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Cl11, a novel fibroblast growth factor receptor 1 (FGFR1)
inhibitor, suppresses breast cancer metastasis and angiogenesis

Zhuo Chen'?, Lin-jiang Tong', Bai-you Tang', Hong-yan Liu', Xin Wang?, Tao Zhang', Xian-wen Cao?, Yi Chen’, Hong-lin Li?,

Xu-hong Qian?, Yu-fang Xu?, Hua Xie' and Jian Ding'

The fibroblast growth factor receptors (FGFRs) are increasingly considered attractive targets for therapeutic cancer intervention
due to their roles in tumor metastasis and angiogenesis. Here, we identified a new selective FGFR inhibitor, C11, and assessed its
antitumor activities. C11 was a selective FGFR1 inhibitor with an ICso of 19 nM among a panel of 20 tyrosine kinases. C11 inhibited
cell proliferation in various tumors, particularly bladder cancer and breast cancer. C11 also inhibited breast cancer MDA-MB-231 cell
migration and invasion via suppression of FGFR1 phosphorylation and its downstream signaling pathway. Suppression of matrix
metalloproteinases 2/9 (MMP2/9) was associated with the anti-motility activity of C11. Furthermore, the anti-angiogenesis activity
of C11 was verified in endothelial cells and chicken chorioallantoic membranes (CAMs). C11 inhibited the migration and tube
formation of HMEC-1 endothelial cells and inhibited angiogenesis in a CAM assay. In sum, C11 is a novel selective FGFR1 inhibitor
that exhibits potent activity against breast cancer metastasis and angiogenesis.
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INTRODUCTION

The fibroblast growth factor receptor (FGFR) family comprises 4
members: FGFR1-4 [1]. Similar to other receptor tyrosine kinases
(RTKs), FGFR1-4 proteins are single-pass transmembrane receptors
with extracellular ligand-binding domains and an intracellular
tyrosine kinase domain. On the cell surface, the interaction
between FGF and FGFR is stabilized by heparin sulphate
proteoglycans (HSPGs) via formation of a ternary complex.
Dimerization of the ternary FGF.FGFR:HPSG complex leads to
kinase activation and autophosphorylation of intracellular tyrosine
residues. The subsequent phosphorylation of the intracellular
receptor substrates FGFR substrate 2 (FRS2) and phospholipase
Cy activates two main downstream signaling pathways, the
Ras-dependent mitogen-activated protein kinase (MAPK) and
Ras-independent phosphoinositide 3-kinase (PI3K)-AKT signaling
pathways [2-4]. In normal cells, the FGFR signaling pathway plays
significant roles in key cell behaviors, including proliferation,
differentiation, migration, and survival, and is a key regulator of
angiogenesis and wound healing in adults [5, 6]. However,
aberrant FGFR signaling is implicated in the pathogenesis of a
broad range of solid tumors, including non-small cell lung cancer
(NSCLC), breast cancer, and bladder cancer [7, 8]. Moreover,
dysregulation of FGFRs is linked with poor prognosis, metastatic
progression, and drug resistance due to cytotoxic and targeted
cancer treatment [1].

Great efforts have been directed toward blockade of FGF/FGFR
signaling as an antitumor therapeutic approach [9-11]. Present
FGFR inhibitors can be divided into two groups: nonselective FGFR
TKIs and selective FGFR TKIs. The first-generation FGFR TKls

typically inhibit a broad range of additional kinases (e.g., VEGFRs
and PDGFRs), and approved multitarget FGFR TKls examined in
clinical trials include dovitinib (TKI258) [12], lucitanib (E-3810) [13],
lenvatinib (E7080) [14], ponatinib (AP24534) [15], and nintedanib
(BIBF1120) [16]. The FGFR inhibition activity of these compounds is
often relatively weak, and they exert antitumor efficacy primarily
by targeting RTKs rather than FGFRs. In addition, the inhibition
of multiple tyrosine kinases results in increased side effects, which
limits the ability to achieve doses required for effective FGFR
inhibition. Therefore, there is a need to develop more selective
inhibitors to suppress tumors through selective targeting of
FGFRs. Recently, a second generation of FGFR inhibitors with
greater FGFR selectivity has been reported. Representative
compounds include AZD4547 (AstraZeneca, phase I} [17],
BGJ398 (Novartis, phase Il) [18], JNJ-42756493 (Janssen, phase II)
[19], Debio-1347 (Debiopharm, phase |) [20] and LY2874455 (Eli
Lilly, phase Il) [21], These agents exhibited variable antitumor
capacity in FGFR-dysfunctional xenograft models. In comparison
with VEGFR inhibitors, blood pressure in tumor xenograft models
was not elevated with efficacious doses of AZD4547 or LY2874455.
However, there are still no FGFR targeting therapies approved for
cancer treatment. Lack of selectivity for FGFR family members
might be one cause for the slow progress of recent second-
generation FGFR inhibitors. Therefore, it is of great importance to
develop novel selective FGFR inhibitors with new scaffolds.

The 1-oxo-TH-phenalene derivatives (previously assigned as
acenaphtho[1,2-b]pyrrole) have been reported by our group to be
a series of potent FGFR1 inhibitors [22]. 9-Allylnaphtho[1,8-ef]
isoindole-7,8,10(9 H)-trione (C11, Fig. 1a) is a representative
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Fig. 1 a Chemical structure of C11. b Binding mode of C11 with FGFR1

compound in this series and was synthesized by introduction of
an allyl group to naphtho[1,8-eflisoindole-7,8,10(9H)-trione. C11
was noted for its facile synthesis, high yield and potent antitumor
capacity. Herein, we report our research evaluating the inhibitory
activity of the selective FGFR1 inhibitor C11 against breast cancer
cell metastasis and angiogenesis.

MATERIALS AND METHODS

Compounds

Compounds were dissolved at 10 mM in DMSO as stock solutions
for in vitro studies and stored at —20°C. The compounds were
diluted in normal saline before each experiment. The final DMSO
concentration did not exceed 0.1% (v/v), and 0.1% DMSO in
normal saline was used as a vehicle control for all the experiments.

Molecular simulation

The crystal structure of FGFR1 was retrieved from the Protein
Data Bank (PDB entry: 2FGI, Chain B) [23]. Protein model
preparation, after removal of all water molecules, the addition
of hydrogen atoms and ionization consideration, was performed
using the Glide 4.0 module in Maestro v7.5 (Schrédinger,
Inc) [24]. Considering the essential hydrogen bond interaction
in the kinase hinge region, we set two hydrogen bond constraints
of heteroatoms in residues Ala 564 and Glu 562 so that
each compound was required to have at least one hydrogen
bond interaction in the kinase hinge region. The grid-enclosing
box was formed based on the ligand in the complex structure
and constraints set in the last step. Three-dimensional (3D)
structures of C11 were drawn using the Builder tool and generated
with the Ligprep module. C11 was docked into the ATP-
binding site of FGFR1 using Glide 4.0 with a standard precision
(SP) approach, and a scaling factor of 1.0 was set for the VDW
radii of the protein atoms with the partial atomic charges less
than 0.25. The best configuration ranked by GlideScore among
the top 10 binding configurations was chosen as the preliminary
model for the next minimization, which was sequentially
minimized via PCRG (Polak-Ribiere Conjugate Gradient)
methods by the MacroModel module in Maestro v7.5. OPLS
2005 was selected as the force field, and the convergence
criteria were set with max iterations of 500 and a gradient of 0.05
kcal/mol.

Cell lines and cell culture

HL60, K562, BEL-7402, T24, and 786-O cells were from Shanghai
Institute of Biochemistry and Cell Biology (Shanghai, China).
SMMC-7721 cells were obtained from Second Military Medical
University (Shanghai, China). SGC-7901 cells were obtained from
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Renji Hospital (Shanghai, China). HepG-2, MDA-MB-468, MCF-7,
A549, Hela, BxPC-3, HCT-116, PC-3, KB, A431, and HMEC-1 cells
were obtained from the American Type Culture Collection
(Manassas, VA, USA). MDA-MB-231 and SKOV3 cells were obtained
from Fudan University Shanghai Cancer Center (Shanghai, China).
MKN-45 cells were obtained from the Institute of Basic Medical
Sciences of the Chinese Academy of Medical Sciences (Beijing,
China). HL60, K562, SMMC-7721, BEL-7402, SGC-7901, MKN45,
BxPC-3 and 786-O cells were cultured in RPMI-1640 (GIBCO, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (FBS)
(GIBCO, Grand Island, NY, USA). HepG-2, MCF-7, Hela, and KB cells
were cultured in ATCC-formulated Eagle’s Minimum Essential
Medium (MEM) supplemented with 10% FBS. MDA-MB-468 and
MDA-MB-231 human breast cancer cells were cultured in
Leiboviz's L15 medium supplemented with 10% FBS. A549 and
PC3 cells were cultured in Ham’s F12 supplemented with 10% FBS.
HCT116 and T24 cells were cultured in McCoy's 5 A supplemented
with 10% FBS. SKOV-3 and A431 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS.
Human microvascular endothelium HMEC-1 cells were propagated
in MCDB131 medium (GIBCO, Grand Island, NY, USA) supplemen-
ted with 20% FBS.

Kinase ELISAs

The kinase domains of VEGFR2, c-Kit, RET, c-Src, EphA2, EphB2,
c-Met, RON and IGF1R were expressed using a Bac-to-Bac
baculovirus expression system (Invitrogen, Carlsbad, CA, USA)
and purified on Ni-NTA columns (QIAGEN Inc., Valencia, CA, USA)
as previously described [25, 26]. FGFR1, VEGFR1, PDGFRa,
PDGFR@B, EGFR2 and Abl were purchased from Upstate Biotech-
nology Inc. (Charlottesville, VA, USA). Poly (Glu-Tyr)s,, the
substrate of tyrosine kinase, was obtained from Sigma-Aldrich
Corp. (St. Louis, MO, USA). Monoclonal anti-phosphotyrosine
(PY) antibody (PY99) was purchased from Santa Cruz Biotechnol-
ogy, Inc. The tyrosine kinase activities were determined in 96-well
ELISA plates (Corning, NY, USA) precoated with 20 pg/mL Poly
(Glu, Tyr).. First, 80 uyL of 5uM ATP solution diluted in kinase
reaction buffer (50 mM HEPES pH 7.4, 20mM MgCl,, 0.1 mM
MnCl,, 0.2mM NasVO, and 1mM DTT) was added to each
well. Various concentrations of compounds diluted in 10 uL of 1%
DMSO (v/v) were then added to each reaction well, with 1%
DMSO (v/v) being used as the negative control. Subsequently, the
kinase reaction was initiated by the addition of tyrosine kinase
protein diluted in 10pL of kinase reaction buffer solution.
Experiments at each concentration were performed in duplicate.
After incubation for 60 min at 37 °C, the wells were washed three
times with phosphate-buffered saline (PBS) containing 0.1%
Tween 20 (T-PBS). Next, 100 yL anti-phosphotyrosine antibody
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(PY99, 1:1000 dilution) diluted in T-PBS containing 5 mg/mL BSA
was added. After 30 min of incubation at 37 °C, the wells were
washed three times. Horseradish peroxidase-conjugated goat anti-
mouse 1gG (100 pL) diluted 1:2000 in T-PBS containing 5 mg/mL
BSA was added. The plate was reincubated at 37 °C for 30 min, and
then, the wells were washed with PBS. Finally, 100 pL of a solution
containing 0.03% H,0, and 2mg/mL o-phenylenediamine in
0.1 M citrate buffer, pH 5.5, was added, and the samples were
incubated at room temperature until color emerged. The reaction
was terminated by the addition of 50 yL of 2 M H,SO,, and the
plate was read using a multiwell spectrophotometer (MAX190™,
Molecular Devices, Sunnyvale, USA) at 490 nm. The inhibition rate
(%) was calculated using the following equation: Inhibition rate =
[1 — (A490 treated / Aa90 control)] X 100%. 1C5o values were determined
from the results of at least three independent tests and calculated
from the inhibition curves. The accuracy of this in vitro screening
assay was confirmed by the measured IC5, value of the positive
control, which was similar to the reported value.

Cell proliferation assay

Cells were seeded in a 96-well plate, incubated overnight for
attachment, and then treated in triplicate with gradient concen-
trations of C11 at 37°C for 72 h. Cell proliferation was assessed
using a sulforhodamine B (SRB; Sigma, St. Louis, MO, USA) assay.
The ICso values were determined by the four-parameter logit
method. The data are expressed as the mean+SD of three
independent experiments.

Cell migration assay

Cell migration assays were performed in a transwell Boyden
Chamber (6.5 mm in diameter and 8 uM pore size; Costar, Corning,
NY, USA). The lower chamber contained 600 uL of medium
supplemented with 10% FBS. Next, 100 uL of cell suspension
(1% 10° cells per well) with various concentrations of C11 diluted
in serum-free medium was added to the upper chamber. After 8 h
of incubation, the migrated cells were fixed with 90% ethanol
and stained with 0.1% crystal violet in 0.1 M borate and 2%
ethanol. The stained cells were photographed, and then, the
dye was dissolved with 10% acetic acid. The OD value was
determined at 590 nM, and the migration inhibition rate was
calculated as [1 — (OD¢11 — ODpjank) / (ODcontrol — ODpjank)] X 100%.

Wound healing assay

Wound healing assays were performed in 24-well plates with
automated WoundMaker and Incucyte systems (Essen Bioscience,
Michigan, USA). The scratch wounds were made with sterile 10 pL
pipette tips. Fresh culture medium containing either DMSO or
various concentrations of compounds was added. The Incucyte
Scratch Wound software was used to capture and analyze
the pictures.

Cell invasion assay

Transwell chamber membranes were coated with 1% gelatin.
Medium containing 10% FBS was added to the lower chambers.
Cells were suspended in serum-free medium containing various
concentrations of compound and added to the upper chambers.
Similar to the migration assay, the cells that invaded into the lower
chamber were detected and quantitated after 16 h of incubation.

Western blot analysis

Cells (2.0 x 10°) were seeded in six-well plates and exposed to C11
at the indicated concentrations. Cells were harvested and
subjected to standard western blot analysis using antibodies
against phospho-AKT (ser473), AKT, phospho-Erk (Thr202/Tyr204)
and Erk (Cell Signaling Technology, Beverly, MA, USA); phospho-
FGFR1 (Tyr653/654) and FGFR1 (Santa Cruz Technology, CA, USA);
MMP2 and MMP9 (Millipore, MA, USA); and GAPDH (Kangchen,
Shanghai, China).
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Gelatin zymogram

Cells were incubated in serum-free medium for 24 h with or
without C11 treatment. The supernatants were collected and
concentrated. Electrophoresis was performed in 7.5% polyacryla-
mide gels containing 0.1% gelatin. The gels were then washed
for 1h in 2.5% (v/v) Triton X-100 to remove SDS and incubated
overnight at 37°C in 50 mM Tris-HCI (pH 7.5), 150 mM Nadl,
05mM ZnCl,, and 10mM CaCl, to allow proteolysis of the
gelatin  substrate. Bands corresponding to activity were
visualized by negative staining using 0.5% Coomassie brilliant
blue R-250 (Bio-Rad, Hercules, CA, USA).

mRNA extraction and RT-PCR

Cells were lysed with Trizol reagent (Invitrogen), and total RNA was
isolated with chloroform and isopropyl alcohol. RNA was subjected
to reverse transcription using a DRRO37A PrimeScript RT reagent kit
(TaKaRa) according to the manufacturer’s instructions. cDNA was
amplified using a D334A PCR amplification kit (TaKaRa). The
sequences of specific primers were as follows: MMP2, 5-GTGGATG
ATGCCTTTGCTCG-3' (sense) and 5'-CTTCTTGTCGCGGTCGTAGTC-3’
(antisense); MMP9, 5-CAGATTCCAAACCTTTGAGGGCGA-3’ (sense)
and 5-TCGAAATGGGCGTCTCCCTGAAT-3’ (antisense); and B-actin,
5-AGCAAGAGAGGCATCCTCACCCTGAAGTACC-3 (sense) and 5-CA
GATTCTCCTTAATGTCACGCACGATTTCC-3' (antisense). The PCR pro-
ducts were separated in a 1% agarose gel and visualized by
ethidium bromide staining.

Tube formation assay

A 96-well plate was coated with 50 uL of Matrigel (Becton
Dickinson Labware, MA, USA), which was allowed to solidify at
37°C for 1h. HMEC-1 cells (1.5 x 10* cells/well) were seeded on
the Matrigel, cultured in MCDB131 medium containing different
concentrations of C11 or solvent control for 8h, and then
photographed under a microscope (Olympus, IX70, Japan). The
inhibition rate of tube formation was calculated as [1 — tube
numberc;;/tube number ool X 100%.

Chicken chorioallantoic membrane (CAM) assay

Groups of 10 fertilized chicken eggs were incubated in a
humidified egg incubator (Lyon, Chula Vista, CA, USA) maintained
at 37 °C with 50% humidity and allowed to grow for 7 days. Gentle
suction was applied at the hole located at the broad end of
the egg to create a false air sac directly over the chicken
chorioallantoic membrane, and a 1-cm? window was immediately
removed from the egg shell. A glass coverslip (0.5%0.5cm)
saturated with compound or normal saline was placed on an area
between preexisting vessels, and the embryos were further
incubated for 48 h. The neovascular zones beside the glass
coverslips were photographed under a stereomicroscope (Leica,
MS5, Heerbrugg, Switzerland), and images of 5 in X 7 in regions
were printed. Vessel branches <3 mm long in five random 1 in x 1
in zones per picture were counted, and five eggs were chosen
from each group.

Statistical analysis

The significance of differences between means was assessed
via Student’s t test, and P<0.05 was considered statistically
significant.

RESULTS

Kinase inhibitory activity of C11 and potential binding mode with
FGFR1

The 1-oxo-1H-phenalene derivatives were recently reported by
our group to be a series of potent FGFR1 inhibitors [22].
Compound C11 (Fig. 1a) was identified as one of the most potent
in this series of derivatives and was selected for further evaluation.
We first determined the kinase suppressive selectivity of C11
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Table 1. In vitro inhibitory activity of C11 on a panel of tyrosine
kinases
Tyrosine kinase C11 (ICs0, pM)
FGFR1 0.019+0.008
FGFR2 >1
FGFR3 >1
FGFR4 0.084 = 0.008
VEGFR1 >1
VEGFR2 >1
PDGFRax >1
PDGFRp >1
EGFR1 >1
EGFR2 >1
EGFR4 >1
c-kit >1
RET >1
c-Src >1
Abl >1
EphA2 >1
EphB2 >1
c-Met >1
RON >1
IGF1R >1

against a panel of 20 tyrosine kinases consisting of FGFR family
members (FGFRs), VEGFRs, PDGFRs, EGFRs, c-kit, RET, c-Src, Abl,
EphA2, EphB2, c-Met, RON and IGF1R. According to the results
shown in Table 1, C11 exhibited potent inhibition against FGFR1
(ICsp=19nM) and 4 times less potent efficacy against FGFR4
(ICs0 =84 nM) but showed no obvious suppression against the
other tested tyrosine kinases, including two other FGFR family
members, FGFR2 and FGFR3, and kinases highly homologous to
FGFRs (such as PDGFRs), even at a much higher concentration (1
pM). Therefore, the results demonstrated that C11 is a potent and
highly selective inhibitor of FGFR1.

To further characterize the potential binding mode of C11 with
FGFR1 protein, we conducted a molecular docking analysis using
the Glide 4.0 module [23, 24]. As shown in Fig. 1b, several
interesting features of possible interactions could be derived from
the predicted binding pose of C11 with FGFR1 protein: (1) C11
occupied the cleft of the ATP-binding site, and the scaffold (i.e.,
the planar and hydrophobic aromatic ring fragment) stretched
toward the pocket and was exposed to the solution. Extensive
hydrophobic interactions and van der Waals (VDW) contacts with
hydrophobic residues (Val 492, Val 561, Ala 512, ILE 545 and Leu
630) were present. (2) An essential hydrogen bond interaction was
observed in the hinge region of the kinase domain, i.e., the
carbonyl oxygen atom of the cyclohexa-2,5-dienone formed a
hydrogen bond with the nitrogen atom of residue Ala 564. These
results indicated that C11 might inhibit FGFR1 by directly binding
with the protein through hydrogen bond and hydrophobic
interactions, which is quite similar to the binding mode of other
reported FGFR1 inhibitors [27].

C11 suppresses the proliferation of a panel of tumor cells through
inactivation of FGFR1 and downstream signal transduction

FGFRs are potential targets for therapeutic cancer intervention
based on next-generation sequencing of a broad array of solid
tumors, which identified aberrant signaling of FGFRs in 7% of
cancers [28]. We studied the in vitro anti-proliferative activity of
C11 against 20 human cancer cell lines from various tissues,
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including human leukemia cell lines (HL 60 and K562), three
human hepatocellular carcinoma cell lines (SMMC-7721, BEL-7402,
and HepG-2), two human lung adenocarcinoma cell lines (SGC-
7901 and A549), one human gastric carcinoma cell line (MKN45),
three human breast adenocarcinoma cell lines (MDA-MB-468,
MDA-MB-231, and MCF-7), one human cervical carcinoma cell line
(HeLa), one human pancreatic carcinoma cell line (BXPC-3), one
human ovarian carcinoma cell line (SKOV3), one human colon
carcinoma cell line (HCT-116), one human prostate adenocarci-
noma cell line (PC-3), one human bladder carcinoma cell line (T24),
one human nasopharyngeal carcinoma cell line (KB), one human
epidermoid carcinoma cell line (A431) and one human kidney
carcinoma cell line (786-0). As shown in Fig. 2a, C11 potently
inhibited the growth of most of the cancer cell lines, with an ICsq
value of 7.57 £3.78 uM on average. For example, the 1Cs, value
was 2.81£0.25 uM against T24 cells and 3.02 +1.59 uM against
MDA-MB-231 cells. Meanwhile, the antiproliferative activity against
SGC-7901 and Hela cells was relatively poor (ICsq value of 19.76 +
6.65 UM and 11.66 +4.15 puM, respectively).

FGFR protein expression in several C11-sensitive and insensitive
cancer cell lines (T24, MDA-MB-231, MCF-7 and SGC-7901) was
tested. As shown in Fig. 2b, FGFR1 is highly expressed in MDA-MB-
231, T24 and MCF7 cells in contrast to SGC-7901 cells. We thus
speculated that FGFR1 inhibition might be involved in the
antiproliferative activity of C11 and examined the inhibitory
activity of C11 on FGFR1 activation and signaling transduction in
T24 and MDA-MB-231 cells, respectively. As expected, C11 dose-
dependently suppressed FGF-induced FGFR1 activation in both
cell types (Fig. 2¢c, d). C11 also reduced phosphorylation of the
downstream molecules of FGFR1, including AKT and Erk. The total
protein levels of FGFR1, AKT, Erk and GAPDH were rarely affected.
Therefore, C11 inhibited the growth of cancer cells through FGFR1
inactivation and inhibition of downstream signaling transduction.

C11 inhibits migration and invasion of MDA-MB-231 cells by
suppressing MMP2 and MMP9 expression

Metastatic spread of cancer cells is the main cause of death
of breast cancer patients, and elucidation of the molecular
mechanisms underlying this process is a major focus in cancer
research. FGFR1 plays an important role in both embryonic and
postnatal mammary gland development, which prompted inves-
tigation of its relevance to breast cancer and its potential as a
therapeutic target [29, 30]. We thus evaluated the influence of
C11 on the migration and invasion activities of MDA-MD-231 cells,
which is reported to be a highly invasive cell line [31], using a
Boyden Chamber transwell assay and wound healing assay,
respectively.

The results of the Boyden Chamber transwell assay (Fig. 3a)
showed that the number of migrated cells was dose-dependently
reduced after treatment with C11 in comparison with vehicle
control. The migration ability was reduced by 80% in the presence
of 10 uM C11 for 8 h. Meanwhile, the wound healing assay results
(Fig. 3b) showed that C11 exerted significant and dose-dependent
inhibition of cell migration compared with the control. Further-
more, the effect of C11 on MDA-MB-231 cell invasion was
determined in Matrigel invasion chambers. In contrast to the
migration experiment, the transwell chamber membranes were
coated with 1% gelatin. C11 treatment potently inhibited cell
invasion and suppressed cell invasion by 50% at a concentration
of 10 uM (Fig. 3c). These results indicated that C11 dramatically
inhibited the migration and invasion of MDA-MB-231 cells.

Due to their extracellular matrix degradation capacity, MMP2
and MMP9 have been reported to be associated with the ability of
tumor cells to metastasize, and activation of the FGFR signaling
pathway likely promotes cell migration and invasion due to
enhanced secretion of MMPs [32]. Thus, we validated whether the
anti-metastasis potency of C11 in MDA-MB-231 cells is related to
down-regulation of MMP2 and MMP9 function, protein level or
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gene expression. As expected, of gelatin zymography results
(Fig. 4a) showed that C11 treatment suppressed the activities
of MMP2 and MMP9 in a dose-dependent manner. RT-PCR
and Western blotting analyses, as shown in Figs. 4b, ¢, clearly
demonstrated that MMP2 and MMP9 expression was decreased
after C11 treatment, consistent with the gelatin zymography
results. Meanwhile, C11 exhibited no significant inhibitory activity
against the gene expression of other MMPs (MMP1, 3, 11, and 14)
or TIMPs (data not shown), indicating that the down-regulation of
MMP2 and MMP9 might specifically result from FGFR1 inhibition.
Therefore, the results demonstrated that the activity of C11
against migration and invasion of MDA-MB-231 cells might be
attributed to inactivation of FGFR1 and subsequent down-
regulation of MMP2 and MMP9 secretion.

C11 suppresses angiogenesis both in vitro and in vivo

FGFRs have been reported to be responsible for tumor angiogen-
esis, which is a complex process that includes the proliferation,
migration and tube formation of endothelial cells. Therefore, we
investigated the antiangiogenic activity of C11 both in vitro and
in vivo. First, we investigated the effect of C11 on the in vitro
migration of human microvascular endothelial cells (HMEC-1).
According to Fig. 5a, treatment with C11 for 8 h reduced the
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number of migrated cells in a dose-dependent manner. In detail,
after exposure to 5 and 10 uM C11, up to 55 and 80% of the
migrated HMEC-1 cells were inhibited, respectively. Meanwhile,
tube formation occurs in the late stage of angiogenesis, and thus,
we investigated the effect of C11 on the formation of functional
tubes by plating HMEC-1 cells on Matrigel substratum (Fig. 5b). In
the control group, stimulation with 20% serum resulted in a rapid
alignment of HMEC-1 cells and the formation of tube-like
structures within 8 h. C11 treatment effectively inhibited serum-
stimulated tube formation of HMEC-1 cells in a dose-dependent
manner. Treatment with 5 and 10 uM C11 induced 70 and 90%
inhibition of tube-like structures, respectively.

CAM assays have been demonstrated to be a unique in vivo
model to investigate the process of new blood vessel formation
and the effects of anti-angiogenic agents. Thus, we evaluated the
in vivo antiangiogenic effects of C11 using CAM assays. As shown
in Fig. 5¢, the normal branching pattern of blood vessels formed
over 2 days of incubation in the control group, whereas
neovascularization of the CAMs was dramatically and dose-
dependently decreased by C11 treatment. C11 at 10ng/egg
almost completely blocked angiogenesis in the CAM. These results
demonstrated that C11 possesses potent antiangiogenic efficacy
both in vitro and in vivo.
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Fig. 3 a C11 inhibited the migration of MDA-MB-231 cells. Migration of MDA-MB-231 cells was detected using transwell Boyden chambers
after treatment with vehicle or C11 (1.25, 2.5, 5 and 10 uM) for 8 h. Representative images and summary data show inhibition of cell migration.
b Real-time wound healing assay results were analyzed on WoundMaker and Incucyte systems after treatment with vehicle or C11 (1.25, 2.5,
5 and 10 pM). ¢ The inhibitory activity of C11 on MDA-MB-231 cell invasion. Matrigel invasion chambers were used to detect cell invasion.
MDA-MB-231 cells were treated with vehicle or C11 (1.25, 2.5, 5 and 10 uM) for 16 h. Representative images and quantification of the inhibition
activity are shown. The data shown are the mean +SD of three independent experiments. *P < 0.05, and **P <0.01 compared with the
vehicle control group
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Fig. 4 C11 suppressed MMP2 and MMP9 activity. Cells were seeded overnight and then treated with vehicle or C11 (1.25, 2.5, 5 and 10 pM)
in serum-free medium for 24 h. Cell culture supernatants were harvested and subjected to a gelatin zymography assay. Representative
image and quantification (a) are shown on the left. RT-PCR (b) and western blotting results (c) also showed inhibition activity of C11 against
MMP2 and MMP9. The data shown are the mean +SD of three independent experiments. *P < 0.05, and **P<0.01 compared with the

vehicle control group

DISCUSSION
The FGFR family comprises four highly conserved transmembrane
receptor tyrosine kinases (FGFR1-4) and one receptor that lacks
the intracellular kinase domain (FGFR5, also named FGFRL1) [1].
FGFRs can be activated by binding with FGFs and initiate a
cascade of intracellular events. FGFRs play crucial roles in
physiological processes, including tissue and metabolism home-
ostasis, endocrine functions and wound repair. Dysfunction of the
FGF signaling axis has been implicated in oncogenesis, tumor
progression and resistance to anticancer therapy in many cancer
types. For example, amplification of FGFR1 is found in approxi-
mately 17% of squamous non-small-cell lung carcinoma (NSCLC)
cases and is an independent adverse prognostic marker in early-
stage NSCLC [33-35]. FGFR1 amplification is also involved in
breast cancer and was reported in nearly 15% of hormone
receptor-positive breast cancers and in approximately 5% of the
more aggressive triple-negative breast cancers [36-38]. FGFRs are
now considered promising potent therapeutic targets, which is
supported by multiple preclinical and clinical studies. Several first-
generation FGFR1 inhibitors have been approved for clinical use.
However, their antitumor efficacy is mainly due to their inhibitory
activity against other RTKs, such as VEGFRs and PDGFRs, rather
than FGFRs. Second-generation of FGFR inhibitors are now
emerging and show enhanced RTK selectivity. Currently, none of
the selective FGFR inhibitors have been approved for cancer
treatment. Therefore, it is vital to develop FGFR inhibitors with a
novel scaffold.

We previously designed and synthesized a series of 1-oxo-1H-
phenalene derivatives and evaluated their FGFR inhibition activity
via cell-free and cell-based assays. C11 is a representative

Acta Pharmacologica Sinica (2019) 40:823 - 832

compound in this series. C11 was synthesized via alkylation of
naphthol[1,8-eflisoindole-7,8,10(9 H)-trione with allylic iodide in
CH3CN in the presence of K,COs at 40 °C under argon. According
to the ELISA-based kinase inhibitory assay, C11 dose-dependently
inhibited FGFR1 kinase activity, with an ICso value of 19 nM. The
C11 inhibitory activity against another member of the FGFR family
(FGFR4) was approximately 4 times less potent than that against
FGFR1 (ICs0=84nM). In addition, no obvious inhibition was
observed of other FGFR family members (FGFR2 and 3) or the
other 16 tested RTKs (including VEGFR and PDGFRs). Therefore,
C11 is an FGFR1 inhibitor with a new scaffold that can be
produced at a high yield through a simple derivation process.
Compared with the existing pan-FGFR inhibitors, C11 selectively
targets FGFR1 over other RTK family members, such as VEGFR and
PDGFRs, and other FGFR family members.

FGFRs are widely implicated in oncogenesis pathways and
provide a potential point of therapeutic intervention based on
next-generation sequencing of a broad array of solid tumors,
which identified aberrant FGFR signaling in 7% of cancers [28].
Therefore, the effects of C11 on the proliferation of human cancer
cell lines from 14 different organs were examined. The results
demonstrated that C11 efficiently inhibited the in vitro prolifera-
tion of most of the tested cells, with an average ICsq of 7.57 £ 3.78
MM. The T24 bladder cancer cell line and MDA-MB-231 breast
cancer cell line were the most sensitive to C11, with IC5 values of
2.81+0.25 pM and 3.02 + 1.59 pM, respectively. FGFR1 expression
in T24, MDA-MB-231, MCF-7 and SGC-7901 cells was tested via
western blotting, and the protein expression level was generally
in accordance with the anti-proliferation activity of C11. Target
inhibition results confirmed that C11 dose-dependently inhibited
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Fig. 5 a C11 inhibited the migration of HMEC-1 cells. Transwell Boyden chambers were used to detect cell migration. HMEC-1 cells were
treated with vehicle or C11 (1.25, 2.5, 5 and 10 pM) for 8 h. Representative images and summary data (bar graph) show inhibition of cell
migration. b C11 suppressed HMEC-1 cell tube formation on Matrigel. HMEC-1 cells were seeded on Matrigel with vehicle or C11 (1, 5 and 10
uM). Representative images and summary data (bar graph) show inhibition of tube formation after 8 h. ¢ Anti-angiogenic effects of C11 in a
chorioallantoic membrane (CAM) model. A glass cover-slip saturated with C11 or normal saline was placed areas between preexisting vessels
in the fertilized chick eggs and incubated for 48 h. The glass cover-slip was place was placed on the right side of the field. Representative
images and quantification of the inhibitory activity of C11 on angiogenesis in CAM assays. The data shown are the mean +SD of three
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FGFR1 phosphorylation as well as the downstream PI3K/AKT and
Erk signaling pathway in T24 and MDA-MB-231 cells.

Breast cancer is the most frequently diagnosed cancer and the
second leading cause of cancer death among females and
accounts for approximately 23% of the total cancer cases
and 14% of cancer deaths [39]. The incidence of breast cancer
has increased over the past years, while the associated death
rates have decreased, mainly as a result of early detection and
improved treatment. Metastatic breast cancer causes the vast
majority of the deaths. To date, the US Food and Drug
Administration (FDA) have approved targeted therapies for the
treatment of breast cancer, including endocrine therapy and anti-
HER2 therapies [8]. Other strategies targeting different RTKs are
currently under way. FGFR signaling plays a vital role in both
embryonic and postnatal mammary gland development, which
has prompted scientists to investigate its relevance in breast
cancer and its potential as a therapeutic target [30]. The FGF/FGFR
signal transduction pathway has been implicated in cancer cell
proliferation, metastasis, angiogenesis and survival.

Tumor metastasis is a multistep process, during which cancer
cells disseminate from the primary tumor to distant secondary
tissues. After acquiring advantageous characteristics, tumor cells
escape from the primary tumor, invade through the extracellular
matrix (ECM) to intravasate into the surrounding blood supply and
extravasate into distant tissue to form metastatic foci. Metastasis is
the leading cause of cancer-related death and a major obstacle to
cancer therapy. Hase et al found that bFGF and FGFR1 were more
highly expressed in high-invasive oral squamous cell carcinoma
(OSCQ) specimens than in low-invasive OSCC specimens. More-
over, these expression levels were well correlated with patient
prognosis [40]. Sato et al reported that FGFR-1 overexpression was
correlated with liver metastasis in patients with colorectal
carcinoma [41]. In addition, bFGF/FGFR was shown to promote
tumor invasion via modulation of the downstream PI3K/AKT and
Erk signaling pathway in vestibular schwannoma [42].

We have demonstrated that C11 can inhibit breast cancer MDA-
MB-231 cell proliferation by down-regulating FGFR1 and down-
stream signaling transduction. According to the Boyden Chamber
transwell assays and wound healing assays, the selective FGFR1
inhibitor C11 effectively suppressed the migration of MDA-MB-231
cells in a dose-dependent manner. The migration ability of
breast cancer cells was reduced by up to 80% after treatment
with 10 uM C11 for 8 h. C11 also inhibited the invasion of MDA-
MB-231 cells based on the Matrigel invasion assay results. C11
dose-dependently inhibited MDA-MB-231 cell invasion.

The tumor microenvironment, particularly the ECM, is emerging
as a key factor in influencing cancer progression. ECM degradation
is a key tool used by cancer cells to initiate the metastatic cascade
program. MMPs are critical molecules involved in degradation of
ECM components and thus promote angiogenesis, tumor growth,
and metastasis [43]. MMPs are present in nearly all human cancers
(e.g., gastric, pancreatic, prostate, and breast cancer) [44]. In breast
cancer, MMP-2 expression levels are confirmed to be correlated
with poor overall survival [32]. For example, mRNA levels of MMP-
2 and MMP-9 are significantly higher in MDA-MB-231 and MCF-7
breast cancer cell lines compared with the normal HS578Bst cell
line [45]. Furthermore, low MMP-2 and MMP-9 mRNA levels are
associated with better overall survival for breast cancer patients
[45]. More than 20 years ago, broad-spectrum inhibitors targeting
MMP activity failed in clinical trials, and since then, enthusiasm for
the use of MMP inhibition as a therapeutic approach has faded
[46]. However, after expanding our knowledge of MMP biology,
we realized that MMP inhibition is still a promising treatment
strategy via advanced selective targeting of individual MMPs
combined with specific delivery of therapeutics to the tumor
microenvironment [32, 471. In our study, C11 inhibited MMP-2 and
MMP-9 secretion in MDA-MB-231 cells in a dose-dependent
manner based on gelatin zymography. RT-PCR and WB results also
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revealed the C11-induced suppression of MMP-2 and MMP-9
mRNA and protein levels, in accordance with the gelatin
zymography results. The selectivity of C11 toward MMPs was also
tested. C11 exhibited no obvious inhibitory activity against the
gene expression of other MMPs, namely, MMP1, 3, 11, and 14.

Angiogenesis is the sprouting of novel capillaries from
preexisting blood vessels and involves the basement membrane,
migration of endothelial cells and the formation of new capillary
loops. Angiogenesis plays key roles in tumor pathogenesis,
progression and metastasis and is regulated by VEGFR, PDGFR
and FGFR tyrosine kinases, which suggests a promising tumor
therapeutic strategy with few side effects. FGFs were the first
identified angiogenic factors, and their role in endothelial cell
proliferation, migration, and other angiogenic processes has been
extensively studied [48]. Inhibition of FGFR1 and FGFR2 activity
results in suppression of angiogenesis [49]. Therefore, the anti-
angiogenesis effect of C11 was tested in this study. Boyden
chamber transwell assays confirmed that C11 could reduce the
number of migrated HMEC-1 cells by up to 55 and 80% after
treatment with 5 and 10 uM C11, respectively. The tube formation
inhibition activity of C11 was examined, and the formation of
tube-like structures was suppressed by 70 and 90% with 5 and
10puM C11, respectively. Furthermore, C11 also decreased
neovascularization in a CAM model in a dose-dependent manner.

In sum, we have identified C11 as a small-molecule FGFR1-
selective inhibitor with a new scaffold that acts as an anti-tumor
agent. C11 inhibited the proliferation of various cancer cells and
displayed anti-metastasis activity in breast cancer cell MDA-MB-
231 cells via FGFR1 and downstream signal transduction inhibi-
tion. MMP-2 and MMP-9 were shown to be involved in the anti-
metastasis activity of C11 due to their ECM degradation capacity.
Furthermore, C11 suppressed angiogenesis both in vitro and
in vivo. These data warrant investigation of the PK and in vivo
efficacy of C11 in mouse models and support further research on
the use of C11 for the treatment of breast cancers.
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