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Abstract
Vascular endothelial growth factor C (VEGF-C) is known to stimulate growth of endothelial cells to form tumor-associated lymphatics, which leads to the migration of tumor cells to distant places. However, the function of
VEGF-C is not limited to lymph angiogenesis only. VEGF-C is produced by breast cancer cells and binds to the
receptors present on them and to lymphatic endothelial cells. The binding of VEGF-C to its receptors on a cancer
cell is referred to as autocrine signaling. This ligand-receptor binding, activates a cascade of events that are different from angiogenesis. Moreover, autocrine transmission of signals may facilitate the growth, migration, and drug
sensitivity of cancer cells, including the malignancy of the breast. In this study, we investigated the effect of inhibition
of VEGF-C gene expression via RNAi. A vector-based siRNA was constructed and transfected into breast cancer cell
line MDA-MB-231. VEGF-C gene expression was analyzed via RT-PCR. In vitro proliferation, soft agar colony formation, and scratch healing assays were performed. A relative decrease in VEGF-C gene expression observed in transfected cells indicated the silencing effect of shRNA. Due to unavailability of VEGF-C protein, the replicative potential
of cancer cells decreased. No colonies on soft agar formed by these tumor cells were observed, which explains their
incapability of being anchorage independent. Similarly, scratch healing and 3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay showed a non-migratory and drug-sensitive nature of the transfected cells. All our
results indicate that abundance of VEGF-C in tumor microenvironment will affect various non-angiogenic cell
functions such as proliferation, migration, colonization, and chemoresistance.
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Introduction
Metastasis to regional lymph nodes and distant organs such as bones or lungs associated with breast cancer is a major cause of mortality (Eccles et al., 2007).
The factors contributing to metastasis are molecular
aberrations occurring within both the tumor cells and
the tumor microenvironment. In short, the process comprises detachment of tumor cells from their primary site
of location, invasion into the tumor stroma, intravasation
into adjacent blood vessels or lymphatics, survival in the
bloodstream, extravasation into and colonization of the
target organ, and, finally, metastatic outgrowth (Gupta

and Massagué, 2006). Certain studies have suggested
the presence of intra-tumoral and peritumoral lymphatics supporting the findings that the development of lymphatics is restored during carcinogenesis (Chaffer and
Weinberg, 2011) which is crucial in systemic dissemination (Nguyen et al., 2009). Various studies highlighted
the role of vascular endothelial growth factor C (VEGF-C)
as a major prolymphangiogenic player (Su et al., 2006).
The binding of VEGF-C and vascular endothelial growth
factor receptor-3 (VEGF-CR-3) stimulates proliferation
and migration of lymphatic endothelial cells and, in turn,
augments the assembly of new lymphatic vessels. The
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activation of VEGF-CR-3 not only stimulates proliferation
of tumor cells but also inhibits apoptosis and decreases
the sensitivity to chemotherapeutic drug by increasing
the Bcl-2/ Bax ratio (Nguyen et al., 2009; Mohammed
et al., 2009). This can be attributed to the expression and
activation of other receptors such as VEGF-CR-2, Neuropilin-1 and 2 on tumor cells (Timoshenko et al., 2007).
These observations suggest that in addition to the major
lymphangiogenic function, VEGF-C may contribute as an
autocrine molecule directly affecting the functions of certain cancer cells exposing any of these VEGF-C binding receptors on their surfaces. The results obtained in these
studies suggest some non-lymphangiogenic functions of
VEGF-C which consequently result in tumor cell self-sufficiency. The treatments aimed specifically to block tumor
dissemination through the lymphatic network could, in
principle, provide an independent therapy for some cancers, or at least be an adjunct treatment to existing chemotherapy (Sun et al., 2008). In this study, we suggest
that the inhibition of VEGF-C can improve its utility as
a therapeutic target. Due to the fact that very little information was available on autocrine functions of VEGF-C
on breast cancer cells, this study was designed to enumerate different accessory functions of VEGF-C.
Materials and methods
Design of siRNA targeting VEGF-C gene sequence

DNA databases at Ensembl (release 54) were used
to search the genomic regions, transcripts, and products
in the complete coding sequence (cds) of VEGF-C gene.
Its c-DNA sequence was used as a query in siRNA
TargetFinder tool (Ambion, USA). The specific shRNA
was taken according to the published guidelines (Ui-Tei
et al., 2004). The general guidelines as enumerated by an
online tool were as follows: ending of siRNA sequence
with TT or UU, maximum GC content allowed to be 50%,
and 4 or more C’s or A’s in a row to be avoided. The more
prevalent siRNAs were selected on the basis of guidelines
such as %GC content (47-49%). These were run for
BLAST analysis to avoid off targeting (Jackson et al.,
2006). The candidate siRNA targeting at position 381 in
the mRNA of VEGF-C gene with 47% GC content [GenBank. NM005429] was selected. For the synthesis of
siRNA in the cells, the selected candidate siRNA sequences were converted into complementary DNA sequences. These sequences were preceded by Pol III-type pro-

moter sequence of H1 as an expression cassette. These
sequences were custom synthesized as an insert vector
[Supplementary Figure 1] (Geneart, Germany).
siRNA sequence:
AGACUCAAUGCAUGCCACGttAACUUCUCUttUCUGAGUUACGUACGGUGC
Sense

Loop

Antisense

Construction of small interfering RNA expression vectors

For the purpose of the study, a long-term inhibition
of target mRNA was obtained. Briefly, the selected sequence was cloned into a shRNA expression vector,
pSUPER.neo (backbone vector) (McManus et al., 2002).
Because the backbone vector harbored U6-driven expression of siRNA gene, the siRNA sequence was cloned
using Eco RI and Hind III sites into the backbone vector;
thus, the expression occurred under the control of H1
promoter present in the cassette (Luo et al., 2007). The
final vector (VEGF C/shRNA, psNIPERD_H1C1) [Supplementary Figure 2] was isolated with GenElute plasmid isolation kit (Sigma Aldrich), confirmed by a restriction analysis and sequencing.
Cell culture and transfection of in vitro mammary
tumor cells

VEGF-C gene overexpression and highly metastatic
cell line of breast cancer were used. Human breast
cancer cell line MDA-MB-231 (Source: National Centre
for Cell Science, Pune, India). The cells were cultured in
RPMI-1640 (Gibco) media supplemented with 10% fetal
bovine serum (FBS, Gibco), penicillin (107 U/l), and
streptomycin (10 mg/l). Transfections were performed
at 70% confluency in 6-well plates (Corning). Total of
2 × 106 cells/200 μl MDA-MB-231 mammary tumor cells
were transfected with 5 μg DNA (psNIPERDH1C1) using
electroporation (Gene pulser, BioRad) with a single pulse
of 75 V for 30 ms. The transfected cells were selected
with 1.2 mg/ml G418-sulfate 48 h post-transfection. In
each experiment, the vector (pSUPER.neo) and mock
electroporated cells were included as controls. Stably
transfected MDA-MB-231-siVEGF-C, MDA-MB-231-p
SUPER.neo, and mock cells were obtained and routinely
maintained in the selection media.
Messenger RNA analysis

The total cellular RNA was isolated from MDA-MB231-siVEGF-C and MDA-MB-231-pSUPER.neo and mock
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cells using Trizol reagent (Invitrogen), and cDNA was
subsequently synthesized using 5 μg of total RNA, random hexamer primers, and Revert Aid H minus Reverse
Transcriptase (Fermentas). Using gene-specific primers,
PCR was done for VEGF-C gene forward primer 5N-CATGTACGAACCGCCAGAA-3N, reverse primer 5N-TTGTTAGCATGGACCCACAA-3N with amplicon size of 212 bp.
Beta actin was used as an internal standard and amplified with 5N-TGTGATGGTGGGAATGGGTCAG-3N, 5N-TTTGATGTCACGCACGATTTCC-3N primer pair, and a predicted product of 512 bp (Kramer and Coen, 2001).

and mock cells were resuspended in 1 ml of 0.35% agarose, 1X RPMI, 10% FBS and poured as a top layer above
the base layer. An additional 1 ml of RPMI 1640 with 10%
FBS was added to each well and the plates were incubated
at 37EC, 5% CO2. Images of colonies were captured under
an inverted microscope at 100× total magnification (Anderson et al., 2007). Images of colonies in soft agar were
counted and the mean colony area was calculated using
web-based Wimasis software. Each sample was run in triplicates and was repeated thrice.

In vitro proliferation assay

In order to measure the inhibition of cell proliferation by VEGF-C shRNA, 1,000 cells were seeded into 96well flat-bottomed plates in triplicates. Proliferative activity was determined at regular intervals of 72, 48, 24,
12, and 4 h by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using a microtiter
plate reader (Bio-Tek Instruments, Inc., Winooski, VT)
at 570 nm (Niles et al., 2008). The growth stimulation or
inhibition was calculated as (%) = [(A/B)*1*100], where
A is the absorbance of treated cells and B is the absorbance of untreated control cells (Schröterová et al.,
2009). Each sample was run in triplicates and was repeated thrice.

The cells that acquire a migratory phenotype are
able to form colonies at different sites (metastatic foci).
This is assessed in vitro by focus formation assay. This
assay is based on the ability of a single cell to form individual colonies. It was expected that after the treatment with VEGF-C shRNA, the cells would lose their
unlimited divisional capacity. To test these single cell
suspensions at very high cell dilutions (up to 5000 ×),
the cells were placed into a 6-well plate and incubated
for 7 days. Following the incubation, they were stained
with Giemsa, and the images were captured (Franken
et al., 2006). Images were analyzed using ImageJ software for quantitative data analysis. Each cell sample was
run in triplicates and was repeated thrice.

Scratch wound assay

Chemosensitivity assay

Tumor cells migrate to distant places under the
effect of VEGF-C signal transduction. The inhibition of
migration was checked by conventional in vitro scratch
wound assay. Essentially, in this method, the cells from
a monolayer are scrapped with the help of a sterile tip so
that a gap is created. The cells at the boundary of the gap
start migrating till the gap is resealed. Images of test and
controls are captured at regular intervals and compared to
check the rate of migration. The percentage of wound
area remaining at each time point was calculated using
Image J software (Liang et al., 2007). Each sample was
run in triplicates and was repeated thrice.

shRNA-mediated inhibition of VEGF-C can also increase the sensitivity to chemotherapeutic drugs. So to
check whether VEGF-C sequence can mimic the same
phenomenon, 1 × 104 cells were placed onto 96 wells plate
in triplicates (Mock, pSUPER.neo- and psNIPERDH1C1transfected cells). The cells were treated with doxorubicin for 24 h. MTT (0.5 mg/ml in phenol-red free
medium) (100 μl/well) was added and further incubated
for 3 h at 37EC and then MTT was removed from the
wells. To solubilize formazan crystals in the wells,
DMSO (100 μl/well) was added and mixed gently. Absorbance was determined at 570 nm in a microplate reader
(Biotek) and expressed as % Cell viability (Burton,
2005). It was repeated thrice. The results were expressed as a mean ± standard error of mean (SEM).

Soft agar assay for colony formation

The cells that acquire a migratory phenotype are able
to form colonies at different sites (metastatic foci). This
can be assessed in vitro by colony-forming assay. A base
layer of 0.5% agar, 1X RPMI 1640 with 10% FBS (1 ml)
was prepared in a 6-well plate. About 0.5 × 104 transfected

Metastatic foci formation assay

Statistical analysis

A statistical analysis was performed using SPSS
software (Release 11.0, SPSS Inc.) and GraphPad Prism
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Fig. 1. Transfection and RT_PCR. A) Representative fields of cells before and B) after the selection on G418 containing medium
up to 21 days: 1) PCR products from RNA of Mock control, 2) pSUPER.neo-transfected cells, 3) psNIPERDH1C1cells. Lanes
1 and 2 both showed the presence of VEGF-C and β actin, while psNIPERDH1C1-transfected cells (lane 3) showed only β actin
band. p > 0.05 for β actin in all the three samples whereas p < 0.05 for VEGF-C in control versus psNIPERDH1C1

(version 6). The data were expressed as the mean
± SEM or SD as specified. p values were determined by
an appropriate ANOVA and Dunnett’s multiple comparison tests. Significant codes are as follows: “*” if p < 0.05,
“**” if p < 0.01, “***” if p < 0.001, and “****” if
p < 0.0001.
Results
Construct screening and transfection

The recombinant plasmid (psNIPERDH1C1) was
confirmed by a restriction analysis (Eco RI/Hind III).
The digested fragments (4472 bp and 170 bp) were separated on agarose gels [1.5% in 0.5 × TAE]. The transfected cells were observed under a phase contrast microscope (Fig. 1A).
VEGF-C mRNA analysis

Dunnett’s multiple comparison test of semi-quantitative gel densitometry of RT-PCR gel showed a significant

decrease in VEGF-C mRNA levels in VEGF-C /shRNA
transfected cells (p < 0.05) while steady state levels of the
housekeeping gene β actin remained relatively unchanged
(p > 0.05) (Fig. 1B).
Effect of VEGF-C/shRNA on proliferation and chemosensitivity of human mammary adenocarcinoma cells

VEGF-C implies an autocrine and paracrine growthpromoting effects, and hence it may be released into the
growth medium, thereby inducing migration and proliferation. Consequently, we hypothesized that VEGF-C
shRNA may reduce migration and proliferative potential
of MDA-MB-231 cells. Cancer cells acquire very high
proliferation ability which is attributed to overexpression
of VEGF-C gene. As a result, VEGF-C gene silencing
should decrease their proliferation which is reflected in
reduced viable cell population during MTT assay.
psNIPERDH1C1-transfected cells showed a significant
decrease in the OD at different time intervals as compared to mock and pSUPER.neo-transfected cells which in
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The scratch and wound assay displayed a migratory
nature of the mock and pSUPER.neo-transfected cells as
compared to psNIPERDH1C1-transfected cells after
72 h. The mock and pSUPER.neo-transfected cells migrated toward the site of wound leading to its closure
while the gap remained unsealed in case of VEGF-C-silenced cells, as shown in images (Fig. 3A). The quantitative values of wound size were determined by ImageJ
software. For multiple comparisons, Dunnett’s test was
applied. According to this, insignificant difference was observed between mock cells and pSUPER.neo-transfected
cells at any time point. Whereas significant difference was
observed between gap closure of pSUPER.neo-transfected
cells and psNIPERDH1C1-transfected cells (Fig. 3B).
VEGF-C gene silencing inhibits anchorage-independent
growth of cells in soft agar assay
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Fig. 2. Effect of silencing on cell proliferation and chemosensitivity; A) MTT assay with mock (black diamond), pSUPER.neotransfected (gray square) cells and psNIPERDH1C1-transfected
cells (gray triangles) (p* < 0.05, bars s.d); B) Doxorubicin sensitivity of psNIPERDH1C1-transfected cells (gray square, y =
!13.03x + 111.6, R2 = 0.964), mock (dark circles, y = !12.17x
+ 116.5, R2 = 0.951) cells, and pSUPER.neo-transfected cells
(gray triangles, y = !9.660x + 110.7, R2 = 0.968) (p* < 0.05,
bars s.e.m)

dicated reduced tumor cell proliferation due to VEGF-C
gene silencing (Fig. 2A). psNIPERDH1C1-mediated inhibition of VEGF-C gene expression increased doxorubicin sensitivity in MDA MB 231. The increment in sensitivity reduced the cell viability whereas the mock transfected and vector control had more population of viable
cells. This shows that chemoresistance can be reversed
or reduced by VEGF-C gene silencing (Fig. 2B).

Metastatic cancer cells (circulating in vasculature)
are capable of evading attachment-regulated apoptosis,
leading to uncontrolled proliferation. The growth of cells
in soft agar indicates survival and proliferation of cells in
the circulating state, which is a hallmark of malignant
cells. The knockdown of VEGF-C gene expression in
psNIPERDH1C1-transfected cells reduced the number
of colonies, in comparison to mock and pSUPER.neotransfected cells, when cultured in a soft agar medium
up to 15 days. The mean number of colonies of
psNIPERDH1C1-transfected cells was significantly lesser than these in pSUPER.neo-transfected cells (Fig.
4A). The difference in the mean area of colonies was significant as calculated by one-way ANOVA (Fig. 4B), while
the difference was insignificant when mock and
pSUPER.neo-transfected cells were compared by Dunnett’s multiple comparison test.
VEGF-C gene silencing decreases foci formation

The effect of VEGF-C gene silencing on the focusformation ability of mock and psNIPERDH1C1-transfected cells was evaluated. The mock and pSUPER.neotransfected cells showed the maximum number of foci as
compared to psNIPERDH1C1-transfected cells (Fig. 4C).
The mean number of foci was significantly lesser in
VEGF-C -silenced cells (Fig. 4D).
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Fig. 3. Scratch wound assay. A) Images from three independent experiments captured at 24, 48, and 72 h (40 × total magnification). B) Quantitative values of a wound area left after the migration of cells at different time points. Mock cells (black bars),
pSUPER.neo-transfected cells (light gray bars), and psNIPERDH1C1-transfected cells (dark gray bars, bars s.e.m)

Discussion
The biology of breast carcinoma is highly influenced
by the lymphatic system. The lymph nodes are the most
common among the preferred sites for tumor dissemination. The process of lymphatic metastasis is a crucial
step in the progression of breast cancer, yet the mechanisms that underlie the interactions between tumor cells
and lymphatic vessels remain poorly understood (Alitalo
and Carmeliet, 2002). The promotion of tumor metastasis via lymphatics has been attributed to excessive
VEGF-C signaling through its cognate receptor VEGFCR 3/Flt-4 on lymphatic endothelial cells (Ji, 2006). Lymphatic metastasis also increases resistance to drug treatments (Achen et al., 2006). VEGF-C and Flt-4 axis are
synthesized in cancer cell lines, including breast, cervical, colorectal, and prostate. The coordinated synthesis
of VEGF-C and Flt-4 in some of these tumor cell lines
raised the possibility of the existence of an autocrine
loop in these cells (Matsuura et al., 2009). Moreover,
supplementation of the growth medium with exogenous
VEGF-C has shown to increase invasiveness in Kaposi’s
sarcoma cells that represent VEGF-CR2/3 surface receptors (Su et al., 2008). Favier et al. (2006) have pre-

viously demonstrated that VEGF-C can stimulate tumor
cell migration by interacting with NRP-2, VEGF-CR 2
and 3. These observations pose VEGF-C as an autocrine
molecule which, in addition to the major lymphangiogenic function, may directly affect the functions of certain cancer cells expressing any of these VEGF-C-binding
receptors.
In an effort to characterize the effect of VEGF-C on
tumor cells, we set out siRNA experiments, using
shRNA vector, to repress VEGF-C gene in MDA-MB-231
cell line model of breast cancer. In this way, we were
able to successfully reduce the VEGF-C mRNA levels in
tumor cells. A comprehensive identification of non-lymphangiogenic functions of VEGF-C may, partly, provide
some basis for the application of anti-VEGF-C strategy as
a viable therapeutic option, in addition to chemotherapy.
Consequently, as a next step, we analyzed the effect of
VEGF-C gene silencing on tumor cell proliferation. The
findings showed that suppressing the tumor-derived
VEGF-C synthesis reduced their own (tumor cells) proliferation thus reducing the number of available tumor
cells. The migration is an essential step toward metastasis and invasion. The results indicated that tumor cell
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Fig. 4. Colony and Foci formation assays. A) Colonies formed in soft agar by mock, pSUPER.neo-, psNIPERDH1C1-transfected
cells at 40 × total magnification. The results are representative of three independent experiments. B) A comparison of the mean
colony number (black bars) and the mean colony area in pixels (gray squares). A quantitative analysis of colonies using the
WimColony module of Wimas is online software showing a significant decrease in the number of colonies of psNIPERDH1C1transfected cells (bars s.e.m). Mean colony area was also compared between pSUPER.neo- and psNIPERDH1C1-transfected
cells, bars s.e.m. C) As compared to Mock and pSUPER.neo-, psNIPERDH1C1-transfected cells formed least foci due to the
inhibition of VEGF-C gene expression. D) Quantitative analysis of focus-formation assay. Focus-formation images were
quantitatively analyzed by ImageJ software. Graphically, there is an insignificant difference which was found between the focusforming capabilities of mock (black circles) and pSUPER.neo-transfected cells (black squares) whereas VEGF-C-silenced cells
(black triangles) were significantly different from pSUPER.neo-transfected cells (bars s.e.m.)

migration was negligible in the case of VEGF-C shRNA
transfected cells as against the control cells. Migrating
cells invade different tissues, demonstrate an anchorageindependent growth, and form new colonies. However,
VEGF-C-silenced cells showed no colonies at all whereas

few colonies were observed in control cells. Anchorage
dependency necessitates the availability of base for new
translocation. Chemoresistance is also becoming a new
clinical problem for breast cancer patients. Recent studies suggest that overexpression of VEGF-C gene leads
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to hyper proliferation and a prolonged survival of leukemias. In addition, low levels of VEGF-C have shown to
increase susceptibility toward chemotherapeutics. The
purpose of combining conventional cancer therapy with
antilymphangiogenic agents is that the antivascular effects
of the chemotherapy and radiotherapy are selectively enhanced in the cells of newly formed vessels, for example,
when survival signals mediated by VEGF-C are blocked.
This study demonstrates a possible use of anti VEGF-C
siRNA technology to improve chemotherapy efficacy.
Conclusions: The results of the study support the
notion that VEGF-C synthesis by tumor cells not only
helps in the development of tumor lymphatics but also
indicates non-lymphangiogenic functions of VEGF-C as
a result of its autocrine function.
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