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Abstract. Lymphatic metastasis is a poor prognostic factor 
in ovarian cancer, which correlates to the majority of cancer 
deaths. Matrix protein (MP) of vesicular stomatitis virus 
(VSV) exhibits potent antitumor and antiangiogenic activi-
ties through inducing apoptosis and inhibiting angiogenesis. 
In this study, the antitumor and antimetastatic effects of MP 
were further investigated. Wild-type SKOV3 (WT-SK) cells 
were successfully transfected with empty vector pcDNA3.1 
plasmid, or pcDNA3.1-VEGF-D recombinant plasmid to 
construct cell lines named EV-SK, and VEGFD-SK, respec-
tively. Inhibition of VEGFD-SK cell migration and invasion 
was detected by Transwell and wound healing assay. Then, 
lymphogenous metastatic model of ovarian cancer was estab-
lished by injecting VEGFD-SK cells subcutaneously into the 
left hindlimb claw pad of nude mice. The inducted apoptotic 
effect of MP on VEGFD-SK cells were assessed by flow 
analysis and Hoechst-33258 staining, respectively, in vitro. 
The in vivo antitumor and antiangiogenic activities of MP 
gene were evaluated with lymphogenous metastatic model 
of ovarian cancer. Tumor volume and lymphatic metastasis 

rates were measured. Lymphatic vessels were delineated using 
Evan's blue and LYVE-1 staining. Expression of VEGF-D 
and MMP-2 were evaluated by immunostaining. Apoptosis 
of tumor cells was analyzed by Hoechst-33258 staining. 
Mice bearing VEGFD-SK tumor cells displayed more rapid 
tumorigenesis, higher lymphogenous metastatic tendency and 
increased lymphatic vessel density compared with the mice 
bearing WT-SK or EV-SK cells. However, VEGF-D-enhanced 
metastasis was evidently reversed by MP. MP significantly 
reduced the invasion of VEGFD-SK cells, tumor volume, 
lymphatic metastasis rates and lymphatic vessel density 
compared with control groups (P<0.05), accompanied with 
down-expression of VEGF-D and MMP-2 and increased 
apoptosis. Our data indicate that MP has strong antitumor and 
antimetastatic abilities, and it may be a promising therapeutic 
strategy against the lymphatic metastasis of human ovarian 
cancer.

Introduction

Ovarian cancer is the deadliest malignancy of the female 
reproductive tract (1). The 5-year survival rate is >90% when 
the disease is limited to the ovary; however, it decreases to 
only 30% when the disease has extended (2). Lymphatic metas-
tasis is one of the prognostic parameters for ovarian cancer 
and may account for a majority of deaths (3-5). Patients with 
negative lymph nodes (LNs) survived significantly longer than 
those who had positive lymph nodes (6). Despite advances in 
surgical management and chemotherapy, lymphatic metastasis 
remains an obstacle in cancer therapy. Accordingly, control of 
lymph node metastasis is an important strategy for the treat-
ment of ovarian cancer.

The lymph-angiogenic growth factor, vascular endothe-
lial growth factor-D (VEGF-D) is involved in the growth of 
lymphatic vessels and promotion of lymph node metastasis 
(7,8). VEGF-D stimulates angiogenesis and lymphangiogen-
esis as well as accelerates tumor growth. It is essential for the 
development of lymphatic vessels within tumors, and therefore 
promotes metastatic spread of tumor cells via the lymphatic 
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route (9,10). In this study, we established a feasible high 
lymphogenous metastatic model using SKOV3 cells trans-
fected with pcDNA3.1-VEGF-D plasmid and then introduced 
it to experimental cancer therapy.

Vesicular stomatitis virus (VSV), a negative-stranded 
RNA rhabdovirus with a single genome that encodes five 
proteins (nucleoprotein N, phosphoprotein P, matrixprotein 
M, glycoprotein G, and polymerase L), can preferentially 
replicate in many types of tumor cells. Recent studies have 
demonstrated that matrix protein (MP) of VSV is capable of 
inducing apoptosis in the absence of other viral components 
in vitro mainly through inhibiting host gene expression at the 
level of transcription (11-14) and nucleocytoplasmic transport 
of host RNA and proteins (15,16). In addition, MP could cause 
inactivation of Akt, resulting in dominant inhibition of Akt/
protein kinase B signaling (17). Therefore, MP possesses 
potent antitumor and anti-angiogenesis properties in various 
tumors (18-20). It has also been observed abolishing ascites 
formation via inhibiting VEGF production (21). However, it is 
still unclear whether MP could effectively inhibit lymphangio-
genesis and node metastasis.

In this study, we tested the antitumor and antimetastasis effi-
cacy of a recombinant plasmid DNA carrying MP-cDNA in the 
lymphogenous metastatic model. Cationic liposomes were used 
as the gene delivery system. Our data demonstrated that VEGF-
D-enhanced lymphatic metastasis and lymphangiogenesis 
were reversed by MP. The expression of VEGF-D and matrix 
metalloproteinase-2 (MMP-2) were inhibited when treated with 
pVAX-MP liposome complex. Suppression of tumor growth 
and increase of apoptosis were also detected. MP may become 
a promising therapeutic strategy against lymph node metastasis 
of ovarian cancer without systemic toxic effects.

Materials and methods

Cell lines. Human epithelial serous cystadenocarcinoma cell 
line SKOV3 cells were obtained from the American Type 
Culture Collection (ATCC; Rockville, MD, USA), and cultured 
in RPMI-1640 medium (Gibco) supplemented with 10% fetal 
calf serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. 
Cells were maintained in a 37˚C humidified incubator with 5% 
CO2 atmosphere.

Establishment of VEGF-D overexpressing clonal line. 
VEGF-D cDNA was cloned from mouse ovarian cDNA library 
(Stratagene, La Jolla, CA, USA). The pcDNA3.1/VEGF-D was 
a gift from Dr Xinjiang Xie. The SKOV3 cells were transfected 
with either the recombinant pcDNA3.1/VEGF-D or pcDNA3.1 
(empty vector) as control. The transfected cells were cultured 
in G418 selection medium (400 µg/ml) for screening. G418-
resistant colonies which carried VEGF-D plasmid stably were 
re-useable for additional studies. Wild-type SKOV3 cells, 
SKOV3 cells transfected with pcDNA3.1 plasmid and SKOV3 
cells transfected with recombinant pcDNA3.1/VEGF-D 
plasmid were named as WT-SK, EV-SK, and VEGFD-SK 
cells, respectively.

RT-PCR. The total RNA was extracted by TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer's instructions. Expression of MP in vitro was confirmed 

with RT-PCR. The upstream and downstream primers for MP 
(GenBank accession no. EU917223.1) were: 5'-CGAAC 
GACCTACACCGAAC-3', and 5'-CCCTTCAGACCGAGA 
ATCTT-3', respectively. Expression of VEGF-D in vitro and 
in vivo were detected by RT-PCR. The primer sequences of 
VEGF-D were as follow: 5'-GCAAGCTTATGTATGGAGAA 
TGGGGAATG-3', and 5'-CGTCTAGATCAAGGGTTCTC 
CTGGCTG-3' (amplifies nucleotides 1,077  bp of mouse 
VEGF-D, Genbank accession no. GI6753873) (22). GAPDH 
was used as an internal control.

Preparations of plasmid liposome complexes. pVAX plasmid 
(Invitrogen, San Diego, CA, USA) encoded MP was constructed 
as previously described (23). pVAX without MP was used as 
control. The large-scale plasmid DNA was prepared using 
Endofree Plasmid Giga kit (Qiagen, Chatsworth, CA, USA). 
Cationic liposomes were gifts from Dr Chen and Professor Chen 
(State Key Laboratory of Biotherapy) (24). Plasmids and cationic 
liposomes were diluted in RPMI-1640 medium without serum 
or D5W (dextrose 5% in water), and left at room temperature for 
30 min. The pVAX liposome complexes were named pVAX:lip. 
The pVAX-MP liposome complexes were named pVAX-MP:lip.

Cell transfection and flow analysis. VEGFD-SK cells (2x105/
well) were seeded in 6-well dishes and incubated to 80% 
confluence. pVAX:lip (containing 2  µg/ml pVA plasmid) 
or pVAX-MP:lip (containing 2 µg/ml pVAX-MP plasmid) 
was prepared in 2 ml RPMI-1640 medium without serum. 
VEGFD-SK cells were incubated with the complexes for 6 h. 
Then, VEGFD-SK cells were supplemented with medium 
containing serum for further 48 h. Untreated VEGFD-SK cells 
were needed as control. Quantitative evaluation of apoptotic 
VEGFD-SK cells was performed by flow cytometric analysis 
after Annexin  V binding and propidium iodide staining 
(Invitrogen).

Transwell assay. Invasion inhibition was quantified with a 
Transwell invasions assay. The cells were harvested, seeded 
and transfected with plasmid complex for 48 h according to the 
above method. Matrigel invasion chambers (Millipore, 8 µm) 
were hydrated with serum-free media. The ovarian cancer cells 
were stained and counted by trypan blue. The cells (4x104) 
were resuspended with serum-free medium in the top of the 
chamber, and 72 h later fixed by with 4% neutral formalin. The 
chambers were stained with 0.1% crystal violet. The cells at the 
top of the Matrigel membrane were removed through washing 
in dH2O. The number of the invading cells on the lower surface 
was assessed by an inverted microscope (x100).

Wound healing assay. Monolayer wound healing assay was 
used to assess the role of pVAX-MP:lip in cell migration. The 
cells were transfected in 24-well culture plates for 48 h. Then, 
the cells were detached, resuspended and counted. The equal 
number of cells were cultured in each well of a 6-well culture 
dish. Twenty-four hours later, the monolayer was confluent. 
Parallel scratch wounds with similar widths were created on 
the monolayer with 100 µm micropipette tip. Migration of cells 
into the wound was observed using phase contrast microscopy 
(x100). Cells that migrated into the wounded area or cells 
with extended protrusions from the border of the wound were 
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photographed every 6 h. The status of wound closure was 
evaluated by inverted microscope.

Tumor models. Athymic nude mice (BALB/c, 6-8-week-old, 
non-fertile, 18-20 g) were purchased from Sichuan University 
Animal Center, and were maintained in pathogen-free 
conditions with sterile chow. The nude mice were randomly 
assigned to three groups (six mice /group). WT-SK, EV-SK, 
VEGFD-SK cells were injected subcutaneously with 2x106 
cells into the left hind paws of mice respectively (25). The 
tumor volume was determined by the following formula: 
tumor volume (mm3) = 0.52 x length (mm) x width (mm) x 
height (mm). All the animal experiments were approved by 
the Institute's Animal Care and Use Committee.

Therapy for VEGF-D-enhanced metastasis. Seven days 
following VEGFD-SK cells inoculation, the tumors in the 
left hind paws of mice were visible. Systemic therapy was 
initiated. The tumor-bearing mice were injected i.v. with the 
corresponding reagent at 5-day intervals for a total of five times 
(six mice/group): i) pVAX:lip group: mice were treated with 
50 µg pVAX/150 µg liposome complexes (volume = 200 µl); 
ii) pVAX-MP:lip group: mice received 50 µg pVAX‑MP/150 µg 
liposome complexes.

Evan's blue visualization of lymph vessels. When tumors 
in foot grew to ~1 cm in diameter, Evan's blue (5 mg/ml) 
was infused subcutaneously into the tumor tissue areas until 
lymph vessel (LV) draining to the popliteal lymph nodes 
were marked, and lymphatic network images were obtained.

Metastasis rates. The volume of local tumors, number and 
the location of metastasis in the lymph nodes were assessed. 
Specimens were fixed in 10% formalin for examination of 
hematoxylin and eosin (H&E). Metastasis rates in the three 
barrier LNs, including popliteal space, parailiac, and renal 
hilum LNs in the drainage routes from footpad tumors were 
assessed, and metastasis rate was expressed as a ratio of meta-
static lymph nodes counts out of the total number of lymph 
nodes in each barrier.

Immunohistochemistry. Deparaffinized sections were 
immersed in 0.01 M citrate buffer and heated in an autoclave. 
Endogenous peroxidase activity was quenched in 3% hydrogen 
peroxide. Non-specific binding sites were blocked with homeo-
typic non-immunoglobulin of the secondary antibody at 37˚C. 
VEGF-D antibody (Boster Biomart, CN, USA) was used at a 
dilution of 1:100. MMP-2 antibody (Santa Cruz Biotechnology, 
CA, USA) was used as primary antibody at a dilution of 
1:100. Sections were incubated with the primary antibody at 
4˚C overnight, biotinylated secondary antibody at 37˚C, and 
streptavidin-biotin-peroxidase complex (SABC) sequentially. 
The immunoreactions were visualized with diaminobenzidine 
(DAB) solution and the crimson yellow precipitates were identi-
fied as positive staining. Counterstaining was performed with 
hematoxylin.

Estimation of VEGF-D and MMP-2 staining. The levels of 
VEGF-D and MMP-2 staining were classified into four grades: 
±  (<25% of cells), meaning absent or very weak staining; 

+  (25-50% of cells), weak staining; ++ (50-75% of cells), 
moderate staining; and +++ (>75% of cells), strong staining. 
Faint or equivocal immunoreactions were scored as negative.

Computer-assisted morphometric analysis. Human lymphatic 
vessel endothelial hyaluronan receptor-1 (LYVE-1) antibody 
(Santa Cruz) was performed to identify lymphatic microves-
sels at local tumor tissues. Lymphatic microvessel counting 
was performed at high-power field (HPF) (x400), and 
measured using computer assisted morphometric analysis. 
Five high-power fields with abundant lymphatic sprout and 
highest lymphatic vessel density (LVD) were identified and 
captured by Spot digital camera. Parameters were evaluated 
using IP-Lab computer aided image analysis software.

Apoptosis analysis. Qualitative apoptosis was determined by 
Hoechst-33258 compounds (Sigma) according to the manu-
facturer's instructions. Condensed chromatin or fragmented 
nuclei emitting intense blue fluorescence were classified as 
apoptotic cells.

Toxicology analysis. The relevant indexes such as weight loss, 
skin, behavior and feeding were evaluated. The weight of mice 
was measured every four days. When the mice were sacrificed, 
tissues and organs (including lung, brain, liver, kidney, heart, 
pancreas and spleen) were fixed. The sections were evaluated 
with H&E.

Statistical analysis. Statistical calculations were carried out 
using StatView statistical software version 8.2 (SAS Institute, 
Cary, N.C., USA). The χ2 test was used to analyze the lymphatic 
metastasis rates. Differences in tumor volumes, LVD and apop-
tosis index were assessed with analysis of variance (ANOVA). 
All results were expressed as means ± standard deviation (SD). 
P<0.05 was considered statistically significant.

Results

Expression of MP in vitro. RT-PCR analysis was employed to 
verify whether transfection of pVAX-MP:lip could result in an 
evidently improved expression level of MP in ovarian cancer 
cells. High expression of MP was detected in cells transfected 
with pVAX-MP:lip. GAPDH served as the internal positive 
control (Fig. 1A).

Expression of VEGF-D in vitro and in vivo. VEGF-D expression 
in vitro was evaluated using RT-PCR (Fig. 1B). Overexpression 
of VEGF-D mRNA was recognized in VEGFD-SK cells, but 
not in WT-SK and EV-SK cells. However, the overexpression of 
VEGF-D was inhibited in pVAX-MP:lip-treated VEGFD-SK 
cells. This expression of VEGF-D did not decrease obviously 
when VEGFD-SK cells were treated with pVAX:lip. VEGF-D 
expression in vivo was detected by RT-PCR and immunohis-
tochemistry (Fig. 1C and D). As expected, overexpression of 
VEGF-D mRNA was confirmed in VEGFD-SK group. The 
expression of VEGF-D was suppressed when mice were treated 
with pVAX-MP:lip. However, the expression of VEGF-D was 
still obvious in the pVAX:lip group. VEGF-D protein in vivo 
was also evaluated with immunohistochemistry. Our data 
showed only very weak staining (±) for VEGF-D protein in 
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WT-SK and EV-SK tumor tissues (Fig. 1D); however, tumors 
in VEGFD-SK group showed much stronger staining (+++) 
compared with tumors in the WT-SK or EV-ST groups, which 
indicated the overexpression of VEGF-D in VEGFD-SK 
tumors. Whereas, nearly negative staining was observed in 
tumors of pVAX-MP:lip group. Local tumors also exhibited 
VEGF-D staining obviously in pVAX:lip group.

Apoptosis of VEGFD-SK cells in vitro. pVAX-MP:lip-treated 
VEGFD-SK cells resulted in morphological changes charac-
terized as apoptosis using Hoechst-33258 staining (Fig. 1E): 
a brightly fluorescent condensed nuclei and apoptotic bodies. 
However, these changes rarely occurred in pVAX:lip-treated 
or untreated VEGFD-SK cells. A quantitative comparison of 
apoptotic VEGFD-SK cells in vitro was carried out to eval-
uate the action of pVAX-MP using flow-cytometric analysis 
(Fig. 1F). Treatment with pVAX-MP significantly increased 
the populations of Annexin V-positive cells (apoptotic cells) in 
the right quadrants of flow cytometry graphs compared with 
empty vector and untreated group.

Inhibition of cell invasion and migration induced by pVAX-
MP:lip in vitro. Wound healing assay was used to analyze 

the migration of the cells. The cells in the VEGFD-SK group 
were nearly closed, demonstrating increased migration in 
VEGFD-SK group. However, the wound widths in the pVAX-
MP:lip group was wider than that in VEGFD-SK or pVAX:lip 
group, indicationg the significant effect of MP on cell migration 
(Fig. 2A). VEGFD-SK cells had much high migration ability, 
but pVAX-MP:lip group had the lowest migration tendency in 
wound healing assay (Fig. 2C) (P<0.05 WT-SK group versus 
VEGFD-SK group; P<0.05 pVAX-lip group versus pVAX:lip 
group).

The monolayer Transwell assays were performed to explore 
the role of MP in VEGFD-SK cell invasion. Consistent with 
the results of the wound healing assay, the number of invading 
cells in the VEGFD-SK group was increased compared with 
WT-SK or EV-SK group. While the number of invading cells 
in the pVAX-MP:lip group was clearly lower than that in the 
pVAX:lip group (Fig. 2B).

Tumor growth. Tumor volume was measured consecutively. As 
shown in Fig. 3, VEGFD-SK group has a faster growth rate  
of tumor compared with WT-SK, EV-SK groups. The tumor 
in VEGFD-SK group exhibited fast tumor formation and 
growth, similar to the tumor progression in pVAX:lip group. 

Figure 1. RT-PCR and apoptotic effect on VEGFD-SK cells. (A) RT-PCR analysis of expression of MP in vitro. High expression of MP in VEGFD-SK cells 
transfected with pVAX-MP:lip was detected (1,036 bp). GAPDH was used for the internal standard. The displaying panel of electrophoretic image presents the 
following: DNA ladder marker (a), WT-SK (b), EV-SK (c), VEGFD-SK (d), pVAX:lip (e), and pVAX-MP:lip (f), respectively. (B) Overexpression of VEGF-D 
using RT-PCR could be detected in VEGFD-SK cells, but not in WT-SK and EV-SK cells (1,077 bp). However, the VEGF-D expression was suppressed 
when VEGFD-SK cells suffered from pVAX-MP:lip. The overexpression of VEGF-D did not decreased obviously when VEGFD-SK cells were treated 
with pVA. (C) VEGF-D expression in vivo was analysis by RT-PCR. (D) The expression of VEGF-D in vivo was determined with immunohistochemistry 
using VEGF-D antibody: VEGFD-SK tumors were detected with much stronger staining. Whereas, the VEGFD-SK tumors in pVAX-MP:lip group present 
nearly negative staining. Tumors in pVAX:lip group also exhibited strong staining. Very weak VEGF-D protein was observed in WT-SK and EV-SK tumors. 
(E) Hoechst-33258 stained fluorescence microscopy (x200) in vitro: apoptosis cells were observed apparently when the VEGFD-SK cells were treated with 
pVAX-MP:lip (arrow). (F) A quantitative comparison of apoptotic cells was carried out by flow analysis stained with Annexin V-FITC and propidium iodide: 
pVAX-MP significantly increased VEGFD-SK cells apoptosis compared with the controls.
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However, tumorigenesis and growth in pVAX-MP:lip group 
was extremely suppressed after treatment with pVAX-MP:lip 
(P<0.05 versus any other group).

Evan's blue in vivo visualization and microscopic lymphatic 
vessel density. Lymphangiogenesis were evaluated with 
lymphangiogram stained by Evan's blue (Fig. 4A, top panel) as 
well as LVD stained by LYVE-1 (Fig. 4A, middle panel). The 
staining revealed few LVs draining Evan's blue detected in the 
WT-SK and EV-SK groups. Twisted peritumoral blue LVs with 
dilated sprout clumps emerged around tumors in VEGFD-SK 
and pVAX:lip groups (arrow, blue lymphatic vessels), but no 
visible LVs were seen in pVAX-MP:lip group. Anti-LYVE-1 
immunostaining showed that there were some LVs in WT-SK 
and EV-SK groups, especially sparse LVs in pVAX-MP:lip 
group. However, rich nascent lymphatic microvessels with 
dilated lumina were present in VEGFD-SK and pVAX:lip 
group. The tumor tissues in VEGFD-SK (107.6±20.23) and 
pVAX:lip (103.4±17.86) groups displayed overt enhancement 

Figure 2. Inhibition of cell invasion and migration induced by pVAX-MP:lip in vitro. (A) Wound healing analysis of migration. The cell motility was enhanced 
in the VEGFD-SK group. However, the cell motility was decreased in the pVAX-MP:lip group: the wound widths in the pVAX-MP:lip group was wider than 
in VEGFD-SK or pVAX:lip group. (B) Transwell assay was performed to evaluate cell invasion. Migratory capacity was increased in VEGFD-SK cells (x100). 
The number of invading cells in the VEGFD-SK group was increased compared with other groups. While the numbers of invading cells in the pVAX-MP:lip 
groups were obviously lower than in the pVAX:lip group (x100). (C) VEGFD-SK cells had much high migration ability, but pVAX-MP:lip group had the lowest 
migration tendency in the wound healing assay (*P<0.05 WT-SK group versus VEGFD-SK group; **P<0.05 pVAX-lip group versus pVAX:lip group).

Figure 3. Tumor growth in nude mice. The graphs indicate that tumor volume 
in VEGFD-SK group was larger than it in WT-SK and EV-SK groups. 
However, the tumor growth in pVAXMP:lip group is extremely suppressed 
after systemic treatment (P<0.05 versus any other group). The pVAX:lip 
group also exhibited faster tumor growth.
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of LVD compared with the LVD of WT-SK (23.9±7.75) and 
EV-SK (36.7±7.87) groups, whereas pVAX-MP:lip group 
showed a tendency of reduction of LVD (10.1±7.77). Data of the 
microvessels with five high-power fields (HPF) are represented 
as the mean ± SD (Fig. 4B) (*P<0.05 versus any other group).

pVAX-MP:lip reversed high metastasis induced by VEGF-D. 
Histopathological assay showed that clumpy deposits of 
metastatic growth had occupied almost entire lymph nodes 
in VEGFD-SK and pVAX:lip groups (arrow, tumor cells in 
lymph node), but very few or no metastasis was established in 
pVAX-MP:lip group (Fig. 4A, bottom panel). The metastasis 
comparison for tumor-draining lymph nodes showed that 

VEGFD-SK and pVAX:lip groups had a much higher metas-
tasis tendency than other groups. The enhanced metastasis of 
multilevel lymph nodes induced by VEGF-D were evidently 
reversed after the pVAX-MP:lip administration, with zero 
metastasis in renal hilum LNs of pVAX-MP:lip group. Rate of 
metastasis comparisons were expressed as the number of meta-
static lymph node counts out of the total lymph nodes of each 
barrier among the five groups, according to the three‑step barrier 
LNs (Fig. 4C), namely, barrier one popliteal LNs (WT-SK, 
25.2±10.7%; EV-SK, 23.7±10.9%; VEGFD-SK, 86.1±13.7%; 
pVAX:lip, 80.28±15.29%; pVAX-MP:lip, 7.5±10.7%); barrier 
two parailiac LNs (WT-SK, 15.6±10.1%; EV-SK, 22.5±10.3%; 
VEGFD-SK, 76.4±18.3%; pVAX:lip, 75.83±21.3%; pVAX-

Figure 4. Qualitative and quantitative analyses of LVD and metastasis rate of LNs. (A) Top panel, qualitative LV was evaluated by Even's blue lymphangiogram. 
There are dilated LVs around tumors in VEGFD-SK and pVAX:lip groups (arrow, blue lymphatic vessels). Nearly no visible LVs were seen when VEGFD-SK 
tumors were treated with pVAX-MP:lip. A few of LVs appeared in the WT-SK and EV-SK groups. Middle panel, LYVE-1 staining shows that rich nascent LVs 
present in VEGFD-SK and pVAX:lip group. However, very few LVs appear in pVAX-MP:lip group. Sparse LVs in WT-SK and EV-SK groups were detected. 
Bottom panel, microscopic images show that clumpy deposits of metastatic growth have occupied almost entire the LNs tissues in VEGFD-SK and pVAX:lip 
groups, but very few metastasis was established in pVAX-MP:lip group. (B) Quantitative analyses of LVD were calculated by LYVE-1 staining. Tumor in 
VEGFD-SK and pVAX:lip groups displayed increased LVD compared with tumor in WT-SK and EV-SK groups. However, pVAX-MP:lip group show obvi-
ously reductions in LVD (*P<0.05 versus WT-SK and EV-SK groups respectively). (C) The comparison of metastasis rates in tumor-draining LNs show that 
VEGFD-SK and pVAX:lip groups have a much higher metastasis tendency than other groups (arrow, tumor cells in lymph node). The VEGF-D-enhanced 
metastases to multilevel LNs were evidently reversed after the pVAX-MP:lip administration (*P<0.05 versus other groups).
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MP:lip, 0); and barier three renal hilum LNs (WT-SK, 6.7±2.5%; 
EV-SK, 14.2±9.42%; VEGFD-SK, 48.7±15.6%; pVAX:lip, 
44.72±13.14%; pVAX-MP:lip, 0). VEGFD-SK group had much 
higher metastasis tendency in each barrier, but pVAX-MP:lip 
group had the lowest or zero metastasis tendency (P<0.05).

Expression of MMP-2. The microscopic column showed 
expression of MMP-2 of local tumor in different groups (Fig. 5, 
top panel). In comparison with the weak stromal staining (+) 
in WT-SK group and EV-SK group, >90% tumor cells and 
stroma of VEGFD-SK group showed much stronger staining 
for MMP-2 (+++). The pVAX:lip group exhibited deep MMP-2 
staining, especially in part of tumor cells (++); whereas the 
pVAX-MP:lip group showed slight MMP-2 staining.

Apoptosis of tumor cells in vivo. Microscopic fluorescence 
images showed apoptotic cells of tumor tissues in different 
groups by Hoechst-33258 staining (Fig.  5, middle panel). 
Apoptosis index of VEGFD-SK tumors (3.9±1.7) was much 
lower than that of any other group (Fig. 5, bottom panel). No 
appreciable differences were observed between WT-SK group 
(7.3±2.68) and EV-SK group (8.28±2.31). Lower apoptosis 
index was also observed in pVAX:lip group (5.571±0.903). 
Whereas, higher apoptosis index was only detected after the 

pVAX-MP:lip administration (21.875±4.01, P<0.05 versus any 
other group).

Safety. No significant differences in the weight of mice were 
found among the five groups (P>0.05) (Fig.  6). No gross 

Figure 5. Expression of MMP-2 and comparisons of apoptotic indexes among different groups. Top panel, there was much stronger MMP-2 staining in tumor 
tissue of VEGFD-SK group compared with the weak staining in WT-SK group and EV-SK group. The pVAX:lip group also exhibited deep MMP-2 staining; 
whereas the pVAX-MP:lip group showed negative MMP-2 staining. Middle panel, microscopic fluorescence images show apoptotic cells of tumor tissues of 
different groups by Hoechst-33258 staining. VEGFD-SK tumor tissue manifested a few apoptosis of tumor cells; whereas pVAX-MP:lip group tumor tissue 
revealed a significant enhancement in apoptosis of tumor cells (arrow, apoptotic cell). However, no appreciable difference was observed between WT-SK group 
and EV-SK group. Bottom panel, VEGFD-SK group tumor tissue manifested a significant suppression of apoptotic tumor cells in contrast to other groups. 
Whereas higher apoptosis index was observed after the pVAX-MP:lip administration (*P<0.05 versus other groups).

Figure 6. Mouse weight. No significant differences in mouse weight was 
found among the five groups (P>0.05).
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abnormalities were detected in this study. Additionally, toxic 
reaction was confirmed by H&E staining. The results indicated 
that there were no significant pathologic alterations in major 
organs among the five groups (data not shown).

Discussion

Ovarian cancer has the highest mortality rate of the malignan-
cies of the female reproductive tract. Lymph node metastasis is 
a major prognostic factor in ovarian cancer. However, there is 
no feasible therapeutic strategy against lymphatic metastasis of 
ovarian cancer at present.

Metastasis to lymph nodes via lymphatic vessels is a 
common step in the dissemination of ovarian cancer. Although 
the molecular mechanisms of how lymphangiogenesis facili-
tates metastasis remains unclear, research has suggested that 
VEGF-D is associated with lymphangiogenesis-induced 
tumor metastasis to lymph node by stimulating LV prolif-
eration and increasing the diameter and number of LVs (26). 
Lymphangiogenesis can exist in the tumor mass and proliferate 
rapidly in the presence of VEGF-D. With increasing numbers of 
LVs, as passage for tumor cells, the overexpression of VEGF-D 
further encourages lymphatic metastasis. It has been reported 
that high expression of VEGF-D results in accelerated tumor 
growth and develops metastasis via the lymphatic vessels (9,10). 
In this study, we prepared a lymph node metastatic mouse 
model using SKOV3 transfected with recombinant pcDNA3.1/
VEGF-D plasmid. Strong positive expression of VEGF-D in 
SKOV3 tumor cells were detected both in vitro and in vivo. 
In addition, our study showed high expression of MMP-2 in 
agreement with the overexpression of VEGF-D, which might 
be associated with easy and high metastasis of tumor cells via 
LVs (27,28).

At present, therapeutic intervention by neutralization of 
VEGF-D has become a promising approach for the treatment of 
malignant diseases (29). Recent studies have indicated soluble 
VEGFR-3 protein or monoclonal antibodies which could 
block the VEGF-D pathways have been used as a potentially 
biotherapeutic agent for inhibition of metastatic spread and 
collapse of tumor vessels (9,30,31). High-level expression of 
VEGF-D could induce invasive and metastatic behaviors, while 
lymphangiogenesis and lymphatic metastasis were inhibited by 
knock-down of VEGF-D (32).

MP is capable of inducing apoptosis via inhibiting host 
gene expression (11-14), nucleocytoplasmic transport of host 
RNA and proteins (15,16) as well as inactivation of Akt (17).

It has been reported to possess potent antitumor and 
anti-angiogenesis properties (18-20). However, whether MP 
could play a suppressive role in lymphatic metastasis remains 
unclear. In this study, the antitumor and antimetastasis effi-
cacy of a recombinant plasmid DNA carrying MP-cDNA in 
the lymphogenous metastatic model was tested. MP showed 
anti-lymphangiogenic and anti-lymphatic metastasic properties 
efficiently by analysis of lymphography, LVD, and pelvic lymph 
node metastasis rates in mice. VEGF-D-enhanced metastasis 
to multilevel lymph nodes in ovarian carcinoma were evidently 
reversed after administration with pVAX-MP:lip. It is espe-
cially worth noting that the nodal metastasis in pVAX-MP:lip 
group was evidently blockaded and there is zero metastasis in 
parailiac and renal hilum LNs. Moreover, MP exhibited potent 

antitumor efficiency, and resulted in more than 80% inhibition 
in tumor volume compared with empty vector.

Tumor progression and metastasis is a complex process 
involving multiple cellular steps and mechanisms. To elucidate 
the possible mechanism underlying the antitumor and antimet-
astatic property of MP, expression of VEGF-D was evaluated. 
Overexpression of VEGF-D was observed in the VEGFD-SK 
cells. However, the expression of the exogenous VEGF-D was 
decreased obviously when interfered with MP. Some evidence 
has demonstrated that lymphangiogenesis of sprout plays a 
significant role in cancer progression and prognosis (33-36). In 
this study, the high-LVD induced by VEGF-D was declined 
significantly after MP administration.

Lymphangiogenesis is the result of the synergy of many 
factors such as tumor and VEGF-D. MP not only reduces 
VEGF-D, but also induce tumor cell apoptosis. Therefore, in 
our study, the reduction of lymphangiogenesis is more obvious 
than the repression of VEGF-D with the impact of MP.

Stimulation of motility and invasiveness represent key steps 
in the process of metastasis by both vascular and lymphatic 
routes. In vitro approaches including migration and invasion 
assays for tumor cells revealed that anti-lymphatic metastasis 
role of MP in ovarian cancer might be related to the suppression 
of invasion and migration. Expression of MMP-2 is associated 
with invasive and metastatic behavior (37-39). MMP-2 has the 
ability to degrade type IV collagen in the basement membrane, 
and thus has an important influence in tumor progression. In 
this study, transfection of VEGF-D resulted in upregulation 
of MMP-2. However, inhibition of MMP-2 expression by MP 
was observed distinctly in VEGFD-SK ovarian cancer. A 
significant suppression of apoptotic tumor cells was observed 
in VEGFD-SK ovarian carcinoma, but MP could result in 
significant apoptotic tumor cells by apoptosis assays in vitro 
and in vivo. Our data are consistent with the previously reported 
mechanism that MP could induce cytopathogenesis (18,19,23).

Tumor size has been regarded as a stimulating factor of 
nodal invasion (40-42). It may be partly attributed to high inter-
stitial pressure as the results of few numbers of lymph vessels, 
and of the worse microenvironment for tumor metastasis 
resulting from inhibition of MMP-2 expression. We observed 
that tumor growth was stimulated by the increased expression 
of VEGF-D. The enhanced tumor growth was inhibited by 
MP therapy. Angiogenesis is necessary in tumor growth and 
metastasis because the blood vessels supply malignant cells 
with sufficient oxygen and nutrients. In the previous study, anti-
angiogenesis effect of MP has been confirmed. MP can inhibit 
formation of neovascularization and induce mouse pancreatic 
islet endothelial cell (MS1 cell line) apoptosis (18). Similar 
effect was observed in our research (data not show). It may be 
another reason for the low lymphatic metastasis rate in pVAX-
MP:lip group.

The reversal of metastasis might be due to: i) MP signifi-
cantly suppressed the growth and metastasis potential of the 
local tumor; ii) MP significantly suppressed VEGF-D-induced 
lymphatic sprouting; iii) MP directly inhibited the growth of 
nodal metastasis. Further studies are still necessary to elucidate 
the precise mechanisms of anti-lymph node metastasis and 
antitumor effect of MP.

In conclusion, VEGF-D promoted tumor metastasis via 
lymph system in the mouse model. The overexpression of 
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VEGF-D, VEGF-D-enhanced cell invasion, migration, lymph 
node metastasis and lymphangiogenesis of ovarian carcinoma 
could be reversed by MP. Inhibition of tumor growth and 
suppression of MMP-2 expression were detected. Our results 
may provide a potentially effective therapeutic strategy against 
human lymphatic metastasis of advanced ovarian cancer 
without systemic toxic effects.
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