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Compd. 22 blocks the pro-angiogenic
signalling induced by HIF-1a
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ABSTRACT: Angiogenesis is a requirement for the sustained growth and proliferation of solid tumors, and the development of
new compounds that induce a sustained inhibition of the proangiogenic signaling generated by tumor hypoxia still remains as an
important unmet need. In this work, we describe a new antiangiogenic compound (22) that inhibits proangiogenic signaling
under hypoxic conditions in breast cancer cells. Compound 22 blocks the MAPK pathway, impairs cellular migration under
hypoxic conditions, and regulates a set of genes related to angiogenesis. These responses are mediated by HIF-1a, since the
effects of compound 22 mostly disappear when its expression is knocked-down. Furthermore, administration of compound 22 in
a xenograft model of breast cancer produced tumor growth reductions ranging from 46 to 55% in 38% of the treated animals
without causing any toxic side effects. Importantly, in the responding tumors, a significant reduction in the number of blood
vessels was observed, further supporting the mechanism of action of the compound. These findings provide a rationale for the
development of new antiangiogenic compounds that could eventually lead to new drugs suitable for the treatment of some types

of tumors either alone or in combination with other agents.

B INTRODUCTION

Angiogenesis, the process of new blood vessel formation, is a
requirement for the sustained growth and proliferation of solid
tumors. Accordingly, the search for inhibitors of this process
has become a leading line of investigation in anticancer
research, and it has translated into several drugs in the market
that have clearly improved outcomes in patients with different
tumor types and metastatic disease. Among these agents,
Bevacizumab (Avastin, Genentech Ltd.) was the first
antiangiogenic drug approved by the FDA in 2004.'
Bevacizumab is a monoclonal antibody that targets vascular
endothelial growth factor (VEGF, also known as VEGFA) and
hinders its from binding to its corresponding receptor, thus
blocking its signaling. Initially considered a first-line treatment
for metastatic colorectal cancer, it is also prescribed for the
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treatment of other types of cancer, and its development still
stands out as one of the landmark achievements of anticancer
research.”® Although today other drugs with similar mecha-
nisms of action have progressed into the clinic,>™° several
limitations exist, such as the lack of efficacy in some patients,
the appearance of adverse effects, and drug resistance. Among
them, this last one is perhaps the most important efficacy-
limiting factor of current antiangiogenic therapies. It has been
suggested that when VEGF signaling is pharmacologically
blocked other proangiogenic factors take over its signaling,
thereby supporting tumor angiogenesis.”®” Amid these
compensatory angiogenesis pathways, fibroblast growth factor
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Figure 1. Exploration of the scaffold of the initial hit 1.
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NaH, CH,CN, rt, 3 h, 14—64%; (e) 4-nitrophenylchloroformate, DABCO, CH,CL,, rt, 5 h, 40%; (f) 1-methylpiperazine, DIEA, CH,Cl,, 0 °C to rt, 3

h, 67%; (g) CH,l, CH,CN, rt, 24 h, 36%.

(FGF) seems to play an integral role in the resistance to anti-
VEGEF therapy, and different studies have suggested a critical
role of FGF signaling in clinical tumor progression.®” "
Although targeting FGF signaling has lagged behind that of
other receptor tyrosine kinases, there is now substantial
evidence for the importance of FGF signaling in the
pathogenesis of diverse tumor types. Hence, the development
of compounds that inhibit the FGF pathway is receiving much
attention, although they are still early in development.'' ™"
Among the different FGFs, FGF-2, also known as basic FGF
(bFGF), has been functionally implicated in tumor angio-
genesis and it is an important target of antiangiogenic
therapies.”'"'>'* Notwithstanding the importance of blocking
angiogenesis for antitumor therapies, it has been shown that
prolonged antiangiogenic treatments eventually lead not only
to drug resistance but also to enhanced tumor migration and
metastasis.'>”'” The main reason for this is that an
antiangiogenic compound will eventually generate a hypoxic
microenvironment, which turns on proangiogenic signaling,
increasing the levels of factors that promote the acquisition of
an invasive and metastatic tumor phenotype such as nitric oxide
(NO), VEGF, and FGF. In addition, the same cells often
express the cognate membrane receptors for these factors,
resulting in autocrine signaling.18 Accordingly, the development
of new antitumor compounds that simultaneously block
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angiogenesis and induce a sustained inhibition of the
proangiogenic signaling generated by hypoxia currently remains
an important unmet need, as these agents should be more
effective drugs than the ones currently in the clinic and should
lack the associated more aggressive recurrence with metastasis
and drug resistance.

In this context, we have started a project aimed at the
identification of new small molecules able to block FGF
signaling using our in-house library and a bFGF-induced cell
proliferation assay as the primary screen. After identification of
an initial hit, the subsequent hit-to-lead process has allowed us
to develop a new inhibitor of angiogenesis (compound 22) that
impairs proangiogenic signaling under hypoxic conditions in
breast cancer cells, blocks the mitogen-activated protein kinase
(MAPK) pathway, inhibits cellular migration, and regulates a
set of genes related to angiogenesis. Furthermore, admin-
istration of compound 22 in a breast cancer xenograft model
significantly decreased the number of blood vessels in tumors
and produced tumor growth reductions from 46 to 55% in 38%
of the treated animals without causing any toxic side effects.

B RESULTS AND DISCUSSION

Hit Identification and Hit-to-Lead Process. Selected
representative compounds from our in-house library were
screened in a bFGF-induced cell proliferation assay using
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human umbilical vein endothelial cells (HUVECs) in order to
identify a chemically tractable hit with drug-like properties that
could be amenable to further optimization. From this screening,
carbamate 1 emerged as an initial hit with an IC, value of 317
UM. We started the exploration of this scaffold (Figure 1) by
introducing substituents in the carbamate group and keeping
the methyl ester moiety constant (as its removal led to
complete inactivity of the corresponding carboxylic acid,
derivative 2, ICy, > 500 uM) as well as the phenolic hydroxyl
group (compounds 3—10). Target compounds were synthe-
sized as depicted in Scheme 1. Reaction of methyl or benzyl
2,5-dihydroxybenzoate with chlorosulfonylisocyanate (CSI)
followed by benzyl ester cleavage of intermediate 24 yielded
carbamates 1 and 2, respectively. N-Monosubstituted carba-
mates 3 and 4 were obtained by addition of methyl 2,5-
dihydroxybenzoate to ethyl and phenyl isocyanate in the
presence of N,N-diisopropylethylamine (DIEA) as a base,
whereas reaction of methyl 2,5-hydroxybenzoate with the
corresponding carbamoyl chloride afforded disubstituted
carbamates 5—8. Piperazine derivative 9 was synthesized by
nucleophilic substitution of 4-nitrophenylchloroformate with
methyl 2,5-dihydroxybenzoate followed by treatment of the
resultant carbonate with 1-methylpiperazine. Alternatively,
acylation of methyl 2,5-dihydroxybenzoate with carbonylimida-
zol derivative 25 gave intermediate 26, which afforded final
compound 10 by benzyl ether deprotection under palladium-
catalyzed hydrogenation. Carbamates 2—10 were screened for
activity in the bFGF-induced proliferation assay (Table 1).

Table 1. Inhibition of bFGF-Induced Cell Proliferation of
Human Umbilical Vein Endothelial Cells (HUVECs) by
Compounds 1-10

COOR!?
. o OH
A
R3
compd R! R? R} ICq, (uM)*

1 Me H H 317
2 H H H >500
3 Me Et H 17

4 Me Ph H 165
S Me Me Me >500
6 Me Et Et >500
7 Me Ph Me 48

8 Me Ph Ph 35

9 Me (CH,),NCH,(CH,), >500
10 Me p-hydroxyphenyl Me 96

“ICso values are the means from two to three independent
experiments performed in triplicate. In all cases, the SEM is within
10% of the mean value.

From the obtained results, the main conclusion is that the
replacement of a hydrogen of the carbamate group by an ethyl
or phenyl group gave active compounds (3 and 4), whereas
disubstitution of the carbamate with alkyl chains is detrimental
for activity (compounds §, 6, and 9, ICs, > 500 uM). However,
when one or both substituents are aromatic rings, the
antiproliferative activity is restored (7, 8, and 10). Among
this first series of compounds, carbamates 3, 7, and 8 deserve
special attention because they show the highest potency in
inhibiting cell proliferation, with ICs, values of 17, 48, and 35

3759

UM, respectively. In order to select the best scaffold to continue
with the optimization process, we determined some pharma-
cokinetic parameters (Table 2). Although the most potent

Table 2. Pharmacokinetic Properties of Compounds 3, 7, 8,
21, and 22°

compound

property 3 7 8 21 22
aqueous solubility ND 1035 S8 35 175.7
(PBS, pH 7.4, uM)
partition coefficient ND 313 446 419 295
(LogD, n-octanol/PBS, pH 7.4)
chemical stability pH 7.4 ND 67 24 93 108
(remaining compound, %)
A—B permeability ND 461 7.9 351 S35
(TC7, pH 6.5/7.4, 107 cm/s)
human plasma stability <S 94 105 87 111
(remaining compound, %)
mouse plasma stability <$ 83 89 78 99

(remaining compound, %)

“Data are expressed as the mean from two independent experiments
performed in duplicate. The SEM in all cases is within 10% of the
mean value. ND, not determined. For stability studies, the percentage
of the remaining compound after 1 h is given.

derivative, 3, showed a disappointingly low stability that
disqualified it from being a suitable candidate for further
optimization, compound 7 showed good properties, especially
in terms of aqueous solubility, lipophilicity, permeability, and
stability. Therefore, it was selected for further structural
exploration focused on whether the phenolic hydroxy group
was required for activity and to determine if it was possible to
replace the methyl ester group without a significant activity
decrease (compounds 11—23; Figure 1). These new derivatives
were synthesized as depicted in Scheme 2. Disubstituted
carbamates 11, 12, and 14—18 were prepared by reaction of the
corresponding 5-hydroxybenzoates with N-methyl-N-phenyl-
carbamoyl chloride. Methyl ester 7 was transformed into amide
13 by reaction with methylamine. Finally, phenyl methyl
carbamates 19—23 were obtained by condensation of carboxylic
acid 28 with the corresponding alcohol or amine in the
presence of 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDC) as a coupling reagent. All of these new compounds were
screened for activity (Table 3). Our results suggest that the
phenolic hydroxy group is essential for activity, since both its
methylation (compound 11) or removal (derivative 12) led to
important decreases in activity (ICy, (7) = 48 uM vs IC, (11)
=118 uM and ICy, (12) = 290 uM; Table 3). Accordingly, the
phenolic hydroxy group was kept in carbamates 13—23, and
different esters and amides were introduced in an attempt to
replace the initial methyl ester group. Our first attempt was to
prepare amide 13, an analogue of 7, but this change led to a
decrease in activity (ICs, value for 7 was 48 yM, whereas amide
13 showed an ICg, value of 67 uM; Table 3). This result
suggested that the substitution of the ester by an amide would
probably involve some reduction in biological activity, so we
first kept the ester bond but replaced the methyl group by other
aliphatic and (hetero)aromatic groups in search of better
activities. In this case, we could later substitute the ester by an
amide group and still maintain good activity values. With this
idea in mind, esters 14—20 were prepared. Among them, the
best results in terms of IC, values were obtained for benzyl and
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3-methylpyridinyl groups as R' substituents, compounds 14
and 18, with ICy, values of 17 and 16 uM, respectively (Table
3). Hence, these two R' groups were selected, and the analogue
amides 21—23 were synthesized. The biological activity of these
amides was similar to that of the corresponding esters, as
shown, for example, by the ICg, values of esters 14 and 18 (17
and 16 uM, respectively) when compared with the ICj, values
of amides 21 and 22 (22 and 14 uM, respectively). Hence, we
determined their pharmacokinetic properties in order to select
the best candidate to continue with the biological studies.
Taking into account all of these data (Table 2), amide 22
showed the best overall profile with the highest solubility
(175.7 uM), stability (around 100% under the three assayed
conditions), and permeability values. Accordingly, this com-
pound was selected for in-depth characterization.

Compound 22 Inhibits Proangiogenic Signaling in
MCF7 Breast Cancer Cells under Hypoxic Conditions.
Tumor hypoxia, a common feature of many solid tumors, has
been identified as a key driver for angiogenic regulation
mechanisms. Hence, we first explored whether compound 22 is
able to inhibit the proangiogenic signaling generated by hypoxia
in the MCF7 human breast adenocarcinoma cell line that was
chosen as a model. Our results show that compound 22
decreases the levels of important proangiogenic factors VEGF
and bFGF in hypoxic MCF7 cells (Figure 2A,B). In addition,
this derivative also induces a decrease in the NO levels, which
runs parallel to a strong inhibition of iNOS expression (Figure
2CF).

Considering the importance of the enhancement of autocrine
signaling under hypoxic conditions, especially in terms of
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Table 3. Inhibition of bFGF-Induced Cell Proliferation of
Human Umbilical Vein Endothelial Cells (HUVECs) by
Compounds 11-23

COXR!
R4
LS LY
N0
CHg
Cpd X R' R ICso (LM)
7 0o Me OH 48
11 o Me OMe 118
12 0o Me H 290
13 NH Me OH 67
14 0o Bn OH 17
15 0o Et OH 28
16 (0] Isopropyl OH 26
17 (0] tert-Butyl OH 25
2P
18 0o ] OH 16
N
19 0 e OH 39
e
20 0o \Q OH 74
|
21 NH Bn OH 22
22 NH [ 14
- OH
23 N(Me) N 90

“ICs, values are the means from two to three independent
experiments performed in triplicate. In all cases, the SEM is within
10% of the mean value.

activation of the corresponding receptors, VEGFR and FGFR,
we also assessed whether compound 22 affected their
activation. Remarkably, this derivative inhibits the activation
of these two receptors, as it decreases their phosphorylated
(active) forms (Figure 2D,E).

The main effects of the activation of the FGFR pathway
include the induction of proliferation, migration, and
antiapoptotic signals. Proliferation enhancement is mainly
achieved through activation of the MAPK cascade, whereas
the induction of antiapoptotic signals is mediated by activation
of the PI3K/AKT pathway.>"" This latter cell survival pathway
is also reinforced by VEGFR activation.> Hence, we explored
whether compound 22 was able to suppress the phosphor-
ylation of downstream kinases AKT, MEK, and ERK. As
expected, hypoxia activated the AKT and the MEK and ERK
signaling pathways, as demonstrated by the increased
phosphorylation of these kinases, and, remarkably, incubation
of the cells with compound 22 prevented this activation (Figure
3A). Importantly, inhibition of these signaling pathways by
compound 22 was accompanied by an impairment in hypoxia-
stimulated cell migration (Figure 3B). In order to determine
whether the decrease in migration was due to general
cytotoxicity, we carried out a similar set of experiments in
which cells were incubated with compound 22 for 48 h, after
which the compound was removed and then the cells were
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Figure 2. Compound 22 decreases the production of hypoxia-induced proangiogenic factors VEGF, bFGF, and NO and inhibits the activation of
their corresponding receptors. Incubation of MCF?7 cells with compound 22 (50 M) under hypoxic conditions significantly reduces the levels of
(A) VEGF, (B) bFGF, and (C) NO, decreases the activation of the (D) VEGF and (E) FGF receptors, and decreases (F) iNOS expression (131
kDa band). f-Actin (42 kDa) is shown as a loading control. Data correspond to the average + SEM of at least three independent experiments, and
representative gels are shown. The bar graphs in panels D and E represent the optical density of the immunoreactive phosphorylated protein
normalized to the total corresponding protein, which is expressed as the percentage relative to normoxia. The bar graph in panel F represents the
optical density of the immunoreactive protein (iNOS) expressed as the percentage relative to normoxia. *, P < 0.0S; **, P < 0.01; ***, P < 0.001 (vs
hypoxic vehicle-treated cells) (Student’s ¢ test).
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Figure 3. Compound 22 inhibits hypoxia-activated signaling pathways and suppresses cell migration. (A) Representative western blots of
phosphorylated (pAKT) and total AKT (T-AKT), phosphorylated MEK1/2 (pMEK1/2) and total MEK1/2 (T-MEK1/2), and phosphorylated
ERK1/2 (pERK1/2) and total ERK1/2 (T-ERK1/2). Lysates were obtained from MCF?7 cells treated with compound 22 (50 M) under hypoxic
conditions. Data correspond to the average &+ SEM of at least three independent experiments. The bar graphs in panel A represent the optical density
of the immunoreactive phosphorylated protein normalized to the total corresponding protein, which is expressed as the percentage relative to
normoxia. *, P < 0.05; **, P < 0.01 (Student’s ¢ test). (B) In vitro scratches (wounds) were made by scraping confluent cell monolayers with a sterile
pipet tip and were visualized by phase contrast microscopy. After 48 h under hypoxic conditions, the remaining wound area was quantified. The bar
graph represents the average = SEM of at least three independent experiments and three different fields. ***, P < 0.001 (vs DMSO-treated cells)
(Student’s t test). Bar, 250 pm.

3761 DOI: 10.1021/jm5019252
J. Med. Chem. 2015, 58, 3757-3766


http://dx.doi.org/10.1021/jm5019252

Journal of Medicinal Chemistry

A B c
- 2 )
3 10 3 2 g 3
s i L W
_;% e * I g 2 *kk ns
< g1 I © I
= 05 g 5 I
x g & 1
£ 5 g ’—‘ H
= k=3 k=3
o £ o+ £ o+
I o )
Hypoxia - + o+ + Hypoxia - + o+ _ + +
CsiRNA  HIF-1a SIRNA Comp.22 - - + + Comp.22 - -+ -
C siRNA HIF-1a SIRNA CsiRNA HIF-1c SIRNA

——

400
300
200 ool
1
100
0
+ +

Hypoxia
Comp.22 - - +

——

1

N
S
S

Intensity BNip3
% relative to normoxia)
8

0

Intensity Ang2
(% relative to normoxia)

Hypoxia - + +
Comp.22 - - +

== -

Hypoxia - + + - + +

Comp.22 - - + - - +

Figure 4. Compound 22 inhibits the production of the hypoxia-induced proangiogenic factors via HIF-1a. (A) HIF-1a mRNA levels after transient
transfection of MCF?7 cells with a siRNA selectively targeting HIF-1a (HIF-la siRNA) or with a nontargeted siRNA (C siRNA). Results are
expressed in arbitrary units (au). bFGF (B) and VEGF (C) levels in MCF7 cells transiently transfected with the indicated siRNAs under normoxic
and hypoxic conditions and in the presence/absence of compound 22. Representative western blots of (D) BNip3 (22 kDa), (E) Ang2 (65 kDa),
and (F) HIF-1a (132 kDa) and HIF-2a (115 kDa). In all cases, actin (42 kDa), marked with an arrowhead, is used as a loading control. Lysates were
obtained from MCEF?7 cells treated with compound 22 (50 M) under normoxic or hypoxic conditions as indicated. Data correspond to the average
+ SEM of at least three independent experiments. The bar graphs in panels D and E represent the optical density of the immunoreactive protein
(BNip3 or Ang?2, respectively) expressed as the percentage relative to normoxia. *, P < 0.05; *** P < 0.001 (vs hypoxic vehicle-treated cells)

(Student’s t test).

incubated for an additional 48 h. The obtained results show
that cells recover their ability to migrate after removal of the
compound (Supporting Information Figure S1). In addition,
the number of viable cells remains similar to that in the vehicle-
treated cells (Supporting Information Figure S1E). Taken
together, these data strongly suggest that compound 22 is
mainly affecting cell migration and not inducing general
cytotoxicity.

Compound 22 Inhibits the Production of Hypoxia-
Induced Proangiogenic Signals via Hypoxia-Inducible
Factor-1a (HIF-1a). Intratumoral hypoxia is one of the major
factors that drive tumor angiogenesis, and hypoxia-driven
angiogenesis is primarily mediated by HIF-1a, often considered
to be a master regulator of angiogenesis under hypoxia."” In
addition, in MCF7 breast cancer cells, HIF-1a is the factor that
mainly contributes to the expression of genes under hypoxic
conditions.”® Therefore, we analyzed whether HIF-la was
involved in the antiangiogenic response elicited by compound
22. To this end, we knocked-down HIF-1a using selective small
interfering RNAs (siRNAs) (Figure 4A). As shown in Figure
4B,C, hypoxia induced an increase in bFGF and VEGF levels in
MCEF7 cells transfected with a nontargeted (control) siRNA (C
siRNA), and this effect was prevented by compound 22.
Conversely, genetic silencing of HIF-1a abrogated the increase
in these two proangiogenic factors upon hypoxia stimulus, and
compound 22 did not enhance this effect. These results suggest
that the effect of compound 22 on bFGF and VEGF levels is
mediated via HIF-la. To further ascribe the effects of
compound 22 to HIF-la modulation and not to other
members of its family, mainly HIF-2a, we selected two
proteins, BNip3 and Ang-2, which have been described to be
mainly regulated by HIF-la and HIF-2q, respectively.”' As
expected, and consistent with the literature, hypoxia increased
the levels of both proteins, BNip3 and Ang-2. Remarkably,

3762

compound 22 decreased only the levels of BNip3 (Figure 4D)
without affecting the expression of Ang-2 (Figure 4E). These
results provide further support for the specific involvement of
HIF-1a in the effects induced by compound 22. In addition,
and to discard potential effects of this derivative upstream of
HIFs, we verified that compound 22 did not affect the
expression levels either of HIF-1a or of HIF-2a (Figure 4F).
Antiangiogenic Gene Profile of Hypoxic MCF7 Cells
Treated with Compound 22. To further confirm the
antiangiogenic profile of compound 22, we analyzed the
expression of 84 key genes involved in angiogenesis in hypoxic
MCE-7 cells treated with this compound. We identified 12
genes that were significantly affected by compound 22 (fold
change > 2; Figure S). As expected, several proangiogenic
genes were downregulated in the presence of compound 22.
Among them are several cytokines such as CCL11, IL-15, or
the chemokine-like PROK2 that have been linked to angio-

L . 22-24
genesis in solid tumors as well as other known
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Figure 5. Compound 22 regulates the expression of angiogenesis-
related genes. An angiogenesis PCR array was performed in hypoxic
MCEF7 cells challenged with compound 22 or the corresponding
vehicle. The graph shows the 12 genes that were modulated (threshold
= 2-fold increase/decrease) in compound 22-treated cells vs control
cells. Results are expressed as fold regulation.
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gray dashed line, n = 8) and compound 22-treated animals (represented individually, n = 8, solid gray lines). (B) Tumor weight at the end of the
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vessels in treated but not-responding animals (22-NR). Images correspond to representative immunofluorescence stainings of tumor sections of each
experimental group. Blood vessels are stained with an antibody against CD31 (in green), and nuclei are shown in blue. Scale bar, 100 ym. The bar
graph represents the number of blood vessels (mean + SEM, 3 tumors/experimental group and 4 sections/tumor) for vehicle-treated animals (white
bar), compound 22-responding animals (black bar), and not-responding animals (gray bar). *, P < 0.05; ***, P < 0.001 (vs compound 22-treated
nonresponding mice) (Student’s ¢ test). (D) Compound 22 significantly reduces VEGF mRNA levels in responding animals (22-R) compared to
vehicle-treated mice or mice treated with compound 22 that are not responding (22-NR). Images correspond to representative data obtained from
independent samples of tumor sections from each experimental group. Controls include lack of RNA (right lane, labeled —) and GAPDH as
housekeeping gene.

proangiogenic factors such as the vascular endothelial cadherin To analyze the in vivo inhibition of angiogenesis, we
CDHS and the receptors VEGFR-2 (also known as KDR) and quantified the number of blood vessels within the tumors by
Notch4.>® On the other hand, upregulation of several genes in immunofluorescence staining of CD31 (a marker of endothelial
response to compound 22 was also observed, including the cells) in vehicle-treated animals as well as in responding and
chemokine CXCL9, which has been described as attenuating not-responding individuals (Figure 6C). Significant inhibition
angiogenesis in some situations.”® Surprisingly, we observed an of angiogenesis was not detected in nonresponding animals. In
increase in the transcript levels of certain proangiogenic factors contrast, in the tumors of compound-responding mice, a

marked reduction in the number of blood vessels was observed.
Remarkably, this result correlates with the expression level of
VEGF (Figure 6D). Importantly, the inhibition of angiogenesis
and tumor growth induced by compound 22 was not
accompanied by any sign of toxicity, as assessed by
histopathological analysis of liver, lungs, spleen, and heart of
compound-treated animals (data not shown). The degree of
interindividual variability in the response to 22 might be related
to a different bioavailability of the compound caused by the
distinct growth and size of each individual tumor or by the
existence of clonal variability of xenograft cells, something that
has been previously observed for other antitumor targets”’ and
also in the clinic after treatment with other angiogenesis
inhibitors. In this case, it is possible that increasing the number

such as the cell adhesion molecules integrin ITGB3 and
PECAM], the angiopoietin receptor TIE1, and the proangio-
genic factors FGF1 and FGF2. These apparently contradictory
results may be due to differential regulation at the transcrip-
tional and translational levels. In this regard, for example, it is
worth noting that although some increase is observed at the
transcriptional level (Figure S) compound 22 reduces the
protein levels of FGF2 (bFGF), as shown in Figure 2B.
Antitumor Effect of Compound 22 in Vivo. In order to
assess the in vivo efficacy of compound 22, we used a breast
cancer xenograft model. Tumor-bearing mice were injected
intraperitoneally with compound 22 (25 mg/kg) once a day for
28 days, and tumor volumes were routinely measured (Figure

6A). In vehicle-treated animals, tumors grew in an exponential of individuals would also augment the number of positive cases.
manner. Treatment of mice with compound 22 produced no In addition, it is important to note that a tumor is a
effect in 62% of them (5 out of 8), but we observed a significant heterogeneous entity, with hypoxic portions but also with
reduction in tumor growth (ranging from 46 to 55%) in the other zones, near the blood vessel, which are not hypoxic, and
remaining 38% (3 out of 8) (Figure 6B). each may have different signaling factors. In this context, Figure

3763 DOI: 10.1021/jm5019252

J. Med. Chem. 2015, 58, 3757—3766


http://dx.doi.org/10.1021/jm5019252

Journal of Medicinal Chemistry

S suggests upregulation of some proangiogenic genes even in
the presence of compound 22. Hence, it is possible that in the
mice in which the drug decreased tumor size the effects of the
downregulated proangiogenic genes predominated, whereas the
increase in tumor size observed in the other mice was
dominated by effects of the proangiogenic genes that remained
upregulated even in the presence of the compound.

In conclusion, in this work, we describe a new series of
antiangiogenic compounds. Among them, the optimal com-
pound (22) inhibits proangiogenic signaling under hypoxic
conditions in breast cancer cells. Specifically, administration of
22 decreases the levels of the proangiogenic molecules VEGF,
bFGF, and NO. Also, this compound inhibits the active forms
of the corresponding receptors of these factors (phosphorylated
forms of VEGFR and bFGFR) and the levels of the iNOS
enzyme. These effects correlate with a blockade of the MAPK
pathway and the inhibition of cellular migration, and they are
mediated by HIF-1a, since the effects of compound 22 mostly
disappear when its expression is knocked-down. Additionally,
gene profiling identified a set of genes related to angiogenesis
whose expression is altered by compound 22 and that might
contribute to the antiangiogenic effects. Furthermore, admin-
istration of compound 22 in a xenograft model produced tumor
growth reductions ranging from 46 to 55% in the 38% of the
treated animals. Importantly, in the responding tumors, a
significant reduction in the number of blood vessels and in the
levels of VEGF was observed, further supporting the
mechanism of action of the compound. Although better
efficacy would be desirable, the fact that compound 22 did
not induce any toxic effects in vivo and that it was able to
effectively block angiogenesis in the tumors of responding
animals strongly support the potential of this compound as a
lead for the development of new antiangiogenic agents suitable
for the treatment of cancer either alone or in combination with
other benchmark drugs.

B EXPERIMENTAL PROCEDURES

Compound Synthesis. Unless stated otherwise, starting materials,
reagents, and solvents were purchased as high-grade commercial
products from Sigma-Aldrich, Acros, ABCR, Bachem, Fluorochem,
Scharlab, or Panreac and were used without further purification.
Dichloromethane was freshly distilled from calcium hydride.
Tetrahydrofuran and diethyl ether were freshly distilled from sodium
and benzophenone. All nonaqueous reactions were performed under
an argon atmosphere in oven-dried glassware. Full details regarding the
synthetic procedures and characterization data of all compounds are
given in the Supporting Information. Spectroscopic data of all
described compounds were consistent with the proposed structures.
Satisfactory HPLC chromatograms and elemental analyses (C, H, N)
were obtained for the final compounds, confirming a purity of at least
95% for all tested compounds. Pharmacokinetic properties of selected
compounds 3, 7, 8, 21, and 22 were determined at CEREP (www.
cerep.fr).

The synthesis and structural characterization of derivative 22 is
detailed below. Detailed procedures and structural data for the rest of
the compounds can be found in the Supporting Information.

Synthesis of 2-Hydroxy-5-({[methyl(phenyl)amino]-
carbonyl}oxy)benzoic Acid (28). To a solution of benzyl ester 14
(120 mg, 0.3 mmol) in absolute EtOH (20 mL) was added 10% Pd/C
(50 mg), and the mixture was hydrogenated at room temperature for 4
h, with an initial hydrogen pressure of 30 psi. The reaction mixture was
filtered through a pad of Celite and washed with EtOH. The solvent
was evaporated to afford the title pure compound as a solid in
quantitative yield. mp 157158 °C. R (dichloromethane/EtOH, 95:5)
0.20. IR (KBr, cm™) 3071, 1699, 1596, 1489. 'H NMR (CDCl,) §
344 (s, 3H), 6.95 (d, 1H, ] = 8.9), 7.22—7.45 (m, 6H), 7.61 (m, 1H).
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BC NMR (CDCl;) § 384 (CH;), 114.2 (C), 118.8, 119.1, 126.1,
127.0, 127.3 (5CH), 129.3 (3CH), 142.5, 142.7, 154.8, 159.2, 169.8
(5C).

Synthesis of 4-Hydroxy-3-{[(pyridin-3-ylmethyl)amino]-
carbonyl}phenyl methyl(phenyl)carbamate (22). To a solution
of benzoic acid 28 (228 mg, 0.8 mmol) in anhydrous DMF (10 mL)
were added EDC (230 mg, 1.2 mmol) and DMAP (23 mg, 0.3 mmol),
and the mixture was stirred at room temperature for 15 min. Then, a
solution of pyridin-3-ylmethylamine (87 mg, 0.8 mmol) in DMF (§
mL) was added at 0 °C, and the reaction mixture was stirred for 2 h at
this temperature and at room temperature for 14 additional hours. The
mixture was evaporated, and the residue was purified by column
chromatography (dichloromethane/EtOH, 95:5) to give compound
22 in 37% yield. mp 110—112 °C. R; (dichloromethane/EtOH, 9:1)
0.32. IR (KBr, cm™") 3348, 1719, 1646, 1599, 1545, 1492. '"H NMR
(CDCL) & 3.35 (s, 3H), 440 (d, 2H, ] = 5.7), 6.87 (d, 1H, J = 9.0),
7.04—7.06 (m, 1H), 7.19—7.36 (m, 6H), 7.41 (m, 1H), 7.60 (d, 1H, J
= 7.9), 8.12 (m, 1H), 8.44 (br s, 2H). 3*C NMR (CDCl;) § 38.7
(CH,), 41.3 (CH,), 115.0 (C), 119.1, 120.2, 124.1, 126.3, 127.2, 127.8
(6CH), 129.5 (3CH), 134.3 (C), 136.5 (CH), 142.9, 143.0 (2C),
148.8, 149.3 (2CH), 154.9, 159.0, 169.4 (3C).

Inhibition of bFGF-Induced Cell Proliferation of Human
Umbilical Vein Endothelial Cells (HUVECs). HUVECs, obtained
from American Type Culture Collection, were cultured in a humidified
atmosphere of 95% air and 5% CO, at 37 °C in M199 medium
containing 10% fetal bovine serum (FBS) and 10 pg/mL heparin.
Cells were incubated in the presence of bFGF (1 pg/mL) and the
appropriate concentration of compound or vehicle (0.4% DMSO) for
2 days, and cell proliferation was quantified spectrofluorimetrically.
ICs, values are the mean from at least two independent experiments
carried out in triplicate. In all cases, the standard error of the mean
(SEM) is within 10% of the mean value.

Determination of VEGF and bFGF Levels. Cells were seeded in
12-well plates at a density of S X 10* cells per well and were grown for
24 h to obtain a 70—80% confluent monolayer. Then, medium was
replaced with fresh DMEM with or without 150 uM CoCl,. After S h,
compound 22 or vehicle (DMSO) was added to the culture medium,
and cells were incubated for 4 h more. Supernatants were then
collected and used straightaway or stored at —80 °C for further use.
Concentrations of VEGF and bFGF in the culture medium were
measured using an enzyme-linked immunosorbent assay (ELISA),
according to the manufacturer’s instructions (VEGF human ELISA kit
and FGF-basic human ELISA kit, Invitrogen). Absorbance was
measured at 450 nm using an Asys UVM 340 (Biochrom Ltd,
Cambridge, UK) microplate reader, and data were normalized to the
kit controls and the number of producing cells. Data from three to five
independent experiments carried out in triplicate were represented as
mean fold + SEM with bar graphs.

Nitric Oxide (NO) Quantification. Nitric oxide production was
measured through determination of nitrite concentration in the culture
medium using the Griess test. Briefly, cells were seeded in 96-well
plates at a density of 1 X 10* cells per well in DMEM with 10% fetal
bovine serum (FBS) and incubated for 24 h prior to treatments. The
medium was then replaced with fresh DMEM with or without 150 M
CoCl,; after 5 h of incubation, compound 22 or vehicle was added,
and incubation was continued for another 4 h. Then, 100 uL of
supernatant from each condition was mixed with 100 yL of Griess
reagent (1% sulphanilamide, 0.1% N-(1-naphthyl)ethylendiamine
dihydrochloride, 2.5% phosphoric acid). After 15 min at room
temperature in the dark, absorbance was measured at 548 nm in an
Asys UVM 340 (Biochrom Ltd., Cambridge, UK) microplate reader.
The concentration of nitrite, a stable oxidized derivative of NO in
cultured cells, was determined from a sodium nitrite (NaNO,, Sigma-
Aldrich) standard curve. Data from three independent experiments
performed in triplicate were presented as mean + SEM.

Western Blot Analysis. MCF-7 cells were plated at a density of 2
X 10° cells in 15 cm dishes and allowed to grow for 24 h in DMEM
with 1% FBS to obtain an 80% confluent monolayer. The medium was
then replaced by fresh DMEM with or without 150 M CoCl,, and
cells were incubated for 5 h to allow a hypoxic response to be

DOI: 10.1021/jm5019252
J. Med. Chem. 2015, 58, 3757—3766


www.cerep.fr
www.cerep.fr
http://dx.doi.org/10.1021/jm5019252

Journal of Medicinal Chemistry

generated. After that, compound 22 or vehicle was added, and cells
were incubated for 4 h. Cells were washed with PBS and lysed with
ice-cold RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%
Igepal) containing protease and phosphatase inhibitors (Roche and
Sigma-Aldrich, respectively). Lysates were clarified by centrifugation at
10 000g for 10 min at 4 °C and used straightaway or stored at —80 °C
until use. Protein concentration was measured (DC protein assay kit,
Bio-Rad), and samples with equal amounts of total protein were
diluted into Laemmli reducing sample buffer (Bio-Rad) and denatured
at 95 °C for 5 min. Samples were then resolved on 4—20% SDS-PAGE
gels (Bio-Rad), and proteins were transferred to nitrocellulose
membranes (GE Healthcare, Amersham). After 1 h of incubation in
blocking buffer [10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05%
Tween-20 (TBS-T) with 1% BSA], membranes were incubated
overnight at 4 °C with the corresponding primary antibody. Then,
membranes were washed three times (S min each) with TBS-T and
incubated with the corresponding secondary antibody for 1 h at room
temperature. Protein bands were visualized using enhanced chem-
iluminescence detection reagents (GE Healthcare, Amersham) in a
Fujifilm LAS-3000 developer (Tokyo, Japan) and quantified by
densitometry using Image] software (NIH).

Primary antibodies were from Cell Signaling and used at a 1:1000
dilution (rabbit anti-phospho-AKT (pS473), rabbit anti-AKT, rabbit
anti-phospho-ERK1/2, rabbit anti-ERK1/2, rabbit anti-phospho-
MEK1/2, rabbit anti-MEK1/2, rabbit anti-VEGFR, rabbit anti-
phospho-VEGFR, rabbit anti-FGFR, and rabbit anti-phospho-FGFR)
or from Santa Cruz Biotechnology and used at a 1:200 dilution
(mouse anti-HIF-1a, mouse anti-HIF-2a, mouse anti-iNOS, and rabbit
anti-f} actin). Secondary antibodies used were goat anti-mouse or goat
anti-rabbit IgG HRP conjugates (1:5000, Sigma-Aldrich) accordingly.
Relative phosphorylation levels from three independent experiments
were presented as the mean + SEM with bar graphs.

Migration or Wound Healing Assay. Cells were seeded in 96-
well plates at a density of 1.5 X 10° cells per well in DMEM with 10%
FBS and grown for 24 h at 37 °C and 5% of CO, to obtain a 90—100%
confluent monolayer. Wounds were made with a sterile p20 pipet tip,
and each well was washed twice with PBS to eliminate nonadherent
cells and cell debris. Fresh DMEM with or without 150 uM CoCl, was
then added, and after 5 h of incubation, compound 22 (50 uM) or
vehicle was added. At this time (0 h) and after 48 h, cells were
photographed under phase contrast with an Olympus FW1200
microscope. Empty area in each wound was quantified using Image]
software (NIH) and compared with the corresponding area of the
initial wound. The percentage of area from three independent
experiments performed in triplicate was presented as the mean =+
SEM with bar graphs.

RNA Interference-Mediated Silencing of the HIF-1a Gene.
Cells were transfected with specific siRNA duplexes using
DharmaFECT 1 as the transfection reagent according to the
manufacturer’s instructions (Dharmacon-Thermo Scientific, Lafayette,
CO). Selective siRNA against human HIF-1a was a smart pool from
Dharmacon-Thermo Scientific, and the sequences were as follows: 5'-
GAACAAAUACAUGGGAUUA-3'; 5'-AGAAUGAAGUGUACC-
CUAA-3'; 5'-GAUGGAAGCACUAGACAAA-3’; and S§'-CAAGU-
AGCCUCUUUGACAA-3". The nontargeted control sequence, 5'-
UUCUCCGAACGUGUCACGU-3’, was from Applied Biosystems-
Ambion (Austin, TX). Twenty-four hours after transfection, cells were
seeded for ELISA assays, which were performed as described below.

Quantitive Polymerase Chain Reaction (qPCR). RNA from cell
cultures or tumor tissues was isolated with TRIzol reagent (Sigma).
cDNA was subsequently obtained with Transcriptor reverse tran-
scriptase (Roche). Real-time quantitative PCR assays were performed
using the FastStart master mix with Rox (Roche), and probes were
obtained from the Universal Probe Library (Roche). The primers used
for human HIF-la were as follows: sense, 5'-GATAGCAAGA-
CTTTCCTCAGTCG-3'; and antisense, 5'-TGGCTCATATCCCA-
TCAATTC-3'. Amplifications were run in a 7900 HT-fast real-time
PCR system (Applied Biosystems). Each value was normalized to
human f-actin RNA levels as an internal control: sense, 5'-
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CCAACCGCGAGAAGATGA-3'; and antisense, 5'-CCAGAGGC-
GTACAGGGATAG-3'.

Gene Expresssion Analysis. The RT® profiler PCR array of
human angiogenesis (Qiagen, Valencia, CA), which analyzes the
expression of 84 key genes involved in modulating the biological
processes of angiogenesis, was used. RNA from cell cultures was
isolated with TRIzol reagent (Sigma, St. Louis, MO), including a DNA
digestion step with genomic DNA elimination mix (Qiagen). cDNA
was subsequently obtained with a RT? first strand kit according to the
manufacturer’s instructions (Qiagen). Real-time PCR assay was
performed using the RT? profiler PCR array of human angiogenesis
in combination with RT?> SYBR Green master mix (Qiagen).
Amplifications were run in a 7900 HT-fast real-time PCR system
(Applied Biosystems, Carlsbard, CA), and data were analyzed using
the SABiosciences PCR array data analysis template Excel (Qiagen).

VEGF Expression Analysis. RNA was isolated from tumors with
TRIzol reagent (Invitrogen, Barcelona, Spain) with the real star kit
(Durviz, Valencia, Spain), and cDNA was obtained with Transcriptor
reverse transcriptase (Roche Applied Science, Barcelona, Spain). The
primers used for VEGF-A amplification were as follows: sense, 5'-
GTCCTGTGTGCCGCTGAT-3’; antisense, 5'-AGGTTTGAT-
CCGCATGATCT-3'. GAPDH was used as reference (sense, S'-
GGGAAGCTCACTGGCATGGCCTTCC-3’; antisense, 5'-
CATGTGGGCCATGAGGTCCACCAC-3’).

Subcutaneous Xenografts. All procedures involving animals
were performed with the approval of the Complutense University
Animal Experimentation Committee in compliance with European
official regulations. Five million MDA-MB-231 breast cancer cells in
100 uL of PBS were subcutaneously injected into the flank of 6-week-
old athymic mice (Harlan Interfauna Iberica, Barcelona, Spain).
Tumors were routinely measured with an external caliper, and volume
was calculated as (47/3) X (width/2)* X (length/2). When tumors
reached ca. 200 mm?, the mice were treated intraperitoneally three
times a week with compound 22 (25 mg/kg) or vehicle (DMSO 0.2
mg/uL in PBS) for 4 weeks. After treatment, animals were sacrificed,
and tumors and organs were collected. Tumors were divided into
different portions for preparation of tissue sections for immuno-
fluorescent staining [frozen in Tissue-Tek (Sakura Finetek Europe,
Zoeterwoude, The Netherlands)] or snap frozen for RNA extraction
(and stored at —80 °C until use). Organs collected were fixed in
formaldehyde and stained with hematoxylin—eosin for analysis.

For immunofluorescence analysis, Tissue-Tek frozen sections were
fixed in PFA 4% and were subjected to heat-induced antigen retrieval
in citrate buffer. Then, sections were blocked with PBS containing
0.25% TritonX-100 and 10% goat serum and incubated with anti-
CD31 (Pharmingen/BD Biosciences, San Jose, CA). Secondary anti-
mouse antibodies conjugated with Alexa Flour 488 were from
Invitrogen (Carlsbad, CA). Cell nuclei were stained with DAPI
(Invitrogen). Images were acquired using a Leica DM400B microscope
(Leica, Wetzlar, Germany).

B ASSOCIATED CONTENT

© Supporting Information

Cell migration impairment of compound 22 (Figure S1),
detailed synthetic procedures, characterization data of final
compounds 1—21 and 23, and intermediates 24—26 and 27d,e,
and elemental and HPLC-MS purity analyses of final
compounds 1-23. The Supporting Information is available
free of charge on the ACS Publications website at DOI:
10.1021/jmS5019252.
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