
Modulating metastasis by a lymphangiogenic switch in prostate
cancer

Ebba Brakenhielm1, Jeremy B. Burton2, Mai Johnson2, Nelson Chavarria1, Kouki
Morizono3, Irvin Chen3, Kari Alitalo4, and Lily Wu1,2,5,*

1Department of Urology, David Geffen School of Medicine at UCLA, Los Angeles, CA 2Department
of Molecular & Medical Pharmacology, David Geffen School of Medicine at UCLA, Los Angeles, CA
3Department of Microbiology, Immunology and Molecular Genetics, David Geffen School of
Medicine at UCLA, Los Angeles, CA 4Molecular/Cancer Biology Laboratory and Ludwig Institute for
Cancer Research, Helsinki University Central Hospital, Helsinki, Finland 5Crump Institute of
Molecular Imaging, David Geffen School of Medicine at UCLA, Los Angeles, CA

Abstract
Prostate cancer dissemination is difficult to detect in the clinic, and few treatment options exist for
patients with advanced-stage disease. Our aim was to investigate the role of tumor lymphangiogenesis
during metastasis. Further, we implemented a noninvasive molecular imaging technique to facilitate
the assessment of the metastatic process. The metastatic potentials of several human prostate cancer
xenograft models, LAPC-4, LAPC-9, PC3 and CWR22Rv-1 were compared. The cells were labeled
with luciferase, a bioluminescence imaging reporter gene, to enable optical imaging. After tumor
implantation the animals were examined weekly during several months for the appearance of
metastases. Metastatic lesions were confirmed by immunohistochemistry. Additionally, the
angiogenic and lymphangiogenic profiles of the tumors were characterized. To confirm the role of
lymphangiogenesis in mediating metastasis, the low-metastatic LAPC-9 tumor cells were engineered
to overexpress VEGF-C, and the development of metastases was evaluated. Our results show
CWR22Rv-1 and PC3 tumor cell lines to be more metastatic than LAPC-4, which in turn disseminates
more readily than LAPC-9. The difference in metastatic potential correlated with the endogenous
production levels of lymphangiogenic growth factor VEGF-C and the presence of tumor lymphatics.
In agreement, induced overexpression of VEGF-C in LAPC-9 enhanced tumor lymphangiogenesis
leading to the development of metastatic lesions. Taken together, our studies, based on a molecular
imaging approach for semiquantitative detection of micrometastases, point to an important role of
tumor lymphatics in the metastatic process of human prostate cancer. In particular, VEGF-C seems
to play a key role in prostate cancer metastasis.
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Prostate cancer affects 1 out of every 6th man in the U.S.1 Already at first diagnosis about 20–
30% of patients present with advanced stage disease, for which the therapeutic approaches
include radical prostate surgery and hormone ablation. This group of patients is at increased
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risk of tumor progression after therapy, through the development of androgen-independent
disease and metastasis, for which there currently is no effective treatment. During 2006 prostate
cancer was estimated to claim around 30,000 lives,1 making it the second most common cause
of cancer mortality in men.

Metastasis is a multistep process where tumor cell dissemination to distal sites occurs through
the blood or lymphatic system. Lymph nodes, together with bone and liver, represent the most
common sites of metastasis in prostate cancer. For example, pelvic lymph node metastases
have been reported in 50–60% of advanced-grade prostate cancer patients,2–4 and is considered
as the strongest predictor of disease recurrence and progression.5–7 Further, the risk of dying
from prostate cancer within 5 years after radical prostatectomy is increased up to 6-fold
depending on the degree of lymph node involvement.8 Thus, the lymphatic vasculature may
be the most common path for dissemination in prostate cancer similar to in breast cancer.9,10

Tumor cells may gain access to the lymphatic circulation either via migration towards pre-
existing lymph vessels or by stimulation of lymphatic sprouting into the tumor through
secretion of lymphangiogenic growth factors.11,12 In recent years, the complex regulation of
lymphangiogenesis has begun to unravel, through the discovery of specific markers for
lymphatic endothelial cells and their selective growth factors and receptors.13 Many clinical
studies have found that elevated lymphangiogenic growth factor expression in the tumor, the
presence of tumor lymphatics and/or lymph node micrometastases correlate with poor
prognosis and distal organ metastasis.11 The best studied example is breast cancer, where
clinical assessment of sentinel lymph node involvement is becoming the standard for diagnosis,
prognosis and therapeutic guidance. For prostate cancer, several clinical studies have similarly
shown correlations between elevated lymphangiogenic growth factor expression in the tumor
and lymph node metastasis and advanced-stage disease.14–17 Despite these indications, only
recently have some experimental data emerged concerning the occurrence of
lymphangiogenesis in animal models of prostate cancer,18,19 thus highlighting the need for
further studies to delineate the role of the lymphatic system to guide the development of novel
tools for prevention and treatment of prostate cancer metastasis.

In our study we have investigated the impact of tumor lymphangiogenesis on prostate cancer
metastasis. We first examined and compared the metastatic potential of 2 recent xenograft
models of human prostate cancer, LAPC-4 and LAPC-9.20,21 These models recapitulate many
characteristics of the human disease: (i) the tumor cells express wt androgen receptor, (ii) the
tumor growth is relatively slow and androgen-dependent, (iii) the tumor cells express prostate
specific antigen (PSA). Additionally, we compared the metastatic tendencies and vascular
growth factor expression levels of these 2 models to the highly aggressive prostate cancer cell
lines CWR22Rv-1 and PC3. Further, to directly query the causative role of tumor
lymphangiogenesis in mediating tumor metastasis we evaluated the influence of
overexpression of the lymphangiogenic growth factor VEGF-C on metastasis in the weakly
metastatic LAPC-9 tumor model. These respective goals were achieved by a noninvasive
optical bioluminescence imaging approach that enabled us to monitor the development of
distant metastasis in real-time and to locate and quantify micrometastatic lesions in isolated
tissues.22,23 We show here that lymphangiogenesis and VEGF-C expression correlated with
lymph node and lung metastasis in the 4 different prostate cancer cell lines examined. Further,
we demonstrate that overexpression of VEGF-C resulted in the stimulation of tumor
lymphangiogenesis generating a switch from a low-metastatic to a highly-metastatic tumor.

Material and methods
All handling of animals was performed in accordance with the University of California, Los
Angeles (UCLA) Animal Research Committee guidelines. Prostate epithelial cell basal
medium (PrEBM) and Bulletpack supplements were obtained from Clonetics (San Diego, CA).
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Tumor cells
The androgen-dependent human prostate cancer cell lines, LAPC-4 and LAPC-9, derived as
previously described,20,21,24 were kind gifts from Dr. Charles Sawyers (UCLA, Los Angeles,
CA). The cells were maintained by in vivo passage as subcutaneous xenograft tumors in male
severe combined immune-deficient (scid) natural killer cell knock-out (NK−/−) mice (Taconic
farms; Germantown, NY). During in vitro manipulations these cells were seeded in PrEBM
supplemented with bovine pituitary extract, insulin, hydrocortisone, GA-1000, retinoic acid,
transferrin, T3, epinephrine and human EGF (Bulletpack, Clonetics). The tumor cells were
reimplanted within 3 days of in vitro culture. The CWR22Rv-1 and PC3 tumor cell lines (kind
gifts from Dr. David Agus, Cedars-Sinai Medical Center, Los Angeles, CA) were maintained
in vitro in RPMI and DMEM, respectively, containing 10% FBS and 1% Penicillin/
Streptomycin.

Lentiviral production and tumor transduction
Before each experiment, fresh LAPC-4 and LAPC-9 tumor tissues were collected to prepare
single cell suspensions. Tumor cells were transduced using lentivirus carrying CMV promoter-
driven firefly luciferase (FL) or renilla luciferase (RL) reporter genes, as previously described.
25 Briefly, the luciferase genes were sub-cloned from phFL-cmv or phRL-cmv (Promega,
Madison, WI) plasmids and inserted downstream of the hCMV promoter in the pCCL-M4
lentiviral vector,26 resulting in the pCCL-cmv-luciferase-M4 vector used to generate LAPC-4-
cmv-FL (hereafter referred to as LAPC-4), LAPC-9-cmv-FL (LAPC-9), LAPC-9-cmv-RL,
CWR22Rv-1-cmv-RL (CWR22Rv1) and PC3-cmv-RL (PC3). In a second experiment,
LAPC-9 tumors expressing RL were transduced in suspension with lentiviral vector pCCL-
VEGFC-IRES-eGFP (LAPC-9/VEGF-C) or empty vector control pCCL-IRES-eGFP
(LAPC-9/GFP). Recombinant lentivirus was produced by calcium phosphate cotransfection
of 293T cells. Tumor cells were infected using viral supernatant at MOI 1 or 2 during 4 hr of
incubation. Robust and constitutive cellular expression of luciferase enzymes were confirmed
by an in vitro bioluminescence assay (Promega).

In vivo and ex vivo optical imaging of primary tumor growth and metastasis
One million lentiviral-transduced tumor cells (LAPC-4, LAPC-9, LAPC-9/GFP, LAPC-9/
VEGF-C, CWR22Rv-1 or PC3) expressing FL or RL reporter genes were subcutaneously
implanted in the right upper back of immune-deficient male scid/nk−/− mice (n = 6–10). Tumor
sizes were measured regularly using digital calipers. After administration of luciferase
substrates (D-luciferin, 150 mg/kg i.p. for FL; coelenterazine, 1 mg/kg i.v. for RL) the
anaesthetized mice were imaged using the bioluminescence optical imager (IVIS 200;
Xenogen, Alameda, CA) immediately after tumor implantation and weekly thereafter
according to previously described techniques.22,27 Maximal luciferase signals were
semiquantified using Living Image 2.5 (Xenogen) and IGOR (Wavemetrics, Lake Oswego,
OR) image analysis softwares. Bioluminescence in vivo signal was considered positive if the
signal in the region of interest (ROI) exceeded 1 × 105 photons/sec/cm2/steradian (p/s/cm2/sr).

The primary tumors were grown to the ethical limit of 15 mm in diameter, at which time the
animals either were sacrificed or the tumors surgically removed, as indicated. After operation,
the mice were analyzed weekly by optical imaging to monitor the occurrence of metastases.
The mice were sacrificed within 100 days postoperation or earlier if either primary tumors
regrew or other adversary health signs developed. Upon sacrifice of all animals, the whole
body and free-dissected organs were imaged ex vivo for bioluminescence after a brief
application of luciferase substrate. Data are reported as the average of maximal bioluminescent
signals in the ROI and in the unit of p/s/cm2/sr.
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Immunohistochemistry
Tumors, lungs and lymph nodes were processed for histological examination (n = 6–9).
Paraffin-embedded sections (5 μm) were stained for a vascular endothelial marker (biotinylated
rat anti-mouse CD31 1:100, BD Biosciences, San Jose, CA), lymphatic endothelial markers
(rabbit anti-LYVE-1 1:300, RELIATech, Braunschweig, Germany; rabbit anti-Prox1, 1:100,
Novus Biologicals, Littleton, CO; and rabbit anti-VEGF receptor (VEGF R)-3, 1:200, Santa
Cruz Biotechnology, Santa Cruz, CA), a macrophage marker (rat anti-F4/80, 1:100, AbD
Serotech, Raleigh, NC), or a prostate epithelial marker (mouse anti-human pan cytokeratin 1×,
Biogenex, San Ramon, CA) as previously described.28 HRP-conjugated secondary reagents
(Vector Laboratories, Burlingame, CA) were detected either using the chromogen
diaminobenzidine or fluorescent conjugates (NEN TSA kits, Perkin Elmer, Boston, MA).
Confocal microscopic images were taken at 10× or 20× optical magnification using a Carl
Zeiss LSM 310 Laser Scanning Confocal microscope.

Images were processed using Photoshop software (Adobe systems, San Jose, CA). For each
histological analysis 6–9 animals were included with 5–20 micrographs per animal. Blood or
lymphatic vessel profiles (vascular density and vessel lumen sizes) were analyzed in pictures
at 10× or 20× optical magnification using a stereological approach as previously described.
29 Briefly, blood vessels were analyzed in sections stained with CD31 and lymphatic vessels
were analyzed in sections double labeled for CD31 and LYVE-1 to discriminate between blood
and lymphatic vessels. Lymphatic vessels within the tumor and close to the peripheral tumor
border were classified as intratumoral vessels, whereas LYVE-1 positive structures outside the
tumor border were classified a peritumoral lymphatics.

Real time RT-PCR
Fresh tumor tissue was snap frozen in liquid nitrogen, and stored at −80°C until analysis. The
tissue was ground to a fine powder in liquid nitrogen and RNA was extracted using Tri-reagent
(Sigma-Aldrich, St Louis, MO) according to the manufacturer's suggested protocol. RNA (1
μg) was reverse transcribed by incubation for 1 cycle at 25°C for 10 min, 48°C for 45 min and
95°C for 5 min. Reaction conditions were as follows: 1× RT-buffer, 5.5 mM MgCl2, 500 μM
dNTP, 2.5 μM random hexamer primer, 0.4 U/μl RNase inhibitor and 1.25 U/μl reverse
transcriptase enzyme. For each sample, 1 μl cDNA (∼ 20 ng) was amplified using SyBr green
2× master mix (Applied Biosystems, Foster City, CA) and 10 μM of the following primers:

Actin:

• forward 5′ TCAAGATCATTGCTCCTCCTGAGC 3′

• reverse 5′ TACTCCTGCTTGCTGATCCACATC 3′

hVEGF-C:

• forward 5′ CGGCTTATGCAAGCAAAGATCTGG 3′

• reverse 5′ GCCTCCTTTCCTTAGCTGACACTT 3′

hVEGF-A:

• forward 5′ AGGAGTACCCTGATGAGATCGAGT 3′

• reverse 5′ CATGGTGATGTTGGACTCCTCAGT 3′

The reaction was run on an Opticon Monitor 2 real time PCR machine (MJ Research/Biorad,
Waltham, MA). Samples were amplified using Opticon Monitor 2 real time technology under
the following cycling conditions: 39 cycles of 95°C/15 sec, 60°C/30 sec and 72°C/30 sec. Gene
expression was determined by standard curve method and normalized to β-actin expression
(n = 4 tumors per group).
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Statistical analysis
Student's two-tailed t-test was used to calculate statistical differences between 2 groups. p <
0.05 was considered significant.

Results
Characterization of the LAPC-4 and LAPC-9 wt tumors

One million LAPC-4 or LAPC-9 tumor cells overexpressing FL were implanted in the right
upper back of immune-deficient mice. The expression level of FL was similar in both tumor
cell lines, at 5–7 × 105 relative light units/s/μg protein as measured in vitro prior to implantation.
The animals were investigated using bioluminescence imaging immediately after implantation
and weekly thereafter. The LAPC-4 tumors established at a slightly slower rate than the
LAPC-9 tumors (Fig. 1a). The tumor growth was mirrored by an exponential increase in the
emitted in vivo luciferase signal (Figs. 1b and 1c). Tumors were surgically removed when they
reached the upper ethical limit. The in vivo optical signal from the primary tumors at the time
of resection was between 1.1–1.4 × 109 p/s/cm2/sr, and the sizes of the removed tumors were
similar in both groups (data not shown). Detailed immunohistochemical analysis revealed that
there were no differences in the degree of vascularity between LAPC-4 and LAPC-9 tumors,
as determined by the evaluation of both vessel numbers and vessel sizes (Fig. 1d, data not
shown).

In vivo and ex vivo optical monitoring of the development of metastases
Because of light scattering properties in vivo, low-intensity bioluminescence emitted from
micrometastatic lesions may be difficult to detect in the presence of a strong bioluminescence
signal produced by primary tumors.30 Thus, the surgical resection of primary tumors performed
in our study not only mimics therapeutic intervention in the clinic but also removes the intense
bioluminescence focus thus enabling sensitive monitoring of metastasis development in vivo.
Immediately after primary tumor removal no signs of secondary lesions were observed.
However, within 3 weeks some mice in the LAPC-4 group showed significant optical signals
emitted from the ventral side, in a position suggestive of lung metastasis. The further
development and growth of these potential metastatic lesions was monitored up to 100 days
after the primary tumor removal or until adversary health signs developed (Figs. 2a and 2c).
During this time, 7 out of 9 mice in the LAPC-4 group acquired strong luciferase signals in
locations distant from the primary tumor implantation site. No such in vivo imaging signals
were found in the LAPC-9-implanted mice (Figs. 2b and 2c). Tumor regrowth in the surgical
site occurred in 5 out of 7 (71%) LAPC-9 mice and in 4 out of 9 (44%) LAPC-4-implanted
mice. Thus animals were evaluated at sacrifice to confirm the specific location of metastases
by ex vivo imaging of dissected organs. In the LAPC-4 group 100% (9 out of 9) of the animals
had developed optically detectable metastatic lesions, primarily in lung and regional lymph
nodes (Table I, Figs. 2d and 2e), with an average ex vivo lung metastatic signal intensity of 3.9
× 107 p/s/cm2/sr. In contrast, optical signs of metastases could only be found in less than 29%
(2 out of 7) of LAPC-9-implanted mice, where positive signals were observed in 1 lung and
in 1 brachial lymph node, respectively (Table I, Fig. 2f). Furthermore, these signals were
comparably weaker; at less than 12% of the optical intensity observed in LAPC-4-implanted
mice.

Immunohistochemical analyses of primary tumors and metastases
To confirm the metastatic lesions identified by optical imaging, the lungs and lymph nodes
were retrieved for immunohistochemical analyses. Both LAPC-4 and LAPC-9 tumor cells
could be easily distinguished using human cytokeratin as a marker, as seen by the intense
cytoplasmic staining in the primary tumors (Fig. 3a). Lymph nodes from the LAPC-4 group
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with positive optical signals were found to contain tumor masses involving up to 50% of the
nodal area in brachial or cervical lymph nodes (Fig. 3b). Similarly, the tumor cells present in
the lung stained strongly for cytokeratin, making identification of metastases straightforward
(Fig. 3c). Multiple metastatic lesions were found in lungs from the LAPC-4 group, confirming
the results of the optical imaging (Fig. 3d). The 1 LAPC-9 animal with optical signal emitted
from the lungs was also verified to carry lung metastases, whereas all other lungs of the LAPC-9
cohort were negative (data not shown).

Evaluation of the angiogenic and lymphangiogenic profiles of the primary tumors
To investigate the presence of tumor lymphatics immunohistochemical analyses were
performed on paraffin-embedded primary tumor sections. Samples were double stained to
visualize blood and lymph vessels simultaneously. In LAPC-4 tumors, LYVE-1-positive
structures were present in the tumor periphery, and thin lymphatic vessels were found
penetrating into the tumor, often alongside clusters of blood vessels (Figs. 3e and 3f). The
lymphatic nature of these structures was confirmed by staining for murine VEGFR-3 (Fig. 3g).
In contrast, LAPC-9 tumors were generally lacking intratumoral lymphatics, except for
occasional small lymph vessels close to the tumor border (Figs. 3e and 4d).

To determine if the observed differences in tumor lymphatics were due to differences in
vascular growth factor expressions, real time RT-PCR analyses were performed. LAPC-4
tumors showed a slight 1.6-fold increase in vascular endothelial growth factor (VEGF)-A
expression levels as compared to LAPC-9 tumors, although it did not reach significance (Fig.
3h). This is in line with our finding that these tumors were equally vascularized. In contrast,
the expression of the lymphangiogenic factor VEGF-C was significantly elevated in LAPC-4,
at 3.3-fold higher levels as compared to LAPC-9 (p = 0.01, Fig. 3h), in agreement with the
tumor lymphatics results earlier. The difference in VEGF-C expression levels in LAPC-4
compared to LAPC-9 tumors is modest in this current cohort of animals. Consistently, during
the last 2 years, we have observed VEGF-C expression levels in LAPC-4 tumors ranging from
10- to 30-fold higher than in LAPC-9 tumors. This suggests that a downward drift of VEGF-
C expression may be occurring in this LAPC-4 model during serial passage in scid mice.

Overexpression of VEGF-C mediates prostate cancer metastasis
To gain further insight into the role of tumor lymphatics in prostate cancer metastasis we used
2 approaches: (i) to examine several additional prostate cancer models as to the relation of
VEGF-C expression and metastasis and (ii) to determine the effects of forced expression of
VEGF-C in the low-metastatic LAPC-9 tumor model. The mRNA expression levels of VEGF-
C were determined by quantitative RT-PCR in several prostate cancer tumor models, including
CWR22Rv-1, PC3, LAPC-4, LAPC-9/GFP and VEGF-C-overexpressing LAPC-9 tumors
(Fig. 4a). Among these, the androgen-independent, aggressive PC3 and CWR22Rv-1 tumors
showed notably higher VEGF-C expression levels as compared to the androgen-dependent
LAPC-4 tumors. This finding is in support of the previously published lymphatic metastatic
ability of the PC3 cell line.31 As expected, overexpression of VEGF-C in the LAPC-9 cell line
using a lentiviral approach produced a robust increase in VEGF-C mRNA levels, ∼2.5-fold
above the level in PC3 tumors. The expression of another pro-lymphangiogenic growth factor
in the VEGF family, VEGF-D, was also examined. In contrast to VEGF-C, the level of VEGF-
D mRNA was negligible in all 4 prostate tumor models (data not show).

Although VEGF-C is a dominant lymphangiogenic growth factor by activating VEGFR-3,13

it may also induce angiogenesis by binding to VEGFR-2.32 Thus, in investigating the effects
of overexpression of VEGF-C in LAPC-9 we examined the angiogenic and lymphangiogenic
profiles of the tumors in detail. One million tumor cells marked with RL were implanted in the
right upper back of immune-deficient mice. The LAPC-9/VEGF-C tumors showed similar in
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vivo growth rate to the LAPC-9/GFP control tumors as judged by tumor volume measurements
(Fig. 4b) and bioluminescence signal evaluation (data not shown). The excised primary tumors
were examined by immunohistochemistry to determine their vascular profiles. Intratumoral
lymph vessels were much more abundant in LAPC-9/VEGF-C tumors as compared to LAPC-9/
GFP control tumors that only contained few peritumoral lymphatics (Fig. 4c–4f). The
overexpression of VEGF-C in LAPC-9 resulted in a slight increase in blood vessel density,
whereas there was a striking 20-fold increase in intratumoral lymphatic vessel density (Fig.
4c). Indeed, extensive networks of intratumoral lymph vessels, consistently associated with
blood vessels, were found in LAPC-9/VEGF-C tumors (Fig. 4e). The anti-murine LYVE-1
staining specifically identified lymphatic vessels as LYVE-1 positive structures were found to
be distinct from CD31 positive blood vessels (Figs. 3e and 4e), and expressed VEGFR3 (Fig.
3g) as well as prox1 (Fig. 4e). Further, the LYVE-1 positive cells in the tumors were distinct
from tumor-associated macrophages (Fig. 4f).

Next, several different prostate xenograft models were examined for signs of metastasis using
bioluminescence imaging at the time of sacrifice. In agreement with the observed elevated
expression of VEGF-C, the PC3 and CWR22Rv-1 tumor-bearing animals were found to
develop prominent metastases to ipsilateral brachial and axillary lymph nodes, as well as to
lung (Fig. 5a). In contrast, the LAPC-9/GFP-implanted control mice showed no signs of
metastasis (0 out of 6). However, the induced overexpression of VEGF-C in LAPC-9 tumors
was sufficient to potently induce both lymph node and lung metastasis (Fig. 5b). Indeed, 63%
(5 out of 8) of the LAPC-9/VEGF-C-implanted mice showed signs of lymph node metastasis,
which in 60% of the mice further led to the development of lung metastases (3 out of 5). The
bioluminescence intensities of the optical signals were significantly higher in regional lymph
nodes and lungs from LAPC-9/VEGF-C-implanted mice as compared to LAPC-9/GFP-
implanted control mice (Fig. 5b). These metastatic lesions in lymph nodes (Fig. 5c) and lungs
(Fig. 5d) were confirmed by immunohistochemistry. Notably, the sizes of the lesions found
by immunohistochemical analysis correlated with the observed bioluminescence signal
intensities (Figs. 5c and 5d).

An additional role for VEGF-C in mediating metastasis has been suggested recently, where
tumor cell expression of VEGFR-2 or VEGFR-3 may lead to VEGF-C-stimulated tumor cell
proliferation and migration in an autocrine fashion,33,34 resulting in enhanced tumor
invasiveness and metastasis. To exclude this possibility the expression levels of VEGFR-3 in
LAPC-4 and LAPC-9 tumor cells were examined by real time RT-PCR as well as by
immunohistochemistry. We found that both LAPC-4 and LAPC-9 tumor cells completely
lacked expression of VEGFR-3 (data not shown), indicating that the VEGF-C mediated
enhancement of tumor metastasis was not due to autocrine stimulation in these models.

Discussion
Previous studies from our group have revealed the metastatic nature of LAPC-4 tumors,22

whereas LAPC-9 tumors rarely metastasize from a subcutaneous implantation site. Hence, in
our study we set forth to investigate the metastatic process and to compare the metastatic
potential of these 2 models in a more quantifiable manner using molecular imaging. Findings
from these recent LAPC models are likely to reflect the behaviors of slower growing, androgen-
dependent prostate cancers found in the clinic. Further, we carried on to compare these LAPC
models to more aggressive, androgen-independent tumors. Of note, LAPC-4 was originally
derived from a regional lymph node metastase in a prostate cancer patient, whereas LAPC-9
originates from a femoral metastase.20,24 Similarly, the PC3 cancer cell line originates from
an aggressive bone metastasis, and has previously been shown in animal models to metastasize
to lymph nodes, brain, lung and femurs.31 In contrast, the CWR22 cell line originates from a
nonmetastatic primary prostate cancer lesion, of which CWR22Rv-1 represent an androgen-
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independent xenograft subclone with capacity to metastasize mainly to lung, liver and bone in
mice.35,36

To elucidate the underlying molecular mechanisms of metastasis, the angiogenic and
lymphangiogenic profiles of these xenograft models were compared. We found that prostate
cancer metastasis correlated with the production level of lymphangiogenic growth factor
VEGF-C and with tumor lymphangiogenesis. Among the 4 prostate cancer models analyzed,
the 2 most aggressive, androgen-independent lines, PC3 and CWR22Rv-1, expressed the
highest levels of VEGF-C and readily disseminated to regional lymph nodes and lung. The
elevated VEGF-C expression of the PC3 model has previously been documented in the
literature.18,31,37 In our experience, the CWR22Rv-1 tumors exhibit abundant peritumoral and
intratumoral lymphatic vessels (Burton et al., unpublished data). In comparing the 2 slower
growing, androgen-dependent LAPC-4 and -9 models, the former was found to express
elevated levels of VEGF-C concomitant with the occurrence of intratumoral lymphatics. This
moderate stimulation of lymphangiogenesis was sufficient to induce tumor metastasis in all
animals bearing LAPC-4 tumors, albeit with a prolonged latency of metastasis as compared to
PC3 and CWR22Rv-1 models. In contrast, LAPC-9 tumors, expressing the lowest VEGF-C
among the 4 models and lacking intratumoral lymphatics, did not metastasize. In further
support of a predominantly lymphatic route of metastasis we found that induced overexpression
of VEGF-C in the weakly metastatic LAPC-9 prostate cancer model resulted in stimulation of
lymphangiogenesis leading to a highly metastatic tumor phenotype. Specifically, the fact the
angiogenic profiles (i.e., the degree of vascularity and the level of expression of VEGF-A
between LAPC-4 and LAPC-9 tumors or between LAPC-9/VEGF-C and LAPC-9/GFP control
tumors) were comparable indicates that angiogenesis is likely not the key factor accounting
for the tumors differential abilities for metastatic spreading in our animal models. In contrast,
the main factor seems to be molecular differences related to tumoral lymph vessels.

Our conclusion that tumoral lymphatic vessel content is the major factor accounting for the
tumor's metastatic ability is supported by the following findings: (i) Metastases were observed
in ipsilateral regional lymph nodes in the expected primary lymph drainage pathways,
indicative of a lymphatic route of tumor dissemination. (ii) VEGF-C, a lymphangiogenic
growth factor, was expressed at 3.3-fold higher levels in metastatic LAPC-4 tumors as
compared to in low-metastatic LAPC-9 tumors. (iii) Peritumoral and especially intratumoral
lymphatics were comparatively more abundant in LAPC-4 than in LAPC-9 tumors. (iv)
Notably enlarged tumoral lymphatic networks were found after overexpression of VEGF-C in
LAPC-9 tumors, resulting in a significantly increased density of intratumoral lymphatics as
compared to LAPC-9 control tumors. (v) Overexpression of VEGF-C in LAPC-9 resulted in
the development of lymph node and lung metastases. (vi) LAPC-4 and LAPC-9 tumor cells
lacked expression of VEGFR-3 thus excluding the possibility of autocrine stimulation by
VEGF-C of tumor cell invasiveness. Collectively, our findings indicate that VEGF-C-induced
tumor lymphangiogenesis is sufficient to cause metastasis regionally (lymph nodes) and
systemically (lungs) in low-metastatic prostate cancer models. Our data together with other
studies suggest a central role for the lymphatic system in mediating prostate cancer metastasis.

Whether the prostate cancer metastasis is mediated by stimulation of intratumoral or
peritumoral lymphangiogenesis or simply by activation of preexisting peritumoral lymphatics
may however depend on the particular tumor aggressiveness and its microenvironment, as
suggested by the differing observations obtained in experimental as well as in clinical studies.
18,38–41 For instance, a recent experimental study of the role of lymphangiogenesis and VEGF-
C in prostate cancer metastasis suggested that peritumoral lymphatics, but not intratumoral
lymphatics, contributed to lymph metastasis from an ortotopic site.39 Theoretically, tumors
developing in situ in the prostate may have immediate access to a more elaborate network of
preexisting large lymphatics than tumors implanted in subcutaneous locations. Thus it is
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possible that while the former may achieve access to the lymphatic network by expressing
lymphangiogenic growth factors that act to enlarge and dilate preexisting lymph vessels,42 the
latter may depend more on genuine stimulation of lymphangiogenesis, either in the tumor
periphery or intratumorally, to establish contact with the lymphatic network and generate
lymphatic metastasis.

Evidently, other differences related to the tumor or its microenvironment may also contribute
to the regulation of lymphatic metastasis. Particularly, stromal cell- (e.g., fibroblasts,
macrophages and immune cells) and extracellular matrix-derived factors in the tumor
microenvironment may all contribute to tumor lymphangiogenesis, by producing pro-
lymphangiogenic growth factors.43 However, we found that the levels of tumor-associated
macrophages were not significantly different between LAPC-9 control and LAPC-9/VEGF-C
tumors (Fig. 4f), indicating that tumor VEGF-C production and lymphangiogenesis was mainly
due to tumor cell-derived VEGF-C in this model.

Additionally, the precise requirement for the lymphatic system during dissemination of the
tumor cells after they reach the local lymph nodes remains unclear, although several lines of
evidence seem to suggest that lymphangiogenesis in the local lymph nodes may also play an
important role during tumor metastasis.44 Clearly, further studies are essential to determine
the efficacy and timing of administering inhibitors of tumoral lymphangiogenesis in preventing
prostate cancer metastasis, as well as to establish to what extent these treatments will be
efficient to block intratumoral versus peritumoral lymphatic vessel-mediated tumor metastasis.

An essential component to evaluate antimetastatic therapies is to develop animal models, in
which the process of tumor growth and metastasis can be effectively monitored. Whereas the
ortotopic model has the great advantage of being a better model of the clinical situation, the
subcutaneous implantation models allow for more straightforward surgical manipulation
during tumor resection, as necessitated in our tumor models displaying a slow rate of
metastasis. In this context it should be noted that surgical intervention carries a potential risk
of iatrogenic tumor cell dissemination, although we consistently only have observed metastases
in animals carrying LAPC-4 or LAPC9/VEGF-C tumors, and not in LAPC-9 controls, after
tumor removal surgery. In our study we show that optical bioluminescence imaging as a tool
to follow semiquantitatively the development over time of metastatic lesions in mice is both
feasible and informative. Promisingly for the clinic, the high energy positron emission
tomography (PET) modality has recently been applied successfully for noninvasive imaging
of lymph node trafficking of lymphocytes,45 and this technique may thus, in the future, be
applied for in vivo detection of metastases in humans.

Taken together, these molecular imaging approaches should facilitate further prostate cancer
studies to delineate the molecular steps involved in stimulation of lymphangiogenesis and
lymphatic metastasis. An improved understanding of the complex regulation of these events
may guide the development and evaluation of novel anti-lymphangiogenic agents in
suppressing lymphatic and distant metastasis in prostate cancer patients.
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VEGF-A vascular endothelial growth factor-A

VEGF-C vascular endothelial growth factor-C

VEGFR-3 vascular endothelial growth factor receptor-3

Brakenhielm et al. Page 12

Int J Cancer. Author manuscript; available in PMC 2010 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Prostate cancer xenograft models: optical imaging of tumor growth. LAPC-4 and LAPC-9
human tumor cells were implanted in immune-deficient mice (n = 10). Tumor volume was
measured (a) and the luciferase reporter gene (FL) activity assayed via in vivo optical imaging
(b). Blue color = LAPC-9 group; red color = LAPC-4 group. Dashed extensions of the curves
represent projected values after tumors had been surgically removed in the majority of animals
in a group. Representative examples of the tumor-derived optical signal in LAPC-4- and
LAPC-9-bearing mice at day 20 postimplantation are shown (c). The color bar indicates the
intensity range of the bioluminescence signal (p/s/cm2/sr). The tumors were surgically removed
within 4–7 weeks postimplantation. Immunohistochemical staining of blood vessels in tumor
sections revealed no difference in vascularity between the groups (d; ×4 and ×20). Scale bars
= 200 and 50 μm, respectively.
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Figure 2.
Tumor metastasis monitored by in vivo and ex vivo optical imaging. Representative examples
of dorsal and ventral optical images of mice in the LAPC-4- (a) and LAPC-9 cohort (b) at
various time points following primary tumor resection are shown. The appearance of
bioluminescence signal above background was first evident in the ventral side of the mice,
suggestive of lung metastases. The color bar to the right indicates the signal intensity range (p/
s/cm2/sr × 106). The maximal luciferase signal emitted from the ventral side of animals in
LAPC-4- and LAPC-9 groups is plotted over time after tumor removal (c). The grey dashed
line shows the level set for background signal. Only LAPC-4-implanted mice developed in
vivo signals indicative of metastasis. These secondary sources of bioluminescence emission in
the animals remained stable or increased in intensity over time. Blue color = LAPC-9 group;
red color = LAPC-4 group. Data represent averages ±SEM (n = 4). Within 100 days after the
tumor removal the animals were sacrificed and the lungs and lymph nodes dissected and imaged
optically for the presence of tumor cell-derived luciferase signal. Lung metastatic signs were
observed in all but one of the LAPC-4- (n = 9) and in only one of the LAPC-9-implanted mice
(n = 7), whereas lymph node signals were found in three LAPC-4 mice and in one LAPC-9
mouse (see Table I). Representative examples of lungs (d) and lymph nodes (e) from the
LAPC-4 group and lungs (f) from the LAPC-9 group are shown. The color scale indicates
bioluminescence intensity (p/s/cm2/sr). The upper row circular microphotographs are each
from a different animal, and the lower row pictures are the corresponding bioluminescence
composite images. iBLN, ipsilateral brachial lymph node; iCLN, ipsilateral cervical lymph
node.
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Figure 3.
Immunohistochemical detection of metastases and studies of angiogenic and lymphangiogenic
tumor profiles. Lung and lymph node sections from LAPC-4- and LAPC-9-implanted mice
were processed to detect tumor cells in the parenchyma. LAPC-4 primary tumor sections served
as positive controls for human cytokeratin (a). Hematoxylin & eosin stained sections revealed
tumor metastases in the lymph nodes (b) and lungs (d) from the LAPC-4 group. A brachial
lymph node from a LAPC-4-implanted mouse shows a large subcapsular lesion (b).
Cytokeratin staining revealed tumor cells present in lungs in the LAPC-4-implanted group
(c). Yellow lines indicate the tumor mass. Scale bars = 200 μm (×4), 100 μm (×10) and 25
μm (×40), respectively. The blood (CD31; green) and lymph (LYVE-1; red) vessels of the
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primary tumors (nuclei, blue) were visualized by immunohistochemistry. Analysis of LAPC-4
tumors revealed the presence of small lymphatics both in peritumoral and intratumoral areas
(e, left: ×10 and right: ×20; f, ×40). Most LAPC-9 tumors displayed only very few lymphatic
vessels at the tumor periphery (e, left: ×10). Scale bar in e = 100 μm. T, tumor; S, surrounding
tissue. The intratumoral LYVE-1 positive (green) structures (f, ×40, white arrowheads) were
also positive for another lymphatic marker, VEGFR-3 (green) (g, ×40, white arrowheads).
Angiogenic and lymphangiogenic growth factor expressions were analyzed in the excised
tumors by real time RT-PCR analysis (h). VEGF-A levels were found to be similar whereas
VEGF-C expression levels were significantly and markedly elevated in LAPC-4 as compared
to LAPC-9 tumors. *p < 0.05.

Brakenhielm et al. Page 16

Int J Cancer. Author manuscript; available in PMC 2010 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
VEGF-C expression enhances intratumoral lymphangiogenesis in LAPC-9. VEGF-C
expression was determined by real time RT-PCR analysis of various prostate cancer tumor
samples (a). Overexpression of VEGF-C in LAPC-9 results in > 100-fold increase in VEGF-
C levels as compared to LAPC-9/GFP tumors. This is ∼ 2-fold and 4-fold higher levels as
compared to PC3 and CWR22Rv-1, respectively. Primary tumor growth rates in immune-
deficient mice were similar in LAPC-9/GFP- and LAPC-9/VEGF-C-implanted mice (b; n =
6–8). Tumor immunohistochemical examination revealed that blood vessels (CD31; ×4) and
in particular intratumoral lymphatic vessels (LYVE-1, ×20) were more abundant in LAPC-9/
VEGF-C tumors as compared to LAPC-9/GFP control tumors (c, d; S, surrounding tissue; T,
tumor). Quantification analysis demonstrated that the lymphatic vessel density in LAPC-9/
VEGF-C tumors (VEGF-C, blue) was 20-fold higher than in LAPC-9/GFP control tumors
(Ctrl, red) (c; LYVE-1), whereas there was only a modest 2-fold increase in blood vessel density
(c; CD31). Double staining for lymph (LYVE-1, red) and blood vessels (CD31, green) in
LAPC-9/VEGF-C tumors revealed extensive networks of intratumoral lymph vessels growing
in proximity to blood vessels (e, left: ×20). LYVE-1 positive structures (green) were also
positive for another lymphatic marker, prox1 (red) (e, center and right, ×40, white arrowheads).
LYVE-1 positive cells (red) did not colocalize with a macrophage marker F4/80 (green) (f,
×10). White scale bars in d, e = 100 μm; *p < 0.05, **p < 0.005.
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Figure 5.
VEGF-C expression levels correlate with development of lymph node and lung metastases.
Different human prostate cancer cells were implanted in immune-deficient mice (n = 6–8). At
sacrifice, the luciferase reporter gene (RL) activity was assayed ex vivo by optical imaging of
dissected organs. Representative examples of bioluminescence images of lymph nodes and
lungs are shown (a, I, ipsilateral, C, contralateral, Br, brachial lymph node, Ax, axillary lymph
node). The color bars indicate the intensity range of the bioluminescence signal (p/s/cm2/sr ×
106). The mice bearing PC3 and CWR22Rv-1 tumors showed extensive metastasis to regional
lymph nodes and lungs, whereas LAPC-9/GFP control tumors did not metastasize.
Overexpression of VEGF-C in LAPC-9 resulted in intense luciferase signals in both lymph
nodes and lungs, suggestive of metastasis. Quantification analysis of bioluminescence revealed
that the optical signals were ∼ 100-fold higher in regional lymph nodes and ∼ 20-fold higher
in lungs from LAPC-9/VEGF-C-implanted mice as compared to LAPC-9-implanted control
mice (b). Hematoxylin & eosin (H&E, upper panel) and cytokeratin (α-CK, lower panel)
staining of tissue sections confirmed the presence of tumor metastases in the lymph nodes (c;
T, tumor; LN, lymph node, ×4) and lungs (d; ×10) from the LAPC-9/VEGF-C-implanted group.
The corresponding whole organ optical imaging photo for each sample is shown in the small
insert in the lower panels (c, d). The color bars indicate the intensity range of the
bioluminescence signal (p/s/cm2/sr × 106). *p < 0.05.
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Table I
Number Of Mice With Luciferase Positive Lungs Or Lymph Nodes (Ln) At Sacrifice As
Judged By Ex Vivo Optical Imaging

Degree of involvement LAPC-4 LAPC-9

Lungs

 No metastasis 1 6

 1–2 Positive lobes 2 0

 3–4 Positive lobes 1 1

 All lung lobes positive 5 0

 Incidence of lung metastasis 89% 14%

Lymph nodes

 No metastasis 6 6

 Positive brachial LNs 2 1

 Positive cervical LNs 3 0

 Incidence of LN metastasis 33% 14%

In the LAPC-4 implanted mice 2 out of 9 mice had both brachial and cervical lymph node metastases. The total number of animals with luciferase
positive lymph nodes in the LAPC-4 group was 3 animals.
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