colchicine
and etoposide, as reported in Figure 13. The ten compounds were
assessed for antiproliferative activity against several cancer cell
lines (MCF-7, A549, Colon-205 and A2780) with ICs, values in
the low/sub micromolar range. Compound 15 emerged for its
excellent cytotoxicity activity, especially in comparison with
etoposide. Molecular docking studies suggested that the
anticancer activity could be derived from the inhibition of
tubulin binding protein, human Abl tyrosine kinase and DNA
topoisomerase. However, no experimental ICs, against these
targets have been reported yet (Cherukumalli et al, 2022).
Comparison of computational data with experimental results
would allow for the development of an accurate SAR profile that
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assesses the role of the urea moiety of 15 in the interaction with
the target(s).

Gomeg et al. have very recently reported the synthesis of five
diaryl urea-compounds with the aim to prove their anticancer
14).
Compound 16 showed promising anticancer activity against
HT-29 cell lines with an estimated ICs, of 20 uM, with no
cytotoxicity on healthy 1929 fibroblast cell lines at the same
dose. With a second aim to identify the putative target of 16,

properties against colon adenocarcinoma (Figure

docking calculations were performed against 34 key targets
known to be involved in colon cancer. Briefly, 16 potentially
being able to bind to Hsp90 revealed the importance of the urea
moiety to effectively interact with the target. The urea forms three
H-bonds with Gly97 and Lys58 involving the NH and the
carbonyl, respectively (Goémeg et al, 2022). In a following
study, the same authors reported the anticancer investigation
of another set of diphenyl ureas. The designed compounds were
predicted to target the estrogen receptor and were assessed for
antiproliferative activity against the estrogen receptor (+) breast
cancer cell line MCF-7. 17 was the most potent compound of the
series with an estimated MCF-7 ICs, around 20 uM, but no
cytotoxicity in healthy fibroblast cells (Gomeg et al., 2022).

Ganapathi et al,, by replacing the phthalimide moiety of
apremilast—which is considered a pharmacophore for
PDE4 activity - with the aryl urea moiety, reported the design
of a series of new sulfonylurea derivatives with anticancer
activity. These compounds were tested against human breast
(MCE-7), liver (HEPG2) and colon (HCT) cancer cell lines by
SRB assay, using doxorubicin as a positive control. Compounds
18 and 19 were the most promising derivatives (Ganapathi et al.,
2021).

Recent clinical evidence suggested the potential use of
(CQ) for the

carcinoma (HCC) by exploiting the capability of this drug in

chloroquine treatment of hepatocellular
blocking the autophagy. This occurred with a combination of CQ
with sorafenib and only at high doses of CQ. Therefore, with the
aim to design a dual molecule that can efficiently inhibit
autophagy and induce cytotoxicity at the same time, Jin et al.
synthesized a series of cinchona alkaloid derivatives with amide,
squaramide, thiourea, and urea functional groups. Compound 20
was the most interesting derivative with sub-micromolar ICs,
against diverse HCC cell lines (Figure 14). Moreover, it was
proven to down-regulate Akt activation, reduce the antiapoptotic
protein Bcl-xl expression and increase the activated caspase-3 in
HCC cells and the expression of LC3-II and p62. The inhibition
of autophagosome-lysosome fusion and suppression of the Akt/
mTOR/S6k pathway in HCC cells was evaluated (Jin et al., 2021).
Hence, this further supports the viability of the introduction of
the urea moiety on NP scaffolds to identify new anticancer
agents.

Li et al. (2020) synthesized a set of sorafenib derivatives by
replacing the pyridine distal ring with a quinoxaline scaffold. The
compounds were directly assessed for anticancer activity against
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FIGURE 14

Urea-containing anticancer agents discovered in medicinal chemistry research programs within the last 2 years.

six human tumor cell lines, namely MGC-80 (gastric mucinous
adenocarcinoma), HeLa (epithelioid cervix carcinoma),
NCI-H460 (cell lung SMMC-7721
papillomavirus-related endocervical adenocarcinoma), HepG2

cancer), (human
(hepatocellular ~ carcinoma) and T-24 (transitional cell
carcinoma). Compounds 21 and 22 were the most interesting
candidates with anticancer activity higher than 5-fluorouracil,
cisplatin, and sorafenib against MGC-803 cell lines. Lower
cytotoxicity on healthy HL-7702 cell lines was observed at the
assessed doses. Although the molecules were designed as
sorafenib derivatives, no inhibitor activity against kinases was
reported.

Frontiers in Chemistry

Hou et al. reported another series of sorafenib derivatives
by combining the diaryl urea core scaffold with the pyridyl
moiety of proton pump inhibitors. Lansoprazole, indeed, was
revealed to exert modest anticancer activity (Hou et al., 2021).
The anticancer activity of the designed hybrid molecules was
evaluated against non-small cell lung cancer (A549), breast
cancer (MCEF-7), colon cancer (HCT116) and prostate cancer
(PC-3) cell lines. The best antiproliferative activities (ICsy <
5 uM), and low toxicity against healthy human liver normal
HL7702 cell lines were observed for compounds 23 and 24.
Also in this case, no inhibitor activity against kinases was
reported.
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Urea-containing compounds currently under clinical evaluation as anticancer agents. For each drug candidate, the highest phase of clinical
trials that has been attained is indicated, along with the specific therapeutic indication.
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TABLE 2 Clinical trial progression and therapeutic indication for the new chemical entities.

Type of cancers NCT number

Breast cancer NCT03911973 and NCT04238715
NCT02003092, NCT01173913

Prostate cancer
NCT03511222 and NCT00288925

Pancreatic cancer

Solid Tumor NCT03900442 and NCT03511222

NCT04238715, NCT02325739, NCT02003092,

NCT01173913 and NCT02478320

Liver cancer NCT02834780
NCT02325739

Acute myeloid leukemia NCT03893682

Non-small cell lung cancer NCT03511222

Chronic lymphocytic leukemia, NCT03893682

Myelodysplastic syndromes, Non-Hodgkin’s

lymphoma

Cholangiocarcinoma NCT04238715

Malignant melanoma, Small cell lung cancer, NCT03511222

Malignant thymoma

Renal cell carcinoma NCT03511222

Cervical intraepithelial neoplasia NCT04276688

Neuroendocrine tumor NCT01298999

The above described glasdegib is an example of an already
approved drug based on urea and benzimidazole scaffold.
Looking for new promising anticancer compounds, Siddig
et al. (2021) synthesized and assessed a series of novel
thiourea-/urea-benzimidazole derivatives for cytotoxicity
against MCF-7 and MDA-MB-321 human breast cancer cell
lines. 25 was the most promising compound with ICsq of
48.3 and 89.5uM against MCF-7 and MDA-MB-231 cells,
respectively.

Lastly, Ozgeris et al. reported the synthesis of the unsymmetrical
urea 26 and investigated its activity as an antibacterial, anticancer
and antioxidant agent. Whilst 26 did not show antimicrobial
activity, remarkable activity against SH-SY5Y (ICso = 104 pM),
A549 (IC5 = 72 uM), and especially against the HeLa cells (IC5, =
50.6 uM), was observed (Ozgeris et al., 2022).

The examples reported above are evidence that urea is an
important and versatile moiety of the medicinal chemist’s
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NCT04421222, NCT01173913 NCT04060394
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Candidate Phase 1 Phase 2 Phase 3

Gedatolisib and Tasurgratinib
RX5902, Docetaxel/Ritonavir

EPI 7386, Docetaxel/Ritonavir and
LAE 001

Vorofonib and 1360

PTX 100 and Vorolanib

Tasurgratinib, Roblitinib, RX5902,
Docetaxel/Ritonavir and
Tlorasertib

H38 6527

Roblitinib

Luxeptinib

Vorofanib

Luxeptinib

Tasurgratinib

Vorolanib

Vorolanib

Lopinavir/Ritonavir

linpaunt

Netazepide

toolbox: it can be exploited to engage key drug-target interaction
(thus enhancing potency and/or selectivity) and to improve the
pharmacokinetic profile of a given molecule, modulating water
solubility, lipophilicity and metabolic stability. Moreover, it can
be used as a bioisostere and to structurally modify natural products.

The research in the field is expected to increase, not only
with the discovery of new hit compounds, but also by virtue of
the numerous urea derivatives currently under clinical trials
for the treatment of different types of cancer. New molecular
entities that have not already been presented throughout this
review, but are now under advanced evaluation are reported
in Figure 15, along with their clinical study phase and
therapeutic indication (source AdisInsight, last access on
14 July 2022).

Despite the significant advantages and the high versatility of
the urea functionality, it must be noted that in some cases, urea
derivatives can still present problematic or sub-optimal
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pharmacokinetic properties which cannot be overcome by
structural modifications. In these cases, an approach based on
pharmaceutical technology can be adopted. Even old active
ingredients can have a new life thanks to innovative
formulations that enhance their bioavailability and/or safety.

For example, the aforementioned carmustine can lead to
severe side effects upon systemic administration, due to its high
reactivity. To overcome this issue, in 1997, 20 years after the
first approval, Arbor Pharmaceuticals developed and led the
carmustine polifeprosan 20 wafer to the market for the
treatment of glioma. The authorization was extended in
Europe in 2008. This pharmaceutical specialty is a sustained-
release biodegradable wafer implant that delivers the
chemotherapeutic drug directly to the site of a brain cancer
during the surgery, thus minimizing the drug-exposure to other
areas of the body (Della Puppa et al,, 2011). Very recently, a
biosimilar of goserelin formulated as a monthly or trimonthly
subcutaneous implant has been developed by Alvogen for the
treatment of cancer, female infertility, uterine leiomyoma and
endometriosis. An extended-release (XR) microsphere
formulation of goserelin is being developed by Luye Pharma
Group, utilizing its long-acting and extended-release
technology platform for the development of the product.
This goserelin formulation was preregistered for prostate
cancer in China in 2021 and is in Phase III clinical trials for
breast cancer.

A summary of the compounds in clinical trials is reported in
Table 2.

Conclusion

In this review, we deeply discussed the key role played by
urea moiety in the development of anticancer agents, outlying
its presence in several approved antitumor drugs as well as in
novel hits and drug candidates. The specific physico-chemical
properties of urea moiety, and the possibility to modulate
different targets by properly selecting the nitrogen
substituents opens many possibilities in drug design. The
urea functionality may be fundamental not only for drug-
target interactions but also for improving the
pharmacokinetic profile of a drug candidate. The present
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