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Abstract: Purpose: Lymphangiogenic factors, such as vascular endothelial growth factor-C (VEGF-C) and VEGFC-
D, and their receptor, VEGF receptor-3 (VEGFR3), play a pivotal role in the promotion of metastasis to regional
lymph nodes. In the present study we explored the role of VEGF-C as an autocrine growth factor for breast cancer
cells. Methods: We examined the expression of VEGF-C and VEGFR3 in mammary tumor cells lines and examined
whether blocking the VEGF-C-VEGFR3/FIt4 pathway using a VEGFR3 antagonist would inhibit proliferation of mam-
mary tumor cells resulting in a decrease in tumor growth and metastasis. Results: We report expression of VEGF-C
and its receptor VEGFR3 by mammary tumor cells, and their association with aggressiveness. Inhibition of VEGF-
C-VEGFR3/FIt4 in mammary tumor cells decreased their proliferation and survival. Mammary tumor bearing mice
treated with a VEGFR3 antagonist showed a significant decrease in tumor growth and the extent of spontaneous
and experimental lung metastases. Conclusion: These findings demonstrate the VEGF-C-VEGFR3/FIt4 autocrine sig-
naling pathway regulates mammary tumor cell survival and proliferation and that neutralization of VEGFR3 signaling
might lead to development of a novel therapeutic approach for malignant breast cancer.
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Introduction

Breast cancer is the most common female can-
cer affecting 1 in 8 women in the United States
in their lifetime [1]. After lung cancer, it is the
second leading cause of cancer death in
women [1]. It is estimated that in 2014 over
232,000 women will be diagnosed with the dis-
ease and that more than 40,000 will die from
the disease. While detection and treatment can
improve survival it is estimated that up to
6-10% of women who present with disease
already have metastases [2]. Many studies
have shown the most common sites for breast
cancer metastases are the lymph nodes, bone,
lung, liver and brain [2]. The presence of lymph
node metastases in particular, has been impli-
cated as a poor prognostic factor in breast can-
cer [3].

Vascular endothelial growth factor (VEGF)-C is
a member of the platelet-derived growth factor
family. It binds to VEGFR-3, one in a family of

receptor tyrosine kinases that play key roles in
angiogenesis and lymphangiogenesis. However,
there is emerging evidence supporting the role
of the VEGF-C/VEGFR3 axis in promoting tumor
growth and metastasis [4]. Specifically, VEGFR3
expression was found to be higher in human
breast cancer specimens as compared to nor-
mal tissue [5]. The authors suggest a role for
VEGFR3 as an early event in breast cancer pro-
gression that may function as a survival signal.
Inhibition of VEGFR3 using antibody targeting
showed that interference with VEGFR3 ligand
binding inhibited primary tumor growth in a
number of primary tumors [6]. We have previ-
ously shown that inhibition of VEGF-C using
shRNA decreased tumor growth and metasta-
sis of mammary tumor cells [7]. In addition,
MAZ51, a cell permeable receptor tyrosine
kinase inhibitor has been shown to block the
proliferation of human endothelial cells as well
as inhibit the growth of rat mammary carcino-
mas [8]. With these observations we hypothe-
sized that the VEGF-C-VEGFR3/FIt4-dependent
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autocrine signaling pathway plays an important
role in breast cancer growth, progression and
metastasis.

Materials and methods
Cell lines and reagents

Three murine mammary adenocarcinoma cell
lines differing in their metastatic potential, 4T1
(highly metastatic), CI66 (moderately metastat-
ic) and CI66M2 (poorly metastatic) were used
in this study. Cells were maintained in
Dulbecco’s Modified Eagle Media (DMEM)
(Mediatech, Hendon, VA) with 5% serum
supreme (Biowhitaker, Walkersville, MD), 1%
vitamins, 1% L-glutamine and 0.08% gentamy-
cin (Invitrogen, Carlsbad, CA). MAZ51, a VEGFR3
specific inhibitor was purchased from EMD
Biosciences (San Diego, CA).

MRNA analysis

Total cellular RNA was isolated using Trizol®
(Invitrogen) reagent according to the manufac-
turer’s protocol. 5 pg of total RNA was subject-
ed to Superscript-ll-(Invitrogen) mediated re-
verse transcription. cDNA was analyzed by
semi-quantitative reverse transcriptase-based
PCR. The following primers, VEGFR3 5’-GCTGT-
TGGTTGGAGAGAAG-3’ and 5-GGTCAGGATGCT-
GGAGAG-3’, VEGF-C 5-CTACAGATGTGGGGGT-
TGCT-3' and 5-GCTGCCTGACACTGTGGTAA-3’
and GAPDH 5-AGCCTCGTCCCGTAGACAAAA-3’
and 5-GATGACAAGCTTCCCATTCTCG-3' were
used. Relative mRNA transcript levels were
obtained using an equal number of cells with
simultaneous cDNA amplification within the
linear range. ImageQuant software (Molecu-
lar Dynamics, Sunnyvale, CA) was used to
calculate mRNA expression. The results are
presented as expression index, the ratio of
each gene specific expression level to the
expression level from the housekeeping gene,
GAPDH.

Western blotting and immunoprecipitation

Cells were lysed using a modified RIPA lysis buf-
fer with protease inhibitors. Proteins were sep-
arated on SDS-PAGE and electro-transferred to
a PVDF (Millipore, Billerica, MA), membrane
blocked with 1% BSA (Sigma, St. Louis, MO),
0.05% Tween-20 (Sigma) in PBS (Mediatech),
and probed with an anti-VEGFR3 antibody (sc-
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637 Santa Cruz Biotechnology, Santa Cruz, CA),
followed by alkaline phosphatase-conjugated
secondary antibody (Vector Labs, Burlingame,
CA). Protein bands were visualized using an
enhanced chemifluorescence detection system
according to the manufacturer’s protocol (GE
Healthcare, Piscataway, NJ) using a Phosphor
Imager (Molecular Dynamics). Membranes
were stripped and reprobed with rabbit anti-
actin (A-2066, Sigma) to control for loading dif-
ferences between lanes.

For immunoprecipitation experiments, cells
were plated in 35 mm dishes, treated with 10
uM MAZ51, 200 ng/ml VEGF-C, or vehicle
(dimethyl sulfoxide or media) for various dura-
tions. Cells were washed 2 times with cold PBS
containing 0.1 mM sodium orthovanadate
(Sigma). Cells were lysed using modified RIPA
buffer with protease and phosphatase inhibi-
tors. Cell suspensions were centrifuged at
16000 g for 15 minutes at 4°C. Supernatants
were transferred to fresh tubes and VEGFR3
was immunoprecipitated using an anti-VEGFR3
antibody for 2 h with rotation at 4°C. Protein
A/G Agarose (Santa Cruz Biotechnology) was
added and the samples were rotated overnight
at 4°C. Samples were centrifuged at 3000 g for
1 minute and washed using modified RIPA buf-
fer 3 times. After the last wash, samples were
suspended in SDS loading buffer, boiled and
separated on SDS-PAGE.

In vitro cell viability

Briefly, 1000 or 5000 cells were plated per well
of a 96-well plate and allowed to adhere over-
night. MAZ51 at different concentrations in dif-
ferent serum conditions was added to each set
of triplicate wells. Plates were incubated for
24-72 h at 37°C, 5% CO, and 25 pl of 5 mg/ml
MTT (EMD Biosciences) was added per well.
Plates were incubated at 37°C for an additional
2 h. Media was removed, 100 pl of DMSO
(Fisher Scientific, St. Louis MO) was added and
the plate was read using an EL x 800 micro-
plate reader (Bio-Tek, Winooski, VA).

We plated CI66 cells at 5 x 10* cells/well in a
6-well plate and allowed the cells to adhere
overnight. After washing the cells, MAZ51 was
added at 10, 5 or O uyM for 24, 48 or 72 h. The
number of detached cells were counted and
compared to the number of attached cells
counted after removal with trypsin. Absolute
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numbers were converted into percentages
using the following formula: # of cells attached
or detached/(attached cells + detached cells) x
100.

F-actin staining

Cle6 cells were plated on an 8-well chamber
slide and allowed to adhere overnight. Cells
were treated with MAZ51 or control for 1 hour.
Cells were washed and fixed with 4% parafor-
maldehyde for 10 minutes. Cells were washed
and incubated with Texas red phalloidin
(Invitrogen) for 20 minutes. Cells were washed
and nuclei were counterstained with DAPI. Cells
were examined using a Nikon microscope and
pictures were captured using the Act-2U soft-
ware (Nikon, Melville, NY).

In vivo tumor growth and metastasis

Female BALB/c mice (NCI, Bethesda, MD), 6-8
weeks of age housed under pathogen free con-
ditions were used. CI66 cell monolayers were
trypsinized and washed with Hank’s balanced
salt solution (HBSS) 3 times and counted using
trypan blue (Sigma) exclusion dye. Single cell
suspensions of 5 x 10* cells (> 90% viability) in
100 ul were injected into the mammary fat pad.
Twice a week tumor size was measured using
digital calipers (Fisher Scientific, Pittsburgh,
PA). Tumor volume was calculated according to
the formula: volume = W2 x L/2, where W =
short diameter and L = long diameter. Mice
were injected intraperitoneally with MAZ51 at
10 MPK, 5 MPK or vehicle control (dimethyl
sulfoxide) on days 1-7 and 14-21 following
tumor inoculation. One week later mice were
euthanized and primary tumor tissue, lymph
nodes, lungs, and spleens were removed.
Samples were processed by formalin fixation
with subsequent embedding in paraffin, cryo-
frozen in OCT, frozen in liquid nitrogen or pro-
cessed for isolation of cells.

For experimental lung metastasis, CI66 cells (5
x 10° cells/0.1 ml HBSS/animal) were injected
intravenously. The mice were euthanized when
moribund. The lungs were removed, rinsed in
water, and fixed in Bouin’s solution for 24 h to
facilitate counting of tumor nodules. The num-
ber of surface tumor nodules was counted
using a dissecting microscope. Sections of the
lungs were stained with hematoxylin and eosin
to confirm that the nodules were breast cancer.
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Survival data were collected from mice injected
intravenously. All experiments were approved
by the Institutional Animal Care and Use
Committee of the University of Nebraska
Medical Center.

Immunohistochemical (IHC) analysis

Protein expression was analyzed in paraffin-
embedded primary tumors. Briefly, 4 um thick
sections of paraffin blocks were processed for
antigen retrieval by microwave citrate buffer
treatment. The slides were processed for evalu-
ation of apoptosis using the DeadEnd
Colorimetric Apoptosis kit (Promega, Madison,
WI) or for proliferation using an anti-PCNA
(Santa Cruz Biotechnology) antibody. PCNA
immunoreactivity was detected using the ABC
Elite kit (Vector Laboratories) and DAB sub-
strate (Vector Laboratories) kit per the manu-
facturer’s instructions. A reddish brown precipi-
tate in the cytoplasm indicated a positive
reaction. Negative controls used all reagents
except the primary antibody. Intensity of stain-
ing was measured by two independent observ-
ers that examined each slide.

Statistical analysis

SPSS for Windows (SPSS Inc. Chicago, IL) was
used for the independent samples t-test (two-
tailed) to compare means. In vivo analysis was
performed using Mann-Whitney U-test of sig-
nificance. A value of p < 0.05 was deemed
significant.

Results

VEGFC and VEGFR3 expression in murine
mammary tumor cells

We have previously shown that inhibition of
VEGF-C using shRNA decreases tumor growth
and metastasis [7]. To expand on our earlier
observations we examined the VEGF-C/VEGFR3
axis in CI66, CI66M2 and 4T1 murine mamma-
ry cell lines. RT-PCR analysis confirmed that all
three cell lines express VEGF-C and VEGFR3
(Figure 1A). CI66 cells, which have moderate
metastatic potential, expressed the lowest lev-
els of VEGF-C while 4T1 cells which are highly
aggressive and metastatic expressed the high-
est levels of VEGF-C. All three cell lines
expressed two bands for VEGFR3 with 4T1
showing the highest expression of the larger
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Figure 1. Expression and phosphorylation of VEGFR3 in murine mammary adenocarcinoma cells A. Expression of
VEGF-C, VEGFR3, and GAPDH specific mRNA transcripts in murine mammary adenocarcinoma cell lines differing in
their metastatic potential: CI66 (moderately metastatic), CI66M2 (poorly metastatic) and 4T1 (highly metastatic).
B. Western blots of murine mammary adenocarcinoma cell lysates for VEGF-C, VEGFR3 and B-actin. C. Immunofluo-
rescent staining of CI66 cells showing expression and localization of VEGFR3. D. Western blot of murine mammary
adenocarcinoma cells demonstrating phosphorylation of VEGFR3 in the cells.

band and CI66 showing approximately equal
expression of both sizes.

To confirm expression at the protein level we
analyzed expression by Western blotting. We
detected expression of VEGF-C and VEGFR3 in
all cell lines (Figure 1B). Similarly two bands
were detected for VEGFR3 by antibody detec-
tion. However, expression of the smaller molec-
ular weight protein was more abundant with the
highest level in 4T1 cells. In addition, we con-
firmed expression of the receptor using immu-
nofluorescent staining (Figure 1C). To assess
the activity of the receptor in the cells we evalu-
ated the phosphorylation status of the recep-
tor. Using cells which were unstimulated, we
performed immunoprecipitation using an anti-
VEGFR3 antibody and probed with anti-VEGFR3
and anti-p-Tyr antibodies. Results confirm
expression of the receptor and its constitutive
activation in all three cell lines although the
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larger molecular weight protein was phosphory-
lated (Figure 1D).

VEGF-C-VEGFR3/FIt4 pathway regulates mam-
mary tumor cell viability

These observations indicate the potential for
autocrine VEGF-C/VEGFR3 signaling in this
breast cancer model. To extend our previous
study on the role of VEGF-C in murine mammary
tumors we selected CI66 cells for our further
analysis. To elucidate the role of VEGF-C, we
examined the effect of inhibiting VEGF-C on
viability. CI66 cells were plated and antibody to
VEGFR3 (10 pyg/ml) or VEGF-C (10 ug/ml) was
added. Cells were assayed for viability at 24, 48
or 72 hours. 24 hours after addition of anti-
body, the viability of cells treated with VEGFR3
antibody was significantly decreased as com-
pared to cells treated with VEGF-C antibody (p <
0.05) (Figure 2A). At 48 hours, inhibition with
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Figure 2. VEGFR3 inhibition decreases proliferation of CI66 murine mammary adenocarcinoma cells. A. 5000 CI66
cells were plated per well of a 96-well plate, treated with VEGFR3 antibody, VEGF-C antibody, IgG control or media
alone and MTT absorbance was measured at 24, 48 or 72 hours after treatment p < 0.05 vs. *VEGF-C, vs. @IgG, vs.
#media. B. 1000 or 5000 CI66 cells were plated per well of 96-well plate, treated the next day with various doses
of MAZ51, and MTT absorbance was measured after 72 h. *p < 0.05 compared to no treatment (0O uM). C. 5000
CI66 cells were plated per well of a 96-well plate, treated the next day with 10, 5 or O yM MAZ51 in different serum
concentrations (10, 5, 2.5 or 0%) for 72 h and MTT absorbance was measured. p < 0.05 vs. *10 yM/10%, @ vs. 5
uM/10%, # vs. O uM/10%, $ vs. 10 uM/5%, % vs. 10 uM/2.5%, & vs. 5 uM/2.5%. D. 1000 CI66 cells were plated
per well of a 96-well plate, treated the next day with 10, 5 or O uM MAZ51 in different serum concentrations (10, 5,
2.5 or 0%) for 72 h and MTT absorbance was measured. P < 0.05 vs. *10 yM/10%, @ vs. 5 M/10%, # vs. 0 M/10%,
% vs. 10 yM/2.5%, & vs. 5 uM/2.5%. The values are average + SEM.

VEGFR3 or VEGF-C antibody significantly viability was only inhibited significantly at 10
reduced the viability of CI66 in comparison to M.
control antibody treated cells (p < 0.05). By 72
hours the inhibitory effect was more dramatic. Next, we wanted to determine the effect of
stress on the cells. To do this, we analyzed via-
Since we detected expression of both VEGFR3 bility under decreased serum conditions. Cells
and its ligand VEGF-C in murine mammary can- were plated at 1000 or 5000 cells/well, treat-
cer cell lines, we wanted to expand our obser- ed with 10, 5 or O yM MAZ51 for 72 hours.
vations of the role of VEGFR3 as an autocrine Cells treated in media containing 10% serum
signaling factor. Therefore, we treated CI66 were not inhibited after incubation with MAZ51
cells with MAZ51, which is a cell permeable irrespective of the cell density or dose of
VEGFR3 tyrosine kinase inhibitor. Cells treated MAZ51 (Figure 2C and 2D). There was no effect
with MAZ51 responded in a dose-dependent of lowering the serum to 5% on cells plated at
manner, with a maximal inhibitory effect seen low cell density. However, when cells were plat-
at the 10 uM dose (p < 0.05) (Figure 2B). At ed at a higher density of 5000 cells/well, we
high cell density (5000 cells/well) MAZ51 sig- did observe a significant decrease in the viabil-
nificantly inhibited viability (p < 0.05) at all ity of cells incubated with 10 yM MAZ51 at 5%
doses except for 0.2 uM. At low cell density, or 2.5% serum compared to the same dose in
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Figure 3. VEGFR3 antagonist decreases cell adhesion. 50000 CI66 cells were plated per well of a 6 well plate and
the next day treated with O, 5 or 10 uM MAZ51 for 24, 48 or 72 hours. Detached cells in the supernatant were col-
lected and counted. Attached cells were trypsinized and counted. A. Absolute number of attached cells. B. Percent-
age of total attached cells. C. Absolute number of detached cells. D. Percentage of detached cells. E. Images of cells
treated and counted after 24, 48 or 72 h treatment with O, 5 or 10 uM MAZ51. F. VEGFR3 antagonist affects F-actin

rearrangement. 10000 CI66 cells were plated per well of an 8-well chamber slide, treated the next day with O or 10
M MAZ51 for 1 hour and stained for F-actin.

10% serum (p < 0.05). However, we did not unless cells were incubated in less than 5%
observe changes in viability at 5 yM MAZ51 serum. In 2.5% serum-containing media, cells
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Figure 4. VEGFR3 antagonist inhibits tumor growth. A. In vivo tumor growth curve of CI66 tumor-bearing mice
treated with control (DMSO), 5, or 10 mg/kg MAZ51. B. Representative H&E sections from tumors of control tumor-
bearing mice or 10 mg/kg-treated mice. Arrows indicate tumor cells.

plated at a low cell density showed a decrease UM MAZ51 as compared to no MAZ51 treat-
in viability after treatment with either 10 or 5 ment (p < 0.05).
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As a result of these experiments we wanted to
determine if the effect on viability was a result
of increased cell death or an inhibition of cellu-
lar proliferation. Control treated cells exhibited
an increase in the absolute number of cells
which attached at 72 h, while we did not detect
changes in the absolute number of cells
attached after treatment with MAZ51 at any of
the time points (Figure 3A). The overall number
of detached cells did not differ among groups
until 72 h when the cells treated with MAZ51
showed less detached cells as compared to
control cells (Figure 3B). Since there was an
increase in the absolute number of cells
attached in the control group we compared the
percent cells attached and detached to deter-
mine the overall effect of the inhibitor on the
cells. When the numbers were converted to
percent cells attached there was no difference
in attachment (Figure 3C), however there was a
marked increase in detachment of cells after
treatment with MAZ51 (Figure 3D). Observation
of the cells after treatment with MAZ51
revealed an interesting change in the morphol-
ogy of the cells. The appearance of the cells
indicated that there was a difference in the
behavior of the cells as the cells were no longer
forming focal adhesions and tight networks of
cells (Figure 3E).

Based on these results, we treated the cells
with MAZ51 and looked for apoptosis using
TUNEL staining. We did not observe an increase
in apoptosis (data not shown) after treatment.

Since we detected morphological changes
in the cells, we stained the cells after treat-
ment with MAZ51 to look for changes in cyto-
skeletal arrangement. As shown in Figure 3F,
treatment with MAZ51 caused F-actin fiber
re-arrangement.

VEGFR3 antagonist inhibits mammary tumor
growth and metastasis

Based on our in vitro studies and a previous
report from our group showing inhibition of
tumor growth and metastases in mice after
knocking-down VEGF-C, we injected Cl66
murine  mammary cancer cells into mice.
Following inoculation of tumor cells into the
mammary fat pad, mice were treated with dif-
ferent doses of MAZ51 or vehicle control as
described in materials and methods. Tumor
growth was inhibited in mice treated with either
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5 or 10 MPK as compared to vehicle alone
(Figure 4A and 4B). We did not observe any dif-
ference in animal weight suggesting MAZ51
was well-tolerated (data not shown). Lymph
nodes were measured and we detected a
decrease in lymph node size for mice injected
with the 10 MPK dose of MAZ51 (data not
shown). We did not detect any differences in
the WBC counts of spleens or the number of
tumor-associated lymphocytes among the
groups (data not shown).

Mice treated with MAZ51 had a lower overall
incidence of spontaneous lung metastases,
with a lower median number of nodules which
were smaller in size (Figure 5A and 5B).
However, when mice were injected with Cl66
cells intravenously and treated with MAZ51,
there was no detectable difference in the medi-
an number of lung nodules.

Interestingly, expression of VEGFR3 mRNA in
tumors of mice treated with MAZ51 was
increased as compared to control mice at the
mRNA level (Figure 5C). ELISA for secreted
VEGF-C did not show any detectable difference
among the groups from either tumors or serum
(data not shown). In addition, we performed
RT-PCR for other VEGF receptors and molecules
and did not detect any differences in the
expression of other VEGF family members,
including VEGFR1, VEGFR2, VEGF-A, VEGF-B
and VEGF-D (data not shown).

Decreased in situ tumor cell proliferation and
survival in mammary tumors following treat-
ment with VEGFR3 antagonist

To elucidate the mechanism of the decrease in
in vivo tumor growth and metastasis, tumor
samples were evaluated immunohistochemi-
cally for proliferation and apoptosis markers.
Tumor sections were stained for PCNA and
TUNEL. Evaluation of PCNA staining revealed
that MAZ51-treated tumors had slightly lower
numbers of proliferating cells although not sta-
tistically significant (Figure 6A). TUNEL stained
sections of MAZ51-treated tumors had a signifi-
cantly higher overall score compared to control-
treated tumors (Figure 6B).

Discussion
In this study we wanted to expand our previous

observations that down-regulation of VEGF-C in
breast cancer cells decreased tumor growth

Am J Cancer Res 2015;5(2):616-628
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Figure 5. VEGFR3 antago-
nist inhibits tumor metas-
tasis. A. Representative
H&E sections from lungs
of control tumor-bearing
mice or 10 mg/kg-treated
mice. Arrows indicate mi-
crometastatic nodules in
lungs. B. Incidence and
median of metastatic lung
nodules in mammary fat
pad tumor-bearing mice.
C. Incidence and median
of metastatic lung nod-
ules in IV-injected mice. D.
Relative mRNA expression
in tumors from mice treat-
ed with O, 5, or 10 mg/kg
MAZ51. *p < 0.05 vs. 10.
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Figure 6. VEGFR3 antagonist enhanced in situ tumor cell apoptosis. A. Quantitation of PCNA* cells in tumors from
mice treated with O or 10 mg/kg MAZ51. B. Quantitation of TUNEL" cells in tumors from mice treated with O (control)

or 10 mg/kg MAZ51. *p < 0.05 vs. O.

and metastasis. In order to accomplish this, we
focused on understanding the interaction of
VEGF-C with its receptor, VEGFR3 in breast can-
cer cells. We found that not only do breast can-
cer cells express VEGFR3, but the receptor is
active by the evidence of constitutive phos-
phorylation. In addition, blocking the VEGF-C/
VEGFR3 pathway interfered with the ability of
breast cancer cells to proliferate. Preventing
the interaction of VEGF-C with VEGFR3 in vivo
resulted in decreased tumor and metastatic
burden.

Several studies have shown the expression of
VEGF-C and VEGFR3 in different tumor types
[9-11]. Similarly we detected expression of both
VEGF-C and VEGFR3 in murine breast cancer
cells and the receptor was constitutively acti-
vated. To extend these observations to better
understand the importance of this axis in the
autocrine regulation of CI66 cells, we treated
cells with an anti-VEGFR3 antibody. As soon as
24 hours after cells were treated with an anti-
VEGFR3 antibody an inhibitory effect was seen
and that trend continued for the duration of the
treatment.

MAZ51 is a cell permeable tyrosine kinase
inhibitor, which has been shown to inhibit the
phosphorylation of VEGR3 [8]. To elucidate
more specifically about the function of the
receptor in this system we treated cells with
MAZ51. Cells treated with MAZ51 in normal
serum containing medium were not significant-
ly inhibited. However when the serum concen-
tration was reduced cell viability was signifi-
cantly decreased in conjunction with treatment.
Reduced serum concentrations simulate in vivo
stress conditions, thus indicating the potential
importance of this signaling axis in vivo.

To better understand the changes in viability
we detected by MTT, we counted absolute num-
bers of cells. Our results indicated the cells
undergoing treatment with the inhibitor were
detaching from the plate. Additionally, observa-
tion of the cells in vitro during treatment with
MAZ51 revealed alterations in the cells. We did
not detect an increase in apoptosis of the cells
undergoing treatment, but further investigation
into this mechanism is warranted to under-
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stand what is modulating the viability of the
cells. We speculate since it is essential for met-
astatic cells to avoid undergoing anoikis, to be
able to survive when they are separated from
the primary tumor [12] it is possible VEGFR3
may play a role in this system in protecting cells
from anoikis. A recent paper by Stanton et al
showed the importance of the VEGF-C/NRP-2
axis in autophagy control [13]. Therefore it is
possible that under stressful conditions
VEGFR3 may play a role in inducing autophagy
and inhibiting this may cause the cells to die.
Based on our observations it would appear that
VEGFR3 plays an important role in aiding cellu-
lar viability and blocking VEGFR3 signaling hin-
ders this ability. This may also provide an expla-
nation for the decreased metastasis that we
observed in vivo. This is supported by a study
by Feng et al suggesting that VEGF-C siRNA
mediated knockdown in lung cancer cells
decreases invasion and arrests the tumor cells
in the G1 phase suggesting the requirement for
VEGF-C in the metastatic cascade [14].

Areport from Wang et. al. suggests that VEGFR3
protects against oxidative stress in endothelial
cells [15]. Similarly, we found under conditions
of increased stress (low serum concentration)
that inhibiting VEGFR3 signaling resulted in
lower cellular viability. Alongside these obser-
vations Garces et. al. using phage display found
that VEGFR3 bound to focal adhesion kinase
(FAK), which suppressed apoptosis and inter-
ference with this binding decreased prolifera-
tion and caused apoptosis in human breast
cancer cells [16]. The morphological changes
we observed in cells undergoing treatment with
MAZ51 showed that cells appeared to be mak-
ing fewer focal adhesion contacts suggesting
lower expression of FAK. This is a potential
explanation for the decrease in cellular viability
we observed. Further studies will be needed to
confirm these interpretations.

Mice treated with soluble antibody to VEGFR3
that blocks receptor signaling have decreased
tumor growth, lymphangiogenesis and metas-
tasis [17]. In line with these results, when mice
were inoculated with CI66 murine breast can-
cer cells and treated with MAZ51, tumor growth
and metastasis were decreased. Similar to our
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in vitro results, we saw an increase in areas of
necrosis in the treated tumors as compared to
untreated tumors. When mice were injected
intravenously, we did not see a decrease in lung
lesions, reinforcing the importance of inhibiting
the VEGFR3 pathway in the initiation of
metastasis.

Taken together our results along with the
results of others suggest strongly the potential
for exploiting the VEGF-C/VEGFR3 signaling
axis as a therapeutic target in breast cancer.
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