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ABSTRACT: Protein kinases dysregulation is extremely common in cancer cells, and the development of new agents able to simul-
taneously target multiple kinase pathways involved in angiogenesis and tumor growth may offer several advantages in the treatment
of cancer. Herein we report the discovery of new pyridothiopyranopyrimidine derivatives (2-4) showing high potencies in VEGFR-
2 KDR inhibition as well as antiproliferative effect on a panel of human tumor cell lines. Investigation on the selectivity profile of
the representative 2-anilino-substituted compounds (3b, 3i, and 3j) revealed a multiplicity of kinase targets that should account for

the potent antiproliferative effect produced by these pyridothiopyranopyrimidine derivatives.

Protein kinases dysregulation is extremely common in cancer cells;
thus, they have become attractive targets for the development of anti-
cancer drugs, including small molecule tyrosine kinase inhibitors
(TKIs) and monoclonal antibodies.! In solid malignancies, it is unu-
sual for a single kinase abnormality to be the sole cause of the dis-
ease; more likely, multiple signaling pathways are dysregulated, and,
unless it is possible to target a single key underlying defect, it is
likely that therapies will be more effective by inhibiting a number of
downstream targets.! Indeed, although selective TKIs are available
with some clinical successes (i.e., imatinib, cediranib, vatalanib, er-
lotinib, gefitinib), it has become evident that solid tumors can acti-
vate several pathways of recovery and resistance that allow them to
bypass the inhibition of a single biochemical process.!

Thus, therapeutic protocols are designed to target multiple kinase
pathways. This can be achieved by using a combination of several
highly selective agents for a single target or by employing a single
molecule able to inhibit multiple kinases, a multi-targeted kinase in-
hibitor (MTKI).! To date, a number of TKIs with reported activity
against one or multiple kinases have successfully cleared the clinical
path and have been approved for clinical use. Benefits in developing
MTKIs include the reduction of resistance insurgence, wide spectra
of application, effectiveness as combinatorial therapy without the
disadvantages of using multiple selective agents.>® Examples of
MTKIs agents currently licensed for use include sorafenib,?
sunitinib,® lapatinib,® pazopanib,” vandetanib,® and regorafenib.®

Many of the aforementioned MTKIs are anti-angiogenic TKIs. In
normal physiological conditions, angiogenesis is well controlled by
pro- and anti-angiogenic factors, and it is only promoted during par-
ticular circumstances, such as wound healing and repair.1° Con-
versely, in cancer, this balance is disturbed, resulting in the so-called
‘angiogenic switch’.}® The vascular endothelial growth factor
(VEGF) pathway represents one of the most important positive mod-
ulators of angiogenesis and, within the VEGF family members
(VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E), VEGF-A

(commonly referred to as VEGF) is the major mediator of tumor an-
giogenesis and signals through VEGFR-2, the main VEGF signaling
receptor.!* The binding of the VEGF ligand to its cognate receptor
initiates the activation of downstream signaling pathways, including
the RAF-mitogen activated protein kinase (MEK), extracellular reg-
ulated kinase (ERK) and phosphoinositide 3-kinase (PI3K) path-
ways, which ultimately lead to endothelial cell activation,
proliferation, migration, and survival.*?

For several decades the research efforts of our group have been
aimed at developing polyheterocyclic-based derivatives as new anti-
proliferative agents.**° In particular, some studies on the benzothi-
opyranopyrimidine system gave rise to the disclosure of novel com-
pounds endowed with interesting antiangiogenic properties, in which
the core scaffold was decorated with a pendant aryl moiety (phenyl,
phenylamino, benzylamino) at 2-position (general formula 1, Chart
1).1819The majority of these compounds featuring a 2-aniline moiety
displayed a pronounced inhibitory profile (low micromolar/submi-
cromolar 1Cs, values) on human kinase insert domain receptor
(KDR) and promising antiproliferative activity on human umbilical
vein endothelial cells (HUVEC), as well as on a panel of three human
tumor cell lines (A-431, epidermoid carcinoma; Hela, cervix ade-
nocarcinoma and MSTO-211H, biphasic mesothelioma).
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Chart 1. General structures of previously reported benzothiopy-
ranopyrimidines (1),181° and newly synthesized
pyridothiopyranopyrimidines (2-4).

The crucial role of the 2-anilino side moiety in the interaction with
the KDR domain of VEGFR-2 was substantiated by molecular dock-
ing calculations.'® The model showed that the interaction of the in-
hibitor with the enzyme active site could be mediated by a double H-
bond that the nitrogen at 3-position of the benzothiopyranopyrimi-
dine scaffold and the adjacent aniline NH at 2-position establish with
the backbone NH and CO of C919, in the enzyme hinge region, re-
spectively. In addition, structure-activity relationships (SARS) sup-
ported the finding that this group is pointing outwards the binding
pocket and engages a cation-r interaction with the K838.°

According to these studies, the presence of the positively charged
K868 within the same cleft suggests that modifications of the elec-
tronic properties of the benzothiopyranopyrimidine scaffold may
represent an opportunity for further structural optimization of this
promising system. Thus, starting from these results, in the present
study we designed three series of pyridothiopyranopyrimidine deriv-
atives (2-4, Chart 1 and Scheme 1), all conceived as azaisosters of
the previously described benzothiopyranopyrimidines 1.1%1° The in-
troduction into the chromophore of a nitrogen atom could, in princi-
ple, produce a beneficial effect on the interaction within the hydro-
phobic ATP cleft hosting the heterocyclic system. Indeed, this fur-
ther nitrogen atom, besides modulating the electronic properties of
the chromophore, could also provide an additional or alternative an-
choring point for the interaction with the target enzyme.

Analogously to the benzothiopyranopyrimidines, all the products in-
vestigated featured an aryl moiety inserted at the 2-position of the
tricyclic system. With the aim of performing critical SAR studies,
libraries of 2-phenyl- (2 a-c, Scheme 1), 2-phenylamino- (3 a-k,

Scheme 1) and 2-benzylamino- (4 a-h, Scheme 1) substituted
analogs characterized by diverse substitution patterns on the side
phenyl ring were synthesized and biologically evaluated.

The synthesis of compounds 2 a-c and 4 a-h was accomplished
through the reaction between the 3-dimethylaminomethylene deriv-
ative 5% and the commercial benzamidines (6 a-c) or the
benzylguanidines (7 a-h),% in an ethanol refluxing solution, in the
presence of sodium ethoxide (Scheme 1). Reaction of the 2-amino-
pyrimidino derivative 82 with the commercial phenyliodides 9a-j,
in anhydrous dioxane and in the presence of K,COs, N,N'-di-
methylethylendiamine (DMEDA) and Cul, afforded compounds 3 a-
j (Scheme 1). For the synthesis of 3k, 5%° was reacted with methyl
guanidine hydrochloride to furnish the N-methyl-substituted deriva-
tive 10, which was subsequently N-arylated by treatment with phe-
nyliodide, under the same conditions specified above (Scheme 1).
Compounds 2-4 were then tested for their ability to inhibit the KDR
kinase activity by a fluorimetric assay on a recombinant human
KDR, using semaxanib as a reference.? Table 1 lists the activity of
2-4, along with that of representative compounds from series 1 (1 a-
J) expressed as inhibition percentage at 7 UM concentration and as
ICso values for the most active compounds. Good to high values of
KDR percentage of inhibition were recorded for the 2-anilino substi-
tuted derivatives (3 a-j), and, in most cases, these are higher than that
exerted by the reference semaxanib. Both the deletion of the amino
group (2 a-c) or the addition of a methylene spacer (4 a-h) reduced
the inhibitory efficacy against the target protein. Also, the insertion
of a methyl on the amino group of 3a, yielding 3k, determines a loss
of inhibitory activity.

These SARs resemble the general trend showed by the benzothiopy-
rano derivatives of series 1'®1° and confirmed the crucial role of the
2-anilino side moiety in the interaction with the enzyme.
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Reagents and conditions: i) EtONa, refluxing ethanol; ii) methylguanidine hydrochloride, EtONa, refluxing ethanol; iii) phenyliodide, K2COs,

DMEDA, Cul, dioxane; iv) K2COs, DMEDA, Cul, dioxane.

Table 1. KDR enzyme inhibitory activity and human cell growth inhibition of derivatives 1 a-j, 2 a-c, 3 a-k, 4 a-h and semaxanib as

reference.
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ICs0 (uM)® | HUVEC HelLa A-431 MSTO-211H
1ad NH H H H 54 8.2 2.4 102+2.1 > 20 11.7+1.3
1bd NH H OCHs | H 67 2.7 0.45 0.7+05 0.96 £0.25 | 1.08 +0.04
1cd NH H Cl H <20 >50 7.3 156+2.2 > 20 115+15
1d® NH OCHs | H H 75 0.97 0.80 6.03+1.81 9.43+0.21 | 0.80+0.14
le® NH Cl H H <20 n.d. 7.13 >20 104+18 |6.10+1.44
1f NH Br H H <20 n.d. 7.00 > 20 106+1.6 | 7.67+1.26
1g® NH F H H 52 n.d. 451 140+2.1 9.76 £ 0.68 | 2.06 +1.04
1he NH CFs H H <20 n.d. 5.02 > 20 135+21 |118+25
1i¢ NH OCHs | OCHs | H 97 0.11 1.50 1.50 £0.29 232+041 | 1.63+0.35
1je NH OCHs | OCHs | OCHs3 | 81 0.27 1.99 1.26 +0.17 1.92+0.31 | 1.08 £0.19
2a - H H H 10 n.d. 17.1 >20 >20 >20
2b - H OCHs | H 20 n.d. >20 >20 >20 >20
2c - H Cl H 12 n.d. 10.2 16.0+1.7 5.83+0.84 | 11.6+3.3
3a NH H H H 88 0.56 0.53 1.25+0.18 0.95+0.22 | 0.93+0.29
3b NH H OCHs | H 91 0.52 0.11 0.084+0.022 | 0.12+0.02 | 0.13 +0.02
3c NH H Cl H 62 n.d. 2.55 2.33+0.40 2.29+0.85 | 2.52+0.22
3d NH OCHs | H H 95.4 0.18 0.39 0.78 £ 0.44 157 +0.25 | 1.08 £0.45
3e NH Cl H H 21 n.d. 4.39 8.30+£0.26 9.40+2.35 | 6.67+2.35
3f NH Br H H 53 n.d. 3.11 5.10+1.84 9.06 +2.21 | 4.03+1.04
3g NH F H H 99.7 0.092 0.28 1.10 £0.27 1.23+0.45 | 0.73+0.15
3h NH CFs H H 17 n.d. 4.95 0.83 +0.07 3.98+0.60 | 1.13+0.17
3i NH OCHs | OCHs | H 94.8 0.19 1.93 0.54 +0.08 0.67 +£0.08 | 0.66 +0.12
3j NH OCHs | OCHs | OCHs | 93.8 0.016 1.30 1.85+0.71 0.75+0.05 | 1.30+0.26
3k NCH3 H H H 2 n.d. 16.0 >20 13.0+0.7 |181+1.1
4a NHCHz | H H H 10 n.d. 14.8 9.65+1.71 11.4+1.1 | 138+18
4b NHCH: | H OCHs | H 38 n.d. 16.3 2.71+0.22 9.34+0.71 | 8.63+0.21
4c NHCHz | H Cl H 11 n.d. 14.3 5.42+0.72 8.38+0.81 | 7.87+0.32
4d NHCHz | OCHs | H H 17.7 n.d. 1.46 0.45 +0.05 3.63+0.35 | 9.50 +3.54
4e NHCH: | CI H H 5.0 n.d. 5.55 0.45 +0.15 4.76+0.86 | 8.60+2.74
4f NHCH: | Br H H 5.1 n.d. 0.35 0.47 £0.13 3.40+0.75 | 0.78 £0.25
49 NHCHz | OCHs | OCHs | H 16.7 n.d. >20 9.83 £2.27 8.93+1.27 | 5.73+1.74
4h NHCHz | OCHs | OCHs | OCHs | 11.2 n.d. 7.92 1.57 £0.23 2.73+0.43 | 54+1.25
Semaxanib | - - - - 40 12.9 13.6 38+1 37+3 27+2

a Percentage of kinase inhibition obtained at 7 uM of the test compound. ° ICso values represent the concentration that induces the 50% reduction in
enzyme activity. ¢ Glso values represent the concentration (uM) of compound able to produce 50% cell death with respect to the control culture. ¢ Data
from ref. 18. € Data from ref. 19.

Also, a similar effect of the substitution pattern of the pendant phenyl series (1 a-j and 3 a-j): (i) compounds featuring one or more meth-
ring on the KDR inhibitory activity was observed within the two sub- oxy groups showed the highest inhibition percentages; (ii) the re-
placement of the R4- or Rs-methoxy with electron-withdrawing Cl,



Br or CF; groups drastically decreases the activity, with the Rs-fluo-
rine-substituted ligands that represent an exception to this trend.
Taken together, all these findings suggest the 2-anilinopyridothiopir-
anopyrimidines would interact with KDR with basically the same
pattern described for their deaza benzothiopyrano analogs. Of note,
the presence of an additional nitrogen atom produced a gain in the
inhibitory potency of the new compounds, as evidenced by the pair-
wise comparison between KDR inhibition percentage values of 1 a-
j and 3 a-j. Specifically, the most active pyridothiopyrano deriva-
tives (3a, 3b, 3d, 3g, 3i, 3j) show KDR inhibition percentage ranging
from 88 to 99.7%.

The ICsp values (Table 1) assessed for the most active compounds
(3a, 3b, 3d, 3g, 3i, and 3j) confirmed a very high capacity of inhib-
iting the enzyme, with values ranging from 0.016 to 0.56 uM, sig-
nificantly lower with respect to semaxanib (ICso 12.9 uM). The
obtained data seemed to support the beneficial effect produced by
the methoxy group on the inhibitory activity: compounds featuring
one or more methoxy groups are very potent and show a high in-
crease in KDR inhibitory activity with respect to their deaza ana-
logues (3b 1Csp 0.52 uM vs 1b 1Cs 2.7 pM, 3d 1Csp 0.18 uM vs 1d
1Cs50 0.97 UM, 3j ICs0 0.016 pM vs 1j ICsp 0.27 uM); the only excep-
tion is represented by 3i and 1i (ICs00.19 uM and 0.11 pM, respec-
tively).

To rationalize the activity featured by the novel pyridothiopyranopy-
rimidines, in silico studies were undertaken on compound 3j, the one
with the lowest 1Cso on KDR. To this end, 3j was virtually docked
with AutoDock Vina?* on the VEGFR2 DFG-out conformation crys-
tal structure with PDB code 3EWH,? a protocol which already
yielded successful results.'® The lowest energy binding conformation
of the docked ligand (AGvina=—8.2 kcal/mol) proved to be con-
sistent with the results of our previous studies on similar scaffolds.®
The tricyclic core is lodged in the lipophilic gorge formed by the
residues L840, V848, A866, V899, and L1035, establishing Van der
Waals interactions with them (Figure 1a).

F1047

Figure 1. (a) Binding mode of 3j, within the VEGFR-2 active site. 3j is
represented as pink sticks while the protein as blue sticks and ribbons.
H-bonds are depicted as dashed green lines. (b) 0.9 kcal/mol/A3 isosur-
face (represented as cyan meshes) of the solute-water interactions in the
VEGFR2 binding site. The pictures were both rendered with the UCSF
Chimera software.

One of the pyrimidine nitrogen atoms and the exocyclic NH of 3j
engage a key double H-bonding interaction with the backbone NH
and CO of the hinge region C919, accounting for the potency loss in
the derivatives not featuring the NH spacer. Also, the ligand is sand-
wiched between F918 and F1047 establishing charge-transfer inter-
actions, while the pendant anilino aryl moiety, pointing outside of
the active site, is favorably positioned to allow for a cation-n inter-
action with the positively charged side-chain of K838. As happened
for the parent compounds belonging to series 1, we infer that elec-
tron-donating substituents on the pendant aniline ring, such as the

methoxy groups featured by 3b, 3d, 3i and 3j, increase the negative
electrostatic potential, allowing for a stronger charge transfer inter-
action,?® which in turn should result in a more effective enzyme in-
hibition. Along this line, electron-withdrawing substituents in the
meta position of the same pendant aniline ring are detrimental for the
inhibitory activity (see compounds 3e, 3f, and 3h in Table 1). Addi-
tionally, in the present work, we also attempted to probe the water-
mediated contacts of the ligand within the binding site. To this end,
the Grid Inhomogeneous Solvation Theory Method (GIST) tool,?"%
part of the Amber14 molecular dynamics package,?® was employed.
GIST estimates thermodynamic values for the water molecules
occupying the binding pocket; therefore, here this method was em-
ployed to compute a map of the interactions of the water molecules
with both the protein and the ligand. Through Amber14, a minimi-
zation and equilibration protocol was performed on the enzyme/lig-
and complex (see SI). Then, the system underwent 50ns of MD sim-
ulation with the solute restrained and the solvent molecules free to
move. The resulting trajectory of the water molecules in a grid cen-
tered around the ligand was analyzed through GIST. According to
this in silico study (Figure 1b), a water molecule positioned between
K868 and the nitrogen atom of the pyridine moiety of the tricyclic
scaffold was found to be highly energetically favorable thereby indi-
cating the possible occurrence of a water-mediated H-bond. This
might explain the increased potency compared to the parent com-
pounds which, being devoid of the pyridine nitrogen, could not es-
tablish this additional H-bonding contact. The new pyridothiopy-
ranopyrimidines 2-4 were then evaluated for their effect on cell
growth of human umbilical vein endothelial cells (HUVEC), using
semaxanib? as a reference, Table 1. The majority of the new com-
pounds exerts a detectable antiproliferative effect on HUVEC cells,
with Glso values ranging in the low micromolar/submicromolar
range (from 0.11 to 17.1 uM). The 2-anilino-substituted subseries (3
a-k) emerged as the most interesting, as the majority of the
compounds are able to exert a significant antiproliferative effect with
Glso values several folds lower than the corresponding value rec-
orded for semaxanib (with the only exception of 3K) and in some
cases even submicromolar (3a Glsp 0.53 uM, 3b Gls 0.11 pM, 3d
Glsp 0.39 pM, 3g Gls 0.28 pM). The nature of the substituents on
the pendant phenyl group slightly modulates the antiproliferative ef-
fects, with no-substitution (3a) or insertion of one or more methoxy
electron donating groups (3b, 3d, 3i, and 3j) that produce highly cy-
totoxic compounds as well as the presence of a fluorine atom at R
(3g). The low potency of 3k confirms the crucial role played by the
hydrogen bound to the amino group, in agreement with the lack of
any significant inhibitory effect on KDR. Accordingly, also the 2-
phenyl substituted derivatives 2 a-c exhibited low or null cytotoxic
capacities in HUVEC. Compounds from the 2-benzylamino-substi-
tuted sub-series (4 a-h) generally displayed comparable and low cy-
totoxic potencies, with the exception of the Rs-methoxy (4d) and Rs-
bromine (4f) derivatives (Glso values 1.46 and 0.35 pM, respec-
tively). The significant antiproliferative effect exerted by 4d and 4f
is in contrast with the low inhibitory activity on KDR and suggests
the involvement of cell target(s) different with respect to the
VEGFR-2 kinase pathway.

The antiproliferative activity of derivatives 2-4 against a panel of
human tumor cell lines (HeLa, A-431, and MSTO-211H), was also
evaluated to define their cell proliferation profile. The results, in Ta-
ble 1 (semaxanib was taken as reference), once again highlighted a
crucial role for the length of the 2-side chain and the presence of the
NH group, as significant cytotoxic effects were observed for the ma-
jority of 2-anilino substituted derivatives 3 a-j (Glso values in the low
micromolar/submicromolar range), with a general enhancement of
activity with respect to compounds 1 a-j.'3 In addition, a notable



effect might also be ascribable to the methoxy or poly-methoxy sub-
stitution of the pendant phenyl ring, being 3b, 3d, 3i and 3j among
the most effective derivatives. Within the 2-phenyl- (2 a-c) and 2-
benzyl- (4 a-h) subseries, only compounds 4d, 4e and 4f show an
evident antiproliferative effect, which appears more significant in
Hela (4d, 4e, and 4f) and MSTO-211H (4f). Interestingly, these
compounds showed low percentages of KDR inhibition (Table 1),
supporting the hypothesis that their activity is probably mediated by
interactions with other molecular targets and/or kinases.

In these veins, we also attempted to profile the selectivity of the best
performing 2-anilino-substituted 3b, 3i and 3j compounds. For this
purpose, the effect of 3b, 3i and 3j were assessed against a set of six
human (h) kinases, i.e. AurA/Aur2 kinase, CDC2/CDK1, EGFR ki-
nase, PDGFR-f kinase, RAF-1 kinase, and Src kinase, which are re-
ported to be mainly involved in cell proliferation. The obtained re-
sults suggest 3b, 3i, and 3j as multi-target inhibitors (Figure 2, Ta-
bles Sla and S1b).

% of Inhibition of Enzyme Activity
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EGFR AurA/Aur2 CDC2/CDK RAF-1 PDGFRB  Src kinase

kinase (h)  kinase (h) 1 (h)(cycB) kinase (h) kinase (h) (h)

H3b=10puM 0% 100% 98% 54% 89% 57%
3i=10 pM 56% 98% 97% 85% 79% 97%
3j=10 uM 72% 91% 93% 87% 82% 99%

Figure 2. Percentage of inhibition of kinase activity in the presence of
compounds 3b, 3i, and 3j at 10 pM.

Specifically, 3b (Rs-methoxy substituted) produces a relevant inhib-
itory effect also against Aurora (AurA/Aur2) kinase, a nuclear ser-
ine/threonine protein kinase involved in many functions related to
mitosis, cyclin-dependent protein kinase (CDC2/CDK1 cycB), and
beta-type platelet-derived growth factor receptor (PDGFR beta ki-
nase) (Figure 2, Tables Sla and S1b). In addition, good inhibition
properties toward the non-receptor tyrosine kinase Src and RAF
proto-oncogene serine/threonine-protein kinase (RAF-1) were also
observed. Interestingly, 3i and 3j, featuring a R3,R4-dimethoxy and
R3,R4,Rs-trimethoxy substitution, respectively, show a further low-
ering in the selectivity profile with respect to 3b (EGFR 1% =0 at 10
HMM), due to the occurrence of inhibitory properties towards epider-
mal growth factor receptor (EGFR) and an increase in the percentage
of inhibition of Src and RAF-1 kinases.

In conclusion, in the present work, we have developed a new set of
pyridothiopyranopyrimidine  derivatives (2-4), designed as
azaisosters of the benzothiopyranopyrimidines previously described
by us. The 2-anilino substituted derivatives (class 3) showed good to
high potency in KDR inhibition (submicromolar/nanomolar I1Cs val-
ues ranging from 0.016 to 0.56 pM). Of note, the presence of an ad-
ditional nitrogen atom produced a gain in the potency of the newly
developed compounds, as evidenced by the pairwise comparison be-
tween KDR inhibition data of series 1 and 3. Detailed in silico ex-
periments allowed clarifying at molecular level the interaction pat-
tern established by the new compounds with the KDR domain of
VEGFR-2. Furthermore, the majority of these compounds exerted a

detectable antiproliferative effect on HUVEC cells, thus confirming
the ability to affect KDR activity, as well as on a panel of three hu-
man tumor cell lines (HelLa, A-431, and MSTO-211H), with Glso
values ranging in the low micromolar/submicromolar range. Overall,
these newly described derivatives, and in particular compounds 3 a-
J, displayed an enhanced antiproliferative effect with respect to com-
pounds 1 a-j, previously described by us.'®* Finally, investigation
on the selectivity profile of representative 2-anilino-substituted com-
pounds 3b, 3i and 3j revealed a multiplicity of kinase targets that
could account for the significant antiproliferative effect produced by
these pyridothiopyranopyrimidine derivatives on tumor cells. These
results provide a solid basis for further development of these new
MTKIs as antiangiogenic and antiproliferative agents in the treat-
ment of solid tumors with high resistance and metastatic potential.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS Pub-
lications website.

Experimental procedures for the synthesis of all new compounds; pro-
cedures for biological evaluation, molecular modeling methods, addi-
tional Tables, *H and *C NMR spectra (PDF)

AUTHOR INFORMATION
Corresponding Author
*(ST) Phone: +39 050 33 19 547. Email: sabrina.taliani@unipi.it.

*(SC) Phone: +39 0823 27 47 89. Email: sandro.cosconati@unicampa-
nia.it.

Author Contributions
The manuscript was written through contributions of all authors.

Funding Sources

This work was supported by the University of Pisa (PRA Project,
PRA_2018_20), University of Campania Luigi Vanvitelli (VALERE
and VALERE PLUS Projects) and MIUR-PRIN 2015 (Grant
2015FCHJBE_003).

ABBREVIATIONS

Abbreviations: A-431, epidermoid carcinoma cell line; DMEDA, N,N'-
dimethylethylendiamine; HeLa, cervix adenocarcinoma cell line; (h),
human; HUVEC, human umbilical vein endothelial cell; KDR, human
kinase insert domain receptor; MSTO-211H, biphasic mesothelioma cell
line; MTKI, multi-targeted kinase inhibitor; SAR, structure-activity re-
lationships; TKI, tyrosine kinase inhibitor; TKR, tyrosine kinase recep-
tor; VEGF, vascular endothelial growth factor; VEGFR, vascular endo-
thelial growth factor receptor.
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