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Abstract

Background: Tumor lymphangiogenesis plays an important role in promoting growth and metastasis of tumors, but
no antilymphangiogenic agent is used clinically. Based on the effect of norcantharidin (NCTD) on lymphangiogenesis
of human lymphatic endothelial cells (LECs), we firstly investigated the antilymphangiogenic activity of NCTD as a
tumor lymphangiogenic inhibitor for human colonic adenocarcinomas (HCACs).

Methods: /n vivo and in vitro experiments to determine the effects of NCTD on tumor growth and lymphangiogenesis
of the in-situ colonic xenografts in nude mice, and lymphatic tube formation of the three-dimensional (3-D) of
the co-culture system of HCAC HT-29 cells and LECs were done. Proliferation, apoptosis, migration, invasion, Ki-67,
Bcl-2 and cell cycle of LECs and the co-culture system in vitro were respectively determined. Streparidin-peroxidase
staining, SABC, western blotting and RT-PCR were respectively used to examine the expression of LYVE-1, D2-40, CK20
(including their LMVD), and VEGF-A, VEGF-C, VEGF-D, VEGFR-2 and VEGFR-3 in vitro and in vivo.

Results: NCTD inhibited tumor growth and lymphangiogenesis of the in-situ colonic xenografts in vivo, and these
observations were confirmed by facts that lymphatic tube formation, proliferation, apoptosis, migration, invasion,
S-phase cell cycle, and Ki-67 and Bcl-2 expression in vitro, and LYVE-1, D2-40, CK20 expression and their LMVD in vitro
and in vivo were inhibited and affected. Furthermore, the expression of VEGF-A, VEGF-C, VEGF-D, VEGFR-2 and VEGFR-3
at protein/mRNA levels in the process of lymphatic tube formation in vitro and tumor lymphangiogenesis in vivo was
downregulated; NCTD in combination with mF4-31C1 or Sorafenib enhanced these effects.

Conclusions: NCTD inhibits tumor growth and lymphangiogenesis of HCACs through “multi-points priming”
mechanisms ie. affecting related malignant phenotypes, inhibiting Ki-67 and Bcl-2 expression, inducing S-phase cell
cycle arrest, and directly or indirectly downregulating VEGF-A-C,-D/VEGFR-2,-3 signaling pathways. The present finding
strongly suggests that NCTD could serve as a potential antilymphangiogenic agent for tumor lymphangiogenesis and
is of importance to explore NCTD is used for antitumor metastatic comprehensive therapy for HCACs.
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Background
Metastatic spread of tumor cells is the most lethal aspect
of cancer and often occurs via the lymphatic vessels,
whereas lymphangiogenesis refers to the formation of
lymphatic vessels from preexisting lymphatic vessels,
which plays an important role in promoting growth and
metastatic spread of tumor cells [25]. The tumor-associated
lymphatic vessel, also referred to as tumor lymphangiogen-
esis, is the growth of newly formed lymphatic vessels in
cancer; this process with multiple steps is similar to the
well-known mechanism of angiogenesis including endothe-
lial cell proliferation, migration, rearrangement and tube
formation, along with degradation, reconstruction and
production of extracellular matrix; thus tumor lymphan-
giogenesis acts as a conduit by which disseminating tumor
cells access regional lymph nodes and form metastases
[25, 31, 43]. VEGF family, which consists of VEGF-A,
VEGE-B, VEGF-C, VEGF-D and placental growth factor
(PGF), contributes to vasculogenesis composed of neoan-
giogenesis and lymphangiogenesis. Roskoski R Jr. reviewed
the interaction of several ligands and VEGF family of
receptors, which consists of three protein-tyrosine ki-
nases (VEGFR-1,-2 and-3) and two non-protein kinase
co-receptors (neuropilin-1,-2) [39]. Extensive studies have
showed that tumor- or stromal-secreted cytokines such as
VEGE-C and VEGEF-D, and their cognate receptor tyrosine
kinase VEGFR-3 located on LECs are critical regulators of
lymphangiogenesis, these molecules advance or regulate
proliferation, migration, metastasis and survival of LECs,
growth of new lymphatic capillaries and lymphatic tube
formation in tumorigenesis, thus promote metastatic
spread of tumor cells to lymph nodes [20, 28]. Therefore,
inhibition of tumor lymphangiogenesis or its VEGF-C,-D/
VEGEFR-3 signaling pathways may be potential therapies
for primary tumors and metastasis via the lymphatics.
VEGEF-A and VEGF-B, and their cognate receptor tyrosine
w-kinase VEGFR-1 and VEGFR-2 are regarded as most
important regulators of angiogenesis and key targets of
antiangiogenesis [20, 48]. However, there is a crosstalk
between angiogenesis and lymphangiogenesis in tumor
progression [41]. Nagy et al. have demonstrated that in
addition to angiogenesis, VEGF-A also induces proliferation
of lymphatic endothelium, resulting in the formation of
greatly enlarged and poorly functioning lymphatic channels,
and abnormal lymphangiogenesis; these findings raise the
possibility that abnormal lymphangiogenesis may also be
expected in other circumstances such as malignant tumors
characterized by VEGF-A overexpression [32]. Thus in the
design of anti-lymphangiogenesis, in addition to the VEGE-
C,-D/ VEGFR-3 signaling pathways, the VEGF-A or -B/
VEGER-2 signaling pathways should be considered as po-
tential therapy targets for primary tumors and metastasis.
A growing body of evidence has indicated that trad-
itional Chinese medicines contain anticancer ingredient.
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NCTD (7-oxabicyclo [2.21] heptane-2, 3-dicarboxylic
anhydride) is a demethylated derivative of cantharidin
with antitumor properties, which is an active ingredient
of the traditional Chinese medicine Mylabris, and is a
small-molecule, low-cytotoxic compound synthesized
from furan and maleic anhydride via the Diels Alder re-
action [15, 49]. It has been reported that NCTD not only
effectively inhibits the proliferation and growth of a var-
iety of human tumor cells in vitro and in vivo, but also
is used selectively in clinic to treat hepatic, gastric, colo-
rectal and ovarian carcinomas and leucopenia in China
because of its effective anticancer activity, fewer side ef-
fects and leukocytosis [3, 9, 12, 19, 60]. Some experiments
have also showed that NCTD plays an important role in
antiangiogenesis and anti-vasculogenic mimicry for some
carcinomas [4, 51, 61-63]. However, the antitumor lym-
phangiogenic role of NCTD in tumor lymphangiogenesis
and lymphatic metastasis, and the related molecule mech-
anism are not still elucidated, and so far no similar studies
have been published. Recently, we reported the inhibitory
effect of NCTD on lymphatic tube formation, ie. lym-
phangiogenesis of human LECs and the underlying mech-
anisms in vitro [23]. Here, we further investigated the
effects of NCTD on lymphatic tube formation of the
co-culture system consisting of HCAC HT-29 cells and
LECs ie. primary human dermal lymphatic endothelial
cells (HDLECs) in vitro, tumor growth and lymphan-
giogenesis of the in-situ colonic xenografts in nude
mice in vivo, and the related signaling pathways such as
VEGEF-C, -D/VEGEFR-3 and possible crosstalk pathway
VEGF-A/VEGEFR-2 in vitro and in vivo, so as to explore
that it is whether served as a target inhibitor for tumor
lymphangiogenesis and lymphatic metastasis, and a poten-
tial small-molecule synthetic antilymphangiogenic agent
for HCACs.

Methods
Cell lines and cultures
Human colonic adenocarcinoma HT-29 cell lines were
provided by the Institute of Cell and Biochemistry, Chinese
Academy of Sciences (Shanghai, China), and grown in
RPMI-1640 medium supplemented with 10 % fetal bovine
serum (FBS; Gibco, USA) in an incubator (Forma Scientific,
USA) at 37 °C under a mixture of 95 % air and 5 % COs,.
Human lymphatic endothelial cells were primary HDLECs
purchased from ScienCell Research Laboratories, USA. Cells
were identified by immunefluorescent cytochemical tech-
nique via CD31, Podoplanin and LYVE-1, and grown in
endothelial cell growth medium (ECGM) with endothelial
cell growth factor (ScienCell Research Laboratories) in an
incubator (Forma Scientific) with 5 % CO, at 37 °C as
described previously [23], then were used in the experi-
ments at fifth generation of the cells.
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In-situ colonic xenograft assay and survival analysis in vivo
This study was carried out in strict accordance with the of-
ficial of Chinese Guide for the Care and Use of Laboratory
Animals and the ARRIVE (Animal Research: Reporting of
In Vivo Experiments) guideline [18] in order to investigate
the inhibitory effect of NCTD on HCACs by in-situ xeno-
graft assay and survival analysis in vivo. The protocol was
approved by the Ethics Committee of Animal Experiments
of Tongji Hospital, Tongji University School of Medicine
and the Science and Technology Commission of Shanghai
Municipality (Permit Number: SYXK 2012—-0031).

Balb/c nu/nu mice (male mice, 5~ 6-week old, about
20 g) from the Shanghai Laboratory Animal Center, China)
were housed in specific pathogen free (SPF) condition. In-
situ colonic xenograft and the xenograft lymphangiogenic
model of HT-29 cell lines in nude mice were established as
described previously [47]. Xenograft mice were randomly
divided into a control group, receiving intraperitoneal
(i.p.) injections of 0.2 ml sterile saline and administra-
tion through gastric tube of 0.1 ml sterile saline once
two days for 6 weeks, a NCTD group, a Sorafenib group
and a NCTD + Sorafenib group (20 mice per group), in
which each mouse respectively received i.p. injection of
NCTD (28 mg/kg, a dose of 1/5 LDsy [61]; No. GYZZ-
H20064531, Injection solution, 5 mg/ml, Jiangsu Yew
Pharmaceutical Co., Ltd, Wuxi, China) given in 0.2 ml
sterile saline and administration through gastric tube of
0.1 ml sterile saline, i.p. injection of 0.2 ml sterile saline
and administration through gastric tube of Sorafenib
(40 mg/kg; Sorafenib Tosylate Tablets, 0.2 g/tablet, Bayer
HealthCare AG, Germany) given in 0.1 ml sterile saline,
or simultaneously i.p. injections of 28 mg/kg NCTD and
administration through gastric tube of 40 mg/kg Sorafenib,
once two days for 6 weeks in all. The xenograft size was
measured with calipers two times each week. Of xenograft
mice in each group, one half were sacrificed under
anesthesia at 8 weeks after agent administration, tumor
growth including tumor volume, tumor growth curve
and tumor inhibitory rate were evaluated, and tumor
morphology such as hematoxylin and eosin (H&E) staining,
immunohistochemical staining and microstructures were
observed under an inverted light microscope (Olympus
IX70, Japan) and a TEM (JEM-1230, JEOL, Japan), re-
spectively, as described previously [23, 47, 61]; other half
of xenograft mice continued to be housed in SPF condi-
tion, and their survivals were evaluated. Mice outcome
was followed from the date of drug administration to the
date of death. The median follow-up period for mice was
16 (range, 3—30) weeks.

Lymphangiogenic and lymphatic micrometastic assays of
the in-situ colonic xenografts in vivo

In the experiment, tumor lymphangiogenesis and lymph-
atic micrometastasis of the in-situ colonic xenografts in
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vivo including lymphatic specific marker LYVE-1, D2-40
and lymphatic micrometastic marker CK20 at protein
and mRNA levels, and LMVD were determined by using
SABC immunohistochemical staining, western blotting
and fluorescent quantitative RT-PCR as described previ-
ously [47]. As shown in Table 1, PCR amplifications were
performed with LYVE-1, D2-40 gene-specific primers de-
signed and synthesized by Invitrogen (USA).

Lymphatic tube formation assay and lymphatic marker
determination of HDLECs and co-culture in vitro

In the experiment, the lymphatic capillary-like structures
formed from the 3-D culture of HDLECs and the co-
culture system, and the expression of LYVE-1 and D2-40
from these cultures and co-cultures in vitro were observed
and determined. 24-well plates by using Transwell cham-
bers with polycarbonate filters (pore size 0.4 um, diameter
6.5 mm) were used. HT-29 cells (1 x 10° cells/ml) were
added to or not added to the upper compartment of the
chamber; HDLECs (5 x 10* cells/ml) were added to the
lower compartment of the chamber in which bottom prior
to the laying of Matrigel matrix (Becton Dickinson, USA)
(200 pl/per chamber). The medium was changed every
2 days. After 1 week, cells were untreated (control group,
equal ECGM solution) or treated with 2.5 pug/ml NCTD
(NCTD group; about 1/3 ICsy for HDLECs [37]), 100 pl
mF4-31C1 (Epitomics, USA; mF4-31C1 group) and
NCTD + mF4-31C1 (NCTD + mF4-31C1 group) (6 cham-
bers per group), respectively, in fresh culture medium in
an incubator (Forma Scientific) with 5 % CO, at 37 °C for
2 ~ 4 days. The effects on lymphatic tube formation in-
cluding the capillary-like structures, the total number
of cell clusters and branching of tube formation (i.e.,
capillary-tube number) of each group were observed
using an inverted phase-contrast light microscope
(Olympus IX70) as described previously [23]. At the
same time, the expression of LYVE-1 and D2-40 from
the 3-D culture or co-culture was determined using
western blotting as described previously [23, 47]. These
experiments were performed in triplicate.

Proliferation and proliferating marker Ki-67 assays in vitro
Methyltiazolyl tetrazolium (MTT; Sigma, USA)-based
colorimetric assay was used to evaluate the inhibitory effect
of NCTD on proliferation of HT-29 cells, HDLECs and the
co-culture system in vitro. The cultures were divided into a
NCTD group and a control group. HT-29 cells (1 x 10°
cells/ml, 100 pl/well) were cultured in 24-well plates in
RPMI-1640 medium (100 pl/well), and HDLECs (5 x 10*
cells/ml, 100 pl/well) were cultured in fibronectin-coated
24-well plates in ECGM medium (100 pl/well). Prolifera-
tion assay for the co-culture system, 24-well plates by using
Transwell chambers with polycarbonate filters (pore size
0.4 pm, diameter 6.5 mm) were used; HT-29 cells (1 x 10°
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Table 1 Lymphangiogenic signaling-related and lymphatic

specific markers

Cells

Genes

PCR primers (forward-reverse)

HCACCs and the co-culture
system in vitro

In-situ xenograft cells in vivo

VEGF-A

VEGF-C

VEGF-D

VEGFR-2

VEGFR-3

GAPDH

VEGF-A

VEGF-C

VEGF-D

VEGFR-2

VEGFR-3

CK-20

LYVE-1

5-CAC CGC CTC GGC TTG TCA
CAT-3'

5'-CTG CTG TCT TGG GTG CAT
C1G-3'

5"-ACC TGC CCC ACC AAT TAC
A-3'

5"GCC TCT TGT AAA GAC TGG
TT-3"

5-GCT GTT GCA ATG AAG AGA
cG-3'

5-TCT TCT GTT CCA GCA AGT
GC-3'

5-CAC ACA GAG ATG ATT ACT
ACA CTG-3'

5'-CCA TCT TGA GCA TCA GAT
CcCTc3

5"-AAG TAC ATC AAG GCA CGC
ATC GAG-3'

5-GGC TTG TTG ATG AAT GGC
TGC TCA-3

5-ACA GAG CCT CGC CTT TGC
3

5"-CAT GTC GTC CCA GTT GGT
G-3'

5'-CTG CTC GCC GCT GCG CTG-3'

5-GTG CTG GTG TTC ATG CAC
TGC AG-3'

5-GCC ACG GCT TATG CAA GCA
AAG AT-3'

5-AGT TGA GGT TGG CCT GTT
CTCTGT-3'

5'-CGA TGT GGT GGC TGT TGC
AAT GAA-3'

5-GCT GTT GGC AAG CACTTA
CAA CCT-3'

5'-CGG AGT CAA CGG ATT TGG
TCG TAT-3'

5-AGC CTT CTC CAT GGT GGT
GAA GAC-3'

5-GAC AGC TAC AAG TAC GAG
CAT CTG-3'

5-CGT TCT TGC AGT CGA GCA
GAA-3'

5'-CAG ACA CAC GGT GAA CTAT
GG-3'

5-GAT CAG CTT CCACTG TTA
GAC G-3'

5'-TGC AGA ATT ATG GGG ATC
AC-3'

5-GGC TGT TTC AAC TTG GTC
Ccr-3'

Page 4 of 22

Table 1 Lymphangiogenic signaling-related and lymphatic
specific markers (Continued)

D2-40 5-GGT GCC GAA GAT GAT
GIG-3'
5-CGA TGC GAA TGC CTG
TTA-3

GAPDH  5-GCA CCA CCA ACT GCT TA-3'

5-AGT AGA GGC AGG GAT
GAT-3'

cells/ml) were added to the upper compartment of the
chamber, HDLECs (5 x 10* cells/ml) to the lower compart-
ment of the chamber (200 pl/per chamber). Cells then
were untreated (control group, equal RPMI-1640 or
ECGM solution) or treated with various concentrations
(1.25~100 pg/ml; 6 wells per concentration) of NCTD
(NCTD group) in fresh culture medium at 37 °C in 5 %
CO, for 24 h. The optical densities (A value) at 490 nm
were measured with an enzyme-linked immunosorbent
assay reader (EIx800UV, Bio-Tek, USA). The A490 value of
the experimental groups was divided by the A490 value
of untreated controls and presented as a percentage of
the cells. The inhibitory percent of NCTD on the cells
(%) = (1- A490 value in the experimental group/A490
value of control group) x 100 %. Three separate experi-
ments were performed. The concentration of drug giv-
ing 50 % growth inhibition (ICsy) was calculated from
the formula ICs = Ig™"{Xm-I [P-(3-Pm-Pn)/4]}.

In order to further observe the inhibitory effect of
NCTD on proliferation of HDLECs and the co-culture
system, proliferation marker Ki-67 of above LYVE-1 or
D2-40-positive HDLECs and co-culture system in vitro
were determined by SABC immunocytochemical stain-
ing as described previously [4]. Cells plated on slides
were untreated (control group, equal RPMI-1640 or
ECGM solution) or treated with an 1/3 ICs, dose of
NCTD (NCTD group), and primary antibody of Ki-67
(mouse monoclonal antibody, 1:100, Antibody Diagnos-
tica Co., USA) was added, then biotinylated secondary
antibody (goat anti-rabbit IgG, 1:100), SABC reagents
and DAB solution (all from Boster Co., China). For
negative control, the slides were treated with PBS in
place of primary antibody. Then, cells were rinsed in dis-
tilled water, dehydrated through alcohol and xylene and
mounted on a coverslip using a permanent mount medium
for analysis by a microspectrophotometer (Leitz Dmrbe,
Leica). Ten sample slides in each group were chosen
for analysis. More than 10 visual fields were observed
or more than 500 cells were counted per slide. The
positive index of Ki-67 represented expression of Ki-67
protein. The stain integral of Ki-67 protein was counted
according to the positive number and the intensity of
staining of the cells.
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Apoptosis and apoptotic gene Bcl-2 assays in vitro
Immunofluorescent dye, FCM and TEM were used in
this assay as described previously [23]. Cell culture and
experiment were performed according to above prolifer-
ation assay. For immunofluorescent dye, cells were fixed,
washed and stained with 0.5 ml fluorescence agent
Hoechst 33258 (Sigma) and CY3 NHS ester (Lumiprobe,
USA), then observed and counted for cell apoptotic per-
cent of each group under a fluorescence microscope
(Nikon Eclipse TE2000-U, Japan) as described previously
[37]. For FCM, cells (5x10° cells/ml) suspended in
500 pl binding buffer were used for DNA stain with 5 pl
Annexin V-FITL and propidium iodine (PI, Sigma); then,
DNA value, cell cycle and apoptotic rate of each group
were determined by a cell apoptotic detection kit (BioDev,
China) and a fluorescent activated cell sorter (420 type
FCM, Becton-Dickinson, USA) as described previously
[9, 12, 23]. Cells were observed under an inverted micro-
scope (Olympus IX70) and a TEM (JEM-1230, JEOL) as
described previously [23].

In addition, in order to further observe the inducing ef-
fect of NCTD on apoptosis of HDLECs and the co-
culture system, anti-apoptotic gene Bcl-2 of HDLECs and
co-culture system in vitro were determined by SABC as
described previously [9]. Cells plated on slides were un-
treated (control group, equal RPMI-1640 or ECGM solu-
tion) or treated with an 1/3 ICsy dose of NCTD (NCTD
group), and primary antibody of Bcl-2 (rabbit polyclonal
antibody, 1:50, Santa Cruz, USA), biotinylated secondary
antibody (goat anti-rabbit IgG, 1:100), SABC reagents and
DAB solution (all from Boster Co., China) were in turn
added. Then, slides were rinsed, dehydrated, mounted and
observed under a microspectrophotometer (Leitz Dmrbe).
For negative control, the slides were treated with PBS
in place of primary antibody. Ten sample slides in each
group were chosen for analysis. The positive index of
Bcl-2 represented expression of Bcl-2 protein.

Migration assay in vitro

Transwell migration chambers i.e., 24-well plates by
Transwell chambers with polycarbonate filters (pore size
8 um, diameter 6.5 mm) were used in this assay. HT-29
cells (1x10° cells/ml) or HDLECs (5x 10* cells/ml)
were inoculated in the upper compartment of the cham-
ber (200 pl/chamber), 0.8 ml RPMI-1640 medium with
10 % FBS or ECGM medium was added to the lower
compartment of the chamber (200 pl/chamber). For the
co-culture system, HDLECs were added to the upper
compartment of the chamber (200 pl/per chamber), HT-
29 cells to the lower compartment of the chamber
(200 pl/per chamber) in 0.8 ml of RPMI-1640 medium
with 10 % FBS. Cells were untreated (control group,
equal ECGM solution) or treated with above 1/3 ICs,
NCTD (NCTD group; 18.7 pg/ml for HT-29 cells,
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2.5 pg/ml for HDLECs, 5.3 pg/ml for co-culture), 100 pl
mF4-31C1 (mF4-31C1 group) and NCTD+ mF4-31C1
(NCTD + mF4-31C1 group) (6 chambers/per group), re-
spectively, in fresh culture medium (chambers/per group)
at 37 °Cin 5 % CO, for 24 h. Total number of migrating
cells were measured and counted in five independent
microscopic visual fields (x100) under an inverted micro-
scope (Nikon TS100, Japan), and expressed as mean num-
ber per one field. Each experiment was performed thrice.

Invasion assay in vitro

Matrigel invasion chamber i.e. 24-well plates by Transwell
chambers with polycarbonate filters (pore size 8 pm,
diameter 6.5 mm) coated on the upper side with Matrigel
(Becton Dickinson were used in this assay. HT-29 cell
(1 x 10° cells/ml) or HDLEC (5 x 10* cells/ml) suspensions
were transferred to the upper compartment of the cham-
ber (200 pl/every chamber), while 0.8 ml RPMI-1640
medium with 10 % FBS or ECGM medium was added to
the lower compartment of the chamber. For the co-
culture system, HDLECs were added to the upper
compartment of the chamber, HT-29 cells to the lower
compartment of the chamber (200 pl/every chamber)
in 0.8 ml of RPMI-1640 medium with 10 % FBS. Cell
experiment was performed as above migration assay.
The number of invading cells through the filter was
counted after H&E staining and plotted as the mean
number of invading cells per optic field in three inde-
pendent experiments.

Determination of VEGF-A, VEGF-C, VEGF-D, VEGFR-2,
VEGFR-3 in vitro and in vivo

The expression of VEGF-A, VEGF-C, VEGF-D, VEGFR-2
and VEGFR-3 at protein and mRNA levels from the 3-D
culture of HDLECs or the co-culture system in vitro, and
the in-situ xenografts in vivo were determined by S-P
staining, western blotting and fluorescent quantitative RT-
PCR as described previously [23, 47].

For S-P staining, slides were treated according to the
kit brochure (Jinmei Biotechnology Co., Ltd., Shanghai),
added in order with primary antibody [rabbit anti-human
monoclonal antibody VEGF-A (Santa Gruz), VEGF-C
(Invitrogen), VEGF-D (Abcam, USA), VEGFR-2 (Cell
Signaling, USA), VEGFR-3 (Cell Signaling), biotinylated
anti-rabbit secondary, HRP logo Streptavidin and DAB
solution, respectively. Then, slides were rinsed, dehy-
drated, mounted and observed under an optic micro-
scope (Olympus, Japan). For negative control, the slides
were treated with PBS in place of primary antibody. Six
sample slides in each group were chosen by analysis.
Visual fields (>10) were observed or >500 cells were
counted per slide.

Lowry method protein kit (Puli Lai Co., Shanghai)
were used for western blotting according to the kit
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brochure. An aliquot of 20 mg of proteins was subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE), and transferred to a PVDF membrane.
One hour after being blocked with PBS containing 5 %
non-fat milk, the membrane was incubated overnight, was
then added in order with each primary antibody [anti-
VEGEF-A, anti-VEGF-C, anti-VEGF-D (Abcam), and anti-
VEGEFR-2, anti-VEGFR-3, anti-B-actin (Cell Signaling)],
HRP-labeled secondary antibody (Abcam) (all 1:1000)],
HistoFine (Dako, Glostrup, Denmark) for 2 h. The target
proteins were visualized by an enhanced chemilumin-
escent reagent (GE Healthcare, USA), imaged on the
Bio-Rad chemiluminescence imager. The gray value
and gray coefficient ratio of each protein was analyzed
and calculated.

Fluorescent quantitative RT-PCR was performed as de-
scribed by the manufacturer. Total RNA was extracted
using the TRIzol reagent (Invitrogen). The primers for
amplification were designed and synthesized by Sangon
Co., Shanghai. The primers for VEGF-A, VEGF-C, VEGE-D,
VEGEFR-2, VEGFR-3 and GAPDH in vitro and in vivo were
as shown in Table 1. RT-PCR reaction conditions and the
amplifying conditions in vitro were as described previously
[23]. GAPDH was used as an internal control, with the
annealing temperature of 56 °C for 40 cycles (94 °C for
5 min, 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and
72 °C for 10 min). PCR products (10 pl) were placed
onto 15 g/L agarose gel and observed by ethidium
bromide staining using the ABI PRISM 7300 SDS soft-
ware. The relative mRNA expression levels was calculated
by the formula (relative mRNA expression = 2740Cy,

Statistical analysis

Statistical analyses were performed using SPSS 13.0 and
Microsoft Excel Office 2007 for Windows. All data were
presented as mean + SD. Statistical differences were evalu-
ated using Student’s ¢ test or the Chi-square test. P <0.05
was considered statistically significant. Survival curves were
calculated with the Kaplan-Meier method and were com-
pared using the log-rank test.

Results

NCTD inhibits growth of the in-situ colonic xenografts in
vivo

We previously reported that NCTD has multiple antitumor
activities against different tumor cells [9, 12, 51, 61, 63],
whereas Sorafenib is an oral multi-kinase inhibitor that
blocks proliferation and carcinogenesis of different tumor
cells including colonic adenocarcinoma cells by a dual
mechanism including targeting several receptor tyrosine ki-
nases such as VEGFR-2 and VEGFR-3 [37, 38]. Here, we
investigated the antitumor activity of NCTD for HCACs
via tumor assays of the in-situ colonic xenografts and a
survival analysis of xenograft mice in vivo. In control
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group, pink or pale, round or oval in-situ xenografts ap-
peared gradually at colonic wall of nude mice about
6 weeks after subcutaneous xenograft of HT-29 cells
was inserted into the concave niche of the cecum, with
average tumor volume 818.45+53.16 mm?> (Fig. 1a).
And, it was observed in the in-situ xenografts with
H&E staining under an optic microscope that colonic
wall structure was destroyed, tumor cells showed infiltra-
tive growth or arranged in clusters funicular i.e. cancer
nests, with abundant cytoplasm, deep dyeing nucleus, in-
creased mitotic phase, and connective tissue among tumor
cells (Fig. 1 cpygg); irregular tumor cells with abundant
microvilli, clear organelles and chromatin enrichment
under a TEM (Fig. 1 crgpy). But in NCTD, Sorafenib or
NCTD + Sorafenib group, the in-situ xenograft volume
was markedly decreased, with an increased tumor inhibi-
tory rate (Fig. 1a; P <0.001, or P < 0.0001) as compared to
control group, and more obvious tumor inhibition in
NCTD + Sorafenib group in comparison with Sorafenib or
NCTD group (Fig. 1a, P<0.01); it was also found that
tumor cells, different-sized glands and part of blood
vessels were destroyed, many destroyed, even apoptotic
tumor cells and part of vacuolar degeneration were ob-
served (Fig. 1 cpygg); disappearing microvilli, mitochon-
drial swelling, golgiosome atrophy, organelle vacuoles,
nuclear shrinkage, chromatin aggregation, chromosome
condensation and typical apoptotic bodies were seen
(Fig. 1 crem). And, it is comforting that xenograft mice of
each group were all alive at the end of the experiments,
and that survival time in Sorafenib, NCTD or NCTD +
Sorafenib group was significantly prolonged as compared
to control group (log-rank test, P =0.026; Fig. 1b). Thus,
we believed that NCTD or in combination with Sorafenib
inhibits growth of the in-situ colonic xenografts effectively
and safely in vivo.

NCTD inhibits tumor lymphangiogenesis and lymphatic

micrometastasis of the in-situ colonic xenografts in vivo

Tumor lymphangiogennesis plays an important role in
promoting tumor growth and metastasis via the lymphatic
[25, 31, 43]. To verify the antitumor lymphangiogenic ac-
tivity of NCTD, in the experiment, we determined lymph-
atic specific marker - LYVE-1, D2-40 and lymphatic
micrometastic marker - CK20, and their LMVD of the
in-situ colonic xenografts. In control group, some dense,
thin wall, large lumen, tubular or irregular microvessels
with strong brown positive staining in cytoplasm or cyto-
membrane, in line with the morphological features of
lymphatic capillaries, were visualized. While weaken ex-
pression of CK20, LYVE-1 and D2-40 protein products,
with little brown tan vessels with rebirth tumor cells, in-
vaded and destroyed microvessel profile among apoptotic
tumor cells (Fig. 2a). And lower LMVD were observed in
NCTD, Sorafenib or NCTD + Sorafenib group as compared
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(See figure on previous page.)
Fig. 1 NCTD inhibits growth of the in-situ colonic xenografts and prolongs survival time of the xenograft mice in vivo. a Tumor growth of the in-situ

colonic xenografts of each group. A pink, pale, fish-like, round or oval in-situ xenograft was found at intestinal wall at the 6th week end, with average
tumnor volume of 81845 + 53.16 mm?® in control group; but the size and volume of the xenograft in Sorafenib, NCTD or NCTD + Sorafenib group were
decreased significantly (*P < 0.001), with increased tumor inhibition rate ("P < 0.0001) as compared to control group, and a significant tumor inhibition
in NCTD + Sorafenib group in comparison with Sorafenib or NCTD group (3P < 0.01). b Kaplan-Meier survival curves for the xenograft mice of each
group. A prolonged survival time was observed in Sorafenib, NCTD or NCTD + Sorafenib group as compared to control group (log-rank test, P = 0.026).
¢ The histomorphologic structure of the in-situ colonic xenografts of each group (H&E, magnification x 200; TEM, magnification x 6000). In control
group, colonic wall structure was destroyed, tumor cells showed infiltrative growth or arranged in clusters funicular i.e. cancer nests, with abundant
cytoplasm, deep dyeing nucleus, increased mitotic phase and connective tissue among tumor cells under an optic microscope (Cgg); irregular tumor
cells with abundant microvilli, clear organelles and chromatin enrichment under a TEM (Cygp). But in Sorafenib, NCTD or NCTD + Sorafenib group,
tumor cells, cancer nests, different-sized glands and part of blood vessels tissues were destroyed; many destroyed, even apoptotic tumor cells, part of
vacuolar degeneration were observed (Cpgg); also, disappearing microvilli, mitochondrial swelling, golgiosome atrophy, vacuolar degeneration, nuclear
shrinkage, chromatin aggregation, chromosome condensation, and typical apoptotic bodies were found (Crgy) )
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Fig. 2 NCTD inhibits tumor lymphangiogenesis and lymphatic micrometastasis of the in-situ colonic xenografts by immunohistochemistry in vivo.
a The expression of CK-20, LYVE-1 and D2-40 protein products of the in-situ colonic xenografts of each group (SABC, magnification x 200); NC,
negative control, with only IgG to rule out the non-specific HRP-activated signal. b The LMVD of the in-situ colonic xenografts of each group. The
lowest LMVD, with no or weaken expression of CK20, LYVE-1 or D2-40s in NC group (P < 0.001, vs. control, Sorafenib, NCTD or NCTD + Sorafenib group);
the lower LMVD, with weaken expression of CK20, LYVE-1 or D2-40 and few, thin and destroyed microvessels in Sorafenib, NCTD or NCTD + Sorafenib
group as compared with control group (all *P < 0.05). Of them, the LMVD of NCTD + Sorafenib group was lowest (*P <0001, vs.

Sorafenib or NCTD group)
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to control group (all P<0.05), with the lowest LMVD in
NCTD + Sorafenib group (P < 0.001) (Fig. 2b). Furthermore,
the expression of CK20, LYVE-1 and D2-40 at protein and
mRNA levels of the in-situ colonic xenografts in NCTD,
Sorafenib, or NCTD + Sorafenib group were significantly
decreased when compared with control group (all P<
0.05), with the lowest CK20, LYVE-1 or D2-40 expres-
sion in NCTD + Sorafenib group (P<0.001) (Fig. 3),
which was in line with above immunohistochemical detec-
tion. It was showed that NCTD or Sorafenib inhibited the
expression of CK20, LYVE-1 and D2-40 proteins/mRNAs,
decreased the LMVD of the in-situ colonic xenografts in
vivo. So, we believed that NCTD or in combination with
Sorafenib inhibits tumor lymphangiogenesis and lymph-
atic micrometastasis of the in-situ colonic xenografts in
vivo, thus verified the antitumor lymphangiogenic activity
of NCTD.

NCTD inhibits lymphatic tube formation of HDLECs and
co-culture in vitro

Lymphatic tube formation is referred to as a critical step
for lymphangiogenesis and tumor lymphangiogenesis
[23, 25, 31, 43]. To further verify the anti-lymphangiogenic
activity of NCTD, we observed the lymphatic capillary-like
structures (i.e., lymphangiogenesis) formed from the 3-D
culture of HDLECs and the co-culture system consisting of
HT-29 cells and HDLECs in vitro and their LYVE-1, D2-40
expression, by using a soluble VEGFR-3 antibody with
antilymphangiogenesis activity mF4-31C1 as experiment
control. As shown in Fig. 4a, when seeded on the lower
compartment of the chamber coated with Matrigel matrix
for 24 h, HDLECs started to paste the well wall, grew,
spread out, formed the cell groups composed of mul-
tangular or pseudopod cells; formed typical capillary-
like tubes with pipe wall, the lumen and progressive
branches after 1 week, while the capillary tube forma-
tion was more obvious in the co-culture system than
alone HDLEC culture, showing that HT-29 cells pro-
moted capillary tube formation of HDLECs in the co-
culture system. After treatment with NCTD, mF4-31C1
or NCTD + mF4-31C1, HDLECs didn’t form above
capillary-like tube structures, with visible cell aggrega-
tion, float, nuclear fragmentation and apoptosis. More-
over, the number of the capillary-like tubes in NCTD,
mF4-31C1 or NCTD + mF4-31C1 group was markedly
decreased as compared to control group (P < 0.000),
while the capillary tube number in NCTD or NCTD +
mF4-31C1 group was less than that of mF4-31C1 group
(P<0.01). In order to identify if these capillary-like
tubes are lymphatic capillary tubes, LYVE-1 and D2-40
in HDLECs and the co-culture system were determined
using western blotting. As shown in Fig. 4b, the positive
expression of LYVE-1 and D2-40 proteins was observed in
the capillary-like tubes formed from the 3-D culture of
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Fig. 3 NCTD inhibits tumor lymphangiogenesis and lymphatic
micrometastasis of the in-situ colonic xenografts by western blotting
and RT-PCR in vivo. a The expression of CK-20, LYVE-1 and D2-40
proteins in the in-situ colonic xenografts of each group (western
blotting): expression of CK-20, LYVE-1 and D2-40 proteins in NCTD,
Sorafenib or NCTD + Sorafenib group was decreased significantly as
compared to control group (*P < 0.05), with the lowest expression of
these proteins in NCTD + Sorafenib group (*P < 0.001). b Fluorescent
quantitative RT-PCR: the expression of CK-20, LYVE-1 and D2-40
MRNAs was also decreased significantly in all experimental groups
as compared to control group (*P < 0.05); and the expression of CK-20
or LYVE-1T mRNAs in NCTD + Sorafenib group was significantly lower

D2-40

than those of NCTD or Sorafenib group (*P<0001)

HDLECs or the co-culture system in control group, and
expression of LYVE-1 and D2-40 in the co-culture system
was markedly up-regulated than alone HDLEC culture,
identifying that HT-29 cells promoted lymphatic tube for-
mation of HDLECs in the co-culture system; but LYVE-1,
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Fig. 4 NCTD inhibit lymphatic tube formation of the 3-D culture of HDLECs or the 3-D co-culture system in vitro. a Capillary-tube formation and
capillary-tube number of each group under an inverted light microscope (magnification x 200). When seeded on the lower compartment of the
chamber coated with Matrigel matrix for one week, HDLECs formed typical capillary-like tubes with pipe wall, the lumen and progressive branches, while
the capillary tube formation was more obvious in the upper compartment of the chamber with HT-29 cells than without (3P < 0.01). After treatment with
NCTD, mF4-31C1 or NCTD+ mF4-31C1, HDLECs didn't form above capillary-like tube, with visible cell aggregation, float, nuclear fragmentation, apoptosis;
and the capillary-tube number in these groups was markedly decreased as compared to control group (*P < 0.000), while this number in NCTD
or NCTD+ mF4-31C1 group was less than that of mF4-31C1 group (all *P < 0.01). b The expression of LYVE-1 and D2-40 from the 3-D co-culture system
in vitro using western blotting. The positive expression of LYVE-1 and D2-40 proteins was observed in control group; but LYVE-1, D2-40 protein
expression was significantly downregulated in mF4-31C1, NCTD or NCTD +mF4-31C1 group (*P < 0.01)
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D2-40 expression was significantly downregulated in
NCTD, mF4-31C1 or NCTD + mF4-31C1 group as com-
pared to control group (P<0.01). The results implicated
that NCTD, the same as mF4-31C1, inhibited the lymph-
atic tube formation from the 3-D culture of HDLECs and
the co-culture system in vitro, while this effect of NCTD
or NCTD + mF4-31C1 was stronger. Collectively, NCTD
inhibits the lymphatic tube formation of HDLECs and the
tumor lymphangiogenesis of HCACs in vitro, thus further
verify the anti-lymphangiogenic activity of NCTD.

NCTD affects malignant phenotypes of HDLECs and
co-culture in vitro

Proliferation, apoptosis, migration and invasion of the
cells are referred to as critical early steps for lymphangio-
genesis [23, 25, 31, 43]. To confirm anti-lymphangiogenic
activity of NCTD, we further observed the effects of
NCTD on malignant phenotypes i.e. proliferation, apop-
tosis, migration and invasion of HT-29 cells, HDLECs and
the co-culture system. As shown in Fig. 5a and b, the cul-
tured HT-29 cells and HDLECs began to growth at 8th
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Fig. 5 NCTD inhibits proliferation of HT-29 cells, HDLECs and the co-culture system in vitro. a The dose—-response curves of NCTD effect on HT-29
cells, HDLECs and the co-culture system with ICsq value 56.8 pg/ml for HT-29 cells, 6.8 pg/ml for HDLECs and 15.8 pg/ml for the co-culture system.
Cell number was counted by the MTT method. b Histomorphologic of HT-29 cells, HDLECs and the co-culture system under an inverted optic
microscope (magnification x 200) and a TEM (magnification x 8000): predominantly shuttle-shape cells, with abundant cytoplasm, clear nuclei, and
abundant microvillus, clear organelles, larger nucleus cytoplast ratio, irregular nuclei and chromatin enrichment in control group; after treatment
with 1/3 1Cso NCTD for 24 h, visible cell aggregation, float, nuclear shrinkage, chromosome condensation, microvillus decreasing, golgiosome
atrophy, mitochondria swell, cytoplast vacuole, nuclear fragmentation, chromatin aggregation and typical apoptotic bodies, or even death. ¢ The
inhibitory effect of NCTD on expression of proliferating marker Ki-67 in HDLECs and the co-culture system in vitro. The positive expression, with
brown-yellow dye, of Ki-67 protein product occurred in cell nucleoli. After treatment with 1/3 ICso NCTD for 48 h, the positive index of Ki-67
expression in HDLECs (0.696 + 0.0611 vs. 0.221 + 0.042) or the co-culture system (0.964 +0.098 vs. 0.397 + 0.068) was respectively decreased
significantly as compared to control group (all P < 0.001), and the dye of cell nucleoli became light and shallow

hour, maturated at one day, being predominantly of inhibition of proliferation of HT-29 cells, HDLECs and
shuttle-shape, or accumulation, with abundant cyto- the co-culture system as compared to control group was
plasm, clear nuclei; of them, cell proliferation and growth  showed in a dose-dependent manner with the NCTD ICsq
of the co-culture system was more active than those of  value 56.18 pg/ml for HT-29 cells, 6.8 pg/ml for HDLECs
alone HDLEC culture; after NCTD treatment, a significant and 15.8 pg/ml for the co-culture system; and the



Li et al. BMC Cancer (2015) 15:527

morphology of HT-29 cells, HDLECs and the co-culture
system showed visible cell aggregation, float, nuclear con-
densation or fragmentation, cataclysm. In addition, prolifer-
ating marker Ki-67 of LYVE-1 or D2-40-positive HDLECs
and co-culture system in vitro were determined by SABC
method in order to further observe the inhibitory effect of
NCTD on proliferation of HDLECs and the co-culture sys-
tem. As shown in Fig. 5c, after treatment with 1/3
IC5(NCTD for 48 h, the positive index of Ki-67 expres-
sion in HDLECs or the co-culture system was de-
creased significantly as compared to control group
(HDLECs: 0.69 +0.0611 wvs. 0.221 +0.042, co-culture:
0.964 +0.098 vs. 0.397 +£0.068; all P<0.001), and the
dye of cell nucleoli became light and shallow. Moreover,
these observations were confirmed by some apoptotic
assays via immunofluorescent dyes (Fig. 6a), FCM
(Fig. 6b, Table 2), apoptotic-related gene via immunohis-
tochemistry (Fig. 6c), and microstructure observation
under TEM (Fig. 5b), which revealed that apoptotic per-
cent of HT-29 cells or the co-culture system was less
than that of HDLECs (P < 0.05), anti-apoptotic gene Bcl-
2 expression of the co-culture system was higher than that
of HDLEC:s (P < 0.05) in control group; NCTD induced S-
phase cell cycle arrest (P<0.001) and cell apoptosis in a
dose-, time-dependent manner, and inhibited apoptotic-
related gene expression (P<0.001), ie., apoptotic cells
[bright blue/brown dye cells by immunofluorescent dyes;
total cells under right lower/upper quadrant of cells (FITC
+/PI-, FITC+/PI+) by FCM] were increased, the positive
index of anti-apoptotic gene Bcl-2 expression was de-
creased significantly, with lighter and more shallow dye of
cell nucleoli, as compared to control group (P <0.001)
(Fig. 6, Table 2); and, microvillus decreasing, cytoplast
vacuole, nuclear shrinkage, chromatin aggregation or con-
densation, and typical apoptotic bodies in NCTD group
were observed under a TEM (Fig. 5b). Furthermore, as
shown in Fig. 7, total number of migrating cells and
total number of invading cells through the filter coated
Matrigel of HT-29 cells or the co-culture system were
more than those of alone HDLECs (all *P < 0.01) in con-
trol group; after treatment, total number of migrating or
invading cells in NCTD, mF4-31C1 or NCTD+ mF4-
31C1 group was decreased as compared to control group
(all *P =0.000); of them, the number of migrating or in-
vading cells in NCTD + mF4-31Clgroup was the least (P
=0.01). It is shown that HT-29 cells may promote prolifer-
ation, migration and invasion of HDLECs in the co-
culture system and decrease cell apoptosis in vitro; while
NCTD inhibited proliferation, invasion and migration
of not only HT-29 cells but also HDLECs and the co-
culture system, and induced apoptosis of these cells in
vitro in a dose or time dependent manner; and NCTD
in combination with mF4-31C1 had stronger antitumor
effect. Taken together, these in vitro results indicated

Page 12 of 22

that NCTD alone or in combination with mF4-31C1
inhibited the lymphatic tube formation of HDLECs and
the tumor lymphangiogenesis of HCACs by affecting
these malignant phenotypes, inhibiting the expression of
proliferating marker Ki-67 and anti-apoptotic gene Bcl-2
and induced S-phase cell cycle arrest, thus confirmed the
anti-lymphangiogenic activity of NCTD.

NCTD downregulates expression of VEGF-A, VEGF-C,
VEGF-D, VEGFR-2 and VEGFR-3 in vitro and in vivo
VEGEF-C, VEGF-D and VEGEFR-3, which were secreted
from tumor and/or stromal cells, and the VEGF-C, -D/
VEGER-3 signaling pathways are believed to be the most
important mechanisms underlying lymphatic endothelial
cell growth and tumor lymphangiogennesis. VEGF-A,
VEGEFR-2, and the VEGF-A/VEGFR-2 signaling pathways
are also reported to advance tumor lymphangiogenesis. To
verify the anti-lymphangiogenic mechanisms of NCTD, we
determined the expression of VEGF-A, VEGF-C, VEGF-D,
VEGFR-2 and VEGFR-3 at protein and mRNA levels from
HDLECs or the co-culture system in vitro, and the in-situ
colonic xenografts in vivo. As shown in Fig. 8a and Fig. 9a
and ¢, the expression of VEGF-C, VEGF-D and VEGFR-3
at protein product, protein and mRNA levels of the co-
culture system in vitro was higher than those of alone
HCACC culture (*P =0.001), but there is no difference on
the expression of VEGF-A and VEGFR-2 at protein prod-
uct, protein and mRNA levels between alone HCACC
culture and the co-culture system. After treatment, the
expression of VEGF-C, VEGF-D and VEGFR-3 protein
products, proteins or mRNAs was significantly down-
regulated in mF4-31C1, NCTD or NCTD + mF4-31C1
group as compared to control group (all P<0.01), and
the expression of these proteins or mRNAs in NCTD +
mF4-31C1 group was lower than that of NCTD or
mF4-31C1 group (all P<0.01) (Fig. 8b and Fig. 9b and d);
the expression of VEGF-A and VEGFR-2 protein prod-
ucts/proteins/mRNAs was also significantly downregu-
lated in NCTD or NCTD + mF4-31C1 group as compared
to control or mF4-31C1 group (P <0.01), but there is no
difference on VEGF-A and VEGFR-2 the expression be-
tween control group and mF4-31C1 group in vitro (all
Fig. 8b and Fig. 9b and d). Furthermore, the expression
of not only VEGF-C, VEGE-D and VEGFR-3 but also
VEGEF-A and VEGFR-2 at protein and mRNA levels of
the in-situ colonic xenografts in vivo in NCTD, Sorafenib
or NCTD + Sorafenib group was decreased significantly as
compared to control group (all P<0.01), with lowest ex-
pression of these proteins or mRNAs in NCTD + Sorafe-
nib group (all P < 0.05) (Fig. 10), which was approximately
in line with above expression of VEGF-A, VEGEF-C,
VEGE-D, VEGFR-2 and VEGFR-3 from the co-culture
system in vitro. It was shown that HT-29 cells may pro-
mote VEGF-C, VEGF-D and VEGEFR-3 secreted from
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(See figure on previous page.)

Fig. 6 NCTD induces apoptosis of HT-29 cells, HDLECs and the co-culture system in vitro. a Hoechst and CY3 immunofluorescent dyes (fluorescent
microscope, magnification x 200). No apoptotic cells were observed in control group (0 ug/ml of NCTD). After treatment with NCTD for 24 h and
with concentration increasing, apoptosis which presented bright blue/brown dyes even with fragment nuclei of HT-29 cells, HDLECs or the co-culture
system was increased significantly as compared to control group; of them, fewer apoptosis which showed more shallow blue or brown dye in HT-29
cells or the co-culture system as compared to HDLECs. b Cell apoptosis induced by different concentration of NCTD and time-response curves via
FCM. In FCM scatter diagram, the left lower quadrant shows live cells (FITC-/PI), the right upper quadrant for necrotic or death cells (FITC+/Pl+), and
the right lower quadrant for apoptotic cells (FITC+/PI-)]. No apoptotic cells were observed in control group (0 pug/ml of NCTD). After treatment with
NCTD for 24 h and with concentration increasing, apoptotic percent of HT-29 cells, HDLECs or the co-culture system was increased significantly in a
time-dependent manner, and with decreased living HT-29 cells, HDLECs and co-culture cells, increased apoptotic cells under the right lower quadrant
(FITC+/PI-), more necrotic or death cells under the right upper quadrant (FITC+/PI+) as compared to control group (P < 0.001); moreover, apoptotic
percent of HT-29 cells or the co-culture system was less than that of HDLECs (*P < 0.05). ¢ The inhibitory effect of NCTD on expression of
anti-apoptotic gene Bcl-2 in HDLECs and the co-culture system in vitro. The positive expression, with brown-yellow dye, of Bcl-2 protein product
occurred in cytoplasm. After treatment with 1/3 ICso NCTD for 48 h, the positive index of Bcl-2 protein expression in HDLECs (0.556 + 0.066 vs. 0.108 +
0.039) or the co-culture system (0.702 + 0.098 vs. 0.221 + 0.048) was respectively decreased significantly as compared to control group (all P < 0.001),

and the dye of cell nucleoli became light and shallow

tumor and/or stromal cells or indirectly promote VEGE-A
and VEGFR-2 secreted from tumor and/or stromal cells,
so accelerate the lymphatic tube formation of HDLECs,
and the lymphangiogenesis and tumor growth of the in-
situ colonic xenografts; NCTD or in combination with
mF4-31C1 or Sorafenib markedly downregulated the ex-
pression of VEGF-C, VEGF-D and VEGFR-3 other than
VEGF-A and VEGFR-2 proteins/mRNAs of the co-culture
system in vitro and the in-situ colonic xenografts in vivo.
Thus, we believe that NCTD inhibit tumor growth and
lymphangiogenesis of HCACs in vitro and in vivo by
downregulating the VEGF-C,-D/VEGFR-3 signaling path-
way and the VEGF-A/VEGER-2 signaling pathway.

Discussion

As a small-molecule synthetic compound, NCTD has
been reported to possess multiple potent antitumor prop-
erties in several cell lines, tumor xenograft models and hu-
man carcinomas; and is used selectively in clinic to treat
many human malignant tumors by oral, intravenous injec-
tion or drip, or as a premedication or in combination with
chemotherapy drugs for improving efficacy and reducing
side effects in China because of its anticancer activities,
fewer side effects and leukocytosis [3, 4, 9, 12, 15, 19, 23,
38, 51, 60—63]. However, these studies merely focused on
effects of NCTD on the proliferation, apoptosis, growth
and angiogenesis of a variety of human tumor cells in vitro
and in vivo, including hepatoma HepG2 cells [55, 58], gall-
bladder cancer GBC-SD cells [8, 9, 12, 51, 61, 63], colon
cancer HT29 cells [34], leukemia K562 [59] and HL-60

cells [21], and melanoma A375-S2 [1], and so on. In the ex-
periment, on the base of our recent report in which NCTD
suppressed lymphangiogenesis in human LECs [23], we
further investigate the effect of NCTD on tumor lymphan-
giogenesis, and present evidence that NCTD inhibits
tumor growth and lymphangiogenesis of HCACs by down-
regulating VEGF-C,-D/VEGFR-3 and VEGF-A/VEGER-2
signaling pathways. This result is supported by observa-
tions listed below: 1) lymphatic tube formation from
the 3-D culture of HDLECs and the co-culture system
is observed in vitro, NCTD inhibits this lymphatic tube
formation by suppressing proliferation, migration, inva-
sion, tube formation of HDLECs in the co-culture sys-
tem, inhibiting the expression of proliferation marker
Ki-67 and anti-apoptotic gene Bcl-2, induced S-phase
cell cycle arrest and cell apoptosis; 2) tumor lymphan-
giogenesis and lymphatic micrometastasis exist in the
in-situ colonic xenografts in vivo; NCTD inhibits these
tumor lymphangiogennesis and lymphatic metastasis; 3)
VEGE-C, VEGE-D and VEGEFR-3, and VEGF-A, VEGFR-2
proteins/mRNAs are highly expressed in the co-culture
system in vitro and the in-situ colonic xenografts in vivo;
whereas NCTD inhibits tumor growth and lymphangio-
genesis by downregulating the expression of VEGEF-C,
VEGF-D and VEGFR-3, and VEGF-A, VEGFR-2 proteins/
mRNAs. These results strongly support that NCTD serves
as a potential antilymphangiogenic agent for tumor lym-
phangiogenesis of HCACs.

As the growth of newly lymphatic vessels in cancer,
tumor lymphangiogenesis acts as a conduit by which

Table 2 Effect of NCTD on cell cycle distribution of HT-29, HDLECs and Co-culture system (mean + SD, %)

Groups HT-29 HDLECs Co-culture

Go/M S Go/M S Go/M S
Control 255+33 21.7+£31 165+23 16.7+£23 215+33 189+30
NCTD (ICs0) 287+48 93+18* 15.7+2.8*% 63+ 1.2% 227 +28* 78+16*

*P < 0.001, vs. control group
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was the least (5P =0.01). b Invasion assay by Matrigel invasion experiment: total number of invading cells through the filter coated Matrigel of
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Fig. 8 The expression of VEGF-A, VEGF-C, VEGF-D, VEGFR-2 and VEGFR-3 protein products of HCACCs and the co-culture system of each group
and the effect of NCTD on expression of these protein products in vitro (S-P staining, magnification x 200). a The expression of VEGF-A, VEGF-C,
VEGF-D, VEGFR-2 and VEGFR-3 protein products of HCACCs and the co-culture system of each group. The expression of VEGF-C, VEGF-D and
VEGFR-3 protein products (brown staining in cytoplasm) of the co-culture system was higher than those of alone HCACC culture (*P =0.001); but
there is no difference on the expression of VEGF-A and VEGFR-2 protein products between alone HCACC culture and the co-culture system. b
The inhibitory effect of NCTD on expression of these protein products of the co-culture system. The expression of VEGF-C, VEGF-D and VEGFR-3
protein products in NCTD, mF4-31C1 or NCTD + mF4-31C1 group was downregulated significantly as compared to control group (*P < 0.01), and
the expression of these proteins in NCTD + mF4-31C1 group was lower than that of NCTD or mF4-31C1 group (*P < 0.05); whereas the expression
of VEGF-A and VEGFR-2 protein products in NCTD or NCTD + mF4-31C1 group was downregulated significantly as compared to control or mF4-31C1
group (*P < 0.01), but no difference on VEGF-A and VEGFR-2 expression between control group and mF4-31C1 group

disseminating tumor cells access regional lymph nodes,
and lymph node tumor lymphangiogenesis and increased
lymph flow through tumor-draining lymph nodes ac-
tively promote metastasis via the lymphatics [25, 31, 43].
It was reported that tumor lymphangiogenesis and the
presence of metastatic cells in the sentinel lymph node
are prognostic indicators of metastasis to lymph nodes,
and the degree of dissemination determines the thera-
peutic course of action [64]. Thus, inhibition of tumor-
associated lymphatic and lymphangiogenesis may be a
key for controlling of primary tumor and metastasis [20,
25, 28, 31, 39, 43]. So, recent researchers have focused
on hot-spots of antitumor by inhibiting tumor lymphan-
giogenesis [20, 28, 37, 64]. Some tumor lymphangiogenic
inhibitors such as deguelin, endostar, silencing Id-1, lipo-
somal honokiol, mF4-31C1 and sVEGFR3-Ig have been
reported as adjuvant antilymphangiogenic and antitumor
drugs against some metastatic cancers in experiment
and in clinic setting [6, 7, 14, 16, 26, 35, 52]. But, there
is still no experimental and clinical evidence whether
NCTD can be used as a potential tumor lymphangiogen-
esis inhibitor. In this experiment, we further confirmed
that NCTD not only has the antilymphangiogenic effect
on human LECs, but also has the antilymphangiogenic
activity against tumor growth and tumor lymphangio-
genesis of HCACs via the 3-D culture of HDLECs and
the co-culture system in vitro, and the in-situ colonic xe-
nografts in nude mice in vivo.

Lymphatic tube formation i.e. lymphangiogenesis is a
critical step for tumor lymphangiogenesis; whereas early
stage of this lymphangiogenesis includes cell prolifera-
tion, apoptosis, migration and invasion of LECs [23, 25,
31, 43]. As a useful specific marker for detecting lym-
phangiogenesis or lymphatic micrometastasis and circu-
lating carcinoma cells, LYVE-1 expressed on the surface
of LECs plays an important role in the transportation of
both lymphocytes and tumor cells into the lymphatic
system, is considered to be the most valuable marker in
identifying LECs and tissue lymphatics [17, 36]; Like
LYVE-1, D2-40 (Podoplanin), which is an integrated
cytoplasm/cell membrane mucoprotein mainly expressed
in micro-LECs and lymphatic vessels and a relatively
high specificity marker for LECs and lymphatic vessels,

has now been used as value tools for the detection or
prediction of tumor lymphangiogenesis and lymph node
metastasis in human carcinomas [2, 13]; CK20, a type I
cytoskeletal protein located on chromosome 17q21.2,
have been known as a useful marker for detection of
lymphatic micrometastasis and circulating carcinoma
cells or for discrimination of the origin of metastatic tu-
mors of unknown primary location such as micrometas-
tasis in regional or sentinel lymph nodes and blood [29,
53, 54]. LMVD is the lymphatic microvessel density.
Quantification of LMVD in the tumor might also be im-
portant for the evaluation of lymphangiogennesis, occult
nodal metastasis (micrometastasis) and lymphatic metas-
tasis in human carcinomas [40, 50]. We previously de-
tected LYVE-1 expression, lymphatic microvessel and
LMVD in human colorectal cancers, and evaluated their
correlation with lymphangiogennesis, lymphatic metasta-
sis, VEGF-C, -D and VEGFR-3, and prognosis in pa-
tients with colorectal cancer [10, 11, 22]. As a soluble
VEGEFR-3 antibody, mF4-31C1 has been shown the antil-
ymphangiogenic activity for human LECs in vitro and
the anti-tumor lymphangiogennesis in vivo [23, 36]. So-
rafenib (Nexavar, a novel bi-aryl urea BAY 43-9006), is
an oral multikinase inhibitor that blocks tumor cell pro-
liferation and carcinogenesis by targeting the Raf/MEK/
ERK signaling pathway and exerts an antiangiogenic ef-
fect by targeting several receptor tyrosine kinases includ-
ing VEGEFR-2, VEGFR-3 and platelet-derived growth
factor receptor (PDGFR)-beta [37, 38]. Sorafenib has
been demonstrated potent antitumor activities in studies
in vitro, preclinical xenograft models of different tumor
cells including human colonic adenocarcinoma cells in
vivo and human clinical trials, has been clinically used
for patients with advanced hepatocellular carcinoma,
non-small-cell lung cancer, renal cancer and colonic
cancer and demonstrated an improved overall survival
in the patients [5, 44, 45]. Furthermore, Sorafenib has
been used to enhance the antitumor effects and to over-
come resistance by combination with chemoembolisa-
tion, chemoradiation and other antiangiogenic agents
with different action mechanisms [30, 42, 56]. In view of
the antilymphangiogenic activity of mF4-31C1 and the
antitumor angiogenic or lymphangiogenic effects
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Fig. 9 The expression of VEGF-A, VEGF-C, VEGF-D, VEGFR-2 and VEGFR-3 proteins/mRNAs of HCACCs and the co-culture system and the effect of
NCTD on expression of these proteins/ mRNAs by western blotting (a and b) and fluorescent quantitative RT-PCR (c and d) in vitro. a and b
Protein expression by western blotting: the expression of VEGF-C, VEGF-D and VEGFR-3 proteins of the co-culture system was higher than those
of alone HCACC culture (*P=0.001), but there was no difference on VEGF-A and VEGFR-2 expression between alone HCACC culture and the
co-culture system. After treatment with NCTD, mF4-31C1 or NCTD + mF4-31C1, the expression of VEGF-C, VEGF-D and VEGFR-3 proteins of the
co-culture system was downregulated significantly as compared to control group (all *P < 0.01), with lowest expression of these proteins in NCTD
+mMF4-31C1 group (*P < 0.01, vs. NCTD or mF4-31C1 group); whereas the expression of VEGF-A and VEGFR-2 proteins in NCTD or NCTD +
mF4-31C1 group was lower than those of control or mF4-31C1 group (*P < 0.01), but there was no difference on VEGF-A and VEGFR-2 expression
between control group and mF4-31C1 group, or between NCTD group and NCTD + mF4-31C1 group. ¢ and d mRNA expression by RT-PCR: the
expression of VEGF-C, VEGF-D and VEGFR-3 mRNAs of the co-culture system was higher than those of alone HCACC culture (*P=0.001); but there
was no difference on the expression VEGF-A and VEGFR-2 mRNAs between alone HCACC culture and the co-culture system. After treatment with
NCTD, mF4-31C1 or NCTD + mF4-31C1, the expression of VEGF-C, VEGF-D and VEGFR-3 mRNAs of the co-culture system was downregulated
significantly as compared to control group (all *P < 0.01), with lowest expression of these mRNAs in NCTD + mF4-31C1 group (*P < 001, vs. NCTD
or mF4-31C1 group); whereas the expression of VEGF-A and VEGFR-2 mRNAs in NCTD or NCTD + mF4-31C1 group was lower than those of
control or mF4-31C1 group (*P < 0.01), but there was no difference on the expression of VEGF-A and VEGFR-2 mRNAs between control group and

mF4-31C1 group, or between NCTD group and NCTD + mF4-31C1 group

J

(targeting several receptor tyrosine kinases, including
VEGFR-3) of Sorafenib, mF4-31C1 and Sorafenib were
chosen as the experimental controls in this study. The
results showed that NCTD, not only as mF4-31C1 in
vitro [14, 23, 26, 35], inhibited the lymphatic tube forma-
tion of the 3-D culture of HDLECs and the co-culture
system by suppressing proliferation, migration, invasion,
and inducing apoptosis, as Sorafenib in vivo [37, 38, 62],
inhibited tumor growth and lymphangiogennesis of in-
situ colonic xenografts with a prolonged survival time
(log-rank test, P = 0.026), but also downregulated the ex-
pression of LYVE-1, D2-40 and CK20 proteins/mRNAs,
decreased the LMVD numbers in the in-situ colonic xe-
nografts. Therefore, we believe that NCTD inhibits
tumor growth and lymphangiogennesis of HCACs.
Tumors promote lymphangiogenesis by multifactor
and complicated molecular mechanisms ie., secreting
molecules or cytokines such as lymphangiogenic growth
factors from tumor and/or stromal cells that stimulate
LEC growth and tumor lymphangiogennesis [20, 28, 37].
These lymphangiogenic growth factors and the regula-
tors contributing to lymphangiogenesis mainly include
VEGEF-C, VEGF-D and VEGFR-3 [20, 25, 28, 37, 39]. Re-
cently, VEGF-C, VEGF-D and their cognate receptor
VEGFR-3 located on LECs and the VEGF-C, -D/
VEGEFR-3 signaling pathway are believed to be the most
important lymphangiogenic growth factors and the most
pivotal mechanism underlying tumor lymphangiogenn-
esis [20, 25, 28, 37, 39]. VEGF-C or VEGF-D combines
with VEGFR-3 located on LECs, thereby promoting pro-
liferation of new lymphatic capillaries and tumor lym-
phangiogenesis via a series of intracellular signaling
pathways. Clinical trials have indicated that the expres-
sion of VEGF-C, VEGF-D or VEGFR-3 is associated with
lymph node metastasis and the poor prognosis of pa-
tients with cancer [10, 11, 22]. Relevant animal models
have confirmed that VEGF-C, VEGF-D or VEGFR-3
plays an important role in the regulation of tumor

lymphangiogenesis and lymph node metastasis. Activa-
tion of VEGF-C, -D/VEGEFR-3 axis increases motility
and invasiveness of LECs, promote formation of tumor
lymphangiogenesis [20, 28, 37, 46]. So, some targeted
strategies to block tumor lymphangiogenic pathways
such as VEGF-C, -D/VEGEFR-3 signaling pathway seem
to be attractive anticancer treatment strategys. It was re-
cently reported that Silencing Id-1 inhibits lymphangio-
genesis through downregulation of VEGF-C in oral
squamous cell carcinoma [6]; that liposomal honokiol
and deguelin suppresses tumor lymphangiogenesis and
lymphatic metastasis in xenograft tumor models by
downregulation of VEGEF-D both in vitro and in vivo [16,
52]; that blocking the expression of VEGFR-3 using
interference vector-based RNA interference inhibits
tumor growth of colorectal cancer [26]; that mF4-31C1
specifically inhibited both physiologically normal and
tumor VEGEF-C-enhanced lymphangiogenesis and new
lymphatic growth in a 3-D culture of LECs and a mouse
model of lymphatic regeneration by targeting VEGFR-3
[35]. Sorafenib blocked tumor proliferation and carcino-
genesis by targeting inhibition of multi-signal pathways
including VEGFR-3 [37, 38]. We lately reported NCTD,
as mF4-31C1, inhibited the lymphangiogenesis of human
LECs by simultaneously blocking VEGF-C, —-D/VEGFR-
3 pathways [23]. Actually, other than VEGF-C, VEGF-D
and VEGEFR-3, many other potent growth factors were
involved in tumor lymphangiogenesis, such as VEGF-A,
platelet-derived growth factor (PDGF), hepatocyte
growth factor (HGF), angiopoietin (Ang)-1, Ang-2,
insulin-like growth factor (IGF)-1 and basic fibroblast
growth factor (bFGF), cyclooxygenase-2 (COX-2), and
Slit2 [20, 24, 28, 32, 33, 37, 41, 46, 48, 57]. It is reported
that Slit2, as a potent lymphangiogenic factor, contrib-
utes to tumor lymphatic metastasis [57]; VEGF-A
treated lymphatic endothelial cell exhibited STAT3 acti-
vation in the nucleus, thereby enhancing lymphatic
endothelial cell migration and increased tube formation
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significantly downregulated as compared to control group (*P < 0.01,
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group was significantly lower than those of Sorafenib group or
NCTD group ("P < 0.05); but there was no difference on the
expression of these proteins between NCTD group and Sorafenib group.

b Fluorescent quantitative RT-PCR: the expression of VEGF-A, VEGF-C, VEGF-
D, VEGFR-2 and VEGFR-3 mRNAs in NCTD, Sorafenib, or NCTD + Sorafenib
group was significantly decreased as compared to control group (*P < 001,
P < 0001); whereas the expression of these mRNAs in NCTD + Sorafenib
group was significantly lower than those of Sorafenib group or NCTD
group (" < 005); but no difference on the expression of these MRNAs was
observed between NCTD group and Sorafenib group
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(63). Indeed, many other growth factors such as VEGF-
A, FGF-2, Ang-1, IGF-1 and HGF stimulate lymphangio-
genesis indirectly through VEGF-C, VEGF-D or VEGFR-
3 [20, 27, 28, 32, 33, 41, 48]. In the present experiments,
we detected the expression of VEGF-A, VEGF-C, VEGE-
D, VEGFR-2 and VEGEFR-3 via immunohistochemistry
staining, western blotting and RT-PCR. The results have
shown that NCTD not only downregulated the expres-
sion of VEGF-C, VEGF-D and VEGFR-3 proteins/
mRNAs but also inhibited the expression of VEGF-A
and VEGFR-2 proteins/mRNAs of the co-culture system
in vitro and the in-situ colonic xenografts in vivo; the
downregulation of VEGF-C, -D/VEGFR-3 and VEGF-A/
VEGER-2 by NCTD in combination with mF4-31C1/So-
rafenib can be enhanced. Thus, we believe that NCTD
inhibit tumor growth and lymphangiogenesis of the co-
culture system in vitro and the in-situ colonic xenografts
in vivo by simultaneously blocking VEGF-C, VEGF-D
and VEGFR-3 other than VEGF-A and VEGFR-2. Be-
cause there is a crosstalk between angiogenesis and lym-
phangiogenesis in tumor progression, we thus deduce
that NCTD inhibits tumor growth and lymphangiogen-
esis of HCACs, as mF4-31C1 or Sorafenib through dir-
ectly downregulating the VEGF-C, -D/VEGFR-3
signaling pathway, or similar to Sorafenib through indir-
ectly downregulating the VEGF-A/VEGFR-2 signaling
pathway. The present findings may be of importance to
explore the therapeutically strategy of NCTD as an antil-
ymphangiogenic agent for tumor lymphangiogenesis and
lymphatic metastasis.

Conclusions

Taken together, these results firstly show that NCTD in-
hibits the lymphatic tube formation of the co-culture sys-
tem of HT-29 cells and HDLECs in vitro, tumor growth
and lymphangiogenesis of the in-situ colonic xenografts in
vivo, NCTD inhibits tumor growth and lymphangiogen-
esis of HCACs via multiple or “multi-points priming”
mechanisms i.e. affecting proliferation, apoptosis, migra-
tion and invasion malignant phenotypes, inhibiting Ki-67
and Bcl-2 expression, inducing S-phase cell cycle arrest,
and directly downregulating VEGF-C, -D/VEGFR-3 and/
or indirectly downregulating VEGF-A/ VEGFR-2 signaling
pathways. The results strongly suggest that NCTD may
be a potential antilymphangiogenic agent for tumor lym-
phangiogenesis and can be explored for the prevention
and treatment of tumor lymphatic metastasis of HCACs.

Abbreviations

HCACs: Human colonic adenocarcinomas; LECs: Lymphatic endothelial cells;
HDLECs: Human dermal lymphatic endothelial cells; NCTD: Norcantharidin;
3-D culture: Three-dimensional culture; SABC: Streptomycin affinity biotin
complex; S-P: Streparidin-peroxidase; RT-PCR: Reverse transcription- polymerase
chain reaction; FCM: Flow cytometry; TEM: Transmission electron microscopy;
LYVE-1: Lymphatic vessel endothelial hyaluronan receptor-1; CK20: Cytokeratin



Li et al. BMC Cancer (2015) 15:527

20; LMVD: Lymphatic microvessel density; VEGF-A: VEGF-C, VEGF-D, VEGFR-2,
VEGFR-3, vascular endothelial growth factor-A, —C, =D, —receptor 2, 3.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

LXP, JW, SJJ, and FYZ designed the research, analyzed the data and wrote
the manuscript. JW and SJJ carried out in vitro experiments and 3-D culture
of the cells. LXP, JW and SJJ carried out in vivo experiments of the xenografts.
LZY, ZJT, SW, and ZW were responsible for the detection of the related markers,
and the observation of microscope and TEM, respectively. FYZ is the guarantor.
All authors have read and approved the final manuscript.

Acknowledgements
This work was supported by a grant from the National Nature Science
Foundation of China, No. 81072004.

Author details

'Department of Surgery, Tongji Hospital, Tongji University School of
Medicine, Tongji University, Shanghai 200065, People’s Republic of China.
’Department of Surgery, Shanghai Tenth People’s Hospital, Tongji University
School of Medicine, Shanghai 200072, People’s Republic of China.
3Department of Surgery, Dahui Hospital, Postgraduate on-the-job in 2011
Grade, Tongji University School of Medicine, Shanghai 200237, People’s
Republic of China.

Received: 6 April 2015 Accepted: 26 June 2015
Published online: 19 July 2015

References

1. An WW, Wang MW, Tashiro S|, Onodera S, Ikejima T. Mitogen-activated
protein kinase-dependent apoptosis in norcantharidin-treated A357-S2 cells
is proceeded by the activation of protein kinase C. Chin Med J.
2005;118:198-203.

2. Breiteneder-Geleff S, Soleiman A, Kowalski H, Horvat R, Amann G, Kriehuber
E, Diem K, Weninger W, Tschachler E, Alitalo K, Kerjaschki D. Angiosarcomas
express mixed endothelial phenotypes of blood and lymphatic capillaries:
podoplanin as a specific marker for lymphatic endothelium. Am J Pathol.
1999;154:385-94.

3. Chen YN, Chen JC, Yin SC, Wang GS, Tsauer W, Hsu SF, Hsu SL. Effector
mechanisms of norcantharidin-induced mitotic arrest and apoptosis in
human hepatoma cells. Int J Cancer. 2002;100:158-65.

4. Chen YJ, Tsai YM, Kuo CD, Ku KL, Shie HS, Liao HF. Norcantharidin is a
small-molecule synthetic compound with anti-angiogenesis effect. Life Sci.
2009;85:642-51.

5. Cheng AL, Kang YK Chen Z, Tsao CJ, Qin S, Kim JS, Luo R, Feng J, Ye S, Yang
TS, Xu J, Sun'Y, Liang H, Liu J, Wang J, Tak WY, Pan H, Burock K, Zou J, Voliotis
D, Guan Z. Efficacy and safety of Sorafenib in patients in the Asia-Pacific region
with advanced hepatocellular carcinoma: a phase Il randomized, double-blind,
placebo-controlled trial. Lancet Oncol. 2009;10:25-34.

6. Dong Z, Wei F, Zhou C, Sumida T, Hamakawa H, Hu Y, Liu S Silencing Id-1
inhibits lymphangiogenesis through down-regulation of VEGF-C in oral
squamous cell carcinoma. Oral Oncol. 2011;47:27-32.

7. Dong X, Zhao X, Xiao T, Tian H, Yun C. Endostar, a recombined humanized
endostatin, inhibits lymphangiogenesis and lymphatic metastasis of lewis
lung carcinoma xenograft in mice. Thorac Cardiovasc Surg. 2011;59:133-6.

8. Fan YZ Fu JY, Zhao ZM, Chen CQ. Effect of norcantharidin on proliferation
and invasion of human gallbladder carcinoma GBC-SD cells. World J
Gastroenterol. 2005;11:2431-7.

9. Fan YZ Fu JY, Zhao ZM, Chen CQ. Inhibitory effect of norcantharidin on the
growth of human gallbladder carcinoma GBC-SD cells in vitro. Hepatobil
Pancreat Dis Int. 2007;6:72-80.

10.  Fan YZ, Li GM, Huang GP, Li XP. Clinical significance of detection on
lymphatic microvessel, lymphatic microvessel density and vascular
endothelial growth factor-C in patients with colorectal carcinoma.
Zhonghua Wei Chang Wai Ke Za Zhi. 2006,9:477-82.

11. Fan YZ, Li GM, Huang GP, Li XP. Expression of vascular endothelial growth
factor-C, —D and their receptor-3 (VEGFR-3) in patients with colorectal
cancer and their clinicopathological value. Zhonghua Xiao Hua Za Zhi.
2006;26:739-43.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Page 21 of 22

Fan YZ, Zhao ZM, Fu JY, Chen CQ, Sun W. Norcantharidin inhibits growth of
human gallbladder carcinoma xenograft tumors in nude mice by inducing
apoptosis and blocking the cell cycle in vivo. Hepatobil Pancreat Dis Int.
2010,9:414-22.

Fogt F, Zimmerman RL, Ross HM, Daly T, Gausas RE. Identification of
lymphatic vessels in malignant, adenomatous and normal colonic mucosa
using the novel immunostain D2-40. Oncol Rep. 2004;11:47-50.

Guo B, Zhang Y, Luo G, Li L, Zhang J. Lentivirus-mediated small interfering
RNA targeting VEGF-C inhibited tumor lymphangiogenesis and growth in
breast carcinoma. Anat Rec (Hoboken). 2009;292:633-9.

Ho YP, To KK, Au-Yeung SC, Wang X, Lin G, Han X. Potential new antitumor
agents from an innovative combination of demethylcantharidin, a modified
traditional Chinese medicine, with a platinum moiety. J Med Chem.
2001;44:2065-8.

Hu J, Ye H, Fu A, Chen X, Wang Y, Chen X, Ye X, Xiao W, Duan X, Wei

Y, Chen L. Deguelin-an inhibitor to tumor lymphangiogenesis lymphatic
metastasis by downregulation of vascular endothelial cell growth factor-D
in lung tumor model. Int J Cancer. 2010;127:2455-66.

Jackson DG. Biology of the lymphatic marker LYVE-1 and applications in
research into lymphatic trafficking and lymphangiogenesis. APMIS.
2004;112:526-38.

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving
Bioscience Research Reporting: The ARRIVE Guidelines for Reporting Animal
Research. PLoS Biol. 2010,8(6):21000412.

Kok SH, Cheng SJ, Hong CY, Lee JJ, Lin SK, Kuo YS, Chiang CP, Kuo MY.
Norcantharidin-induced apoptosis in oral cancer cells is associated with an
increase of proapoptotic to antiapoptotic protein ratio. Cancer Lett.
2005;217:43-52.

Kowanetz M, Ferrara N. Vascular endothelial growth factor signaling
pathways: therapeutic perspective. Clin Cancer Res. 2006;12:5018-22.

Li JL, Cai YC, Liu XH, Xian LJ. Norcantharidin inhibits DNA replication and
induces apoptosis with the cleavage of initiation protein Cdc6 in HL-60
cells. Anticancer Drugs. 2006;17:307-14.

Li ZX, Zhang GF, Hu ZQ, Fan YZ. Expression of lymphatic vessel endothelial
hyaluronan receptor-1 in human colorectal cancer and its clinical
significance. Zhonghua Wei Chang Wai Ke Za Zhi. 2009;12:511-4.

Liu ZY, Qiu HO, Yuan XJ, Ni YY, Sun JJ, Jing W, Fan YZ. Suppression of
lymphangiogenesis in human lymphatic endothelial cells by simultaneously
blocking VEGF-C and -D/VEGFR-3 with norcantharidin. Int J Oncol.
2012;41:1762-72.

Liu H, Yang Y, Xiao J, LV'Y, Liu Y, Yang H, Zhao L. Inhibition of cyclooxygenase-
2 suppresses lymph node metastasis via VEGF-C. Anat Rec (Hoboken).
2009;292:1577-83.

Lohela M, Bry M, Tammela T, Alitalo K. VEGFs and receptors involved in
angiogenesis versus lymphangiogenesis. Curr Opin Cell Biol. 2009;21:154-65.
Lui Z, Ma Q, Wang X, Zhang Y. Inhibiting tumor growth of colorectal
cancer by blocking the expression of vascular endothelial growth factor
receptor 3 using interference vector-based RNA interference. Int J Mol
Med. 2010;25:59-64.

Luo Y, Liu L, Rogers D, Su W, Odaka Y, Zhou H, Chen W, Shen T, Alexander
JS, Huang S. Rapamycin inhibits lymphatic endothelial cell tube formation
by downregulating vascular endothelial growth factor receptor 3 protein
expression. Neoplasia 2012;14:228-37.

McColl BK, Loughran SJ, Davydova N, Stacker SA, Achen MG. Mechanisms of
lymphangiogenesis: targets for blocking the metastatic spread of cancer.
Curr Cancer Drug Targets. 2005;5:561-71.

Moll R, Zimbelmann R, Goldschmidt MD, Keith M, Laufer J, Kasper M, Koch
PJ, Franke WW. The human gene encoding cytokeratin 20 and its
expression during fetal development and in gastrointestinal carcinomas.
Differentiation. 1993:53:75-93.

Moreno Garcia V, Basu B, Molife LR, Kaye SB. Combining antiangiogenics to
overcome resistance: rationale and clinical experience. Clin Cancer Res.
2012;18:3750-61.

Nagahashi M, Ramachandran S, Rashid OM, Takabe K.
Lymphangiogenesis: a new player in cancer progression.

World J Gastroenterol. 2010;16:4003-12.

Nagy JA, Vasile E, Feng D, Sundberg C, Brown LF, Detmar MJ, Lawitts

JA, Benjamin L, Tan X, Manseau EJ, Dvorak AM, Dvorak HF. Vascular
permeability factor/vascular endothelial growth factor induces
lymphangiogenesis as well as angiogenesis. J Exp Med. 2002;
196:1497-506.



Li et al. BMC Cancer (2015) 15:527

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Okazaki H, Tokumaru S, Hanakawa Y, Shiraishi K, Shirakata Y, Dai X, Yang

L, Tohyama M, Hashimoto K, Sayama K. Nuclear translocation of
phosphorylated STAT3 regulates VEGF-A-induced lymphatic endothelial cell
migration and tube formation. Biochem Biophys Res Commun. 2011;412:441-5.
Peng F, Wei YQ, Tian L, Yang L, Zhao X, Lu Y, Mao YQ, Kan B, Lei S, Wang
GS, Jiang Y, Wang QR, Luo F, Zou LQ, Liu JY. Induction of apoptosis by
norcantharidin in human colorectal carcinoma cell lines: involvement of the
CD95 receptor/ligand. J Cancer Res Clin Oncol. 2002;128:223-30.

Pytowski B, Goldman J, Persaud K, Wu Y, Witte L, Hicklin DJ, Skobe

M, Boardman KC, Swartz MA. Complete and specific inhibition of adult
lymphatic regeneration by a novel VEGFR-3 neutralizing antibody. J Nat|
Cancer Inst. 2005,97:14-21.

Qiu XF, Yao SJ, Zhang SQ. Advances in the research on lymphangiogenesis
in carcinoma tissues. Oncol Lett. 2010;1:579-82.

Raica M, Ribatti D. Targeting tumor lymphangiogenesis: an update. Curr
Med Chem. 2010;17:698-708.

Ranieri G, Gadaleta-Caldarola G, Goffredo V, Patruno R, Mangia A, Rizzo A,
Sciorsci RL, Gadaleta CD. Sorafenib (BAY 43-9006) in hepatocellular
carcinoma patients: from discovery to clinical development. Curr Med
Chem. 2012;19:938-44.

Roskoski Jr R. VEGF receptor protein-tyrosine kinases: structure and
regulation. Biochem Biophys Res Commun. 2008;375:287-91.

Saad RS, Kordunsky L, Liu YL, Denning KL, Kandil HA, Silverman JF.
Lymphatic microvessel density as prognostic marker in colorectal cancer.
Mod Pathol. 2006;19:1317-23.

Scavelli C, Vacca A, Di Pietro G, Dammacco F, Ribatti D. Crosstalk between
angiogenesis and lymphangiogenesis in tumor progression. Leukemia.
2004;18:1054-8.

Sieghart W, Pinter M, Reisegger M, Mller C, Ba-Ssalamah A, Lammer J,
Peck-Radosavljevic M. Conventional transarterial chemoembolisation in
combination with sorafenib for patients with hepatocellularcarcinoma:

a pilot study. Eur Radiol. 2012;22:1214-23.

Sleeman JP, Thiele W. Tumor metastasis and the lymphatic vasculature. Int J
Cancer. 2009;125:2747-56.

Spigel DR, Burris HA, Greco FA, Shipley DL, Friedman EK, Waterhouse DM,
Whorf RC, Mitchell RB, Daniel DB, Zangmeister JBass JD, Hainsworth JD.
Randomized, double-blind, placebo- controlled, phase Il trial of sorafenib
and erlotinib or erlotinib alone in previously treated advanced non- small-
cell lung cancer. J Clin Oncol. 2011;29:2582-9.

Strumberg D. Sorafenib for the treatment of renal cancer. Expert Opin
Pharmacother. 2012;13:407-19.

Su JL, Yen CJ, Chen PS, Chuang SE, Hong CC, Kuo IH, Chen HY, Hung

MC, Kuo ML. The role of the VEGF-C/VEGFR-3 axis in cancer progression.
Br J Cancer. 2007;,96:541-5.

Sun JJ, Jing W, Ni YY, Yuan XJ, Zhou HH, Fan YZ. New model of in-situ
xenograft lymphangiogenesis by a human colonic adenocarcinoma cell line
in nude mice. Asian Pac J Cancer Prev. 2012;13:2823-8.

Vasudev NS, Reynolds AR. Anti-angiogenic therapy for cancer: current
progress, unresolved questions and future directions. Angiogenesis.
2014,17:471-94.

Wang GS. Medical uses of mylabris in ancient China and recent studies.

J Ethnopharmacol. 1989,26:147-62.

Wang J, Guo Y, Wang B, Bi J, Li K, Liang X, Chu H, Jiang H. Lymphatic
microvessel density and vascular endothelial growth factor-C and -D as
prognostic factors in breast cancer: a systematic review and meta-analysis
of the literature. Mol Biol Rep. 2012;39:11153-65.

Wang H, Sun W, Zhang WZ, Ge CY, Zhang JT, Liu ZY, Fan YZ. Inhibition of
tumor vasculogenic mimicry and prolongation of host survival in highly
aggressive gallbladder cancers by norcantharidin via blocking the ephrin
type a receptor 2/focal adhesion kinase/Paxillin signaling pathway. PLoS
One. 2014,9(5):€96882.

Wen J, Fu AF, Chen LJ, Xie XJ, Yang GL, Chen XC, Wang YS, Li J, Chen

P, Tang MH, Shao XM, Lu Y, Zhao X, Wei YQ: Liposomal honokiol inhibits
VEGF-D-induced lymphangiogenesis and metastasis in xenograft tumor
model. Int J Cancer 2009;124:2709-18.

Wijesuriya SR, Kuruppuarachchi KG, Weerasinghe A, Hewavisenthi J, Deen KI.

Detection of micrometastases in lymph nodes using reverse transcription
polymerase chain reaction (RT-PCR) for cytokeratin 20 (CK-20)-a pilot study.
Ceylon Med J. 2010;55:77-9.

Wong CS, Cheung MT, Ma BB, Pun Hui E, Chan AC, Chan CK, Lee KC, Cheuk
W, Lam MY, Wong MC, Chan CM, Chan JK, Chan AT. Isolated tumor cells

Page 22 of 22

and circulating CK20 mRNA in pNO colorectal cancer patients. Int J Surg
Pathol. 2008;16:119-26.

55. Wu LT, Chung JG, Chen JC, Tsauer W. Effect of norcantharidin on N-
acetyltransferase activity in HepG2 cells. Am J Chin Med. 2001,29:161-72.

56. Yadav A, Kumar B, Teknos TN, Kumar P. Sorafenib enhances the antitumor
effects of chemoradiation treatment by downregulating ERCC-1 and XRCC-1
DNA repair proteins. Mol Cancer Ther. 2011;10:1241-51.

57. Yang XM, Han HX, Sui F, Dai YM, Chen M, Geng JG. Slit-Robo signaling
mediates lymphangiogenesis and promotes tumor lymphatic metastasis.
Biochem Biophys Res Commun. 2010;396:571-7.

58. Yang EB, Tang WY, Zhang K, Cheng LY, Mack PO. Norcantharidin inhibits
growth of human HepG2 cell-transplanted tumor in nude mice and
prolongs host survival. Cancer Lett. 1997,117:93-8.

59. Vi SN, Wass J, Vincent P, lland H. Inhibitory effect of norcantharidin on K562
human myeloid leukemia cells in vitro. Leuk Res. 1991;15:883-6.

60. Yu CC Ko FY, Yu CS, Lin CC, Huang YP, Yang JS, Lin JP, Chung JG.
Norcantharidin triggers cell death and DNA damage through S-phase arrest
and ROS-modulated apoptotic pathways in TSGH 8301 human urinary bladder
carcinoma cells. Int J Oncol. 2012;41:1050-60.

61. Zhang JT, Fan YZ, Chen CQ, Zhao ZM, Sun W. Norcantharidin: a potential
antiangiogenic agent for gallbladder cancers in vitro and in vivo. Int J
Oncol. 2012;40:1501-14.

62. Zhang L, Ji Q, Liu X, Chen X, Chen Z Qiu Y, Sun J, Cai J, Zhu H, Li Q.
Norcantharidin inhibits tumor angiogenesis via blocking VEGFR2/MEK/ERK
signaling pathways. Cancer Sci. 2013;104:604-10.

63. Zhang JT, Sun W, Zhang WZ, Ge CY, Liu ZY, Zhao ZM, Lu XS, Fan YZ.
Norcantharidin inhibits tumor growth and vasculogenic mimicry of human
gallbladder carcinomas by suppression of the PI3-K/MMPs/Ln-5y* signaling
pathway. BMC Cancer. 2014;14:193.

64. Zwaans BM, Bielenberg DR: Potential therapeutic strategies for lymphatic
metastasis. Microvasc Res. 2007,74:145-58.

( 7
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
* Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at -
www.biomedcentral.com/submit ( BiolVed Central

- J




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell lines and cultures
	In-situ colonic xenograft assay and survival analysis in vivo
	Lymphangiogenic and lymphatic micrometastic assays of the in-situ colonic xenografts in vivo
	Lymphatic tube formation assay and lymphatic marker determination of HDLECs and co-culture in vitro
	Proliferation and proliferating marker Ki-67 assays in vitro
	Apoptosis and apoptotic gene Bcl-2 assays in vitro
	Migration assay in vitro
	Invasion assay in vitro
	Determination of VEGF-A, VEGF-C, VEGF-D, VEGFR-2, VEGFR-3 in vitro and in vivo
	Statistical analysis

	Results
	NCTD inhibits growth of the in-situ colonic xenografts in vivo
	NCTD inhibits tumor lymphangiogenesis and lymphatic micrometastasis of the in-situ colonic xenografts in vivo
	NCTD inhibits lymphatic tube formation of HDLECs and co-culture in vitro
	NCTD affects malignant phenotypes of HDLECs and co-culture in vitro
	NCTD downregulates expression of VEGF-A, VEGF-C, VEGF-D, VEGFR-2 and VEGFR-3 in vitro and in vivo

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



