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Although inhibitors targeting tumor angiogenic pathway have provided improve-

ment for clinical treatment in patients with various solid tumors, the still very

limited anti-cancer efficacy and acquired drug resistance demand new agents that

may offer better clinical benefits. In the effort to find a small molecule poten-

tially targeting several key pathways for tumor development, we designed, dis-

covered and evaluated a novel multi-kinase inhibitor, CS2164. CS2164 inhibited

the angiogenesis-related kinases (VEGFR2, VEGFR1, VEGFR3, PDGFRa and c-Kit),

mitosis-related kinase Aurora B and chronic inflammation-related kinase CSF-1R

in a high potency manner with the IC50 at a single-digit nanomolar range. Conse-

quently, CS2164 displayed anti-angiogenic activities through suppression of

VEGFR/PDGFR phosphorylation, inhibition of ligand-dependent cell proliferation

and capillary tube formation, and prevention of vasculature formation in tumor

tissues. CS2164 also showed induction of G2/M cell cycle arrest and suppression

of cell proliferation in tumor tissues through the inhibition of Aurora B-mediated

H3 phosphorylation. Furthermore, CS2164 demonstrated the inhibitory effect on

CSF-1R phosphorylation that led to the suppression of ligand-stimulated mono-

cyte-to-macrophage differentiation and reduced CSF-1R+ cells in tumor tissues.

The in vivo animal efficacy studies revealed that CS2164 induced remarkable

regression or complete inhibition of tumor growth at well-tolerated oral doses in

several human tumor xenograft models. Collectively, these results indicate that

CS2164 is a highly selective multi-kinase inhibitor with potent anti-tumor activ-

ities against tumor angiogenesis, mitosis and chronic inflammation, which may

provide the rationale for further clinical assessment of CS2164 as a therapeutic

agent in the treatment of cancer.

T umor angiogenesis is an essential process in malignant
tumor growth and facilitates tumor tissue invasion and

metastasis. As one of the predominant pathways involved in
tumor angiogenesis, the vascular endothelial growth factor
(VEGF) signaling pathway has been considered as a promis-
ing target in controlling cancer progression.(1,2) Recently, a
steadily growing number of small molecule inhibitors and
antibodies against VEGF/VEGFR (VEGF receptors) pathway
have entered the market for therapeutic interventions in vari-
ous solid tumors, including non-small cell lung, renal, breast,
prostate and liver cancers, as well as gastrointestinal stromal
tumors.(3–5) However, clinical evidence for patients with anti-
angiogenic treatment has shown relatively modest benefits at
the initial stage of treatment. The acquired drug resistance or
refractoriness to anti-angiogenesis monotherapy possibly
reflects the heterogeneity of tumor cell populations or diver-
sity of tumor evading mechanisms.(6,7) In contrast, the first
generation of these anti-angiogenesis kinase drugs (e.g. suni-
tinib, sorafenib) with broad multi-kinase targets besides
VEGFR elicited a range of “off-target” adverse effects

unrelated to the blockade of VEGF/VEGFR signaling path-
way.(8–10) Thus, devising safe new anti-angiogenic drugs with
selected anti-tumor targets is necessary.
Because anti-angiogenics are generally cytostatic rather than

cytoreductive, their anti-tumor activities could be enhanced by
restricting the proliferation of tumor cells per se (i.e. mitosis).
The key regulators of mitosis in mammalian cells are the con-
served Aurora family of serine/threonine kinases, comprising
three members: Aurora A, B and C.(11) These three kinases
differ in sub-cellular localization and perform distinct func-
tions during mitosis. Although overexpression of Aurora A and
B have been detected in various tumor types and their expres-
sion negatively correlates with patient survival and progno-
sis,(12,13) gene expression levels of Aurora B but not Aurora A
have been reported to be associated with overall survival in
mesotheliomas(14) and metastatic colorectal cancer.(15) In addi-
tion, Aurora B overexpression predicted worse 5-year survival
in hepatocellular carcinoma regardless of Aurora A expression
status,(16) suggesting that Aurora B could be a better therapeu-
tic target for controlling tumor mitosis. Recently, some
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selective or pan-Auroras kinase inhibitors have entered into
clinical trials with promising therapeutic benefits.(17,18)

Tumor-associated macrophages (TAM), which are essential
components of the chronic inflammatory tumor microenviron-
ment (TME), have recently drawn much attention as an emerg-
ing anti-tumor target. These cells functionally promote tumor
progression through a variety of mechanisms, such as enhanc-
ing tumor cell proliferation, stimulating angiogenesis and sup-
pressing effective anti-tumor immunity.(19,20) Importantly,
clinical data have shown that more accumulation of TAM in
the tumor tissues correlates with a poor prognosis for the
majority of cancer patients.(21,22) Among the strategies for
TAM modulation, targeting the colony-stimulating factor-1
(CSF-1)/CSF-1R (CSF-1 receptor) axis is particularly attractive
due to its indispensable, non-redundant function in TAM sur-
vival/activation.(23) To date, many preclinical and early clinical
studies on CSF-1/CSF-1R-targeting therapies have manifested
encouraging results with anti-tumor efficacy and acceptable
tolerability when used either alone or combined with standard
treatment modalities,(24,25) which further validate the impor-
tance of TAM in the regulation of tumorigenesis and resistance
to anti-tumor drugs.
In our efforts to find a small molecule potentially targeting

several key pathways for tumor development, we designed,
discovered and evaluated a novel multi-kinase inhibitor,
CS2164. In this study, we show evidence that CS2164 selec-
tively and potently inhibits VEGFR/Aurora B/CSF-1R, the key
kinases involved in tumor angiogenesis, mitosis and tumor
inflammatory microenvironment, which collectively contribute
to the in vivo efficient anti-tumor activity for this compound.

Materials and Methods

Compounds. CS2164 was synthesized by Shenzhen Chip-
screen Biosciences (Shenzhen, China). Control compounds sor-
afenib (BAY 43-9006, Nexavar; Bayer Healthcare, Whippany,
NJ, USA) and sunitinib (SU11248, Sutent; Pfizer, New York,
NY, USA) were purchased commercially. All compounds were
dissolved in sterile DMSO for in vitro experiments. For in vivo
administration, compounds were suspended in 0.5% (w/v)
CMC-Na suspension for oral gavage.

Cell lines. Platelet-derived growth factor receptor b
(PDGFRb) overexpressed NIH3T3 cells, CSF-1R-transfected
293A cells, human colon cancer cell line HCT-8 and mouse
breast cancer cell line 4T1 were cultured at 37°C with 5% CO2

in DMEM (Gibco-Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% heat-inactivated FBS (Gibco-Invitrogen).
HUVEC were cultured in endothelial cell medium (ScienCell
Research Laboratories, San Diego, CA, USA) supplemented
with FBS (5%), heparin (50 lg/mL) and endothelial cell growth
supplement (ECGS) (50 lg/mL). Human acute lymphoblastic
leukemia cell line Molt-4, human hepatoma cell line SMMC-
7721, human gastric cancer cell line MGC-803, and human
colon adenocarcinoma cell line COLO-320 were cultured in
RPMI1640 (Gibco-Invitrogen) containing 10% FBS. Human
non-small cell lung carcinoma cell line A549 were cultured in
F12 (HyClone, Logan, UT, USA) containing 10% FBS.

Docking study. The X-ray co-crystal structures of human
VEGFR2 (PDB code: 1YWN with a resolution of 1.71 �A),
Aurora B (PDB code: 2BFY with a resolution of 1.80 �A) and
CSF-1R (PDB code: 3LCO with a resolution of 3.40 �A) were
taken from the Protein Data Bank (PDB) as docking templates.
Charges and protonation states were assigned according to the
standard SYBYL-X 1.1 (Tripos, St. Louis, MO, USA)

procedure. The Molegro Virtual Docker (MVD 2010.4.0.0,
Molegro Aps, Aarhus, Denmark) program was employed for
docking simulation of flexible CS2164 into the target proteins.
The docking spaces for the binding sites in Aurora B,
VEGFR2 and CSF-1R co-crystal structures were defined as a
sphere 10 �A in radius with center positions at X 10.64, Y
�0.54, Z 4.22, X 0.46, Y 35.30, Z 16.08, and X �4.66, Y
18.74, Z �16.76, respectively. The final docking simulations
were performed in the following settings: MolDock SE algo-
rithm, number of runs being 10, Max iterations being 1500
and Max poses being 5. The docking poses used for prediction
of protein-ligand interactions were ranked by energy-based cri-
teria in MolDockScore.

Kinase inhibition assay. To determine the kinase selectivity
of CS2164 in vitro, the customized Invitrogen’s SelectScreen
Kinase Profiling Services were used.(26) First, 50 cancer-related
kinases were primarily screened for an inhibition spectrum
with a single concentration (500 nM) of CS2164 for three
repeats. The kinases with over 60% inhibition rate were
selected, and the serial concentrations of CS2164 were used to
obtain the final IC50 values for each kinase. For an early safety
assessment, Millipore’s drug discovery services were applied
to test the effects of CS2164 on kinases/phosphatases, GPCR
and ion channels.(27) A higher concentration of CS2164
(10 lM) was used in this experiment to determine whether
there was any off-target liability.

Ligand-dependent cell growth inhibition assay. HUVEC and
PDGFRb overexpressed NIH3T3 cells were seeded in 96-well
plates at 5 9 103 cells/well. After 6 h culture for attachment,
the cells were cultured in FBS-free DMEM overnight. HUVEC
and PDGFRb overexpressed NIH3T3 cells were, respectively,
treated with recombinant human VEGF 165 (rhVEGF165;
R&D Systems, Minneapolis, MN, USA) and recombinant
human PDGF-BB (rhPDGF-BB; PeproTech, Rocky Hill, NJ,
USA) at 100 ng/mL together with CS2164 (or sunitinib as a
reference drug) at indicated concentrations. Growth inhibition
(GI50) that reduces the activity of mitochondrial aldehyde
dehydrogenases by 50% compared to control at 72 h was cal-
culated by MTS (Promega, Madison, WI, USA) test, as
described previously.(28)

Western blotting. For determination of CS2164 inhibition of
VEGF, PDGF or M-CSF stimulated phosphorylation of each
receptor kinase, HUVEC, PDGFRb overexpressed NIH3T3
and CSF-1R-transfected 293A cells (1.5 9 106) were seeded
in 6-well plates for 24 h followed by incubation with FBS-free
medium overnight. The cells were pre-treated with CS2164 at
indicated concentrations for 1 h before the addition of 100 ng/
mL of VEGF165, rhPDGF-BB or recombinant human M-CSF
(rhM-CSF; PeproTech). The whole cell lysates were collected
15 min later and analyzed by western blotting with corre-
sponding antibodies specific for phospho-VEGFR2, phospho-
PDGFRb (Cell Signaling Technology, Beverly, MA, USA) or
phospho-CSF1R (AbCam, Cambridge, MA, USA). Antibodies
specific for VEGFR2, PDGFRb (Cell Signaling Technology),
CSF1R and b-actin (Santa Cruz Biotechnology, San Diego,
CA, USA) were used for detection of internal controls.
For p-H3 inhibition, Molt-4 cells (5 9 106) were seeded in

9-cm culture dishes and cultured overnight. Cells were treated
with CS2164, sorafenib or sunitinib at indicated concentrations
for 24 h. The histone proteins were extracted and analyzed by
western blotting with antibodies for phospho-H3 (Ser 10) and
H3 (Santa Cruz Biotechnology).

Tube formation assay. To investigate the effect of CS2164
on tube formation by HUVEC, Matrigel (BD Biosciences, San
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Jose, CA,USA) was placed into pre-chilled 96-well plates
(80 lL/well) and polymerized for 45 min at 37°C. HUVEC
(4 9 104) in complete media were seeded with vehicle or
CS2164 at indicated concentrations in Matrigel-coated plates.
After 24 h incubation, tubular structures were observed under
light microscopy. Network formation was finally quantified by
the mean number of loops per field as topological parameters
and the total length (pixels) of the branches by using the Ima-
geJ image analysis software (http://rsbweb.nih.gov/ij/).

Cell cycle analysis. Logarithmically growing Molt-4 cells
(1 9 106) were seeded in 6-well plates and cultured overnight.
After treatment with CS2164, sorafenib or sunitinib at indi-
cated concentrations for 24 h, cells were gently fixed in cold
70% ethanol overnight, then re-suspended in PBS with
0.1 mg/mL RNase A and 0.04 mg/mL PI, and incubated at
37°C for 30 min. The percentages of cell populations in each
cycle phase were determined by flow cytometry and the results
were analyzed using WinMDI software (The Scripps Research
Institute, San Diego, CA, USA).

In vitro monocyte-to-macrophage differentiation assay.

Human peripheral blood mononuclear cells (PBMC) were
obtained from healthy volunteers by Ficoll-Hypaque gradient
centrifugation. After 2 h incubation, non-adherent lymphocytes
were discarded and the remaining adherent monocytes were
stimulated by M-CSF at 100 ng/mL together with CS2164 at
indicated concentrations. At day 6, the differentiated macro-
phages were observed under light microscope.

Tumor xenograft models. For the present study, 6-week old
female BALB/c athymic (nu+/nu+) mice were purchased
from the Animal Experimental Center (Guangzhou, China).
Human cancer cell lines HCT-8, SMMC-7721, MGC-803 and
A549 in 200 lL of FBS-free media were inoculated s.c. into
BALB/c athymic mice, respectively. When the tumors
reached approximately 100–150 mm3 in volume, mice were
randomly grouped and treated orally with indicated dosages
of CS2164, sunitinib or vehicle once daily. Tumor develop-
ment were monitored every 3–4 days until the termination of
the experiments. The percentages of tumor growth inhibition
in tumor volumes from CS2164-treated or sunitinib-treated
mice at the last treatment were calculated when compared to
those in vehicle controls.
In some experiments, human colon adenocarcinoma cells,

COLO-320, were inoculated s.c. into SCID mice and mouse
breast cancer cells, 4T1, into wild type BALB/c mice. Mice
with established tumors were treated orally with CS2164 for
12 days. Half of the collected tumor tissues were used for his-
tone protein extraction, and others were fixed in 10%
formaldehyde solution buffered, then embedded in paraffin for
immunohistochemistry assay.

Immunohistochemistry. Paraffin-embedded tissues were used
for identification of CD34, p-H3 (Ser10), Ki67 and CSF-1R.
After de-paraffinization and antigen retrievals, the sections
were incubated with 3% hydrogen peroxide and 10% goat
serum for 15 min, followed by an overnight incubation with
primary antibodies to CD34 (AbCam), p-H3 (Ser10), CSF-1R
(Santa Cruz Biotechnology) and Ki67 (Bioss, Woburn, MA,
USA), respectively. The specific primary antibody binding was
detected by HRP-conjugated secondary antibody using a
PowerVision Two-Step Histostaining Reagent kit (ZSGB-BIO,
Beijing, China) according to the manufacturer’s protocol.

Statistical analysis. All data were analyzed statistically using
the t-test. The difference is considered statistically significant
at P < 0.05.

Results

CS2164 is a novel multi-kinase inhibitor of VEGFR, Aurora B

and CSF-1R. We used a computer-aided rational drug design
approach that led to synthesize and characterize CS2164 (N-
(2-aminophenyl)-6-[(7-methoxy-4-quinolinyl)oxy]-1-naphthale-
necarboxamide, Fig. 1a). Results from molecular docking stud-
ies showed that CS2164 interacts with each active ATP-
binding pocket of VEGFR2, Aurora B and CSF-1R kinases,
respectively. As shown in Figure 1(b), CS2164 binds to the
ATP pocket of VEGFR2 by forming two hydrogen bonds of
the carboxyl group of amide moiety with LYS-866 and the 2-
amino group in the phenyl ring with ASP-1044 (Fig. 1b). In
addition, the oxygen atom of the 7-methoxyl group in CS2164
forms a key hydrogen bond with GLU-177 at the hinge region
of the Aurora B ATP-binding site, while the carboxyl group of
amide moiety forms another hydrogen bond with LYS-122.
Furthermore, the interaction of CS2164 with Aurora B might
be stabilized by additional hydrogen bond between the 2-
amino group in the phenyl ring and ASP-234 (Fig. 1c).
Finally, while the nitrogen atom in the quinoline ring and two
hydrogen atoms of o-diamino groups in the phenyl ring of
CS2164 forms two key hydrogen bonds against CYS-666 and
GLU-633 in the ATP-binding pocket of CSF-1R, respectively,
it is more interesting to note that the hydrogen atom of N-(2-
amino) in the phenyl ring of CS2164 forms another significant
hydrogen bond with ASP-796 in the aspartate-phenylalanine-
glycine (DFG)-out binding site, which likely contributes to the
potent inhibition of CS2164 against CSF-1R (Fig. 1d). Taken
together, these structure-based analyses strongly suggest that
CS2164 could have highly potent and stabilized molecular
interactions with each corresponding active site of VEGFR2,
Aurora B and CSF-1R kinases.
To characterize an overall profile of CS2164 in kinase selec-

tivity, we performed kinase inhibition assays against a panel of
relevant kinases in a cell-free system. As shown in Table 1,
CS2164 inhibited VEGFR2, Aurora B and CSF-1R kinases
with very high potency (IC50 = 7, 9 and 7 nM, respectively).
CS2164 also displayed inhibitory activities with single digital
nanomolar IC50 against several angiogenesis-related kinases,
including VEGFR1, VEGFR3, PDGFRa and c-Kit. The IC50

for PDGFRb inhibition was tested as 93 nM. CS2164 only
showed moderate inhibitory activities (100 nM < IC50 < 500
nM) in 4 kinases (c-RAF, DDR2, PLK1 and PLK3), little
activity (IC50 > 500 nM) in 33 kinases, and almost no activity
(IC50 > 10 lM) in over 120 kinases, including 76 GPCR and
8 ion channels tested. Thus, these results indicate that CS2164
is a novel small molecule inhibitor with selective and potent
inhibitory activities in VEGFR/Aurora B/CSF-1R kinases.

CS2164 exhibits anti-angiogenesis activity. The in vitro cellu-
lar activity of CS2164 was first evaluated in ligand-stimulated
receptor activation and cell proliferation models. Under serum-
free conditions, HUVEC cells and NIH3T3 cells that exoge-
nously overexpressed PDGFRb were treated with CS2164
before the addition of each corresponding ligand, VEGF and
PDGF, respectively. As shown in Figure 2(a), CS2164 induced
the concentration-dependent inhibition of ligand-stimulated
VEGFR2 tyrosine phosphorylation and PDGFRb phosphoryla-
tion. Furthermore, both VEGF-induced proliferation of
HUVEC cells and PDGF-induced proliferation of NIH-3T3
cells that exogenously overexpressed PDGFRb were concentra-
tion-dependently inhibited by CS2164 with GI50 values of
20.70 and 44.16 nM, respectively (Fig. 2b). CS2164 also
exhibited concentration-dependent growth inhibition in
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mVEGF-treated mouse endothelial cells bEnd.3 with GI50
value of 35.53 nM (Fig. S1). Results from in vitro capillary
tube formation showed that, compared to the intense capillary
tube networks formed by HUVEC plated onto BD Matrigel in
the control group, treatment of the cells with CS2164 at 1.5 or
5 lM induced significant reductions in the number of loops
and the total branch lengths of tubular network structures
(Fig. 2c). In the xenograft model established by s.c.

inoculation of the human colon adenocarcinoma cells COLO-
320 into the SCID mice, daily treatment with oral CS2164 at
either 2.5 or 20 mg/kg resulted in decreased vascularization in
tumor tissues. Consistently, as a specific endothelial cell mar-
ker commonly used for microvessel quantification, CD34 stain-
ing was remarkably reduced in tumor tissues from CS2164-
treated mice (Fig. 2d). Collectively, these results indicate that
CS2164 is a potent inhibitor of tumor angiogenesis through
targeting the corresponding tyrosine receptor signaling
pathways.

CS2164 induces G2/M cell cycle arrest by inhibition of Aurora

B/p-H3. The inhibitory activity of CS2164 on Aurora B was
determined by measuring the nuclear levels of Ser10-phos-
phorylated histone 3 (p-H3), a direct substrate of Aurora B,(29)

in Molt-4 cells. As shown in Figure 3(a), treatment with
CS2164 yielded a substantial reduction in the level of p-H3 in
Molt-4 cells in a concentration-dependent fashion. In contrast,
two VEGFR tyrosine kinase inhibitors (TKI), sorafenib and
sunitinib, showed little inhibitory activity in histone H3 phos-
phorylation even at the higher concentration up to 6 lM
(Fig. 3a). Interestingly, treatment with CS2164 in Molt-4 cells
for 72 h induced many enlarged cells (data not shown), which
might be polyploid (4N or even more) cells, likely due to the
cell cycle arrest. Flow cytometry analysis verified that CS2164
induced the pronounced cell cycle arrest in the G2/M phase at
3 lM (59.5% of cell cycle phases compared to 14.9% in con-
trol group, Fig. 3b). However, both sorafenib and sunitinib did
not reveal activity in G2/M arrest at the same concentration
(13.3% and 20.4%, respectively; Fig. 3b). The in vivo anti-
mitotic effect of CS2164 on Aurora B inhibition was further
validated in a tumor xenograft mouse model. The histological
analyses by staining for tissue p-H3, and Ki67, another cell
proliferative marker, showed a substantial dose-dependent
decrease of both markers in tissues from CS2164-treated com-
pared to vehicle-treated animals (Fig. 3c). In addition, only
tumor tissue but not normal colonic tissue showed the reduced
p-H3 levels in a dose-dependent manner after treatment of the
animals with CS2164 (Fig. 3d). CS2164 showed concentration-
dependent growth inhibition of both Molt and Colo-320 cells
in vitro, with GI50 values of 2.14 and 0.84 lM, respectively
(Fig. S2). Thus, these results suggest that the anti-mitotic

Fig. 1. Characterization of CS2164 as a multi-
target inhibitor. (a) Chemical structure of CS2164,
N-(2-aminophenyl)-6-[(7-methoxy-4-quinolinyl)oxy]-
1-naphthalene-carborxamide. (b–d) Results from
molecular docking studies of CS2164 (cyan stick)
inserted into each ATP catalytic active pocket of
VEGFR2 (b), Aurora B (c) and CSF-1R (d) were
shown, respectively. The predicted hydrogen
bonding interactions (dashed red lines) and key
ATP pocket residues as grey ball-sticks and
molecular surfaces were displayed with the
indicated amino acids.

Table 1. The inhibition profile of CS2164 in kinase selectivity

Kinases
Biochemical

IC50 (nM)

VEGFR1/FLT1 8

VEGFR2/KDR 7

VEGFR3/FLT4 9

PDGFRa 1

PDGFRb 93

c-Kit 4

Aurora B 9

CSF-1R 7

c-RAF, DDR2, PLK1, PLK3 >100

AKT1, AKT2, ALK, AURKA, AURKC, BRAF, BTK, EGFR,

EPHB4, ERBB2, FES, FGFR1, FGR, FLT3, FYN, IGF1R,

JAK1, JAK2, JAK3, LCK, LYNA, MAPK8, MAPK9,

MAPK10, MAPK11, MAPK14, MET, MST1R, PRKCB2,

PRKACA, RET, SRC, SYK (33 kinases)

>500

Abl, AMPKa1, CaMKIIb, CaMKIIc, CaMKIId, CaMKIV,

CDK1/cyclinB, CDK2/cyclinA, CDK2/cyclinE, CDK3/

cyclinE, CDK5/p25, CDK5/p35, CDK7/cyclinH/MAT1,

CDK9/cyclin T1, Flt3, GSK3b, IR, LKB1, MAPK1,

MAPK2, p70S6K, PhKc2, PKA, PKBb, PKCa, PKCbI,

PKCbII, PKCc, PKCd, PKCe, PKCg, PKCι, PKCl, PKCh,

PKCf, PKG1a, PKG1b, ROCK-II, SAPK2A, PTP-1B, TCPTP

(39 kinases and 2 phosphotases)

>10, 000

GPCRs (76 members), and ion channels (Nav1.5, Kv4.3/

KChIP2, Cav1.2, hKv1.5, KCNQ1/minK, hERG, HCN4,

Kir2.1)

>10,000

Shown are the representative data from one of three independent
repeats.
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activity elicited by CS2164 in tumor cells is most likely due to
its inhibitory effect on Aurora B-mediated H3 phosphorylation,
which is independent of the blockade of VEGFRs or other
angiogenesis-related TKI.

CS2164 inhibits CSF-1R signaling pathway and decreases tissue

CSF-1R+ cells. To investigate the inhibitory effect of CS2164 on
CSF-1R signaling pathway, CSF-1R-transfected 293 cells were
pre-treated with CS2164 followed by M-CSF stimulation. As
shown in Figure 4(a), CS2164 treatment induced a concentra-
tion-dependent inhibition of CSF-1R phosphorylation induced
by M-CSF. Using an in vitro ligand-induced monocyte-to-
macrophage differentiation assay,(30) differentiation, as well as
proliferation, of human blood-derived monocytes induced by
M-CSF were inhibited by CS2164 in a concentration-depen-
dent manner, and an almost complete inhibition could be
achieved at a concentration as low as 0.3 lM (Fig. 4b).
Similar results were also observed in mouse monocyte-to-
macrophage differentiation (Fig. S3). To further study in vivo
CSF-1R inhibition by CS2164 during tumor development,
immune competent mice were implanted s.c. with 4T1 breast

cancer cells and treated with CS2164 at either 2.5 or 20 mg/
kg. CS2164 caused a dramatic reduction of CSF-1R+ cells in
tumor tissue (Fig. 4c), which was also correlated with the
decreased tissue CD11b+ macrophage infiltration (Fig. S4).
Thus, CS2164 may regulate monocyte/macrophage tissue infil-
tration through CSF-1R signaling inhibition.

CS2164 exhibits broad and potent in vivo anti-tumor activi-

ties. The in vivo anti-tumor activities of CS2164 were assessed
in multiple murine xenograft models inoculated with human
cancer cell lines, including the cells derived from colon, lung,
liver and stomach cancers. As shown in Figure 5, animals
orally administrated with CS2164 demonstrated dose-depen-
dent inhibition of tumor growth in all four models. For exam-
ple, in human colon cancer cell line HCT-8 and hepatocellular
carcinoma cell line SMMC-7721-derived xenograft models,
daily treatment with CS2164 in the dose range of 2.5–20 mg/
kg reduced tumor growth dose-dependently, and the 50%
tumor growth inhibition (TGI50) could be achieved at 2.5 mg/
kg of CS2164 in both models. Interestingly, CS2164 at 10 mg/
kg produced similar or greater efficacy than the VEGFR TKI

Fig. 2. The inhibitory effect of CS2164 on
angiogenesis. (a) The representative western
blotting results of VEGFR2 phosphorylation in
HUVEC and PDGFRb phosphorylation in PDGFRb
overexpressed NIH3T3 cells treated with CS2164 at
indicated concentrations followed by VEGF or PDGF
at 100 ng/mL are shown together with the levels of
VEGFR2, PDGFRb and b-actin as internal controls.
(b) The kinetics of concentration-dependent growth
inhibition by CS2164 on in vitro ligand-dependent
proliferation of HUVEC and PDGFRb overexpressed
NIH3T3 cells. (c) The representative photographs of
in vitro angiogenesis in HUVEC on Matrigel treated
with CS2164 at the indicated concentrations for
24 h. Tubular network structures were evaluated as
both number of loops and length of branches. Data
are mean � SD of five separate experiments.
*P < 0.01 versus vehicle group. (d) COLO-320 tumor-
bearing SCID mice were treated orally with vehicle
or CS2164 at 2.5 or 20 mg/kg/day for 12 days. The
representative photographs of tumor tissues with
the vascularization areas (in white circles) in the
upper panel and immunohistochemistry results for
CD34 staining at 209 and 409 magnifications in
the lower panel are shown. Red-brown, stained
microvessels; blue, hematoxylin counterstain.
Shown data are from three independent
experiments with similar results.
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sunitinib at 40 mg/kg in these two models. CS2164 at 1 mg/kg
started to demonstrate tumor growth inhibition in the gastric
cancer cell line MGC-803-derived model, and CS2164 at
5 mg/kg could induce near complete inhibition of tumor
growth, which is comparable to the efficacy of sunitinib at
40 mg/kg. In another human non-small cell lung cancer cell
line A549-derived xenograft model, treatment with CS2164
from 5 to 40 mg/kg induced dose-dependent inhibition of
tumor growth, and the TGI50 was around 5 mg/kg. In addition,
treatment with CS2164 at 5 or 10 mg/kg produced similar effi-
cacy to sunitinib at 40 mg/kg in this model. No significant
weight loss or signs of morbidity were observed during or at

the end of the above experiments in the animals treated with
CS2164 at indicated dosages, although the body weight gains
in the highest dosage groups were slightly lower that may cor-
relate to the maximal inhibition of tumor growth (Fig. S5).
Overall, our results from in vivo experiments provide direct
evidence of broad anti-tumor efficacy of CS2164.

Discussion

VEGF/VEGFR signaling pathway fulfills numerous functions
in the regulation of the tumor vasculature, and induces
abnormal angiogenesis in many tumor entities. Although sev-
eral VEGFR inhibitors approved by FDA have shown the
therapeutic effects of angiogenesis inhibition, more evidence
indicates that VEGFR inhibition alone is usually not suffi-
cient to block tumor progression with the emergence of
resistance.(6,7) To overcome the possible mechanisms of
resistance or escape mediated by tumor cells or by members
of the tumor microenvironment, strategies for combination
therapy or exploring multi-target drugs that simultaneously
target the complementary and redundant pathways have been

Fig. 3. CS2164 induced cell cycle arrest through p-H3 inhibition. (a)
The representative western blotting results of phosphorylated H3 at
Ser-10 and total H3 in Molt-4 cells treated with CS2164 compared with
sorafenib and sunitinib at indicated concentrations are shown. (b) The
representative FACS data and accumulative results of cell cycle phases
in Molt-4 cells treated with CS2164 compared with sorafenib and suni-
tinib at 3 lM for 24 h were from two or three independent repeats.
(c, d) COLO-320 tumor-bearing SCID mice were treated orally with
vehicle or CS2164 at 2.5 or 20 mg/kg/day for 12 days. The representa-
tive immunohistochemistry results for p-H3 and Ki67 staining (c) at
209 magnification in tumor tissues as well as western-blotting analy-
ses for phosphorylated H3 and total H3 in tumor tissues compared
with normal colon tissues (d) are shown.

Fig. 4. CS2164 inhibits CSF-1R signaling and reduces tissue CSF-1R
expression. (a) The representative western blotting results of phospho-
rylated CSF-1R in CSF-1R-transfected 293A cells treated with M-CSF at
100 ng/mL and CS2164 at indicated concentrations are shown with
CSF-1R and b-actin as internal controls. (b) Human blood-derived
monocytes were stimulated with M-CSF at 100 ng/mL and CS2164 at
the indicated concentrations (ng/mL) for 6 days. The photographs of
differentiated macrophages show the representative results from two
independent repeats. (c) BALB/c mice were implanted s.c. with 4T1
breast cancer cells and treated orally with vehicle or CS2164 at 2.5 or
20 mg/kg/day for 12 days. The representative data of tumor tissue
immunohistochemistry for CSF-1R staining at 409 magnification are
shown.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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suggested.(31) In fact, some multi-target inhibitors with cross-
talk mechanisms involving VEGFR have recently demon-
strated great success in clinical trials.(32) With this rationale,
we designed a novel compound, CS2164, which simultane-
ously targets against VEGFR/Aurora B/CSF-1R, several key
kinases involved in tumor angiogenesis, tumor cell mitosis,
and chronic inflammatory microenvironment. Our results
have shown that this novel compound displays potent anti-
tumor activity through target-specific inhibition both in vitro
and in vivo.
Given that VEGFR2 is critical for VEGF-induced signaling

in vascular endothelial cells and plays a key role in tumor
angiogenesis and hematopoiesis,(33) we chose VEGFR2 as the
primary angiogenesis target for designing the small molecule
inhibitor. Our results showed that CS2164 directly bound to
the ATP pocket of VEGFR2 and exhibited kinase inhibitory
activity at the nanomolar level. Furthermore, the inhibition of
capillary tube formation was well correlated with the dimin-
ished VEGFR2 phosphorylation levels. Because of the struc-
tural similarities between VEGFR and other receptor tyrosine
kinases,(34) we found that CS2164 could also efficiently inhibit
other angiogenesis-related kinases, including VEGFR1,
VEGFR3, PDGFRa, PDGFRb and c-Kit. Because VEGFR3 is
often closely correlated with proliferation and survival of lym-
phovascular cells, VEGFR3 inhibition may provide additional
efficacy of anti-angiogenic therapies.(35) Previous studies have
demonstrated that PDGFR inhibition through regulating peri-
cytes homeostasis could enhance the anti-vascular therapy
using VEGFR inhibitor alone,(36,37) while c-Kit blockade sup-
pressed tumor growth by inhibition of tumor angiogenesis reg-
ulated by hematopoietic cells.(38) Taken together, our
compound CS2164 could provide more efficient inhibition of
tumor angiogenesis by concurrently targeting multiple VEGFR
and PDGFR family members.
Several clinical trial studies have reported that anti-angio-

genic drugs in combination with conventional chemotherapy or
radiotherapy could significantly increase the rate of response,
progression free survival and overall survival in patients with

advanced solid tumors.(39–41) The synergistic effects between
anti-angiogenesis and cytotoxic treatment inspired us to
include a mitotic checkpoint kinase, Aurora B, as another key
target in our compound designation. Our results showed that
CS2164 directly bound to Aurora B kinase and induced G2/M
cell cycle arrest at cellular level. In addition, inhibition of Aur-
ora B was confirmed by the decreased H3 phosphorylation and
Ki67 expression in CS2164-treated tumor tissue. A recent
study shows that Aurora B kinase phosphorylates and insti-
gates the degradation of tumor suppressor p53 through ubiqui-
tination.(42) Accordingly, inhibition of Aurora B kinase in
cancer cells induces upregulation of p53 and p53-targeted
genes to inhibit tumor growth.(43) Therefore, CS2164 could
inhibit tumor cell mitosis through modulating Aurora B/p53
pathway, which may explain at least in part why CS2164
showed a better anti-tumor efficacy than the first-generation
VEGFR TKI sunitinib.
Chronic inflammation is generally recognized to promote

tumor initiation, progression and metastasis by providing a
tumor-supportive microenvironment.(44) Because TAM are
usually the most abundant tumor-infiltrating immune cells in
the tumor microenvironment and play a protumoral role in
most human cancers, targeting TAM has become an attractive
approach in cancer therapy.(19,20) We showed that CS2164
directly bound to the ATP pocket of CSF-1R kinase and
inhibited CSF-1/CSF-1R signaling, which is correlated with
the decreased expression of CSF-1R in tumor tissue from
CS2164-treated mice. As TAM also facilitate tumor angio-
genesis, depletion of TAM by clodronate-loaded liposomes
was found to enhance the inhibitory effects of sorafenib in
hepatocellular carcinoma models.(45) Inhibition of CSF-1R
also reduced the recruitment of TAM and myeloid-derived
suppressor cells (MDSC), and augmented the anti-angiogen-
esis and anti-tumor effects of VEGFR2 antibody.(46) More
interestingly, very recent studies have shown that inhibition
of CSF-1R increased the number of CD8+ T cells in tumor
tissue while reducing TAM.(47, 48) Taken together, the in vivo
anti-tumor activity of CS2164 could be also realized by

Fig. 5. In vivo anti-tumor activity of CS2164 in
tumor xenografts. The anti-tumor potency of
CS2164 were evaluated in HCT-8, SMMC-7721,
MGC-803 or A549 cell line-derived mouse xenograft
models. BALB/c athymic mice (n = 8 per group)
were transplanted s.c. with indicated tumor cells
and treated orally with CS2164, sunitinib or vehicle
daily at the indicated dosages when tumors
reached 100–150 mm3 in volume. Tumor volumes
(mm3) were monitored for 33 or 43 consecutive
days and are represented as mean � SD.
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synergistic anti-angiogenesis and anti-infiltration of inflamma-
tory macrophages with enhanced immune responses through
CSF-1R inhibition.
In summary, CS2164 is a novel orally active multi-target

inhibitor that simultaneously inhibits the angiogenesis-related
kinases (VEGFR2, VEGFR1, VEGFR3, PDGFRa and c-Kit),
mitosis-related kinase Aurora B and chronic inflammation-
related kinase CSF-1R in a high potency manner with the IC50

at a single-digit nanomolar range. In particular, CS2164
showed very high selectivity in the kinase inhibition profile
with little activity on off-target non-receptor kinases, proteins,
GPCR and ion channels, indicative of a better drug safety pro-
file in terms of clinical relevance. Because of its broad preclin-
ical anti-tumor efficacy and the potential to improve

conventional TKI kinase inhibitor therapy in various cancer
indications, CS2164 has now entered phase I clinical trials.

Acknowledgments

The authors thank Jing-Zhong Zhu, Kun Zhang, Ying-Ying Dai and
Yu Zhang for technical assistance in cell-based and animal-related
experiments. This work was supported by grants from the National
“New Drug Initiative” (2011ZX09102-001-09) and the Significant Pro-
ject in Biotech Field from Shenzhen City (GJHS20120820153947138).

Disclosure Statement

All authors have no potential conflicts of interest to declare.

References

1 Weis SM, Cheresh DA. Tumor angiogenesis: molecular pathways and thera-
peutic targets. Nat Med 2011; 17: 1359–70.

2 Ebos JM, Kerbel RS. Antiangiogenic therapy: impact on invasion, disease
progression, and metastasis. Nat Rev Clin Oncol 2011; 8: 210–21.

3 Chung AS, Lee J, Ferrara N. Targeting the tumour vasculature: insights from
physiological angiogenesis. Nat Rev Cancer 2010; 10: 505–14.

4 Pytel D, Sliwinski T, Poplawski T, Ferriola D, Majsterek I. Tyrosine kinase
blockers: new hope for successful cancer therapy. Anticancer Agents Med
Chem 2009; 9: 66–76.

5 van Erp NP, Gelderblom H, Guchelaar HJ. Clinical pharmacokinetics of tyr-
osine kinase inhibitors. Cancer Treat Rev 2009; 35: 692–706.

6 Grepin R, Pages G. Molecular mechanisms of resistance to tumour anti-
angiogenic strategies. J Oncol 2010; 2010: 835680.

7 Eikesdal HP, Kalluri R. Drug resistance associated with antiangiogenesis
therapy. Semin Cancer Biol 2009; 19: 310–7.

8 Shepard DR, Garcia JA. Toxicity associated with the long-term use of tar-
geted therapies in patients with advanced renal cell carcinoma. Expert Rev
Anticancer Ther 2009; 9: 795–805.

9 Lee WJ, Lee JL, Chang SE et al. Cutaneous adverse effects in patients trea-
ted with the multitargeted kinase inhibitors sorafenib and sunitinib. Br J
Dermatol 2009; 161: 1045–51.

10 Tassi R, Baldazzi V, Lapini A, Carini M, Mazzanti R. Hyperlipidemia and
hypothyroidism among metastatic renal cell carcinoma patients taking suni-
tinib malate. Related or unrelated adverse events? Clin Genitourin Cancer
2015; 13: e101–5.

11 Carmena M, Earnshaw WC. The cellular geography of aurora kinases. Nat
Rev Mol Cell Biol 2003; 4: 842–54.

12 Gautschi O, Heighway J, Mack PC et al. Aurora kinases as anticancer drug
targets. Clin Cancer Res 2008; 14: 1639–48.

13 Kelly KR, Ecsedy J, Mahalingam D et al. Targeting aurora kinases in cancer
treatment. Curr Drug Targets 2011; 12: 2067–78.

14 Lopez-Rios F, Chuai S, Flores R et al. Global gene expression profiling of
pleural mesotheliomas: overexpression of aurora kinases and P16/CDKN2A
deletion as prognostic factors and critical evaluation of microarray-based
prognostic prediction. Cancer Res 2006; 66: 2970–9.

15 Pohl A, Azuma M, Zhang W et al. Pharmacogenetic profiling of Aurora
kinase B is associated with overall survival in metastatic colorectal cancer.
Pharmacogenomics J 2011; 11: 93–9.

16 Lin ZZ, Jeng YM, Hu FC et al. Significance of Aurora B overexpression in
hepatocellular carcinoma. Aurora B Overexpression in HCC. BMC Cancer
2010; 10: 461.

17 Falchook GS, Bastida CC, Kurzrock R. Aurora kinase inhibitors in oncol-
ogy clinical trials: current state of the progress. Semin Oncol 2015; 42:
832–48.

18 Gavriilidis P, Giakoustidis A, Giakoustidis D. Aurora kinases and potential
medical applications of aurora kinase inhibitors: a review. J Clin Med Res
2015; 7: 742–51.

19 Mantovani A, Allavena P. The interaction of anticancer therapies with
tumor-associated macrophages. J Exp Med 2015; 212: 435–45.

20 Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to
therapy. Immunity 2014; 41: 49–61.

21 Zhang QW, Liu L, Gong CY et al. Prognostic significance of tumor-asso-
ciated macrophages in solid tumor: a meta-analysis of the literature. PLoS
ONE 2012; 7: e50946.

22 Komohara Y, Jinushi M, Takeya M. Clinical significance of macrophage
heterogeneity in human malignant tumors. Cancer Sci 2014; 105: 1–8.

23 Laoui D, Van Overmeire E, De Baetselier P, Van Ginderachter JA, Raes G.
Functional relationship between tumor-associated macrophages and macro-
phage colony-stimulating factor as contributors to cancer progression. Front
Immunol 2014; 5: 489.

24 Ruffell B, Coussens LM. Macrophages and therapeutic resistance in cancer.
Cancer Cell 2015; 27: 462–72.

25 Ries CH, Hoves S, Cannarile MA, Ruttinger D. CSF-1/CSF-1R targeting
agents in clinical development for cancer therapy. Curr Opin Pharmacol
2015; 23: 45–51.

26 Falasca M, Chiozzotto D, Godage HY et al. A novel inhibitor of the PI3K/
Akt pathway based on the structure of inositol 1,3,4,5,6-pentakisphosphate.
Br J Cancer 2010; 102: 104–14.

27 Spencer J. G-protein coupled receptor and kinase targets: advances in drug
discovery from molecular to clinical. Future Med Chem 2011; 3: 1097–100.

28 Wesbuer S, Lanvers-Kaminsky C, Duran-Seuberth I et al. Association of
telomerase activity with radio- and chemosensitivity of neuroblastomas.
Radiat Oncol 2010; 5: 66.

29 Goto H, Yasui Y, Nigg EA, Inagaki M. Aurora-B phosphorylates Histone
H3 at serine28 with regard to the mitotic chromosome condensation. Genes
Cells 2002; 7: 11–7.

30 Kittan NA, Allen RM, Dhaliwal A et al. Cytokine induced phenotypic and
epigenetic signatures are key to establishing specific macrophage phenotypes.
PLoS ONE 2013; 8: e78045.

31 Bottsford-Miller JN, Coleman RL, Sood AK. Resistance and escape from
antiangiogenesis therapy: clinical implications and future strategies. J Clin
Oncol 2012; 30: 4026–34.

32 Ding C, Zhang C, Zhang M et al. Multitarget inhibitors derived from cross-
talk mechanism involving VEGFR2. Future Med Chem 2014; 6: 1771–89.

33 Neufeld G, Cohen T, Gengrinovitch S, Poltorak Z. Vascular endothelial
growth factor (VEGF) and its receptors. FASEB J 1999; 13: 9–22.

34 Manley PW, Bold G, Bruggen J et al. Advances in the structural biology,
design and clinical development of VEGF-R kinase inhibitors for the treat-
ment of angiogenesis. Biochim Biophys Acta 2004; 1697: 17–27.

35 Tammela T, Zarkada G, Wallgard E et al. Blocking VEGFR-3 suppresses
angiogenic sprouting and vascular network formation. Nature 2008; 454:
656–60.

36 Bergers G, Song S, Meyer-Morse N, Bergsland E, Hanahan D. Benefits of
targeting both pericytes and endothelial cells in the tumor vasculature with
kinase inhibitors. J Clin Invest 2003; 111: 1287–95.

37 Lu C, Kamat AA, Lin YG et al. Dual targeting of endothelial cells and peri-
cytes in antivascular therapy for ovarian carcinoma. Clin Cancer Res 2007;
13: 4209–17.

38 Okamoto R, Ueno M, Yamada Y et al. Hematopoietic cells regulate the
angiogenic switch during tumorigenesis. Blood 2005; 105: 2757–63.

39 Hurwitz H, Fehrenbacher L, Novotny W et al. Bevacizumab plus irinotecan,
fluorouracil, and leucovorin for metastatic colorectal cancer. N Engl J Med
2004; 350: 2335–42.

40 Sandler A, Gray R, Perry MC et al. Paclitaxel–carboplatin alone or with
bevacizumab for non-small-cell lung cancer. N Engl J Med 2006; 355:
2542–50.

41 Lai A, Tran A, Nghiemphu PL et al. Phase II study of bevacizumab plus
temozolomide during and after radiation therapy for patients with newly
diagnosed glioblastoma multiforme. J Clin Oncol 2011; 29: 142–8.

42 Gully CP, Velazquez-Torres G, Shin JH et al. Aurora B kinase phosphory-
lates and instigates degradation of p53. Proc Natl Acad Sci USA 2012; 109:
E1513–22.

43 Bogen D, Wei JS, Azorsa DO et al. Aurora B kinase is a potent and selec-
tive target in MYCN-driven neuroblastoma. Oncotarget 2015; 6: 35247–62.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | March 2017 | vol. 108 | no. 3 | 476

Original Article
Novel multi-kinase antitumor inhibitor www.wileyonlinelibrary.com/journal/cas



44 Quail DF, Joyce JA. Microenvironmental regulation of tumor progression
and metastasis. Nat Med 2013; 19: 1423–37.

45 Zhang W, Zhu XD, Sun HC et al. Depletion of tumor-associated macrophages
enhances the effect of sorafenib in metastatic liver cancer models by antimeta-
static and antiangiogenic effects. Clin Cancer Res 2010; 16: 3420–30.

46 Priceman SJ, Sung JL, Shaposhnik Z et al. Targeting distinct tumor-infiltrat-
ing myeloid cells by inhibiting CSF-1 receptor: combating tumor evasion of
antiangiogenic therapy. Blood 2010; 115: 1461–71.

47 Strachan DC, Ruffell B, Oei Y et al. CSF1R inhibition delays cervical and
mammary tumor growth in murine models by attenuating the turnover of
tumor-associated macrophages and enhancing infiltration by CD8 T cells.
Oncoimmunology 2013; 2: e26968.

48 Ries CH, Cannarile MA, Hoves S et al. Targeting tumor-associated macro-
phages with anti-CSF-1R antibody reveals a strategy for cancer therapy.
Cancer Cell 2014; 25: 846–59.

Supporting Information

Additional Supporting Information may be found online in the supporting information tab for this article:

Fig. S1. The in vitro concentration-dependent growth inhibition by CS2164 on mouse endothelial cells.

Fig. S2. The growth-inhibition curves of Molt-4 and Colo-320 cells by CS2164.

Fig. S3. In vitro inhibition of CS2164 against M-CSF-stimulated differentiation of mouse macrophages.

Fig. S4. Inhibited infiltration of CD11b+ macrophages in tumor tissue by CS2164.

Fig. S5. Body weight curves for different treatment groups in SMMC-7721 and A549 xenograft nude mice.
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