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Abstract
Background
Lenvatinib is an oral inhibitor of multiple receptor tyrosine kinases (RTKs) targeting vascular
endothelial growth factor receptor (VEGFR1-3), fibroblast growth factor receptor (FGFR1-4), platelet
growth factor receptor α (PDGFR α), RET and KIT. Antiangiogenesis activity of lenvatinib in VEGFand FGF-driven angiogenesis models in both in vitro and in vivo was determined. Roles of tumor
vasculature (microvessel density (MVD) and pericyte coverage) as biomarkers for lenvatinib were
also examined in this study.

Method
We evaluated antiangiogenesis activity of lenvatinib against VEGF- and FGF-driven proliferation and
tube formation of HUVECs in vitro. Effects of lenvatinib on in vivo angiogenesis, which was enhanced
by overexpressed VEGF or FGF in human pancreatic cancer KP-1 cells, were examined in the mouse
dorsal air sac assay. We determined antitumor activity of lenvatinib in a broad panel of human
tumor xenograft models to test if vascular score, which consisted of high MVD and low pericyte
coverage, was associated with sensitivity to lenvatinib treatment. Vascular score was also analyzed
using human tumor specimens with 18 different types of human primary tumors.

Result
Lenvatinib inhibited VEGF- and FGF-driven proliferation and tube formation of HUVECs in vitro.
In vivo angiogenesis induced by overexpressed VEGF (KP-1/VEGF transfectants) or FGF (KP-1/FGF
transfectants) was significantly suppressed with oral treatments of lenvatinib. Lenvatinib showed
significant antitumor activity in KP-1/VEGF and five 5 of 7 different types of human tumor xenograft
models at between 1 to 100 mg/kg. We divided 19 human tumor xenograft models into lenvatinibsensitive (tumor-shrinkage) and relatively resistant (slow-growth) subgroups based on sensitivity to
lenvatinib treatments at 100 mg/kg. IHC analysis showed that vascular score was significantly higher
in sensitive subgroup than relatively resistant subgroup (p < 0.0004). Among 18 types of human

primary tumors, kidney cancer had the highest MVD, while liver cancer had the lowest pericyte
coverage, and cancers in Kidney and Stomach had highest vascular score.

Conclusion
These results indicated that Lenvatinib inhibited VEGF- and FGF-driven angiogenesis and showed a
broad spectrum of antitumor activity with a wide therapeutic window. MVD and pericyte-coverage of
tumor vasculature might be biomarkers and suggest cases that would respond for lenvatinib therapy.
Keywords
Lenvatinib — VEGFR2 kinase inhibitor — FGFR kinase inhibitor — Pericyte coverage — Microvessel
density

Background
Angiogenesis, the formation of new blood vessels,
has physiologic and pathologic roles [1]. RTK
signaling pathways have been identified as crucial
regulators of angiogenesis, including the signaling
pathways of VEGFR, FGFR, HGFR, PDGFR, TIE2 and
EPH expressed in endothelial or vascular mural cells
[1]. The VEGF-signaling pathway is the key
regulator of tumor growth and metastasis and
consists of five ligands (VEGFA-D and placental
growth factor (PlGF)) and three RTKs (VEGFR1,
VEGFR2, VEGFR3) [2]. Bevacizumab (a monoclonal
antibody against VEGFA) was the first angiogenesis
inhibitor, and was approved for the treatment of
patients with metastatic colon cancer based on its
survival benefit [3]. It is also used to treat nonsmall cell lung cancer (NSCLC), renal cell carcinoma
(RCC), glioblastoma multiforme (GBM) and breast
cancer [4]. The use of bevacizumab confirmed that
blocking the VEGF-signaling pathway is a feasible
approach to cancer therapy.
VEGFR2 induces major phenotypic changes of
endothelial cells in angiogenesis, including
proliferation,
migration,
survival,
and
tube
formation [5–7]. Several small-molecule inhibitors
of VEGFR2 kinase have been approved for
treatments of multiple cancer types, such as
sunitinib (RCC, gastrointestinal stromal tumor
(GIST)) [8, 9], sorafenib (RCC, HCC, differentiated
thyroid cancer (DTC)) [10–12], pazopanib (RCC,
soft-tissue sarcoma (STS)) [13, 14], axitinib (RCC)
[15], vandetanib (medullary thyroid cancer (MTC))
[16] and regorafnib (colorectal cancer (CRC), GIST)
[17, 18]. The approved indications for bevacizumab
and VEGFR2 tyrosine kinase inhibitor (TKI) are
similar for CRC and RCC, but different for breast
cancer, HCC, NSCLC, GBM, DTC, MTC and STS.
Among the five ligands of the VEGF-signaling
pathway (VEGFA-D and PIGF), bevacizumab targets
only VEGFA. VEGFR1 predominantly mediates
chemotactic
activity
in
monocytes
and
macrophages [19], and mobilization of bonemarrow-derived endothelial and hematopoietic
stem cells [20]. VEGFR3 is expressed by the
lymphatic endothelium and promotes tumor
lymphangiogenesis and tumor spread through
lymphatic vessels [21]. Thus, the inhibition of signal

transduction via multiple VEGFRs may be a
promising therapeutic strategy. The development of
novel inhibitors of multi-targeted RTKs in addition to
VEGFR2 is still required to improve cancer therapy
in the clinic [22], since one of the resistance
mechanisms involved is the up-regulation of
alternative pro-angiogenic signaling pathways that
include FGF/FGFR, angiopoietin/TIE2 and ephrin/
EPH [23].
Antiangiogenesis therapy with antibody against
VEGF or inhibitors of multiple RTKs targeting
VEGFR2 improves the survival of patients with a
variety of advanced cancers. However, the
durations of treatment are limited due to acquired
resistance, and sub-groups of patients do not
respond due to intrinsic resistance [23]. Surrogate
biomarkers of those angiogenesis inhibitors might
help improve the selection of appropriate patients
and contribute to decisions regarding whether to
continue antiangiogenesis therapy. The biomarkers
for
identifying
responsive
patients
for
antiangiogenesis therapy included plasma proteins
[24], circulating endothelial cells [25, 26], and novel
imaging techniques [27], but no reliable predictive
biomarkers have been established. Interactions
between endothelial cells and vascular mural cells
(e.g., pericytes) have been studied and in light of
the finding that bevacitzumab increased the
numbers of pericyte-covered vessels after one-shot
treatment for human colorectal cancer [28, 29], it
is likely that the extent of the interaction of tumor
endothelial cells with pericytes is relevant to the
responsiveness
to
antiangiogenesis
therapy.
However it has not been proven yet that those
interactions
predict
antitumor
activity
of
antiangiogenesis therapy. Examinations of these
interactions would thus be important in the
development
of
predictive
biomarkers
for
antiangiogenesis therapy in both preclinical and
clinical cancer.
We previously reported a novel multi-targeted
VEGFR2 TKI, lenvatinib (E7080), which inhibited KITdependent angiogenesis [26] and VEGFR3-related
lymphangiogenesis [30]. Lenvatinib showed the
activity against multiple types of cancer in a phase
I study [25, 31] and phase II/III clinical studies in
patients with such cancers as DTC, MTC, HCC,

melanoma, and endometrial cancer are currently
in progress. In this study, we investigated the
pharmacologic profile of lenvatinib and we
determine the antiangiogenesis activity in VEGFand FGF-driven angiogenesis assays. Next,
antitumor activity of lenvatinib was explored in a
panel of various human tumor xenograft models
in order to identify biomarkers for predicting the
response to lenvatinib. MVD and pericyte coverage
were determined by immunohistochemical (IHC)

analysis to perform vascular score analysis as
candidate biomarkers and an association of
vascular score with the antitumor activity of
lenvatinib was analyzed. In addition, mRNA
expression levels of genes related to angiogenesis
by qPCR were correlated with antitumor activity of
lenvatinib. Lastly vascular score analysis was also
performed using human tumor tissue specimens,
if vascular score is able to identify tumor vascular
phenotypes of human cancer.

Materials and methods

and the structural formula is shown in Figure 1A.
The compound was synthesized by Eisai Co., Ltd.,
and its chemical identity was established by nuclear
magnetic resonance and mass spectroscopy.

Chemical synthesis of lenvatinib

The
chemical
name
of
lenvatinib
is
[4-[3-Chloro-4-(N’cyclopropylureido)phenoxy]-7-methoxyquinoline-6-carboxamide],

Figure 1

Figure 1 caption
Kinase inhibitory activity and antiangiogenic activity of lenvatinib in vitro. A: Chemical structure
of lenvatinib. B: Ki values of lenvatinib. C: Effects of lenvatinib on the VEGF-induced proliferation
and tube formation of HUVEC. D: Effects on the FGF-induced proliferation and tube formation of
HUVEC. sTF assay; sandwich tube formation assay.

Cell lines
Tumor cell lines were purchased from the American
Type Culture Collection (Rockville, MD), except for
human pancreatic tumor KP-1 and FEM cells, which
were from the National Kyusyu Cancer Center
(Fukuoka, Japan) and Prof. Ostein Fodstad at
Norwegian Radium Hospital Research Foundation,
respectively. KP-1 transfectants were prepared by
stable transfection (Effecten transfection reagent;
Qiagen, Tokyo, Japan) of pcDNA3.1 vectors (Life
technologies, Tokyo, Japan) coding either human
VEGF121 (KP-1/VEGF) or mouse FGF4 (KP/FGF) into
KP-1 cells and selected by G418 (Life technologies).
VEGF121 lacks a heparin binding site and is
therefore more diffusible than VEGF165. FGF4 has
a signal peptide, but FGF1 and FGF2 do not.
Therefore, we selected VEGF121 and FGF4 for
overexpression in this study, since in vivo
angiogenesis in Dorsal Air Sac (DAS) assay is driven
by secreted angiogenic factors from tumor cells
packed into the Millipore chambers. Tumor cell lines
were maintained in RPMI1640 medium containing
10% heat-inactivated fetal bovine serum (FBS).
Human umbilical vein endothelial cells (HUVECs)
were isolated from a human umbilical cord by a
method described previously [32] and cultured
using an EGM-2 BulletKit (Sanko Junyaku, Tokyo,
Japan).

HUVEC proliferation assay were performed by a
method described previously [32]. Briefly, HUVECs
were seeded on type I-collagen coated 96-well
plates at 0.6 × 103 cells with serum free medium
(SFM) (Invitrogen, Carlsbad, CA) containing 2% FBS
(2% FBS-SFM) and an aliquot of lenvatinib with
VEGF (Genzyme, Cambridge, MA) or FGF2 (SigmaAldrich, St. Louis, MO) (20 ng/mL) in 2% FBS-SFM
was added. After incubation for 3 days, cell viability
was determined by measuring the absorbance of
WST-1 reagent (DOJINDO, Kumamoto, Japan).
Percent inhibition of cell growth was determined by
the formula below: Inhibition (%) = Mean value of
OD of control wells - OD of treated wells * 100/
Mean value of OD of control wells. Each value is
expressed as the mean. An IC50 value was
determined from the curves representing growth
inhibition activity versus lenvatinib concentration.
All experiments were done in either duplicate or
quadruplicate.

In vitro angiogenesis assay
In vitro sandwich tube formation (sTF) assay,
HUVECs in SFM containing EGF (10 ng/mL) with
VEGF (20 ng/mL) or FGF2 (20 ng/ml) were plated
onto the 1st layer of collagen gel (Nitta Gelatin,

Balb/c nude mice (Charles River Laboratories,
Yokohama, Japan) were used for human tumor
xenograft models. Animal experiments were
conducted in accordance with the Institutional
Animal Care and Use Committee guidelines of Eisai
Co., Ltd.

Tokyo, Japan) at 1.0 × 105 cells in 24-well plates
and a 2nd layer of collagen gel was added onto the
HUVECs. An aliquot of lenvatinib in SFM containing
EGF with VEGF- or FGF2 was added at the indicated
dose. After 4 days, MTT solution was added and
photomicrographs of tube formation were taken
with a light microscope. The tube length of
capillaries was measured using image analysis
(Angiogenesis Image Analyzer, ver. 1.04; Kurabo,
Osaka, Japan).

In vitro kinase assay

Mouse dorsal air sac (DAS) assay

Tyrosine kinase assays were performed by an ELISA
and Off-chip Mobility Shift Assay (MSA) by Carna
Biosciences, Inc. (Kobe, Japan).

An in vivo angiogenesis assay in mice was
performed as described previously [32] with minor
changes. Millipore chambers (Millipore, Bedford,

Animals

Proliferation assay
Tumor cells were plated at 1 to 2 × 103 cells/well
on 96-well plates in 0.1 ml of RPMI 1640 containing
10% FBS. After 24 h, lenvatinib or vehicle was
added, and 2 or 3 days after drug treatments, The
ratios of surviving cells were calculated by
measuring
the
absorbance
of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) in each well and expressing it
relative to the absorbance in the control wells. The

MA) were packed with 1.0 × 107 KP-1 mock, KP-1/
VEGF or KP-1/FGF transfectants and transplanted
into the dorsal air sac of C57BL/6 mice (n = 3–5
each, with experiments performed in triplicate). For
a pseudo-operation, collagen I gel was injected into
the Millipore chambers. Photographs were taken
4 days after implantation.

Subcutaneous (s.c.) xenograft models
Tumor cells were injected subcutaneously into the
right flank region of 7-week-old nude mice. When

the mean tumor volume reached approximately
3

100–300 mm ,
tumor-bearing
mice
were
randomized and the administration of either vehicle
or lenvatinib was started (day 1). Tumor diameters
were measured with a vernier caliper and body
weight was measured twice weekly. The tumor
volume (mm3) was calculated using the formula:
length (mm) × width (mm)2 × 1/2. The antitumor
activity of lenvatinib was calculated as a ΔT/C (% of
control for Δgrowth) after the administration period.
ΔT/C was calculated according to the formula: (ΔT/

ΔC) × 100. ΔT and ΔC are the changes in tumor
volume (Δgrowth) for the treated and vehicle/
control groups, respectively. When the tumor
volume was reduced, the ΔT/C values were
calculated by the following formula: ΔT/C
(%) = (TVn - TV1)/TV1 × 100, where TVn is the
tumor volume of treated mice at day n. The number
of mice is ten for control group in Table 1 and five
for each group in other experiments. Mice in control
group were treated with vehicle.

Table 1

MDA-MB 4354) (Melanoma)

24.2

180

ΔTV (%)3)lenvatinib (mg/kg)
1
3
10
30
100
55.7* 56.9* 40.2* 21.2* 25.7*

5)

(Pancreas)

33.8

250

56.1*

49.9*

30.1*

15.3*

5)

(Lung)

26.3

110

65.4

34.9*

16.3*

16.4*

-0.8*

(Ovary)

26.4

230

52.3*

39.6*

12.2*

8.3*

-15.6*

Colo2055) (Colon)

27.5

320

43.8*

23.1*

12.8*

-4.5*

-21.3*

(Epidermoid)

30.8

310

41.7

29.4*

0.0*

-7.5*

-32.9*

4)

30.8

160

-7.5*

-42.2* -65.4* -72.0* -78.6*

Tumor cell

MIApaca-II
H460

SK-OV-3
A431

5)

DU145

5)

(Prostate)

IC501)(μM)TV2)(mm3)

12.5*

1)

In vitro anti-proliferative activity of lenvatinib.

2)

Lenvatinib treatments started at indicated tumor volumes.

3)

ΔT/C of individual mice was determined first, and then an mean value was calculated.

4)

Lenvatinib was orally administered twice daily for 28 days.

5)

Lenvatinib was orally administered twice daily for 14 days.

*p < 0.05 versus vehicle control.

IHC analysis of MVD and pericyte
coverage
We defined pericyte-covered vessels as endothelial
cells were fully surrounded or partially surrounded
by αSMA positive cells as described previously [33,
34]. Briefly, 8-μm frozen sections were fixed with
cold acetone and immunostained with rat antimouse CD31 monoclonal antibody (BD Biosciences,
Franklin Lakes, NJ) and mouse anti-α-SMA
monoclonal antibody (Sigma-Aldrich) by the ABC
and LSAB methods using a Vectastain ABC kit
(Funakoshi, Tokyo, Japan) and LSAB kit (Dako,
Glostrup, Denmark). Adjacent sections were
routinely stained with hematoxylin and eosin. All
histological specimens were viewed under a CCD
Hyper Scope (Keyence, Osaka, Japan) and analyzed
using Image Tool software (Image Tool, Roswell,
GA). MVD was determined as the mean of four or
five fields per cross-section. Pericyte coverage was
calculated based on the ratio of the double-staining
vessels per total vessel count in the hotspot areas.
Human tumor specimens were purchased from
SuperBioChips (Seoul, South Korea). The human
tumor specimens were double-stained with mouse

anti-human CD31 monoclonal antibody (Dako) and
alkaline phosphatase-labeled mouse anti-α-SMA
monoclonal antibody (Sigma-Aldrich) using an
Envision HRP kit (Dako) and the LSAB kit.

TaqMan® Low-Density Array (TLDA)
analysis of implanted tumors
Total RNA was isolated from xenografted tumors
at a size of approximately 100–300 mm3 using an
RNeasy kit (Qiagen, Valencia, CA). Reverse
transcription was performed for 59 genes related
to angiogenesis using Multiscribe™ Reverse
Transcriptase (Invitrogen), and the quantitative
real-time polymerase chain reaction (qPCR)
analysis was performed using a TaqMan® LowDensity Array (Invitrogen) (Additional file 1).

Statistical analysis
For the statistical analysis of the activity in the
s.c. xenograft models and mouse DAS models, a
repeated measures analysis of variance (ANOVA)
was used, followed by a Dunnett-type multiple
comparison test. Statistical analyses for MVD and
% of pericyte coverage were performed by student

t -test and vascular score analysis was performed
by Wilcoxon test. Correlative analysis of mRNA with
ΔT/C was performed by Spearman’s rank correlation
test and association with sensitivity was done by

Mann–Whitney u test. Results were considered
significant at p < 0.05.

Results

Antiangiogenesis and antitumor activity
of lenvatinib in VEGF- and FGFdependent angiogenesis models

Kinase inhibitory profile and effects of
lenvatinib in in vitro VEGF- and FGFdriven proliferation and tube formation
of HUVEC
Lenvatinib is a novel quinoline derivative containing
an aryl urea moiety (Figure 1A). The kinase
inhibitory profile of lenvatinib was determined by
biochemical kinase assays for tyrosine kinases
(Figure 1B). Lenvatinib strongly inhibited VEGFR1, 2,
3 RTK (Ki = 1.3, 0.74, 0.71 nM, respectively), and
also exhibited inhibitory activities against FGFR1, 2,
3 RTK (Ki = 22, 8.2, 15 nM, respectively) in addition
to RET and KIT (Ki = 1.5 and 11nM, respectively).
We previously reported that lenvatinib inhibited
angiogenesis through activated KIT [26]. Since
lenvatinib showed an equivalent inhibition against
FGFR RTK to KIT, we determined effects of
lenvatinib on HUVECs stimulated with FGF-2
besides VEGF. Lenvatinib inhibited VEGF- induced
proliferation and tube formation of HUVECs with
IC50 values of 3.4 and 2.7 nM, respectively
(Figure 1C). Lenvatinib also inhibited FGF-2 induced
proliferation and tube formation of HUVECs with
IC50 values of 410 and 590 nM, respectively
(Figure 1D).

We established tumor models in which the in vivo
tumor growth was promoted by VEGF- and FGFinduced
angiogenesis
to
evaluate
both
antiangiogenesis
and antitumor activity of
lenvatinib in mice. Human pancreatic cancer KP-1
cells exhibited a minimum angiogenic activity in the
mouse DAS assay (Figure 2A and Additional file 2A).
KP-1 cells were stably transfected to overexpress
either human VEGF121 (KP-1/VEGF) or mouse FGF-4
(KP-1/FGF) (Additional file 2B and Additional file 3A).
There was no difference of in vitro growth rate
between these transfectants (data not shown).
Conditioned medium from KP-1/VEGF and KP-1/FGF
cultures induced tube formation of HUVECs in the
sTF assay (Additional file 2C). Consistent with the
sTF assay, in vivo angiogenesis was induced by
KP-1/VEGF and KP-1/FGF compared to KP-1 mock
(Figure 2A and Additional file 2A). Lenvatinib at
doses of 10 and 30 mg/kg significantly inhibited in
vivo angiogenesis in both the KP-1/VEGF and KP-1/
FGF models (Figure 2B), while sorafenib showed
selective antiangiogenic activity in the KP-1/VEGF
model at 100 and 300 mg/kg. This data suggested
that lenvatinib inhibited both VEGF- and FGFinduced angiogenesis in mice.

Figure 2

Figure 2 caption
Effects of lenvatinib on in vivo angiogenesis induced by KP-1/VEGF and KP-1/FGF transfectants.
(A) In vivo angiogenesis in mouse DAS assay. Angiogenesis was induced by overexpressed
human VEGF121 (KP-1/VEGF) or mouse FGF4 (KP-1/FGF) in human pancreatic cancer KP-1 cells
at the mouse dorsal skin. Representative photographs are shown. (B) Effect of lenvatinib and
sorafenib on the VEGF- and FGF-driven in vivo angiogenesis in mouse DAS assay. Compounds
were administered orally once daily for 4 days at the indicated doses. Data are the mean ± std. *:
p < 0.05 and **: p < 0.01 compared to vehicle.

The in vivo tumor growth of KP-1/VEGF and KP-1/
FGF transfectants was faster than that of KP-1 mock
in nude mice (Additional file 3B), accompanied with
selective overexpression of VEGF and FGF with
increased angiogenesis (Additional file 3A).
Lenvatinib did not potently inhibit the in vitro
growth of KP-1/VEGF transfectants (IC50: 19.6 μM).
In the KP-1/VEGF xenograft model, lenvatinib
treatments at doses between 1 to 100 mg/kg
resulted in significant inhibitions of tumor growth
(Figure 3A).
IHC
analysis
(CD31
staining)
demonstrated lenvatinib inhibited angiogenesis at
1 mg/kg (Figure 3A) and resulted in 80% to 86%

reduction of MVD compared to the control group
at doses of 1 to 100 mg/kg (Additional file 4A). At
a dose of 3 mg/kg, the inhibition of VEGFR2
phosphorylation lasted for 6 hrs and at a dose of
30 mg/kg, it was remarkably inhibited until 24 hrs
after lenvatinib treatment (Additional file 4B).
Lenvatinib
inhibited
VEGF-induced
tyrosine
phosphorylation of VEGFR2 in HUVECs with an IC50
value of 0.25 nM and also inhibited downstream
signals, such as the phosphorylation of extracellular
signal-regulated kinase (Erk)1/2 and Akt (Additional
file 4C). These results indicated that lenvatinib
inhibited VEGFR2 phosphorylation on tumor vessels

in the KP-1/VEGF model. Next, we examined the
antitumor activity of lenvatinib in advanced KP-1/
VEGF transfectant models, in which large tumors
were treated with lenvatinib (Figure 3B). Lenvatinib
significantly inhibited tumor growth of KP-1/VEGF
transfectants and had similar anti-tumor activity
against large and small tumors. In addition, the
second cycle of lenvatinib treatments resulted in a
level of inhibitory activity similar to that seen in the

first cycle (Figure 3C), suggesting that KP-1/VEGF
xenografts did not acquire resistance to lenvatinib
treatment. In the KP-1/FGF xenograft models,
lenvatinib at doses of 30 and 100 mg/kg resulted
in a dose-dependent inhibition of tumor growth
(Figure 3D).

Figure 3

Figure 3 caption
Antitumor activity of lenvatinib against the KP-1/VEGF and KP-1/FGF transfectants in nude mice.
Lenvatinib was administered orally twice daily, when tumor volumes reached approximately
200 mm(A,C,D). Each group consisted of 5 mice. Data are the mean ± std. *p < 0.05 compared to
vehicle. (A-C) the KP-1/VEGF xenograft model. (D) the KP-1/FGF xenograft model. (A) Antitumor
activity of lenvatinib against KP-1/VEGF xenografts. Lenvatinib was administered at 1–100 mg/day
for 14 days. Tumor tissues were resected on day 26 for IHC analysis. Tumor vessels were stained
with anti-mouse CD31 antibody. Photographs were taken using a light microscope (x25) and
representative images are shown. (B) Antitumor activity of lenvatinib in the advanced KP-1/VEGF
xenograft model. Lenvatinib was administered at 100 mg/kg for either 14, 18 or 14 days, when the
tumor size reached 150, 650 and 1000 mm, respectively. (C) Antitumor activity of lenvatinib with
an interval of treatments. Lenvatinib was administered at 100 mg/kg for 14 days in the 1st cycle
and again given for 10 days in a 2nd cycle with 11 days interval between the 1st and 2nd cycles.
(D) Antitumor activity of lenvatinib in the KP-1/FGF xenograft model. Lenvatinib was administered
at 30 and 100 mg/kg for 14 days.

Antitumor activity of lenvatinib in
various types of human tumor xenograft
models
Antitumor activity of lenvatinib was investigated
using seven human tumor xenograft models of
melanoma (MDA-MB 435), pancreatic (MIApaca-II),
lung
(H460),
ovarian
(SK-OV-3),
colorectal
(Colo205), epidermoid (A431) and prostate (DU145)
cancers in nude mice (Table 1). Treatment with
lenvatinib at doses of 1 to 100 mg/kg resulted in
a dose-dependent inhibition of tumor growth in all
seven tumor xenograft models and significantly
inhibited tumor growth in 5 of 7 models even at
1 mg/kg. Lenvatinib at 100 mg/kg (maximum
tolerated dose (MTD)) caused tumor shrinkage of
more than 10% in 4 of 7 tumor xenograft models.
Lenvatinib did not show potent inhibitory activity
against the in vitro growth of these tumors (Table 1).
Nude mice tolerated lenvatinib treatments well and
only slight losses of body weights (10%<) at a dose
of 100 mg/kg twice daily for 4 weeks was observed
in 3 out of 7 models. These results indicated that
lenvatinib had a wide therapeutic window in VEGFdependent tumor models and caused tumor
shrinkage at MTD dose in more than a half of
various types of human tumor xenograft models.

IHC analysis of tumor vasculature (MVD
and pericyte coverage) as biomarkers
associated with the antitumor activity of
lenvatinib
There are accumulating evidences that tumor
vasculature evaluated by MVD and % of pericyte
coverage has an impact on disease prognosis and/
or acquired resistance to antiangiogenesis therapy
in cancer patients [4, 23]. Antitumor activity of

lenvatinib was determined in an extended panel
of 19 human tumor xenograft models (Figure 4A
and Additional file 5) to explore tumor vasculature
(MVD and % of pericyte coverage) as biomarkers to
predict response to lenvatinib. Lenvatinib treatment
was done at a dose of 100 mg/kg, since we detected
tumor shrinkage in more than a half of 7 xenograft
models at this dose (Table 1). Lenvatinib treatment
resulted in tumor shrinkage in 8 tumor xenograft
models, which were designated the “sensitive”
tumors (ΔT/C < 0), while lenvatinib treatment
caused slowing of tumor growth in 10 tumor
xenograft models and had no effect in the SEKI
model. These 11 tumors were designated as the
“relatively resistant” tumors (ΔT/C > 0). We next
analyzed MVD and % of pericyte coverage at pretreatment (baseline) by IHC assay (CD31 for MVD
and αSMA for pericyte coverage) (Additional file
5). There were significant associations of high MVD
(p = 0.043) and low % of pericyte coverage
(p = 0.0078) with antitumor activity of lenvatinib
in the sensitive tumors compared to the relatively
resistant tumors (Figure 4B and 4C). To further
investigate the relationship of antitumor activity of
lenvatinib to tumor vasculature, we performed an
analysis using vascular score (Figure 4D) based on
the sum of MVD score (ranging from 1 (low MVD) to
6 (high MVD)) and pericyte coverage score (ranging
from 0 (high pericyte coverage) to 6 (low pericyte
coverage)) (Additional file 6). There was more
significant difference between the sensitive and
relatively resistant tumors (p = 0.0004) with
vascular score. These data suggested that tumor
vasculature (MVD and % of pericyte coverage) was
the biomarker of the response to lenvatinib and
vascular score predicted antitumor activity of
lenvatinib in preclinical 19 xenograft models.

Figure 4

Figure 4 caption
Association of antitumor activity of lenvatinib with tumor vasculature in 19 human tumor
xenograft models. Lenvatinib was administered orally twice daily for 7 days, when tumor volumes
reached approximately 100–300 mm. Each group consisted of 5 mice. (A) Antitumor activity of
lenvatinib in 19 human tumor xenograft models. The ΔT/C (%) was presented as a mean. □: The
lenvatinib-sensitive group; ■: the lenvatinib-relatively resistant group. The relationship between
the antitumor activity and MVD is shown in (B), and that between the antitumor activity and
the % of pericyte coverage of vessels is shown in (C). Each symbol (○) indicates the mean of
MVD or pericyte coverage in each tumor xenograft model. (D) Vascular score in the lenvatinibsensitive and –relatively resistant groups. The vascular score was the sum of the MVD and pericyte
coverage scores.

IHC analysis of MVD and % of pericyte
coverage using human tumor specimens
We examined MVD and % of pericyte-coverage
using human tumor tissues specimens (tissue
micro-arrays) to determine if vascular score was
able to define tumor vascular phenotypes in human
cancer, as we did in human tumor xenograft
models. We analyzed 18 different types of human
primary tumor specimens (Additional file 7) by IHC
analysis (CD31 for MVD and αSMA for % of pericyte
coverate) (Figure 5A and 5B). The median MVD
ranged from 185.5 to 595.5 per mm2 in all types of
human tumor specimens and tumors in the kidney
had the highest MVD (595.5 per mm2), whereas
the median pericyte coverage ranged from 4.9% to
29.6% in all types of human tumor specimens and

tumors in the liver had the lowest median pericyte
coverage (4.9%) (Additional file 8). To analyze MVD
combined with pericyte coverage, we performed
vascular score analysis using the sum of MVD and
pericyte coverage scores (Additional file 6B).
Tumors in the kidney and stomach had the highest
vascular scores at 11, followed by those in the liver
and lymphoma at 10 and in the thyroid and lung
at 9 (Figure 5C). These results suggested that IHC
analyses of MVD and % of pericyte coverage with
vascular score were considered as biomarkers for
searching target types of cancers for lenvatinib and
responses to lenvatinib treatments based on tumor
vasculature.

Figure 5

Figure 5 caption
IHC analysis of tumor vasculature in 18 different types of human tumor specimens. Microvessel
density (MVD), pericyte coverage and vascular scores were determined with IHC analysis by
staining CD31 and αSMA among 18 types of human tumor specimens. Analysis was performed as
described in materials and methods. Bars (red) indicated median values for MVD or % of pericyte
coverage of each type of tumors. (A) MVD. (B) % of pericyte coverage. (C) Summary of MVD,
pericyte coverage and vascular score.

Preclinical correlative analysis of mRNA
expression of genes related to
angiogenesis with antitumor activity of
lenvatinib
We performed qPCR analysis of gene expression
related to angiogenesis within tumor tissues from
a panel of 19 human tumor xenograft models, in
which antitumor activity of lenvatinib was
determined (Figure 4A). We associated mRNA
expression levels with antitumor activity of
lenvatinib in the sensitive and relatively-resistant
sub-groups (Additional file 1A). Among the 59 genes

examined, expression levels of high EGFR
(p = 0.018, fold difference of median = 6.867) and
low
PlGF
(p = 0.027,
fold
difference
of
median = 0.554) were significantly associated with
antitumor activity in the sensitive sub-group. We
also correlated mRNA expression levels with ΔT/
C (Additional file 1B). High EGFR and KITLG
expression levels (p = 0.014, 0.023 and r = 0.568,
0.533, respectively) and low PDGFRA and FGF7
expression levels (p = 0.010, 0.049 and r = -0.590,
0.470, respectively) were correlated with small ΔT/
C.

In this study, we determined the inhibitory activity
(Ki) of lenvatinib against VEGFR1-3, FGFR1-3, RET
and KIT. Lenvatinib inhibited VEGF- and FGF2-driven
proliferation and tube formation of HUVECs in vitro
and also in vivo angiogenesis in mouse DAS assays
using the KP-1/VEGF and KP-1/FGF, in which
angiogenesis was induced by over-expressed
angiogenic factors. Lenvatinib significantly inhibited
the in vivo growth of KP-1/VEGF tumor, which was
enhanced
by
VEGF-driven
angiogenesis,
accompanied by decreased MVD by IHC analysis.
Lenvatinib showed significant antitumor activity
from 1 mg/kg to 100 mg/kg in KP-1/VEGF models.
This data suggested lenvatinib showed wide
therapeutic windows in the highly VEGF-dependent
model. Antitumor activity of lenvatinib was highly
associated with vascular score (combined scores of
high MVD and low pericyte coverage) in a panel
of 19 human tumor xenograft models consisting of
variety of cancer types.

effectively inhibited FGF-driven in vivo angiogenesis
in this model. Among the FGFRs, FGFR1 and FGFR2
are likely to have the greatest impact on
angiogenesis. In cell assays, sorafenib has a less
potent effect on FGFR-driven proliferation (i.e. the
IC50 value is 2 μM) [36] than does lenvatinib (the
IC50 value is 410 nM). This less activity of sorafenib
reported in cell assays might contribute to less in
vivo antiangiogenesis activity in the KP-1/FGF
model. VEGF-C is involved in lymphangiogenesis
and lymphatic metastasis via VEGFR3 signaling [37,
38] and stem cell factor (SCF) is an angiogenic
factor via KIT signaling [39]. Lenvatinib inhibited
SCF-induced angiogenesis and VEGF-C-induced
lymphatic metastasis by inhibiting KIT and VEGFR3
[26, 30]. A pan-inhibitory activity of lenvatinib
against the family of multiple split kinases might
contribute to lenvatinib’s broad-spectrum antitumor
activity based on the inhibition of angiogenesis
driven by multiple angiogenic factors such as
VEGFA, SCF, VEGF-C and FGF.

Lenvatinib showed significant antiangiogenesis
activity (decrease of MVD) in the KP-1/VEGF
xenograft model at 1 mg/kg and at 10 mg/kg
against VEGF-driven angiogenesis in KP-1/VEGF
DAS assays. At 10 mg/kg, lenvatinib also inhibit
FGF-driven angiogenesis in KP-1/FGF DAS assays.
Sorafenib
(100 mg/kg)
inhibited
VEGF-driven
angiogenesis in the DAS assay, but did not inhibit
FGF-driven in vivo angiogenesis, indicating that
inhibition of VEGF signaling was not enough to
inhibit FGF-driven angiogenesis in the KP-1/FGF DAS
assay. FGF and VEGF synergistically [35] promote
multi-step of angiogenesis. Even low levels of VEGF
may promote FGF-driven angiogenesis in the KP-1/
FGF DAS model. Since lenvatinib could inhibit both
VEGF and FGF signaling, lenvatinib might

Vascular score, which was the sum of MVD and
pericyte coverage scores was used to analyze the
association of tumor vasculature with the sensitivity
of tumor models to lenvatinib treatments. There
was only one model (HMV-1) with more than
vascular score 8 among the 11 relatively-resistant
models, but 7 out of 8 models in the sensitive group
had vascular scores more than 8 (Figure 4D). This
result suggested that vascular score predicted
tumor shrinkage with lenvatinib treatment in
preclinical 19 human tumor xenograft models. We
used αSMA staining, to determine pericyte
coverage in this study. But αSMA is a marker of
smooth muscle cell and it may be worth to test
other pericyte markers, such as NG-2, to confirm
roles of pericyte in sensitivity to lenvatinib

Discussion

treatment in further study. Recently Smith et al.
reported that IHC analysis with MVD and % of αSMA
positivity identified tumor types with either tumor
vessel types or stromal vessel types as phenotypes
of tumor vasculature. Tumor vessel types in RCC,
HCC, thyroid cancer are respond, but stromal vessel
types in CRC, breast cancer, prostate cancer are
refractory to a single anti-VEGF therapy [40].
Studies might be expected to confirm vascular
score consisted of MVD and pericyte coverage as
potential predictive biomarkers for the selection of
patients responsive to antiangiogenic therapy.
Since there is a large degree of heterogeneity of
tumor vasculature even in each cancer type, the
association of vascular score with sensitivity to
antiangiogeninc therapy need to be further
investigated in a larger group of tumor samples in
each cancer types.
In IHC analysis of human tumor specimens, tumors
in the kidney (renal cell carcinoma) had the highest
MVD and the tumors in the liver (the majority was
hepatocellular carcinoma (HCC)) had the lowest
pericyte coverage among the 18 primary tumor
types assayed. The highest vascular score was 11
for the RCC and tumors in the stomach (the majority
was adenocarcinoma), followed by 10 for the
lymphoma and HCC, and 9 for the thyroid (the
majority was papillary thyroid cancer) and lung (non
small cell lung cancer). RCC, HCC and thyroid
cancer have been approved for treatment with
VEGFR2 TKIs such as sunitinib (RCC), sorafenib

Conclusion
We showed that lenvatinib was an angiogenesis
inhibitor targeting VEGFR2 and FGFR and showed
antitumor activity in a broad spectrum of tumor
xenograft models and vascular score consisted of
high MVD and low pericyte coverage at

Additional files

(RCC, HCC), pazopanib (RCC), axitinib (RCC) or
vandetanib (MTC). In this study, the colon and
breast tumors had lower vascular scores.
Bevacizumab was approved for CRC and breast
cancer only in combination therapy with cytotoxic
agents; and regorafenib and aflibercept [41] were
also approved for CRC in combination with cytotoxic
agents. Vascular scores might be useful when
evaluating the indication for mono- or combotherapy with anti-VEGF therapy.
We measured the mRNA expression levels of 59
genes related to angiogenesis in xenografted
tumors with qRT-PCR by focusing on RTKs and their
ligands (Additional file 1). High EGFR and low PlGF
mRNA expression levels were associated with the
sensitive group to lenvatinib treatments, and high
expression levels of EGFR and KITLG mRNA and low
expression levels of FGF7 and PDGFRA mRNA were
correlated with smaller ΔT/C. The EGFR signaling
pathway induced VEGF expression [42] and
synergistic effects of combination therapies with
EGFR inhibitors and VEGFR2 inhibitors were
reported [43]. In the sTF assay, we stimulated
HUVEC by using VEGF with EGF, because capillarylike-network formation was more constantly
induced by the additional use of EGF. EGF may be
involved in cross-talk with VEGF signaling, besides
inducing VEGF expression.

pretreatment
was
the
potential
predictive
biomarker of lenvatinib in preclinical models. The
roles of tumor vasculature and vascular score as
a predictive biomarker to lenvatinib treatment are
warranted for further examination in clinical
settings.

Additional file 1: mRNA expression levels of 59
genes related to angiogenesis were associated
with the antitumor activity of lenvatinib in a
panel of human tumor xenograft models
shown in Figure 4A. We calculated ΔCT values
for sample-to-sample normalization based on
the mean CT values of five endogenous
controls
(ACTB
(Hs99999903_m1),
B2M
(Hs99999907_m1), GAPDH (Hs99999905_m1),
HMBS
(Hs00609297_m1),
HPRT1(Hs99999909_m1)). Fold changes were
calculated after the 2-ΔCT transformation into
linear space. mRNA expression levels were
correlated to anti-tumor activity in xenograft
model based on ΔT/C for correlation analysis
and also associated with tumor response
among sensitive and resistant subgroup in a
panel of human tumor xenograft models
divided into sensitive (ΔT/C < 0) and resistant
(ΔT/C > 0) subgroups. Statistical analysis
(wilcox-test and spearman correlation) was
performed on the ΔCT values. Results were
considered significant at p < 0.05. (A)
Correlation analysis, (B) Fold difference of
expression levels among relatively resistance
and sensitive subgroup. Fold difference was
show as median expression levels of sensitive
subgroup divided by those of relatively
resistant subgroup. (PDF 67 KB)
Click here to view.

Additional file 3: Analysis of KP-1 xenpgrafts
over-expressing either VEGF or FGF models in
nude mice. (A) qRT-PCR analysis of overexpression of human VEGF121 or mouse FGF4
within xenografted KP-1 transfectants. KP-1
transectants were orthotopically implanted,
grown at the pancreas and then resected at
the size of tumor volumes around 200
–600 mm3 (n = 4). RT-PCR; Total RNA was
extracted with ISOGEN reagent (Nippongene)
and cDNA was synthesized by SUPERSCRIPT
first-strand synthesis systems (GIBCO BRL)
with 2 mg of total DNA. PCR reaction was
performed using themalcyclaer (Takara) and
PCR products were electrophoresis using 2%
of agarose gel and visualized with ethidium
bromides. Primer information was available if
requested. (B) Enhanced s.c. tumor growth of
KP-1/VEGF
and
KP-1/FGF
transfectants
compared to KP-1 mock transfectants. Each
group consisted of 5 mice. Data are the
average ± std. dev. *p < 0.05 compared to
KP-1 mock transfectants. (C) IHC analysis with
H&E (upper panel) and with CD31 staining
(lower panel) of endothelial cells. KP-1
transectants were orthotopically implanted
and grown at the pancreas. Tumor tissues was
resected 42 days after inoculation and IHC
analysis was performed as described in
materials
and
methods.
Representative
photographs were shown. (PDF 167 KB)
Click here to view.

Additional file 2: Enhanced angiogenic activity
of KP-1 transfectants over-expressing VEGF
(human VEGF121) or FGF (mouse FGF-4) in
vitro and in vivo angiogenesis assay. (A) In vivo
angiogenesis assay in mouse Dorsal Air Sac
assay with KP-1 transfectants: Experiments
were performed as described in materials and
methods. Data are the average ± std. (B) VEGF
ELISA assay: Supernatants were collected and
the amounts of VEGF secreted from KP-1/VEGF
determined using a VEGF ELISA Kit (ImmunoBiological Laboratories) in both normoxic (20%
O2) and hypoxic (2% O2) condition. (C)
Sandwich tube formation (sTF) assay using
condition
medium
(CM)
from
KP-1
transfectants: sTF assay was performed using
CM of KP-1 transfectants as described in
materials and methods. (PDF 99 KB)
Click here to view.

Additional file 5: Summary of antitumor
activity of lenvatinib and tumor vasculature in
a panel of human tumor xenograft models in
nude mice. Lenvatinib was administered orally
twice daily for 7 days at 100 mg/kg. Each group
consisted of 3–6 mice. IHC analysis of
microvessel density (MVD) and % of pericyte
coverage were performed by staining CD31
and aSMA. ΔT/C (%) was shown as a mean and
both MVD and pericyte coverage were shown
as a median. Scoring of microvessel density
(MVD) and pericyte coverage was based on a
table as shown in Additional file 6A. Vascular
scores were the sum of MVD and pericyte
coverage scores. Antiangiogenesis activity was
show as % of means of MVD and pericyte
coverage at post-treatment (day 8) compared
to those at pretreatment. (PDF 124 KB)
Click here to view.

Additional file 6: Scoring for microvessel
density (MVD) and % of pericyte coverage by
IHC analysis of with staining CD31 and aSMA
based on the median values of each group
analysis. Analysis was performed as descried
in materials and methods. (A) Scores for 19
human tumor xenograft models, (B) Scored for
18 types of tumor tissues specimens. (PDF 44
KB)

Additional file 8: IHC Analysis for Microvessel
density (MVD) and % of pericyte covered
vessels in human tumor specimens with MVD
and pericyte coverage scores. MVD and
pericyte coverage scores (Additional file 6B)
were based on the median values of analysis
from each type of tumor tissue specimens.
(PDF 38 KB)
Click here to view.

Click here to view.

Additional file 7: Summary of human tumor
specimens among 18 different types. ad-ca;
adenocarcinoma, rcc; renal cell carcinoma,
scc; squamous cell carcinoma. (PDF 41 KB)
Click here to view.

Authors’ original submitted files
for images

Authors’ original file for figure 3
Click here to view.

Below are the links to the authors’ original
submitted files for images.

Authors’ original file for figure 4
Click here to view.

Authors’ original file for figure 1
Authors’ original file for figure 5

Click here to view.

Click here to view.
Authors’ original file for figure 2
Click here to view.

References
1.

Chung AS, Lee J, Ferrara N. Targeting the tumour
vasculature: insights from physiological
angiogenesis. Nat Rev
Cancer. 2010;10(7):505-514.

phosphatidylinositol 3′-kinase/Akt signal
transduction pathway. REQUIREMENT FOR Flk-1/
KDR ACTIVATION. J Biol
Chem. 1998;273(46):30336-30343.

2.

Ellis LM, Hicklin DJ. VEGF-targeted therapy:
mechanisms of anti-tumour activity. Nat Rev
Cancer. 2008;8(8):579-591.

7.

Murota SI, Onodera M, Morita I. Regulation of
angiogenesis by controlling VEGF receptor. Ann N
Y Acad Sci. 2000;902:208-212.

3.

Hurwitz H, Fehrenbacher L, Novotny W,
8.
Cartwright T, Hainsworth J, Heim W, Berlin J,
Baron A, Griffing S, Holmgren E, Ferrara N, Fyfe G,
Rogers B, Ross R, Kabbinavar F. Bevacizumab plus
irinotecan, fluorouracil, and leucovorin for
metastatic colorectal cancer. N Engl J
Med. 2004;350:2335-2342.

Motzer RJ, Hutson TE, Tomczak P, Michaelson MD,
Bukowski RM, Rixe O, Oudard S, Negrier S,
Szczylik C, Kim ST, Chen I, Bycott PW, Baum CM,
Figlin RA. Sunitinib versus interferon alfa in
metastatic renal-cell carcinoma. N Engl J
Med. 2007;356(2):115-124.

4.

Sennino B, McDonald DM. Controlling escape from
angiogenesis inhibitors. Nat Rev
Cancer. 2012;12(10):699-709.

5.

Bernatchez PN. Vascular endothelial growth factor
effect on endothelial cell proliferation, migration,
and platelet-activating factor synthesis is
Flk-1-dependent. J Biol
Chem. 1999;274(43):31047-31054.

6.

Gerber HP. Vascular endothelial growth factor
regulates endothelial cell survival through the

9.

Goodman VL, Rock EP, Dagher R,
Ramchandani RP, Abraham S, Gobburu JV,
Booth BP, Verbois SL, Morse DE, Liang CY,
Chidambaram N, Jiang JX, Tang S, Mahjoob K,
Justice R, Pazdur R. Approval summary: sunitinib
for the treatment of imatinib refractory or
intolerant gastrointestinal stromal tumors and
advanced renal cell carcinoma. Approval
summary: sunitinib for the treatment of imatinib
refractory or intolerant gastrointestinal stromal
tumors and advanced renal cell carcinoma. Clin
Cancer Res. 2007;13(5):1367-1373.

10.

Escudier B, Eisen T, Stadler WM, Szczylik C,
Oudard S, Siebels M, Negrier S, Chevreau C,
Solska E, Desai AA, Rolland F, Demkow T,
Hutson TE, Gore M, Freeman S, Schwartz B,
Shan M, Simantov R, Bukowski RM. Sorafenib in
advanced clear-cell renal-cell carcinoma. N Engl J
Med. 2007;356(2):125-134.

Adenis A, Tabernero J, Yoshino T, Lenz HJ,
Goldberg RM, Sargent DJ, Cihon F, Cupit L,
Wagner A, Laurent D. Regorafenib monotherapy
for previously treated metastatic colorectal cancer
(CORRECT): an international, multicentre,
randomised, placebo-controlled, phase 3 trial.
Lancet. 2013;381(9863):303-312.

11.

Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E,18.
Blanc JF, de Oliveira AC, Santoro A, Raoul JL,
Forner A, Schwartz M, Porta C, Zeuzem S,
Bolondi L, Greten TF, Galle PR, Seitz JF, Borbath I,
Häussinger D, Giannaris T, Shan M, Moscovici M,
Voliotis D, Bruix J. Sorafenib in advanced
hepatocellular carcinoma. N Engl J
Med. 2008;359(4):378-390.

12.

Brose MS, Nutting CM, Jarzab B, Elisei R, Siena S,
Bastholt L, de la Fouchardiere C, Pacini F,
Paschke R, Shong YK, Sherman SI, Smit JW,
Chung J, Kappeler C, Peña C, Molnár I,
Schlumberger MJ. Sorafenib in radioactive iodine- 19.
refractory, locally advanced or metastatic
differentiated thyroid cancer: a randomised,
double-blind, phase 3 trial.
Lancet. 2014;S0140–6736(14):60421-604219.

Demetri GD, Reichardt P, Kang Y-K, Blay J-Y,
Rutkowski P, Gelderblom H, Hohenberger P,
Leahy M, von Mehren M, Joensuu H,
Badalamenti G, Blackstein M, Le Cesne A,
Schöffski P, Maki RG, Bauer S, Nguyen BB, Xu J,
Nishida T, Chung J, Kappeler C, Kuss I, Laurent D,
Casali PG. Efficacy and safety of regorafenib for
advanced gastrointestinal stromal tumours after
failure of imatinib and sunitinib (GRID): an
international, multicentre, randomised, placebocontrolled, phase 3 trial.
Lancet. 2013;381(9863):295-302.
Barleon B, Sozzani S, Zhou D, Weich HA,
Mantovani A, Marmé D. Migration of human
monocytes in response to vascular endothelial
growth factor (VEGF) is mediated via the VEGF
receptor flt-1. Blood. 1996;87(8):3336-3343.

13.

Sternberg CN, Davis ID, Mardiak J, Szczylik C,
20.
Lee E, Wagstaff J, Barrios CH, Salman P,
Gladkov OA, Kavina A, Zarbá JJ, Chen M, McCann L,
Pandite L, Roychowdhury DF, Hawkins RE.
Pazopanib in locally advanced or metastatic renal
cell carcinoma: results of a randomized phase III
trial. J Clin Oncol. 2010;28(6):1061-1068.

Hattori K, Heissig B, Wu Y, Dias S, Tejada R,
Ferris B, Hicklin DJ, Zhu Z, Bohlen P, Witte L,
Hendrikx J, Hackett NR, Crystal RG, Moore MA,
Werb Z, Lyden D, Rafii S. Placental growth factor
reconstitutes hematopoiesis by recruiting
VEGFR1(+) stem cells from bone-marrow
microenvironment. Nat Med. 2002;8(8):841-849.

14.

van der Graaf WT, Blay JY, Chawla SP, Kim DW, 21.
Bui-Nguyen B, Casali PG, Schöffski P, Aglietta M,
Staddon AP, Beppu Y, Le Cesne A, Gelderblom H,
Judson IR, Araki N, Ouali M, Marreaud S, Hodge R,
Dewji MR, Coens C, Demetri GD, Fletcher CD, Dei
Tos AP, Hohenberger P. Pazopanib for metastatic
soft-tissue sarcoma (PALETTE): a randomised,
double-blind, placebo-controlled phase 3 trial.
Lancet. 2012;379(9829):1879-1886.

Laakkonen P, Waltari M, Holopainen T,
Takahashi T, Pytowski B, Steiner P, Hicklin D,
Persaud K, Tonra JR, Witte L, Alitalo K. Vascular
endothelial growth factor receptor 3 is involved in
tumor angiogenesis and growth. Vascular
endothelial growth factor receptor 3 is involved in
tumor angiogenesis and growth. Cancer
Res. 2007;67(2):593-599.

15.

Rini BI, Escudier B, Tomczak P, Kaprin A,
Szczylik C, Hutson TE, Michaelson MD,
Gorbunova VA, Gore ME, Rusakov IG, Negrier S,
23.
Ou YC, Castellano D, Lim HY, Uemura H, Tarazi J,
Cella D, Chen C, Rosbrook B, Kim S, Motzer RJ.
Comparative effectiveness of axitinib versus
sorafenib in advanced renal cell carcinoma (AXIS):24.
a randomised phase 3 trial.
Lancet. 2011;378(9807):1931-1939.

22.

Carmeliet P, Jain RK. Molecular mechanisms and
clinical applications of angiogenesis.
Nature. 2011;473(7347):298-307.
Bergers G, Hanahan D. Modes of resistance to
anti-angiogenic therapy. Nat Rev
Cancer. 2008;8(8):592-603.
Tran HT, Liu Y, Zurita AJ, Lin Y, Baker-Neblett KL,
Martin AM, Figlin RA, Hutson TE, Sternberg CN,
Amado RG, Pandite LN, Heymach JV. Prognostic or
predictive plasma cytokines and angiogenic
factors for patients treated with pazopanib for
metastatic renal-cell cancer: a retrospective
analysis of phase 2 and phase 3 trials. Lancet
Oncol. 2012;13(8):827-837.

Lee JS, Hirsh V, Park K, Qin S, Blajman CR,
Perng RP, Chen YM, Emerson L, Langmuir P,
Manegold C. Vandetanib versus placebo in
patients with advanced non-small-cell lung cancer
after prior therapy with an epidermal growth
factor receptor tyrosine kinase inhibitor: a
25. Yamada K, Yamamoto N, Yamada Y, Nokihara H,
randomized, double-blind phase III trial (ZEPHYR).
Fujiwara Y, Hirata T, Koizumi F, Nishio K,
J Clin Oncol. 2012;30(10):1114-1121.
Koyama N, Tamura T. Phase I dose-escalation
study and biomarker analysis of E7080 in patients
17. Grothey A, Cutsem E, Sobrero A, Siena S,
with advanced solid tumors. Clin Cancer
Falcone A, Ychou M, Grothey A, Van Cutsem E,
Res. 2011;17(8):2528-2537.
Sobrero A, Siena S, Falcone A, Ychou M,
Humblet Y, Bouché O, Mineur L, Barone C,
26. Matsui J, Yamamoto Y, Funahashi Y, Tsuruoka A,
16.

Watanabe T, Wakabayashi T, Uenaka T, Asada M.
E7080, a novel inhibitor that targets multiple
kinases, has potent antitumor activities against
35.
stem cell factor producing human small cell lung
cancer H146, based on angiogenesis inhibition. Int
J Cancer. 2008;122(3):664-671.
27.

28.

29.

30.

31.

32.

33.

34.

endothelial growth factor withdrawal. J Clin
Invest. 1999;103(2):159-165.
Compagni A, Wilgenbus P, Impagnatiello MA,
Cotten M, Christofori G. Fibroblast growth factors
are required for efficient tumor angiogenesis.
Cancer Res. 2000;60(24):7163-7169.

O’Connor JP, Jackson A, Parker GJ, Jayson GC.
36. Zhou Y, Chen Y, Tong L, Xie H, Wen W, Zhang J,
DCE-MRI biomarkers in the clinical evaluation of
Xi Y, Shen Y, Geng M, Wang Y, Jiang H, Luo C,
antiangiogenic and vascular disrupting agents. Br J
Lin L, Ding J. AL3810, a multi-tyrosine kinase
Cancer. 2007;96(2):189-195.
inhibitor, exhibits potent anti-angiogenic and antiWillett CG, Boucher Y, di Tomaso E, Duda DG,
tumour activity via targeting VEGFR, FGFR and
Munn LL, Tong RT, Chung DC, Sahani DV, Kalva SP,
PDGFR. J Cell Mol Med. 2012;16(10):2321-2330.
Kozin SV, Mino M, Cohen KS, Scadden DT,
37. Stacker SA, Achen MG, Jussila L, Baldwin ME,
Hartford AC, Fischman AJ, Clark JW, Ryan DP,
Alitalo K. Lymphangiogenesis and cancer
Zhu AX, Blaszkowsky LS, Chen HX, Shellito PC,
metastasis. Nat Rev Cancer. 2002;2(8):573-583.
Lauwers GY, Jain RK. Direct evidence that the
VEGF-specific antibody bevacizumab has
38. He Y, Rajantie I, Pajusola K, Jeltsch M,
antivascular effects in human rectal cancer. Nat
Holopainen T, Yla-Herttuala S, Lee RM. Vascular
Med. 2004;10(2):145-147.
endothelial cell growth factor receptor 3-mediated
activation of lymphatic endothelium is crucial for
Armulik A, Abramsson A, Betsholtz C. Endothelial/
tumor cell entry and spread via lymphatic vessels.
pericyte interactions. Circ
Cancer Res. 2005;65(21):4739-4746.
Res. 2005;97(6):512-523.
39. Matsui J, Wakabayashi T, Asada M, Yoshimatsu K,
Matsui J, Funahashi Y, Uenaka T, Watanabe T,
Okada M. Stem cell factor/c-kit signaling
Tsuruoka A, Asada M. Multi-kinase inhibitor E7080
promotes the survival, migration, and capillary
suppresses lymph node and lung metastases of
tube formation of human umbilical vein
human mammary breast tumor MDA-MB-231 via
endothelial cells. J Biol
inhibition of vascular endothelial growth factorChem. 2004;279:18600-18607.
receptor (VEGF-R) 2 and VEGF-R3 kinase. Clin
Cancer Res. 2008;14(17):5459-5465.
40. Smith NR, Baker D, Farren M, Pommier A,
Swann R, Wang X, Mistry S, McDaid K, Kendrew J,
Boss DS, Glen H, Beijnen JH, Keesen M, Morrison R,
Womack C, Wedge SR, Barry ST. Tumor stromal
Tait B, Copalu W, Mazur A, Wanders J, O’Brien JP,
architecture can define the intrinsic tumor
Schellens JH, Evans TR. A phase I study of E7080,
response to VEGF-targeted therapy. Clin Cancer
a multitargeted tyrosine kinase inhibitor, in
Res. 2013;19(24):6943-6956.
patients with advanced solid tumours. Br J
Cancer. 2012;106(10):1598-1604.
41. Van Cutsem E, Tabernero J, Lakomy R, Prenen H,
Prausova J, Macarulla T, Ruff P, van Hazel GA,
Funahashi Y, Sugi NH, Semba T, Yamamoto Y,
Moiseyenko V, Ferry D, McKendrick J, Polikoff J,
Hamaoka S, Tsukahara-Tamai N, Ozawa Y,
Tellier A, Castan R, Allegra C. Addition of
Tsuruoka A, Nara K, Takahashi K, Okabe T,
aflibercept to fluorouracil, leucovorin, and
Kamata J, Owa T, Ueda N, Haneda T, Yonaga M,
irinotecan improves survival in a phase III
Yoshimatsu K, Wakabayashi T. Sulfonamide
randomized trial in patients with metastatic
derivative, E7820, is a unique angiogenesis
colorectal cancer previously treated with an
inhibitor suppressing an expression of integrin
oxaliplatin-based regimen. J Clin
alpha2 subunit on endothelium. Cancer
Oncol. 2012;30(28):3499-3506.
Res. 2002;62(21):6116-6123.
42. Pore N, Jiang Z, Gupta A, Cerniglia G, Kao GD,
Semba T, Funahashi Y, Ono N, Yamamoto Y,
Maity A. EGFR tyrosine kinase inhibitors decrease
Sugi NH, Asada M, Yoshimatsu K, Wakabayashi T.
VEGF expression by both hypoxia-inducible factor
An angiogenesis inhibitor E7820 shows broad(HIF)-1-independent and HIF-1-dependent
spectrum tumor growth inhibition in a xenograft
mechanisms. Cancer Res. 2006;66(18):3197-3204.
model: possible value of integrin alpha2 on
platelets as a biological marker. Clin Cancer
43. Tonra JR, Deevi DS, Corcoran E, Li H, Wang S,
Res. 2004;10(4):1430-1438.
Carrick FE, Hicklin DJ. Synergistic antitumor
effects of combined epidermal growth factor
Benjamin LE, Golijanin D, Itin A, Pode D, Keshet E.
receptor and vascular endothelial growth factor
Selective ablation of immature blood vessels in
receptor-2 targeted therapy. Clin Cancer
established human tumors follows vascular
Res. 2006;12(7 pT 1):2197-2207.
Copyright & License

Statement: Copyright © 2014, Yamamoto et al.
Holder: Yamamoto et al

Licensee: Publiverse Online S.R.L.
License: Open Access This article is distributed under the terms of the Creative Commons Attribution
4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons license, and indicate if changes
were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

The present article has been published in Vascular Cell journal by Publiverse Online S.R.L.

