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Vascular endothelial growth factor (VEGF) signaling plays a critical role in the
carcinogenesis and tumor development of several cancer types. However, its
pathological significance in prostate cancer, one of the most frequent and lethal
malignancies in men, remains unclear. In the present study, we focused on a
pathological role of the VEGF receptors (VEGFRs), and examined their expression and
effects of MAZ51 (an inhibitor of the tyrosine kinase of VEGFR-3) on cell proliferation,
migration, and tumor growth in human prostate cancer cells. The expression level of
VEGFR-3 was higher in androgen-independent and highly metastatic prostate cancer PC-
3 cells than in other prostate PrEC, LNCaP, and DU145 cells. In PC-3 cells, VEGFR-3 and
Akt were phosphorylated following a stimulation with 50 ng/ml VEGF-C, and these
phosphorylations were blocked by 3 μM MAZ51. Interestingly, PC-3 cells themselves
secreted VEGF-C, which was markedly larger amount compared with PrEC, LNCaP, and
DU145 cells. MAZ51 reduced the expression of VEGFR-3 but not VEGFR-1 and VEGFR-2.
The proliferation of PC-3 cells was inhibited by MAZ51 (IC50 � 2.7 μM) and VEGFR-3
siRNA, and partly decreased by 100 nM GSK690693 (an Akt inhibitor) and 300 nM
VEGFR2 Kinase Inhibitor I. MAZ51 and VEGFR-3 siRNA also attenuated the VEGF-C-
inducedmigration of PC-3 cells. Moreover, MAZ51 blocked the tumor growth of PC-3 cells
in a xenograft mouse model. These results suggest that VEGFR-3 signaling contributes to
the cell proliferation, migration, and tumor growth of androgen-independent/highly
metastatic prostate cancer. Therefore, the inhibition of VEGFR-3 has potential as a
novel therapeutic target for the treatment for prostate cancer.
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INTRODUCTION

The number of patients diagnosed with prostate cancer is increasing yearly. Recent cancer statistics
in the United States revealed an estimated 191,930 new cases of prostate cancer and 33,330 deaths
(Siegel et al., 2020). The 5-year survival rate of regional prostate cancer is more than 99%, whereas
that of the metastatic stage is only 31% (Siegel et al., 2020). Prostate cancer is generally diagnosed by
an elevated prostate-specific antigen (PSA) level in the blood and a histopathological examination of
prostate biopsy specimens. Malignancy grades are evaluated according to the Gleason score
(Sathianathen et al., 2018). In the early stages of prostate cancer, tumor growth is dependent on
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androgens. Therefore, androgen deprivation therapy is an
effective strategy for achieving tumor regression. However,
long-term treatment results in castration-resistant prostate
cancer, which is less sensitive to androgens. Tumor
progression in the metastatic stage is also independent of
androgens (Hughes et al., 2005; Flourakis and Prevarskaya,
2009). The treatment of androgen-independent prostate cancer
is still clinically challenges (Sathianathen et al., 2018).

The vascular endothelial growth factor (VEGF) family and its
receptors (VEGFRs) play pivotal roles in the regulation of
vasculogenesis, vascular permeabilization, angiogenesis, and
lymphangiogenesis during organ development (Roskoski, 2007;
Ferrara and Adamis, 2016). The human VEGF family includes
VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth
factor. VEGFRs consist of three receptor tyrosine kinases:
VEGFR-1, VEGFR-2, and VEGFR-3. Each VEGF binds to its
specific VEGFR, which facilitates their dimerization and
phosphorylation. VEGF signals mainly activate downstream
cascades, such as the mitogen-activated protein kinase
[MAPK; e.g., extracellular signal-regulated kinase 1/2 (ERK1/2)
and p38] and Akt pathways (Ferrara and Adamis, 2016). Previous
studies reported that the constitutive knockout of VEGFRs
showed embryonic lethality on embryonic days 8.5–9.5 due to
endothelial dysfunction and cardiovascular defects (Simons et al.,
2016). VEGFRs are predominantly expressed in vascular and
lymphatic endothelial cells, but have also been detected in other
types of cells (Simons et al., 2016).

VEGFs and VEGFRs have been implicated in a number of
diseases including cancer, rheumatoid arthritis, atherosclerosis
(Shibuya and Claesson-Welsh, 2006; Ferrara and Adamis, 2016),
lung diseases (pulmonary hypertension and pulmonary fibrosis)
(Al-Husseini et al., 2015; Barratt et al., 2018), and hematological
disorders (myeloproliferative neoplasms, myelodysplastic
syndromes, and acute myeloid leukemia) (Yang et al., 2018).
VEGFs and VEGFRs play important roles in angiogenesis related
to the pathogenesis of solid tumors. Furthermore, enhanced
VEGF signaling has been shown to mediate the metastasis and
progression of several cancer types (Ferrara and Adamis, 2016;
Roskoski, 2017). Although VEGFs and VEGFRs were previously
shown to be expressed in prostate cancer (Su et al., 2007; Roberts
et al., 2013), their pathological roles have not yet been elucidated.

In the present study, the expression of VEGFRs was compared
among human prostate epithelial PrEC cells, androgen-
dependent/weakly metastatic prostate cancer LNCaP cells,
androgen-independent/highly bone metastatic prostate cancer
PC-3, and androgen-independent/moderate brain metastatic
prostate cancer DU145 cells. MAZ51 is a tyrosine kinase
inhibitor of VEGFR-2 and VEGFR-3, and preferentially
inhibits the phosphorylation of VEGFR-3 (lower
concentrations at ∼5 μM) over that of VEGFR-2 (higher
concentrations at ∼50 μM) (Kirkin et al., 2001). The
pharmacological effects of lower concentrations of MAZ51
(∼3 μM; an inhibitor of the tyrosine kinase of VEGFR-3) on
cell proliferation, migration, and tumor growth in PC-3 cells and
a xenograft carcinoma transplantation mouse model were also
examined. The results obtained clearly demonstrated that
VEGFR-3 was specifically up-regulated in PC-3 cells and

thereby MAZ51 blocked the tumor growth of prostate cancer
via the inhibition of proliferation and migration of these cells.

MATERIALS AND METHODS

Cell Culture
The human prostate epithelial cell line, PrEC, was purchased
from Lonza (Walkersville, MD, United States). PrEC cells
(passages 5–11) were cultured in PrEGM BulletKit medium
(Lonza) supplemented with 10% fetal bovine serum (FBS;
GIBCO/Invitrogen, Grand Island, NY, United States) and
100 U/ml penicillin plus 100 μg/ml streptomycin (GIBCO/
Invitrogen) at 37°C. The human prostate cancer cell lines,
LNCaP and DU145 (originally from the American Type
Culture Collection, Manassas, VA, United States), were
provided by Dr Hirotsugu Uemura (Kindai University, Osaka,
Japan) (Muramatsu et al., 2019). The human prostate cancer cell
line, PC-3, was obtained from the Cell Resource Center for
Biomedical Research, the Institute of Development, Aging and
Cancer, Tohoku University (Sendai, Japan). LNCaP, PC-3, and
DU145 cells (passages 5–11) were cultured in RPMI-1640
medium (Sigma-Aldrich, St. Louis, MO, United States)
supplemented with 10% FBS and 100 U/ml penicillin plus
100 μg/ml streptomycin at 37°C. Experiments using VEGF-C
stimulation were performed after the exposure to RPMI-1640
medium containing 1% FBS for 4 h to prevent enhanced
phosphorylation and starvation stress.

Western Blotting
The protein fraction was extracted from the homogenates of
prostate cells using RIPA buffer (Pierce Biotechnology, Rockford,
IL, United States), as described previously (Yamamura et al.,
2019a; Yamamura et al., 2019b). In brief, the extracted protein
(20 μg/lane) was added to an 8% acrylamide gel and transferred to
an Immobilon-P PVDF membrane (Millipore, Bedford, MA,
United States). The membrane was blocked with Tris-buffered
saline containing 5% bovine serum albumin (Sigma-Aldrich) and
then incubated with the primary antibody (1:1000) for VEGFR-1
(#2893, Cell Signaling Technology, Danvers, MA, United States),
p-VEGFR-1 (Tyr1333, SAB4504006, Sigma-Aldrich), VEGFR-2
(#2479, Cell Signaling Technology), p-VEGFR-2 (Tyr996, #2474,
Cell Signaling Technology), VEGFR-3 (#79-633, ProSci, Poway,
CA, United States; sc-28297 and sc-321, Santa Cruz
Biotechnology, Santa Cruz, TX, United States), p-Akt (Ser473,
#9271, Cell Signaling Technology), Akt (#9272, Cell Signaling
Technology), p-ERK1/2 (Thr202/Tyr204, #9101, Cell Signaling
Technology), ERK1/2 (#9102, Cell Signaling Technology), p-p38
(Thr180/Tyr182, #9211, Cell Signaling Technology), or p38
(#9211, Cell Signaling Technology). Immunoblotted
membranes were treated with an anti-rabbit or anti-mouse
horseradish peroxidase-conjugated IgG secondary antibody (1:
5000; #1706515 or #1706516, BioRad, Hercules, CA,
United States). Blotting signals were detected using the
ImmunoStar LD (Wako Pure Chemicals, Osaka, Japan). These
images were analyzed using the Amersham Imager 600 system
(GE Healthcare Life Sciences, Pittsburgh, PA, United States).
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Protein expression was normalized using a β-actin antibody (1:
5000; AC-74, Sigma-Aldrich).

Transfection of siRNA
PC-3 cells (1 × 105 cells/well) were transiently transfected with
the siRNA (50 and 100 nM) of the VEGFR-3 (s5296, Silencer
Select, Ambion/Applied Biosystems, Auatin, TX, United States)
or negative control (Silencer Negative Control #1, Ambion/
Applied Biosystems) using Lipofectamine RNAiMax
transfection reagent (Invitrogen), as described previously
(Yamamura et al., 2019b). siRNA experiments were performed
48 h after transfection.

Co-Immunoprecipitation Assay
Co-immunoprecipitation was performed with a modification
using a Co-Immunoprecipitation kit (Pierce Biotechnology)
(Sakima et al., 2018). PC-3 cells were lysed in
immunoprecipitation lysis/wash buffer with a protease
inhibitor mixture (Sigma-Aldrich). Homogenates were
centrifuged (15,000 × g, 4°C, 25 min), and the supernatant was
precleared with control resin (4°C, 1 h). Precleared lysates
(∼100 μg of protein) were incubated with AminoLink Plus
Coupling Resin, with which the VEGFR-3 antibody was
immobilized at 4°C for 12 h. Incubated lysates were finally
subjected to 7.5% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The blots were incubated with a
p-Tyr (PY20) antibody (1:1000; sc-508, Santa Cruz
Biotechnology) at 4°C for 12 h, and then treated with the anti-
rabbit horseradish peroxidase-conjugated IgG antibody (1:2000)
at 4°C for 1 h. Chemiluminescence was detected using a similar
method to that for Western blotting.

ELISA Assay
The amount of VEGF-C secreted from prostate cells was
quantitatively measured using a human VEGF-C Quantikine
ELISA kit (R&D Systems, Minneapolis, MN, United States),
according to the manufacturer’s instructions.

Cell Viability Assay
Prostate cells (3 × 104 cells/well) were subcultured in 96-well
plates and incubated at 37°C (Yamamura et al., 2019b). These
cells were exposed to culture medium including vehicle (0.1%
dimethyl sulfoxide, DMSO) or the drug for 48 h. Cell viability was
evaluated using Cell Counting Kit-8 (Dojindo Laboratories,
Kumamoto, Japan) based on the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. The results
obtained were quantified colorimetrically as absorbance at
450 nm using a SpectraMax M3 (Molecular Devices, San Jose,
CA, United States).

Cell Proliferation Assay
Prostate cells (3 × 104 cells/well) were subcultured in 96-well
plates and incubated at 37°C (Yamamura et al., 2019b). Drug
application was performed in the same manner as that described
for the MTT assay. The proliferation of PC-3 cells was evaluated
using the Cell Proliferation ELISA, BrdU (colorimetric) kit
(Roche Diagnostics, Mannheim, Germany) based on the

bromodeoxyuridine (BrdU) incorporation assay. Colorimetric
quantification as absorbance at 370 nm was measured using a
similar method to that for the MTT assay.

Cell Migration Assay
PC-3 cells (1 × 105 cells/well) were seeded on a six-well Transwell
plate with a membrane pore size of 8 μm (#3428, Corning,
Tewksbury, MA, United States), as described previously
(Yamamura et al., 2019b). Percentage of FBS in culture
medium filled in the upper and lower chambers was reduced
to 1% to prevent cell proliferation. These cells were then exposed
to culture medium including vehicle (0.1% DMSO) or the drug in
the lower chamber for 18 h. Transwell inserts were fixed in 4%
paraformaldehyde and stained with 1% crystal violet. The
number of migrated cells was counted from digital
microscopic images of the Transwell inserts.

Xenograft Mouse Model
All experiments were approved by the Ethics Committee of Aichi
Medical University (2019-15), and conducted in accordance with
the Guide for the Care and Use of Laboratory Animals of the
Japanese Pharmacological Society. PC-3 cells were suspended in
1.0 ml physiological saline with matrigel. PC-3 cells (2.0×107
cells/0.1 ml saline) were then injected into the subcutaneous
tissue of male BALB/c-nu/nu mice (5 weeks, Japan SLC,
Hamamatsu, Japan). Drugs were suspended in 0.5 ml
physiological saline and applied subcutaneously around the
tumors every days. Tumor volume [defined as
(length×width2)/2] and weight were measured every week.

Drugs
Pharmacological reagents were obtained from Sigma-Aldrich,
except for VEGF-C (Wako Pure Chemicals), GSK690693 {4-
[2-(4-amino-1,2,5-oxadiazol-3-yl)-1-ethyl-7-{[(3S)-3-
piperidinylmethyl]oxy}-1H-imidazo [4,5-c]pyridin-4-yl]-2-
methyl-3-butyn-2-ol} (Selleck Biotech, Tokyo, Japan), and
VEGFR2 Kinase Inhibitor I ((Z)-3-{[2,4-dimethyl-3-
(ethoxycarbonyl)pyrrol-5-yl]methylidenyl}indolin-2-one)
(Calbiochem, La Jolla, CA, United States). VEGF-C was dissolved
in sterile water at a concentration of 10 μg/ml as a stock solution.
MAZ51 [3-(4-dimethylaminonaphthalen-1-ylmethylene)-1,3-
dihydroindol-2-one] and VEGFR2 Kinase Inhibitor I were
dissolved in DMSO at a concentration of 10 mM as a stock
solution.

Statistical Analysis and Miscellaneous
Procedures
Pooled data are shown as the mean ± S.D. The sample size was
determined in advance. The significance of differences between
two groups was assessed by the Student’s t-test using the
BellCurve for Excel software (version 3.20; Social Survey
Research Information, Tokyo, Japan). The significance of
differences among groups was evaluated by Scheffé’s test
following a one-way analysis of variance (ANOVA) or the
non-parametric Mann-Whitney U-test using the same
software. A p value of <0.05 was considered to be significant.
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Other miscellaneous procedures are previously described (Sato
et al., 2011).

RESULTS

Expression of VEGF Receptors in Human
Prostate Cancer Cells
The protein expression of VEGFRs (VEGFR-1, VEGFR-2, and
VEGFR-3) was examined in human prostate epithelial PrEC cells
and prostate cancer LNCaP (androgen-dependent/weakly
metastatic), PC-3 (androgen-independent/highly bone
metastatic), and DU145 (androgen-independent/moderate
brain metastatic) cells by Western blotting. The expression
level of VEGFR-1 was higher in LNCaP, PC-3, and DU145
cells than in PrEC cells (Figure 1). The expression levels of
VEGFR-2 and VEGFR-3 were higher in PC-3 cells than in LNCaP
and DU145 cells, but were very low in PrEC cells. These results
indicate that the VEGFR-3 protein was more strongly expressed
in PC-3 cells than in PrEC, LNCaP, and DU145 cells. The
magnitude of increase was larger in VEGFR-3 (9.85-fold) than
VEGFR-1 (5.95-fold) and VEGFR-2 (4.29-fold) in PC-3 cells.

To confirm whether the expression level of VEGFR-3 protein
was higher in PC-3 cells than in other prostate cells, similar
experiments were performed using three different antibodies for
VEGFR-3 (#79-633, ProSci; sc-28297 and sc-321, Santa Cruz
Biotechnology). These results strongly suggest that the expression
of VEGFR-3 protein in PC-3 cells was the strongest among
prostate cells examined (Figures 2A,B). Furthermore, the
specificity of these antibodies was confirmed by the
knockdown using 50 nM VEGFR-3 siRNA in PC-3 cells
(Figures 2C,D). Therefore, we focused on examining a
pathological role of VEGFR-3 signaling in PC-3 cells.

FIGURE 1 | Up-regulation of VEGFR-3 in human prostate cancer PC-3
cells. The protein expression of VEGFRs was examined in human prostate
epithelial PrEC cells and prostate cancer LNCaP (androgen-dependent/
weakly metastatic), PC-3 (androgen-independent/highly bone
metastatic), and DU145 (androgen-independent/moderate brain metastatic)
cells by Western blotting. (A) Representative blots of VEGFR-1, VEGFR-2,
and VEGFR-3 in PrEC, LNCaP, PC-3, and DU145 cells. β-actin was used as
an endogenous marker. (B) Expression levels of VEGFR-1, VEGFR-2, and
VEGFR-3 in PrEC, LNCaP, PC-3, and DU145 cells (n � 4–11). The expression
levels of VEGFRs were normalized by that of β-actin. Note that the expression
level of VEGFR-3 was higher in PC-3 cells than in PrEC, LNCaP, and DU145
cells. Data are presented as means ± S.D.

FIGURE 2 | Abundant expression of VEGFR-3 in PC-3 cells. The
expression of VEGFR-3 protein was examined in PrEC, LNCaP, PC-3, and
DU145 cells by Western blotting using three different antibodies for VEGFR-3.
(A)Representative blots of VEGFR-3 in PrEC, LNCaP, PC-3, and DU145
cells using three different VEGFR-3 antibodies: #79-633 (ProSci), sc-28297,
and sc-321 (Santa Cruz Biotechnology). (B) Expression level of VEGFR-3 in
PrEC, LNCaP, PC-3, and DU145 cells (n � 4). The expression level of VEGFR-
3 were normalized by that of β-actin. (C) Representative blots of VEGFR-3 in
PC-3 cells treated with 50 nM control or VEGFR-3 siRNA for 48 h. (D)
Expression level of VEGFR-3 in PC-3 cells treated with control or VEGFR-3
siRNA (n � 6). Data are presented as means ± S.D. **p < 0.01 vs. control
siRNA (unpaired two-tailed t-test).
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MAZ51 Inhibits the VEGF-C-Induced
Phosphorylation of VEGFR-3
The phosphorylation of VEGFRs in PC-3 cells was analyzed
during a stimulation with VEGF-C (a ligand for VEGFR-2 and
VEGFR-3). Analyses of VEGFR-3 phosphorylation were
performed using the co-immunoprecipitation method with
VEGFR-3 and p-Tyr antibodies. The phosphorylation of
VEGFR-3 was facilitated by 50 ng/ml VEGF-C stimulation in
a time-dependent manner (Figures 3A,B). The VEGF-C-induced
phosphorylation of VEGFR-3 was completely blocked by the
pretreatment with 3 μM MAZ51 (an inhibitor of the tyrosine

kinase of VEGFR-3) for 4 h. On the other hand, VEGF-C and
MAZ51 did not affect the phosphorylation of VEGFR-1 in PC-3
cells (Figures 3C,D). Although the phosphorylation of VEGFR-2
was facilitated by VEGF-C stimulation in PC-3 cells, the
phosphorylation was not blocked by MAZ51 (Figures 3E,F).
These results suggest that VEGFR-3 still responded to VEGF-C
stimulation and its up-regulation enhanced VEGFR-3 signaling
in PC-3 cells.

Downstream Cascade of VEGFR-3 After
VEGF-C Stimulation
Since MAPK and Akt pathways are supposed to be activated by
VEGFR-3 stimulation (Ferrara and Adamis, 2016), their
phosphorylation levels after VEGF-C stimulation in PC-3 cells
were assessed in the absence and presence of MAZ51 by Western
blotting. The phosphorylation of Akt was facilitated by 50 ng/ml
VEGF-C stimulation in a time-dependent manner (Figures
4A,B). The VEGF-C-induced phosphorylation of Akt was
markedly blocked by the pretreatment with 3 μM MAZ51 for
4 h. On the other hand, the phosphorylation of ERK1/2 and p38

FIGURE 3 | Inhibition of the VEGF-C-induced phosphorylation of
VEGFR-3 by MAZ51. The phosphorylation of VEGFRs after a stimulation with
VEGF-C (a ligand for VEGFR-2 and VEGFR-3) in the absence and presence of
MAZ51 in human prostate cancer PC-3 cells using Western blotting and
co-immunoprecipitation methods. (A) Representative blots of
phosphorylation of VEGFR-3 stimulated by 50 ng/ml VEGF-C in the absence
and presence of 3 μM MAZ51 for 4 h in PC-3 cells. (B) The phosphorylation
level of VEGFR-3 by the VEGF-C stimulation in the absence and presence of
MAZ51 in PC-3 cells (n � 4). (C) Representative blots of phosphorylation of
VEGFR-1 stimulated by VEGF-C in the absence and presence of MAZ51 in
PC-3 cells. (D) The phosphorylation level of VEGFR-1 by the VEGF-C
stimulation in the absence and presence of MAZ51 in PC-3 cells (n � 5). (E)
Representative blots of phosphorylation of VEGFR-2 stimulated by VEGF-C in
the absence and presence of MAZ51 in PC-3 cells. (F) The phosphorylation
level of VEGFR-2 by the VEGF-C stimulation in the absence and presence of
MAZ51 in PC-3 cells (n � 5). Data are presented as means ± S.D. *p < 0.05,
**p < 0.01 vs. 0 min; ##p < 0.01 vs. control (unpaired two-tailed t-test).

FIGURE 4 | Phosphorylation pathway following VEGF-C-induced
VEGFR-3 activation. The phosphorylation signaling after VEGF-C-induced
VEGFR-3 activation was assayed in the absence and presence of MAZ51 in
human prostate cancer PC-3 cells by Western blotting. (A)
Representative blots of phosphorylation of Akt (Ser473), ERK1/2, and p38
after 50 ng/ml VEGF-C stimulation in the absence and presence of 3 μM
MAZ51 for 4 h in PC-3 cells. (B–D) The phosphorylation level of Akt (B),
ERK1/2 (C), and p38 (D) by the VEGF-C stimulation in the absence and
presence of MAZ51 in PC-3 cells (n � 4). Data are presented as means ± S.D.
*p < 0.05 vs. 0 min; #p < 0.05, ##p < 0.01 vs. control (unpaired two-tailed
t-test).
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MAPKs was not affected by VEGF-C stimulation and MAZ51
(Figures 4A,C,D). These results suggest that the VEGF-C-
induced VEGFR-3 activation facilitates Akt cascade rather
than ERK1/2 and p38 MAPK pathways in PC-3 cells.

Secretion of VEGF-C in Human Prostate
Cancer Cells
Plasma levels of VEGFs have been associated with the clinical
stage, Gleason score, and serum PSA level in prostate cancer
patients (Duque et al., 2006). Therefore, VEGF-C levels in the
culture media of PrEC, LNCaP, PC-3, and DU145 cells were
quantitatively measured using the human VEGF-C Quantikine
ELISA kit. VEGF-C levels were markedly higher in the cultured
medium of PC-3 cells than in those of PrEC, LNCaP, and DU145
cells (Figure 5). These results suggest that PC-3 cells secreted
abundant VEGF-C, which potentially activates VEGFR-3
signaling in an autocrine manner.

Inhibitory Effects of MAZ51 on VEGFR-3
Expression and p-Akt Levels
The effects of long-term treatment of MAZ51 on VEGFR
expression were examined in PC-3 cells by Western blotting.
Interestingly, 48 h treatment of MAZ51 decreased expression of
VEGFR-3 in a concentration-dependent manner (Figures 6A,B).
Since Akt is a downstream signal pathway of VEGFR-3 (Ferrara
and Adamis, 2016), the phosphorylation of Akt in PC-3 cells was
assessed in the absence and presence of MAZ51 by Western
blotting. The phosphorylation of Akt was detected in PC-3 cells
even without the ligand stimulation (Figures 6A,C). It was also
attenuated by the treatment with 1 and 3 μM MAZ51 for 48 h.
There was no significantly difference on total expression level of
Akt among all groups (Figures 6A,D). On the other hand,

MAZ51 did not affect the expression of VEGFR-1 and
VEGFR-2 in PC-3 cells (Figures 6E–H). These results indicate
that MAZ51 inhibited the enhanced signal pathway of VEGFR-3
and Akt in PC-3 cells.

Antiproliferative Effects of MAZ51 in Human
Prostate Cancer Cells
The growth of PrEC, LNCaP, PC-3, and DU145 cells was
examined using a quantitative colorimetric assay kit based on
the MTT test for cellular viability. In PrEC cells, cell numbers
slowly increased until 48 h after the subculture (Figure 7A). The
growth of LNCaP cells was markedly higher than that of PrEC
cells. Furthermore, the growth of PC-3 and DU145 cells was
similar to that of LNCaP cells. Next, the effects of MAZ51,
GSK690693 (an Akt inhibitor), and VEGFR2 kinase Inhibitor
I on cell proliferation were examined in PrEC, LNCaP, PC-3, and
DU145 cells. The growth of PrEC cells was not affected at
0.3–3 μM MAZ51 for 48 h, but was slightly inhibited at
MAZ51 concentrations of 10 μM and higher (Figure 7B, a).
The treatment with MAZ51 moderately inhibited the growth
of LNCaP and DU145 cells in a concentration-dependent manner
with an IC50 value of 6.0 and 3.8 μM, respectively, and a Hill
coefficient of 0.84 and 1.43, respectively [Figures 7B, (b, d)].
When PC-3 cells were incubated with medium containing
various concentrations of MAZ51, MAZ51 inhibited cell
growth in a concentration-dependent manner with an IC50

value of 2.7 μM and a Hill coefficient of 1.21 (Figure 7B, c).
On the other hand, 100 nM GSK690693 was inhibited the
growth of all prostate cells examined (Figure 7C). The
treatment with 300 nM VEGFR2 kinase Inhibitor I slightly
attenuated the growth of PC-3 cells but not PrEC, LNCaP,
and DU145 cells (Figure 7D).

To confirm the inhibitory effects of MAZ51 in the MTT assay,
the BrdU incorporation assay based on the quantitative
colorimetric method for cell proliferation was performed using
PC-3 cells. The proliferation of PC-3 cells decreased in a
concentration-dependent manner by the treatment with
1–10 μM MAZ51 for 48 h (Figure 7E). In addition, the cell
proliferation reduced by the knockdown using 50 and 100 nM
VEGFR-3 siRNA for 48 h (Figure 7F). These results suggest that
the proliferation of PC-3 cells was strongly regulated by the
VEGFR-3 and Akt signaling.

Inhibitory Effects of MAZ51 on theMigration
of PC-3 Cells
The effects of VEGFR-3 signaling on the migration of PC-3 cells
were examined using the Transwell kit. The migration of PC-3
cells was facilitated by the stimulation with 50 ng/ml VEGF-C for
18 h. The VEGF-C-induced migration was markedly decreased in
the presence of 3 μMMAZ51 (Figures 8A,B) or 50 nMVEGFR-3
siRNA (Figures 8C,D). Collectively, these in vitro results suggest
that the VEGF-C/VEGFR-3 signal facilitated the proliferation
and migration of PC-3 cells and pharmacological inhibition
attenuated the pathogenic functions for growth of prostate
cancer cells.

FIGURE 5 | VEGF-C levels in human prostate cancer cells. The levels of
VEGF-C in the culture media of human prostate epithelial PrEC cells and
prostate cancer LNCaP, PC-3, and DU145 cells were measured using the
human VEGF-C Quantikine ELISA kit. Note that larger amounts of VEGF-
C were secreted from PC-3 cells than from PrEC, LNCaP, and DU145 cells
(n � 10). Data are presented as means ± S.D. **p < 0.01 vs. PrEC, LNCaP, or
DU145 cells (Scheffé’s test following ANOVA).
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MAZ51 Blocked the Tumor Growth of PC-3
Cells in the Xenograft Mouse Model
To clarify the involvement of VEGFR-3 signaling in the tumor
growth of human prostate cancer, the effects of MAZ51 on the
tumor growth of PC-3 cells were examined using the xenograft
mouse model. PC-3 cells (2 × 107 cells) were subcutaneously
transplanted into nude mice. Vehicle (0.1% DMSO), 1, or 3 μM
MAZ51 was then subcutaneously injected around the tumors of
the xenograft mouse model every day. The treatment with
MAZ51 was blocked the tumor growth of PC-3 cells in a
concentration-dependent manner (Figure 9A). Following the

application of 3 μM MAZ51, tumor volumes were markedly
lower at 2–4 weeks than at 1 week after transplantation
(Figure 9B). Similarly, tumor weights were markedly lower at
2–4 weeks than at 1 week after transplantation (Figure 9C).
These ex vivo results suggest that the VEGFR-3 kinase
inhibitor effectively blocked the development of prostate cancer.

DISCUSSION

VEGFRs are involved in the tumor development of several cancer
types, including gastrointestinal, lung, renal, thyroid, cervical,

FIGURE 6 |Down-regulation of VEGFR-3 expression and p-Akt levels by MAZ51. The effects of MAZ51 on VEGFR expression and its downstream signal pathway,
Akt, were examined in human prostate cancer PC-3 cells by Western blotting. (A) Representative blots of VEGFR-3, p-Akt (Ser473), and total-Akt in the absence and
presence of 1 and 3 μMMAZ51 for 48 h in PC-3 cells. (B–D) The expression levels of VEGFR-3 (B), p-Akt (C), and total-Akt (D) in the absence and presence of MAZ51 in
PC-3 cells (n � 8). (E,F) Representative blots (E) and the expression levels (F) of VEGFR-1 in the absence and presence of MAZ51 in PC-3 cells (n � 4). (G,H)
Representative blots (G) and the expression levels (H) of VEGFR-2 in the absence and presence of MAZ51 in PC-3 cells (n � 4). These expression levels were normalized
by that of β-actin. Data are presented as means ± S.D. *p < 0.05, **p < 0.01 vs. 0 μM MAZ51 (Scheffé’s test following ANOVA).
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and ovarian tumors (Ferrara and Adamis, 2016; Roskoski, 2017).
We also found that the expression level of a specific type of
VEGFR, VEGFR-3, was higher in human prostate cancer PC-
3 cells than in prostate epithelial PrEC cells and prostate
cancer LNCaP and DU145 cells. Moreover, the VEGFR-3
kinase inhibitor MAZ51 or VEGFR-3 siRNA blocked the up-

regulation and phosphorylation of VEGFR-3 and attenuated
proliferation and migration, which inhibited the tumor
growth of prostate cancer. These results strongly suggest
that VEGF-C/VEGFR-3 participates in regulating cell
proliferation, migration, and tumor growth in prostate
cancer.

FIGURE 7 | Inhibitory effects of MAZ51 on the proliferation of human prostate cancer cells. The effects of MAZ51 on the cell viability and proliferation of human
prostate epithelial PrEC cells and prostate cancer LNCaP, PC-3, and DU145 cells using MTT and BrdU assays, respectively. (A) Time-dependent cell growth of PrEC,
LNCaP, PC-3, and DU145 cells (n � 9–16). (B) The effects of MAZ51 for 48 h on the viability of PrEC, LNCaP, PC-3, and DU145 cells (n � 8–34). The IC50 values of
MAZ51 on the viabilities of PrEC, LNCaP, PC-3, and DU145 cells were 7.0, 6.0, 2.7, and 3.8 μM, respectively. (C) The effects of 100 nM GSK690693 (an Akt
inhibitor) for 48 h on the viability of PrEC, LNCaP, PC-3, and DU145 cells (n � 12–18). (D) The effects of VEGFR2 Kinase Inhibitor I for 48 h on the viability of PrEC, LNCaP,
PC-3, and DU145 cells (n � 12–24). (E) The effects of MAZ51 for 48 h on the proliferation of PC-3 cells (n � 12). (F) The effects of 50 and 100 nM VEGFR-3 siRNA for 48 h
on the proliferation of PC-3 cells (n � 16–24). Data are presented as means ± S.D. *p < 0.05, **p < 0.01 vs. 6 h, 0 μM drug, or control siRNA; #p < 0.05, ##p < 0.01 vs.
PrEC cells (Scheffé’s test following ANOVA).
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The results of the expression analyses revealed that VEGFRs
were weakly expressed in human normal prostate epithelial PrEC
cells. On the other hand, the expression of VEGFRs (VEGFR-1,
VEGFR-2, and VEGFR-3) was up-regulated in human androgen-
dependent/weakly metastatic prostate cancer LNCaP cells (4.9-,
1.9-, and 3.3-fold, respectively). Similarly, the expression of all
VEGFRs was up-regulated in human androgen-independent/
highly bone metastatic prostate cancer PC-3 cells (6.0-, 4.3-,
and 9.8-fold, respectively) and androgen-independent/
moderate brain metastatic prostate cancer DU145 cells (8.1-,
1.8-, and 5.2-fold, respectively). The expression levels of VEGFR-
3 were markedly higher in PC-3 cells than in PrEC, LNCaP, and
DU145 cells, suggesting that VEGFR-3 is a critical factor
influencing the androgen-independent and/or highly
metastatic properties of prostate cancer. The expression of
VEGFR-3 was previously shown to be involved in embryonic
angiogenesis, lymphangiogenesis (Roskoski, 2007; Simons et al.,
2016), neural stem cell activation (Han et al., 2015), and cancer
progression (Su et al., 2007; Hsu et al., 2019). To date, the

expression of VEGFR-3 has been detected in prostate cancer
cells (Tsurusaki et al., 1999; Li et al., 2004; Zeng et al., 2004;
Jennbacken et al., 2005; Yang et al., 2006; Yang et al., 2014),
however, the pathological role of VEGFR-3 signaling remains
unclear. Furthermore, the effects of VEGFR-3 kinase inhibitors
on the development of prostate cancer have not yet been
examined. Therefore, we focused on the up-regulation and
activity of VEGFR-3 in human androgen-independent/highly
metastatic prostate cancer PC-3 cells in the present study.

In addition to the up-regulation of VEGFR-3 in PC-3 cells, its
phosphorylation was strongly facilitated by the stimulation with
VEGF-C, a specific ligand for VEGFR-3 (and VEGFR-2) (Ferrara
and Adamis, 2016; Hsu et al., 2019), indicating that VEGFR-3 is
functional and can mediate its signaling into the cells. This
phosphorylation was observed even without the VEGF-C
stimulation (Figure 3A), suggesting that the VEGFR-3 signal
was constitutively activated in PC-3 cells. VEGF-C binds to
VEGFR-3 (and also VEGFR-2) and facilitates its dimerization
and phosphorylation. VEGFR-3 signals mainly activate the Akt

FIGURE 8 | Inhibitory effects of MAZ51 and VEGFR-3 siRNA on the migration of human prostate cancer PC-3 cells. The effects of VEGF-C on the migration of
human prostate cancer PC-3 cells in the absence and presence of MAZ51 or VEGFR-3 siRNA were examined using the Transwell kit. (A) Representative images in the
absence and presence of 50 ng/ml VEGF-C and 3 μM MAZ51 for 18 h in PC-3 cells. (B) The effects of VEGF-C and MAZ51 on the migration of PC-3 cells (n � 4). (C)
Representative images in the absence and presence of VEGF-C for 18 h in PC-3 cells treated with 50 nM VEGFR-3 siRNA for 48 h. (D) The effects of VEGF-C and
VEGFR-3 siRNA on the migration of PC-3 cells (n � 3). Data are presented as means ± S.D. *p < 0.05, **p < 0.01 vs. control or control siRNA/control; ##p < 0.01 vs.
VEGF-C alone or control siRNA/VEGF-C (Scheffé’s test following ANOVA).
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cascade rather than MAPK pathways (Figure 4), as reported
previously (Ferrara and Adamis, 2016; Hsu et al., 2019). This is
also supported by the results that 100 nM GSK690693 (an Akt
inhibitor, IC50 � 2–13 nM) (Rhodes et al., 2008) inhibited the
growth of PC-3 cells. Similar to the phosphorylation of VEGFR-3,
the phosphorylation of Akt was constitutively activated in PC-3
cells (Figure 6A). The inhibition of the tyrosine kinase of
VEGFR-3 by 1–3 μM MAZ51 clearly attenuated the expression
and phosphorylation of VEGFR-3 as well as the phosphorylation
of Akt. Further studies are required to elucidate the complete
molecular mechanism underlying the downregulation of
VEGFR-3 expression in response to MAZ51 in PC-3 cells.
Although MAZ51 is a tyrosine kinase inhibitor of VEGFR-2
and VEGFR-3, it preferentially inhibits the phosphorylation of
VEGFR-3 (lower concentrations at ∼5 μM) over that of VEGFR-2
(higher concentrations at ∼50 μM) (Kirkin et al., 2001).
Therefore, lower concentrations of MAZ51 (∼3 μM) were used
to inhibit VEGFR-3 in the present study. The pretreatment with
3 μM MAZ51 failed to attenuate the VEGF-C-induced
phosphorylation of VEGFR-2 and the expression of VEGFR-2
in PC-3 cells.

VEGF-C was initially cloned from PC-3 cells as a ligand for
VEGFR-2 and VEGFR-3 (Joukov et al., 1996). VEGF-C

contributes to lymphangiogenesis during embryogenesis, the
maintenance of a differentiated lymphatic endothelium in
adults (Roskoski, 2007), and osteoclastic bone resorption
(Zhang et al., 2008). Moreover, VEGF-C is overexpressed in
several cancer types (Su et al., 2007) including prostatic
carcinoma (Tsurusaki et al., 1999; Zeng et al., 2004;
Jennbacken et al., 2005; Yang et al., 2006; Yang et al., 2014).
Plasma levels of VEGF have been correlated with the PSA levels
and Gleason scores of patients with prostate cancer (Duque et al.,
2006). The VEGF-C ELISA assay revealed that PC-3 cells
themselves secreted VEGF-C and potentially activated VEGF-
C/VEGFR-3 signaling through an autocrine mechanism, leading
to autonomous tumor development in prostate cancer. A similar
autocrine mechanism mediated by VEGF-C and VEGFR-3 has
been proposed for oral squamous (Matsuura et al., 2009;
Shigetomi et al., 2018), ovarian (Decio et al., 2014; Lim et al.,
2014), and mammary (Varney and Singh, 2015) carcinomas. It
has been reported that the expression of VEGF-C and VEGFR-3
is upregulated in human prostate cancer, which is associated with
lymph node metastasis (Tsurusaki et al., 1999; Jennbacken et al.,
2005).

The growth and proliferation of PC-3 cells was more rapid
than those of PrEC cells. Accelerated cell proliferation was

FIGURE 9 | Inhibition of the tumor growth of PC-3 cells by MAZ51. The effects of MAZ51 on the tumor growth of human prostate cancer PC-3 cells were examined
in a xenograft mouse model. (A) Representative tumors after the treatment with vehicle (0.1% DMSO), 1, or 3 μMMAZ51 for 1–4 weeks. (B,C) Tumor volumes (B) and
weights (C) after the treatment with vehicle or MAZ51 for 1–4 weeks (n � 5–6). Note that the VEGFR-3 kinase inhibition by MAZ51 effectively blocked the tumor growth of
prostate cancer in ex vivo model. Data are presented as means ± S.D. *p < 0.05, **p < 0.01 vs. vehicle control (non-parametric Mann-Whitney U-test).
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blocked by MAZ51 in a concentration-dependent manner with
an IC50 value of 2.7 μM. Since this IC50 value was consistent
with that of MAZ51 for VEGFR-3 (∼5 μM) (Kirkin et al., 2001)
and the inhibitory effect of 300 nM VEGFR2 kinase Inhibitor I
(IC50 � 70 nM) (Sun et al., 1998) on the growth of PC-3 cells was
much smaller than that of MAZ51 (compare Figure 7B, c and
Figure 7D), the blockade of cell proliferation by MAZ51 was
potentially mediated by the inhibition of VEGFR-3. In addition,
the proliferation of PC-3 cells reduced by VEGFR-3 siRNA.
However, higher concentrations of MAZ51 (>10 μM) slightly
affected cell growth even in PrEC cells, suggesting that MAZ51
exerts non-specific effects at concentrations higher than 10 μM.
In addition to its antiproliferative effects, MAZ51 and VEGFR-3
siRNA markedly reduced the migration of PC-3 cells stimulated
by VEGF-C. The number of migrating cells after the co-treatment
with VEGF-C and MAZ51 or VEGFR-3 siRNA was smaller than
that of the control. This result (Figure 8) demonstrated that
VEGFR-3 was activated, even under the resting state, in PC-3
cells, which may be consistent with our hypothesis of the
autocrine effects of VEGF-C and VEGFR-3 in PC-3 cells
(Figure 5).

The most important result of the present study showed that
the development of tumors transplanted with PC-3 cells was
clearly attenuated by the treatment with MAZ51 in the xenograft
mouse model. Similar pharmacological effects have been reported
for MAZ51 in rat mammary carcinoma MT-450 cells (Kirkin
et al., 2004), mouse mammary adenocarcinoma CI66 cells
(Varney and Singh, 2015), and mouse melanoma B16-F10
cells (Lee et al., 2016). In addition to these tumors, MAZ51
blocked the tumor growth of androgen-independent/highly
metastatic prostate cancer in ex vivo and in vitro models. The
inhibition of prostate cancer cell proliferation and migration is
important in drug therapy for prostate cancer. Since tumor
growth in the early stages of prostate cancer is dependent on
androgens, androgen deprivation therapy successfully induces
tumor regression. However, castration-resistant prostate cancer
develops following long-term treatment and the advanced
metastatic stage of prostate cancer is independent of
androgens, which presents clinically difficult challenges for
treatment (Hughes et al., 2005; Flourakis and Prevarskaya,
2009; Sathianathen et al., 2018). Therefore, the screening of
molecular targets for the treatment of androgen-independent
prostate cancer, e.g., VEGFR-3 in the present study, provides

important information for elucidating the pathogenesis of
prostate cancer and developing novel drugs for its treatment.

In conclusion, the present results demonstrated that VEGFR-3
was functionally expressed in human androgen-independent/
highly metastatic prostate cancer PC-3 cells, contributed to cell
proliferation and migration, and promoted tumor growth. The
VEGFR-3 kinase inhibitor or VEGFR-3 knockdown reduced the
proliferation and migration of PC-3 cells and blocked the
development of prostate cancer. The blockade of VEGFR-3 by
MAZ51 has potential as a novel therapeutic approach for prostate
cancer.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article
will be made available by the authors, without undue
reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee of Aichi Medical University (2019–15).

AUTHOR CONTRIBUTIONS

AY contributed to conception and design of experiments; AY and
MN performed experiments; AY analyzed data; HM and KN
contributed new reagents or analytic tools; AY and MS wrote
manuscript.

FUNDING

This work was supported by Grants-in-Aid for Scientific Research
(C) from the Japan Society for the Promotion of Science
(17K08320 and 20K07092; AY). This investigation was also
supported by Grants-in-Aid from the Takeda Science
Foundation (AY), the Toyoaki Scholarship Foundation (AY),
and the 24th General Assembly of the Japanese Association of
Medical Sciences (AY).

REFERENCES

Al-Husseini, A., Kraskauskas, D., Mezzaroma, E., Nordio, A., Farkas, D., Drake,
J. I., et al. (2015). Vascular Endothelial Growth Factor Receptor 3 Signaling
Contributes to Angioobliterative Pulmonary Hypertension. Pulm. Circ. 5,
101–116. doi:10.1086/679704

Barratt, S., Flower, V., Pauling, J., and Millar, A. (2018). VEGF (Vascular
Endothelial Growth Factor) and Fibrotic Lung Disease. Int. J. Mol. Sci. 19,
1269. doi:10.3390/ijms19051269

Decio, A., Taraboletti, G., Patton, V., Alzani, R., Perego, P., Fruscio, R., et al. (2014).
Vascular Endothelial Growth Factor C Promotes Ovarian Carcinoma
Progression through Paracrine and Autocrine Mechanisms. Am. J. Pathol.
184, 1050–1061. doi:10.1016/j.ajpath.2013.12.030

Duque, J. L., Loughlin, K. R., Adam, R. M., Kantoff, P., Mazzucchi, E., and
Freeman, M. R. (2006). Measurement of Plasma Levels of Vascular
Endothelial Growth Factor in Prostate Cancer Patients: Relationship
with Clinical Stage, Gleason Score, Prostate Volume, and Serum
Prostate-specific Antigen. Clinics (Sao Paulo) 61, 401–408. doi:10.
1590/s1807-59322006000500006

Ferrara, N., and Adamis, A. P. (2016). Ten Years of Anti-vascular Endothelial
Growth Factor Therapy. Nat. Rev. Drug Discov. 15, 385–403. doi:10.1038/nrd.
2015.17

Flourakis, M., and Prevarskaya, N. (2009). Insights into Ca2+ Homeostasis of
Advanced Prostate Cancer Cells. Biochim. Biophys. Acta (BBA) - Mol. Cell Res.
1793, 1105–1109. doi:10.1016/j.bbamcr.2009.01.009

Han, J., Calvo, C. F., Kang, T. H., Baker, K. L., Park, J. H., Parras, C., et al. (2015).
Vascular Endothelial Growth Factor Receptor 3 Controls Neural Stem Cell

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 66747411

Yamamura et al. VEGFR-3 and Prostate Cancer

https://doi.org/10.1086/679704
https://doi.org/10.3390/ijms19051269
https://doi.org/10.1016/j.ajpath.2013.12.030
https://doi.org/10.1590/s1807-59322006000500006
https://doi.org/10.1590/s1807-59322006000500006
https://doi.org/10.1038/nrd.2015.17
https://doi.org/10.1038/nrd.2015.17
https://doi.org/10.1016/j.bbamcr.2009.01.009
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Activation in Mice and Humans. Cell Rep. 10, 1158–1172. doi:10.1016/j.celrep.
2015.01.049

Hsu, M. C., Pan, M. R., and Hung, W. C. (2019). Two Birds, One Stone: Double
Hits on Tumor Growth and Lymphangiogenesis by Targeting Vascular
Endothelial Growth Factor Receptor 3. Cells 8, 270. doi:10.3390/cells8030270

Hughes, C., Murphy, A., Martin, C., Sheils, O., and O’leary, J. (2005). Molecular
Pathology of Prostate Cancer. J. Clin. Pathol. 58, 673–684. doi:10.1136/jcp.2002.
003954

Jennbacken, K., Vallbo, C., Wang, W., and Damber, J. E. (2005). Expression of
Vascular Endothelial Growth Factor C (VEGF-C) and VEGF Receptor-3 in
Human Prostate Cancer Is Associated with Regional Lymph Node Metastasis.
Prostate 65, 110–116. doi:10.1002/pros.20276

Joukov, V., Pajusola, K., Kaipainen, A., Chilov, D., Lahtinen, I., Kukk, E., et al.
(1996). A Novel Vascular Endothelial Growth Factor, VEGF-C, Is a Ligand for
the Flt4 (VEGFR-3) and KDR (VEGFR-2) Receptor Tyrosine Kinases. EMBO J.
15, 290–298. doi:10.1002/j.1460-2075.1996.tb00359.x

Kirkin, V., Mazitschek, R., Krishnan, J., Steffen, A., Waltenberger, J., Pepper, M. S.,
et al. (2001). Characterization of Indolinones Which Preferentially Inhibit
VEGF-C- and VEGF-D-Induced Activation of VEGFR-3 rather Than VEGFR-
2. Eur. J. Biochem. 268, 5530–5540. doi:10.1046/j.1432-1033.2001.02476.x

Kirkin, V., Thiele, W., Baumann, P., Mazitschek, R., Rohde, K., Fellbrich, G., et al.
(2004). MAZ51, an Indolinone that Inhibits Endothelial Cell and Tumor Cell
Growthin Vitro, Suppresses Tumor Growth in Vivo. Int. J. Cancer 112,
986–993. doi:10.1002/ijc.20509

Lee, J. Y., Hong, S. H., Shin, M., Heo, H. R., and Jang, I. H. (2016). Blockade of FLT4
Suppresses Metastasis of Melanoma Cells by Impaired Lymphatic Vessels.
Biochem. Biophysical Res. Commun. 478, 733–738. doi:10.1016/j.bbrc.2016.
08.017

Li, R., Younes, M., Wheeler, T. M., Scardino, P., Ohori, M., Frolov, A., et al. (2004).
Expression of Vascular Endothelial Growth Factor Receptor-3 (VEGFR-3) in
Human Prostate. Prostate 58, 193–199. doi:10.1002/pros.10321

Lim, J., Yang, K., Taylor-Harding, B., Wiedemeyer, W. R., and Buckanovich, R. J.
(2014). VEGFR3 Inhibition Chemosensitizes Ovarian Cancer Stemlike Cells
through Down-Regulation of BRCA1 and BRCA2. Neoplasia 16, 343–353.e1-2.
doi:10.1016/j.neo.2014.04.003

Matsuura, M., Onimaru, M., Yonemitsu, Y., Suzuki, H., Nakano, T., Ishibashi, H.,
et al. (2009). Autocrine Loop between Vascular Endothelial Growth Factor
(VEGF)-C and VEGF Receptor-3 Positively Regulates Tumor-Associated
Lymphangiogenesis in Oral Squamoid Cancer Cells. Am. J. Pathol. 175,
1709–1721. doi:10.2353/ajpath.2009.081139

Muramatsu, H., Sumitomo, M., Morinaga, S., Kajikawa, K., Kobayashi, I.,
Nishikawa, G., et al. (2019). Targeting Lactate dehydrogenase-A Promotes
Docetaxel-induced Cytotoxicity Predominantly in Castration-resistant Prostate
Cancer Cells. Oncol. Rep. 42, 224–230. doi:10.3892/or.2019.7171

Rhodes, N., Heerding, D. A., Duckett, D. R., Eberwein, D. J., Knick, V. B., Lansing,
T. J., et al. (2008). Characterization of an Akt Kinase Inhibitor with Potent
Pharmacodynamic and Antitumor Activity. Cancer Res. 68, 2366–2374. doi:10.
1158/0008-5472.can-07-5783

Roberts, E., Cossigny, D. A., and Quan, G. M. (2013). The Role of Vascular
Endothelial Growth Factor in Metastatic Prostate Cancer to the Skeleton.
Prostate Cancer 2013, 418340. doi:10.1155/2013/418340

Roskoski, R., Jr. (2007). Vascular Endothelial Growth Factor (VEGF) Signaling in
Tumor Progression. Crit. Rev. Oncol./Hematol. 62, 179–213. doi:10.1016/j.
critrevonc.2007.01.006

Roskoski, R., Jr. (2017). Vascular Endothelial Growth Factor (VEGF) and VEGF
Receptor Inhibitors in the Treatment of Renal Cell Carcinomas. Pharmacol.
Res. 120, 116–132. doi:10.1016/j.phrs.2017.03.010

Sakima, M., Hayashi, H., Mamun, A. A., and Sato, M. (2018). VEGFR-3 Signaling
Is Regulated by a G-Protein Activator, Activator of G-Protein Signaling 8, in
Lymphatic Endothelial Cells. Exp. Cell Res. 368, 13–23. doi:10.1016/j.yexcr.
2018.04.007

Sathianathen, N. J., Konety, B. R., Crook, J., Saad, F., and Lawrentschuk, N. (2018).
Landmarks in Prostate Cancer. Nat. Rev. Urol. 15, 627–642. doi:10.1038/
s41585-018-0060-7

Sato, M., Hiraoka, M., Suzuki, H., Bai, Y., Kurotani, R., Yokoyama, U., et al. (2011).
Identification of Transcription Factor E3 (TFE3) as a Receptor-independent

Activator of Gα16: gene regulation by nuclear Gα subunit and its activator.
J. Biol. Chem. 286, 17766–17776. doi:10.1074/jbc.m111.219816

Shibuya, M., and Claessonwelsh, L. (2006). Signal Transduction by VEGF
Receptors in Regulation of Angiogenesis and Lymphangiogenesis. Exp. Cell
Res. 312, 549–560. doi:10.1016/j.yexcr.2005.11.012

Shigetomi, S., Imanishi, Y., Shibata, K., Sakai, N., Sakamoto, K., Fujii, R., et al.
(2018). VEGF-C/Flt-4 axis in Tumor Cells Contributes to the Progression of
Oral Squamous Cell Carcinoma via Upregulating VEGF-C Itself and
Contactin-1 in an Autocrine Manner. Am. J. Cancer Res. 8, 2046–2063.

Siegel, R. L., Miller, K. D., and Jemal, A. (2020). Cancer Statistics, 2020. CA A.
Cancer J. Clin. 70, 7–30. doi:10.3322/caac.21590

Simons, M., Gordon, E., and Claesson-Welsh, L. (2016). Mechanisms and
Regulation of Endothelial VEGF Receptor Signalling. Nat. Rev. Mol. Cell
Biol 17, 611–625. doi:10.1038/nrm.2016.87

Su, J. L., Yen, C. J., Chen, P. S., Chuang, S. E., Hong, C. C., Kuo, I. H., et al. (2007).
The Role of the VEGF-C/VEGFR-3 axis in Cancer Progression. Br. J. Cancer 96,
541–545. doi:10.1038/sj.bjc.6603487

Sun, L., Tran, N., Tang, F., App, H., Hirth, P., Mcmahon, G., et al. (1998). Synthesis
and Biological Evaluations of 3-substituted Indolin-2-Ones: a Novel Class of
Tyrosine Kinase Inhibitors that Exhibit Selectivity toward Particular Receptor
Tyrosine Kinases. J. Med. Chem. 41, 2588–2603. doi:10.1021/jm980123i

Tsurusaki, T., Kanda, S., Sakai, H., Kanetake, H., Saito, Y., Alitalo, K., et al. (1999).
Vascular Endothelial Growth Factor-C Expression in Human Prostatic
Carcinoma and its Relationship to Lymph Node Metastasis. Br. J. Cancer
80, 309–313. doi:10.1038/sj.bjc.6690356

Varney, M. L., and Singh, R. K. (2015). VEGF-C-VEGFR3/Flt4 axis Regulates
Mammary Tumor Growth and Metastasis in an Autocrine Manner. Am.
J. Cancer Res. 5, 616–628.

Yamamura, A., Nayeem, M. J., Mamun, A. A., Takahashi, R., Hayashi, H., and Sato,
M. (2019a). Platelet-derived Growth Factor Up-regulates Ca2+-sensing
Receptors in Idiopathic Pulmonary Arterial Hypertension. FASEB J. 33,
7363–7374. doi:10.1096/fj.201802620r

Yamamura, A., Nayeem, M. J., and Sato, M. (2019b). Calcilytics Inhibit the
Proliferation and Migration of Human Prostate Cancer PC-3 Cells.
J. Pharmacol. Sci. 139, 254–257. doi:10.1016/j.jphs.2019.01.008

Yang, J. G., Wang, L. L., and Ma, D. C. (2018). Effects of Vascular Endothelial
Growth Factors and Their Receptors on Megakaryocytes and Platelets and
Related Diseases. Br. J. Haematol. 180, 321–334. doi:10.1111/bjh.15000

Yang, J., Wu, H. F., Qian, L. X., Zhang, W., Hua, L. X., Yu, M. L., et al. (2006).
Increased Expressions of Vascular Endothelial Growth Factor (VEGF), VEGF-
C and VEGF Receptor-3 in Prostate Cancer Tissue Are Associated with Tumor
Progression. Asian J. Androl. 8, 169–175. doi:10.1111/j.1745-7262.2006.00120.x

Yang, Z. S., Xu, Y. F., Huang, F. F., and Ding, G. F. (2014). Associations of nm23H1,
VEGF-C, and VEGF-3 Receptor in Human Prostate Cancer. Molecules 19,
6851–6862. doi:10.3390/molecules19056851

Zeng, Y., Opeskin, K., Baldwin, M. E., Horvath, L. G., Achen, M. G., Stacker, S. A.,
et al. (2004). Expression of Vascular Endothelial Growth Factor Receptor-3 by
Lymphatic Endothelial Cells Is Associated with Lymph Node Metastasis in
Prostate Cancer. Clin. Cancer Res. 10, 5137–5144. doi:10.1158/1078-0432.ccr-
03-0434

Zhang, Q., Guo, R., Lu, Y., Zhao, L., Zhou, Q., Schwarz, E. M., et al. (2008). VEGF-
C, a Lymphatic Growth Factor, Is a RANKL Target Gene in Osteoclasts that
Enhances Osteoclastic Bone Resorption through an Autocrine Mechanism.
J. Biol. Chem. 283, 13491–13499. doi:10.1074/jbc.m708055200

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yamamura, Nayeem, Muramatsu, Nakamura and Sato. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 66747412

Yamamura et al. VEGFR-3 and Prostate Cancer

https://doi.org/10.1016/j.celrep.2015.01.049
https://doi.org/10.1016/j.celrep.2015.01.049
https://doi.org/10.3390/cells8030270
https://doi.org/10.1136/jcp.2002.003954
https://doi.org/10.1136/jcp.2002.003954
https://doi.org/10.1002/pros.20276
https://doi.org/10.1002/j.1460-2075.1996.tb00359.x
https://doi.org/10.1046/j.1432-1033.2001.02476.x
https://doi.org/10.1002/ijc.20509
https://doi.org/10.1016/j.bbrc.2016.08.017
https://doi.org/10.1016/j.bbrc.2016.08.017
https://doi.org/10.1002/pros.10321
https://doi.org/10.1016/j.neo.2014.04.003
https://doi.org/10.2353/ajpath.2009.081139
https://doi.org/10.3892/or.2019.7171
https://doi.org/10.1158/0008-5472.can-07-5783
https://doi.org/10.1158/0008-5472.can-07-5783
https://doi.org/10.1155/2013/418340
https://doi.org/10.1016/j.critrevonc.2007.01.006
https://doi.org/10.1016/j.critrevonc.2007.01.006
https://doi.org/10.1016/j.phrs.2017.03.010
https://doi.org/10.1016/j.yexcr.2018.04.007
https://doi.org/10.1016/j.yexcr.2018.04.007
https://doi.org/10.1038/s41585-018-0060-7
https://doi.org/10.1038/s41585-018-0060-7
https://doi.org/10.1074/jbc.m111.219816
https://doi.org/10.1016/j.yexcr.2005.11.012
https://doi.org/10.3322/caac.21590
https://doi.org/10.1038/nrm.2016.87
https://doi.org/10.1038/sj.bjc.6603487
https://doi.org/10.1021/jm980123i
https://doi.org/10.1038/sj.bjc.6690356
https://doi.org/10.1096/fj.201802620r
https://doi.org/10.1016/j.jphs.2019.01.008
https://doi.org/10.1111/bjh.15000
https://doi.org/10.1111/j.1745-7262.2006.00120.x
https://doi.org/10.3390/molecules19056851
https://doi.org/10.1158/1078-0432.ccr-03-0434
https://doi.org/10.1158/1078-0432.ccr-03-0434
https://doi.org/10.1074/jbc.m708055200
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	MAZ51 Blocks the Tumor Growth of Prostate Cancer by Inhibiting Vascular Endothelial Growth Factor Receptor 3
	Introduction
	Materials and Methods
	Cell Culture
	Western Blotting
	Transfection of siRNA
	Co-Immunoprecipitation Assay
	ELISA Assay
	Cell Viability Assay
	Cell Proliferation Assay
	Cell Migration Assay
	Xenograft Mouse Model
	Drugs
	Statistical Analysis and Miscellaneous Procedures

	Results
	Expression of VEGF Receptors in Human Prostate Cancer Cells
	MAZ51 Inhibits the VEGF-C-Induced Phosphorylation of VEGFR-3
	Downstream Cascade of VEGFR-3 After VEGF-C Stimulation
	Secretion of VEGF-C in Human Prostate Cancer Cells
	Inhibitory Effects of MAZ51 on VEGFR-3 Expression and p-Akt Levels
	Antiproliferative Effects of MAZ51 in Human Prostate Cancer Cells
	Inhibitory Effects of MAZ51 on the Migration of PC-3 Cells
	MAZ51 Blocked the Tumor Growth of PC-3 Cells in the Xenograft Mouse Model

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


