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The 16-kDa angiostatic N-terminal fragment of human prolactin (16K hPRL) has been reported to
be a new potent anticancer compound. This protein has already proven its efficiency in several
mouse tumor models in which it prevented tumor-induced angiogenesis and delayed tumor
growth. In addition to angiogenesis, tumors also stimulate the formation of lymphatic vessels,
which contribute to tumor cell dissemination and metastasis. However, the role of 16K hPRL in
tumor-induced lymphangiogenesis has never been investigated. We establish in vitro that 16K
hPRL induces apoptosis and inhibits proliferation, migration, and tube formation of human dermal
lymphatic microvascular endothelial cells. In addition, in a B16F10 melanoma mouse model, we
found a decreased number of lymphatic vessels in the primary tumor and in the sentinel lymph
nodes after 16K hPRL treatment. This decrease is accompanied by a significant diminished expres-
sion of lymphangiogenic markers in primary tumors and sentinel lymph nodes as determined by
quantitative RT-PCR. These results suggest, for the first time, that 16K hPRL is a lymphangiostatic
as well as an angiostatic agent with antitumor properties. (Endocrinology 152: 4062–4071, 2011)

The 16-kDa N-terminal fragment of human prolactin,
16K human prolactin (16K hPRL), has been identified

as a potent angiostatic compound (1–5). This prolactin
variant is generated from full-length prolactin by cathep-
sin-D mediated cleavage (6). In contrast to full-length pro-
lactin, 16K hPRL inhibits proliferation and migration of
vascular endothelial cells and induces vascular endothelial
cell cycle arrest and apoptosis (2–5, 7–10). This angio-
static activity of 16K hPRL appears to be mediated by a
currently unreported saturable high-affinity binding site
distinct from the prolactin (PRL) receptor (11). The phys-
iological relevance of 16K hPRL has recently been de-
scribed by Hilfiker-Kleiner et al. (12) in postpartum car-
diomyopathy. In this disease, high local levels of 16K

hPRL impair the cardiac capillary network, which con-
tributes to heart failure. In addition, urine, serum, and
amniotic fluid of women with severe preeclampsia com-
pared with healthy pregnant women contained increased
amounts of 16K hPRL.

These data suggest that 16K hPRL contributes to the
endothelial cell dysfunction and compromised birth
weight associated with this disease (13). Erdmann et al.
(14) demonstrated the presence of bovine 16K PRL in the
corpus luteum. This bioactive fragment of prolactin was
able to affect corpus luteum-derived endothelial cells and
might therefore contribute to the corpus luteum regression
mechanism. Due to its negative effects on angiogenesis,
16K hPRL is a potent anticancer compound (15). This

ISSN Print 0013-7227 ISSN Online 1945-7170
Printed in U.S.A.
Copyright © 2011 by The Endocrine Society
doi: 10.1210/en.2011-1081 Received April 6, 2011. Accepted July 29, 2011.
First Published Online August 23, 2011

* V.K. and K.C. contributed equally to the study.

Abbreviations: bFGF, Basic fibroblast growth factor; eGFP, enhanced green fluorescent
protein; FBS, fetal bovine serum; HMVECdLy, human dermal lymphatic microvascular en-
dothelial cell; 16K hPRL, 16K human PRL; PAI-1, plasminogen activator inhibitor; PPIA,
cyclophilin A; PRL, prolactin; qRT-PCR, quantitative real time-PCR; SLN, sentinel lymph
node; TRP, Tyrosinase-related protein 1; VEGF, vascular endothelial growth factor; VEGFR,
VEGF receptor.

C A N C E R - O N C O G E N E S

4062 endo.endojournals.org Endocrinology, November 2011, 152(11):4062–4071

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/152/11/4062/2457051 by U

N
IV LEIG

E FAC
 PSYC

H
 SC

IEN
C

ES L'ED
U

C
ATIO

N
 user on 05 M

arch 2026



protein inhibits capillary endothelial cell outgrowth in-
duced by basic fibroblast growth factor (bFGF) and/or
vascular endothelial growth factor (VEGF), two major
angiogenic growth factors released by tumor cells. In ad-
dition, 16K hPRL, produced by human HCT116 colon
cancer cells, reduces their ability to form subcutaneous
tumors in Rag�/� mice (16). Furthermore, Kim et al. (17)
demonstrated that adenovirus-mediated 16K hPRL ex-
pression by prostate cancer cells decreases tumor growth.
Studies in our laboratory on the B16F10 mouse melanoma
tumor model showed a significant tumor growth delay
after 16K hPRL treatment and distinct tumor vasculature
characterized by small and narrow vessels (18, 19). Ad-
ditionally, Nguyen et al. (19) demonstrated in an experi-
mental lung metastasis model via iv injection of B16F10
melanoma cells without the development of a primary
tumor that 16K hPRL treatment of mice before intra-
venous tumor inoculation decreased tumor metastasis
in the lungs.

Besides angiogenesis, the outgrowth of lymphatic vas-
culature, i.e. lymphangiogenesis, is also stimulated by
VEGF family members released by tumor cells during tu-
mor development (20). Lymphangiogenesis is a complex
process comprising multiple events, including lymphatic
endothelial cell proliferation, migration, organization,
and vessel maturation (21). The lymphatic vasculature is
essential for the maintenance of interstitial tissue fluid,
immune function, and absorption of dietary fats. Tumor-
associated lymphangiogenesis has potential significance
not only at the primary tumor site but also in the sentinel
lymph nodes (SLN), the first set of nodes to receive drain-
age from the primary tumor (22, 23). The distinct struc-
tural features of lymphatic vessels, e.g. permeability and
absence of basement membrane, make them more acces-
sible to tumor cells than blood vessels and facilitate tumor
cell dissemination and metastasis (21, 24). The extent of
lymph node involvement is the most important indicator
of tumor aggressiveness (21, 24–26).

Our hypothesis was that angiostatic protein 16K hPRL
disrupts not only tumor-induced angiogenesis but also
lymphangiogenesis, making it a strong anticancer com-
pound. We demonstrate here in vitro that 16K hPRL is
able to counteract the multiple events that lead to new
lymphatic vasculature. Similar to blood endothelial cells,
16K hPRL reduces lymphatic endothelial cell prolifera-
tion, migration, and tube formation and induces cell ap-
optosis. Additionally, B16F10 tumor-bearing mice show a
modest lymphatic network in the primary tumor and in
the SLN after 16K hPRL treatment compared with con-
trols as determined by immunohistochemical and quan-
titative RT-PCR analysis of numerous lymphatic markers.

Materials and Methods

Cell culture
Primary neonatal human dermal lymphatic microvascular en-

dothelial cells (HMVECdLy) derived from a single donor were
purchased from Lonza (Verviers, Belgium). They were main-
tained in EGM2-MV medium (Lonza) containing endothelial
cell growth supplements provided by the supplier. Due to their
primary condition, HMVECdLy were used for a maximum of six
passages.

B16F10 mouse melanoma cells were obtained from the Amer-
ican Type Culture Collection (ATCC CRL-6475, Manassas, VA)
and cultured in DMEM 4500 supplemented with 10% fetal bo-
vine serum (FBS), 100 U/ml penicillin, and 100 �g/ml strepto-
mycin. All cells were incubated at 37 C in a 5% CO2 humid
atmosphere. All culture reagents were purchased from Invitro-
gen (Carlsbad, CA).

B16F10 transfection
B16F10 cells were transfected with a plasmid that expresses

enhanced green fluorescent protein (eGFP) and puromycin re-
sistance (pIRESpuroeGFP) using Lipofectamine PLUS at a ratio
of 1:1 according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA). Transfected cells were selected with puromycin
at a final concentration of 1 �g/ml, and several colonies were
picked out and expanded for analysis. Colonies displaying the
highest level of eGFP expression were selected (Supplemental
Fig. 1, published on The Endocrine Society’s Journals Online
web site at http://jcem.endojournals.org).

Recombinant adenovirus vector construction
16K-Ad is a defective recombinant E1-E3-deleted adenovirus

vector encoding a secreted peptide consisting of the first 139
amino acids of PRL. This adenovirus vector was constructed as
described by Nguyen et al. (19) and Pan et al. (27), using the
Adeno-X expression system (BD Biosciences, Erembodegem,
Belgium). Purification and titration of the recombinant adeno-
viruses were performed, respectively, with the BD Adeno-X virus
purification kit and the Adeno-X rapid titer kit (BD Biosciences),
according to the manufacturer’s instructions. Null-Ad is a con-
trol adenovirus carrying an empty expression cassette.

Animals and tumor model
Female C57BL/6J mice (n � 40) obtained from the Central

Animal Facility of Centre Hospitalier Univesitaire Liège (Liège,
Belgium) were inoculated with 2 � 105 eGFP-B16F10 cells in 20
�l PBS by sc injection into the right hind footpad. Two days
before tumor inoculation, mice were treated by iv injection with
109 pfu adenovirus carrying 16K hPRL or an empty expression
cassette. This treatment was repeated 1 wk after the first iv in-
jection. Primary tumors became visible 9 d after tumor injection.
Tumor growth was assessed by measuring the length and width
of each tumor every 1 or 2 d using calipers. Tumor volume was
calculated by the formula: length � width2 � 0.5. Mice were
euthanized and tissues harvested either 1 or 2 wk after tumor
inoculation.

All experiments were approved by the Institutional Ethical
Review Committee for Animal Experiments of the University
of Liège.
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Western blot analysis

Cyclin D1 protein expression
Cytoplasmic cell lysate (20 �g) was resolved by SDS-PAGE

(12%), and the bands were transferred to a polyvinylidene flu-
oride membrane (Millipore Corp., Bedford, MA). The blots
were blocked for 1 h with 8% milk in Tris-buffered saline with
0.1% Tween 20 and probed for 1 h with primary antibodies:
anticyclin D1 (sc-718; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) and anti-tubulin (ab6046; Abcam, Cambridge,
UK). After three washes with Tris-buffered saline with 0.2%
Tween 20, antigen-antibody complexes were detected by means
of peroxidase-conjugated secondary antibody and an enhanced
fluorochemiluminescent system (ECL-plus; Amersham Biosci-
ences, Arlington Heights, IL).

16K hPRL in mouse serum
One microliter of serum from mice treated by null-adenovi-

ruses or 16K adenoviruses was resolved by SDS-PAGE (12%)
and transferred to a polyvinylidene fluoride membrane (Milli-
pore). Membranes were saturated overnight with 8% milk in
Tris-buffered saline with 0.1% Tween 20 followed by incubation
for 1 h with polyclonal rabbit anti-hPRL antibody (A0569;
Dako, Glostrup, Denmark) and for 1 h with peroxidase-conju-
gated goat antirabbit antibody (7074; Cell Signaling Technol-
ogy, Beverly, MA). 16K hPRL detection was carried out by
chemiluminescence using the ECL Plus kit (Amersham
Biosciences).

Quantitative real time-PCR (qRT-PCR)
Total RNA from tissues was isolated using the QIAGEN

Rneasy minikit (QIAGEN, Hilden, Germany) and reverse tran-
scribed with the iScript cDNA synthesis kit (Bio-Rad Laborato-
ries, Nazareth Eke, Belgium) according to the manufacturer’s
instructions. The resulting cDNA was used for real-time PCR
with SYBR mastermix (Diagenode, Liège, Belgium). Thermal
cycling was performed on an Applied Biosystems 7000 detection
system (Applied Biosystems, Foster City, CA). The relative ex-
pression was calculated using the formula 2-��CT using cyclo-
philin A (PPIA) or �-2-microglobulin as the internal control.
Primer sequences are available upon request.

Immunohistochemical staining
Tissues from the B16F10 model were fixed in 4% parafor-

maldehyde for 2 h, immersed in sucrose, and rinsed with PBS
before being snap frozen. After blocking endogenous peroxi-
dase, tissue sections (6 �m) were immersed in 20% fetal calf
serum in PBS 1% BSA 0.1% Tween 20 to prevent a specific
staining and were incubated in rat antimouse CD31 (557355; BD
Biosciences Pharmingen, Franklin Lakes, MA) or rabbit poly-
clonal anti-Lyve-1 (70R-LR005; Fitzgerald Industries Interna-
tional, North Action, MA) followed by incubation with a bio-
tinylated secondary antibody (E0432; goat antirabbit biotin;
Dako, Glostrup, Denmark, and 712-065-150; donkey antirat
biotin; Jackson ImmunoResearch, Suffolk, UK) and the
streptABComplex/HRP complex. Staining was revealed using
3-amino-9-ethylcarbazole � substrate chromogen. Sections
were finally counterstained with hematoxylin and mounted
with Glycergel (all Dako).

Image processing and measurements
Total tumor and lymph node sections were scanned using an

Olympus AX-Macro research system microscope (Olympus,
Aartselaar, Belgium). Image processing and measurements were
performed with the Aphelion 3.2 software from Adsis (Hérou-
ville, France) on a personal computer as described previously
(18, 19). Briefly, complete tumor and lymph node sections were
analyzed for each condition. Immunostaining for CD31 and
Lyve-1 of histological tissue sections were used to distinguish
respectively blood and lymphatic vessels from tissue. They ap-
pear in red in the red-green-blue color image. The red component
was first extracted and the resulting image was further processed
as follows: 1) vessels were segmented automatically using the
endotropy of the histogram of gray-level intensities; 2) an erosion
morphological filter was applied to eliminate small artifacts; 3)
because this last operation reduces the size of the vessels, a geo-
desic dilation was carried out to make them recover their real
sizes; 4) all vessels touching the border of the image were elim-
inated; and 5) to identify and measure the area of each vessel, the
vessels were labeled with different colors.

The following measurements were performed: 1) vessel num-
ber was the number of vessels per unit of tissue area; 2) vessel area
was mean area occupied by one vessel (vessel size); and 3) vessel
area density was the percentage of tissue area occupied by vessels.

Production of recombinant proteins
Recombinant 16K hPRL was produced and purified from

Escherichia coli as previously described (5). The purity of the
recombinant protein exceeded 95% (as estimated by Coomassie
blue staining), and the endotoxin level was 0.5 pg/ng recombi-
nant protein, as quantified by the Rapid Endo Test of the Euro-
pean Endotoxin Testing Service (Lonza, Verviers, Belgium). For
all in vitro experiments, a control for endotoxin was used. How-
ever, we did not observe any effect with this control.

Apoptosis assay
HMVECdLy were plated in 96-well culture plates at a den-

sity of 5000 cells per well and allowed to attach in EGM2-MV
(Lonza). Next, cells were incubated overnight in EBM2 con-
taining 0.5% of FBS followed by the addition of 100 nM of
16K hPRL. Apoptosis was analyzed 8 h later by measuring
the caspase-3/7 activity with the Caspase-Glo 3/7 assay (Pro-
mega Corp., Madison, WI) according to the manufacturer’s
instructions.

Proliferation assay
HMVECdLy were plated in 96-well culture plates at a density

of 4000 cells per well in EGM2-MV (Lonza) and allowed to
adhere for 24 h. Complete medium was then removed and re-
placed by EBM2 containing 2% FBS, 0.1% epithelial growth
factor, 0.04% hydrocortisone, and 0.1% gentamicin/ampho-
tericin B. Cells were treated with 100 nM of 16K hPRL and
proliferation was analyzed 72 h later using the colorimetric
cell proliferation reagent WST-1 kit (Roche, Mannheim,
Germany).

Tube formation assay
HMVECdLy were plated in 48-well culture plates coated

with a film of collagen at a density of 50,000 cells/well in
EGM2-MV (Lonza). When the cells formed a confluent mono-
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layer, they were covered with 150 �l of collagen (28). After 2 h
at 37 C, the cells were treated with the different agents diluted in
EBM2 containing 2% FBS. Sixteen hours later, the cells were
incubated with calcein-AM (2 �M; Sigma-Aldrich, Bornem, Bel-
gium) for 20 min. Quantitative analysis of the network structure
was performed by measuring all tube lengths using ImageJ
(http://rsbweb.nih.gov/ij/) and adding these measurements to
obtain a total tube length per condition. For each condition
five photos were analyzed in three independent experiments.

Migration assay

Boyden chamber assay
Migration of HMVECdLy was determined using a Boyden

chamber (8 �m pore size; Corning Inc., Corning, NY). Fifty
thousand HMVECdLy were seeded in EBM2 containing 5%
FBS, 0.1% epithelial growth factor, 0.04% hydrocortisone, and
0.1% gentamicin/amphotericin B in the upper chamber previ-
ously coated with gelatin 0.005%. VEGF-C (320 �M) was added
as chemoattractant to the lower chamber. After 24 h, cells in the
upper chamber were carefully removed using cotton buds and
cells at the bottom of the membrane were fixed and stained with
4% Giemsa. Quantification was performed on by counting the
stained cells on the membrane. For each condition five photos
were analyzed in three independent experiments.

Wound assay
Fifty thousand HMVECdLy were cultured to a confluent cell

monolayer in EGM2-MV (Lonza) in 48-well culture plates. Us-
ing a sterile 20-�l pipette tip, a wound was made in the well. The
wounded monolayers were washed with free medium to remove
nonadherent cells.Next, cells were treated with the different
compounds for 8 h in EBM2 containing 5% FBS, 0.1% en-
dothelial growth factor, 0.04% hydrocortisone, and 0.1%
gentamicin/amphotericin B. The plate was placed under a
phase-contrast microscope and images were acquired according
to fixed reference points to allow the same fields during the image
acquisition. The width of the wound was determined at time zero
and 8 h after onset of the experiment. The rate of cell migration
is inversely correlated to the wound width. For each condition
five photos were analyzed in three independent experiments.

In vivo Matrigel plug assay
Adult female C57BL/6J mice (6–8 wk of age) were sc injected

with 500 �l of growth factor-reduced Matrigel (Becton Dickin-
son, Bedford, MA) containing 640 �M of VEGF-C (R&D Sys-
tems, Oxon, UK) or with Matrigel containing 640 �M of
VEGF-C and 200 nM of 16K hPRL. After 9 d, injected Matrigels
were isolated and were snap frozen.

Statistical analysis
All data are expressed as means � SEM. Statistical analyses

(Mann-Whitney test) were carried out with the Prism 5.0 soft-
ware (GraphPad Software, La Jolla, CA). Statistical significance
was set at P � 0.05.

Results

16K hPRL inhibits proliferation and tube formation
and induces apoptosis of lymphatic endothelial
cells

To establish its putative lymphangiostatic potential, we
first tested the efficacy of 16K hPRL on endothelial cells

derived from lymphatic vessels. We used HMVECdLy as
previously described (29, 30). The cells were positive for
Podoplanin, Lyve-1 and VEGF receptor (VEGFR)-3 (data
not shown) and were accordingly sensitive to VEGF-C by
showing increased proliferation when treated with this
growth factor (Fig. 1A). This proliferation induction was
reduced upon treatment with 100 nM of 16K hPRL (Fig.
1A). In addition, we analyzed the level of cyclin D1, a
factor important in the cell transition from G1 into S. This
factor is decreased in blood endothelial cells after 16K
hPRL treatment (4). Treatment of 72 h with 16K hPRL
showed a dose-dependent decrease in cyclin D1 expres-
sion in HMVECdLy (Fig. 1B).

Next, we studied the effect of 16K hPRL on capillary
organization of HMVECdLy between two collagen layers.
Although a treatment with 320 �M of VEGF-C increased
the capillary tube formation, 16K hPRL prevented this
augmentation (Fig. 1C). 16K hPRL is known to induce
apoptosis in blood endothelial cells by inducing caspase-
3/7 activity. Indeed, in the present study, serum starved
HMVECdLy also showed increased apoptosis after treat-
ment with 100 nM of 16K hPRL, as demonstrated by the
augmented activity of caspase-3/7 (Fig. 1D).

We also tested full-length prolactin on lymphatic en-
dothelial cell proliferation and apoptosis but did not de-
tect any effect (data not shown).

16K hPRL inhibits lymphatic endothelial cell
migration in vitro and in vivo

During lymphangiogenesis, lymphatic endothelial
cells migrate toward a positive stimulus and form tubes
by interconnection. This process was investigated in
two different in vitro assays. In a Boyden chamber as-
say, HMVECdLy migration was strongly increased to-
ward the chemoattractant VEGF-C, as shown in Fig. 2A.
Treatment of the cells with 16K hPRL significantly re-
pressed the migration toward VEGF-C (Fig. 2A).

The in vitro wound assay is particularly suitable for
studying the importance of cell-matrix and cell-cell in-
teractions during cell migration (31). Stimulation of the
HMVECdLy with VEGF-C induced cell migration, and
treatment of the cells with 16K hPRL blocked this induc-
tion completely (Fig. 2B). Furthermore, even in nonstimu-
lated cells, we observed an inhibition of cell migration
after 16K hPRL treatment (Fig. 2B).

The antimigrative effect of 16K hPRL observed in vitro
was confirmed in vivo through a Matrigel plug assay in
mice. Analysis of the VEGF-C enriched Matrigel, which
was isolated 9 d after sc injection in mice, revealed lym-
phatic cell recruitment. Quantification of several lym-
phatic markers by qRT-PCR demonstrated expression of
Podoplanin, VEGFR-3, and Lyve-1 in these Matrigels.
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The mRNA expression level of Podoplanin was signifi-
cantly reduced when VEGF-C-enriched Matrigel con-
tained 16K hPRL. The gene transcripts of VEGFR-3 and
Lyve-1 showed the same trend although statistical signif-
icance was not reached. These results suggest a reduced
recruitment and migration of lymphatic cells into the
Matrigel (Fig. 2C).

All these results strongly suggest an inhibitory effect of
16K hPRL on lymphatic endothelial cell migration.

In vivo tumor-induced lymphangiogenesis in a
mouse eGFP-B16F10 footpad melanoma model

The mouse eGFP-B16F10 footpad melanoma model
was used to investigate tumor-induced lymphangiogen-
esis. This model entails the sc injection of eGFP-B16F10
mouse melanoma cells into the right hind footpad of
C57BL/6J mice. The lymphatic system of the foot drains
directly through the popliteal lymph node. Therefore,
primary eGFP-B16F10 footpad tumors are likely to in-
duce lymphangiogenesis and metastasis in the popliteal

lymph node. An advantage of this
model is reduced experimental heter-
ogeneity due to the anatomic, con-
stant and superficial location of the
single popliteal lymph node (32–34).
The popliteal lymph node is called the
SLN from now on.

Before injection, B16F10 cells were
transduced with a plasmid vector encod-
ing the eGFP gene. The eGFP-expressing
tumorcells canbeeasilyvisualizedby flu-
orescent microscopy allowing assess-
ment of metastasis in the sentinel lymph
node. The eGFP-transduced B16F10
cells showed the same growth curves as
wild-type B16F10 cells (Supplemental
Fig. 1, A and B). A pilot study confirmed
that, in this model, the formation of an
eGFP-B16F10primarytumor inthefoot-
pad of mice induced the development of
the lymphatic vasculature in the draining
sentinel lymphnode.Weanalyzed theex-
pressionof lymphaticmarkers intheSLN
and in the nontumor-draining contralat-
eral lymph node by qRT-PCR 14 d after
tumor inoculation in the right hind foot-
pad. The SLN showed significantly in-
creased relative expression levels of
Lyve-1 and VEGFR-3 compared with
the nontumor-draining contralateral
lymph node (Fig. 3A).

16K hPRL delays tumor growth
and impedes neovascularization in the mouse
eGFP-B16F10 footpad melanoma model

Because 16K hPRL had not yet been used in this foot-
pad B16F10 tumor model, we first established its antitu-
mor effects. Mice treated with adenoviruses encoding 16K
hPRL (16K-Ad) showed a significant delay in tumor
growth compared with mice treated with control adeno-
viruses (Null-Ad) (Fig. 3B). Analysis by Western blot of
serum from the treated mice confirmed the presence of
16K hPRL protein levels throughout the experiment (Fig.
3C). A band running higher than that seen for recombi-
nant 16K hPRL produced in E. coli was observed. This is
due to the N-glycosylation of Asn 31 of 16K hPRL as
previously shown and does not affect the biological ac-
tivity of 16K hPRL (19, 27). Next, we determined the
angiostaticpotentialof16K-Adtreatmentbyscrutinizingthe
tumor vasculature. We found that the number of tumor
blood vessels was slightly although not significantly re-
duced by 16K-Ad treatment (Fig. 3D). However, tumor

FIG. 1. 16K hPRL inhibits proliferation and tube formation and induces apoptosis of
HMVECdLy. A, 16K hPRL decreases proliferation of HMVECdLy cultured in medium containing
2% FBS as determined by the colorimetric WST-1 test after 72 h of treatment with 100 nM

16K hPRL (black bar, control; gray bar, �320 �M VEGFC; white bar, �320 �M VEGFC � 100
nM 16K hPRL). B, 16K hPRL decreases dose-dependently the protein levels of cyclin D1 as
determined by Western blot analysis (top panels). Differences in protein expression were
analyzed using ImageJ (National Institutes of Health) and normalized to tubulin expression.
The result is representative of two similar and independent experiments. C, 16K hPRL
decreases tubulogenesis of HMVECdLy cultured in medium containing 2% FBS. Cells were
seeded between two layers of collagen and treated for 16 h. Living cells were stained with
calcein-AM. Analysis of the capillary network was performed by measuring the total length of
tubes (black bar, control; gray bar, �320 �M VEGF-C; white bar, �320 �M VEGF-C � 100 nM

16K hPRL). D, 16K hPRL increases caspase-3/7 activity of serum-starved (0.5% FBS)
HMVECdLy. Caspase-3/7 activity of HMVECdLy was measured after a treatment of 8 h with
100 nM of 16K hPRL (black bar, control; white bar, �100 nM 16K hPRL) The results are
presented as means � SEM of at least three independent experiments. For each test, the
control sample was arbitrarily fixed at 1. ***, P � 0.0005.
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blood vessels of 16K-Ad treated mice appeared smaller and
collapsedcomparedwithNull-Ad treatedmice.Asexpected,
computer-assisted image analysis revealed that the total
blood vessel area density and the average blood vessel area
were 65 and 66% lower in the 16K-Ad-treated mice, re-
spectively, than in the Null-Ad mice (Fig. 3D). These re-
sults are in line with our previous publications in which we
used B16F10 tumor cells in a sc flank model. 16K hPRL
treatment reduced blood vessel area and decreased the
vessel number, which combined lead to globally reduced
vessel density (18, 19).

16K hPRL inhibits lymphangiogenesis in the
primary tumor and the sentinel lymph node

Next, we determined the number of lymphatic vessels
within the primary tumor. Few lymphatic vessels were
present in the primary tumor. This is in line with previous
studies demonstrating that melanoma growth does not
obviously alter the sparse lymphatic vasculature in the
footpads and that only few lymphatic vessels are present
in the primary tumor (32). However, we were able to ob-

serve a small decrease in the number of lymphatic vessels
and the total vessel area density when mice were treated
with 16K-Ad, indicating that 16K hPRL might have an
inhibitory effect on tumor induced lymphangiogenesis
(Fig. 4A). Additionally, we determined decreased ex-
pression levels of lymphangiogenic markers, which
were significant for Prox-1 in primary tumor tissues of
16K-Ad treated mice compared with Null-Ad-treated
mice (Fig. 4B).

Next, we analyzed the lymphatic network in the senti-
nel lymph nodes of tumor-bearing mice by immunohisto-
chemical staining of tissue sections with Lyve-1. Fourteen
days after tumor injection, we observed a significant in-
hibition of tumor-induced lymphangiogenesis by 16K-Ad
in the sentinel lymph nodes. This was characterized by a
decrease in the total vessel area, which was occupied by
narrow lymphatic vessels (Fig. 4C). The number of lym-
phatic vessels was not attenuated. In addition, we detected
a significant decrease in the mRNA expression levels of
Lyve-1, VEGFR-3, Prox-1, and Podoplanin in 16K-Ad-
treated mice compared with Null-Ad mice (Fig. 4D).

16K hPRL does not affect the establishment of
metastasis in the lymph nodes

We assessed by immunofluorescent microscopy that
50% of the Null-Ad-treated mice possessed eGFP-positive
B16F10 metastatic lesions in their SLN 14 d after tumor
inoculation. Surprisingly, we also detected eGFP-B16F10
metastatic lesions in 40% of 16K-Ad-treated mice. Be-
cause these results are in high contrast with the study of
Nguyen et al. (19), who did show an inhibition of metas-
tasis in an iv experimental B16F10 model, we monitored
B16F10 metastasis by expression analysis of Tyrosi-
nase-related protein-1 (TRP) in the current footpad
model. TRP is a melanocyte-specific marker and there-
fore a specific marker for B16F10 melanoma (33). Anal-
ysis of expression of TRP transcripts is a more sensitive
detection method compared with eGFP fluorescence to
determine tumor dissemination. At 72 h and even earlier
at 48 h after tumor inoculation in the right hind foot-
pad, we already detected TRP mRNA expression in the
foot draining lymph node (data not shown). This sug-
gests that inoculated tumor cells are able to penetrate
lymphatic vasculature at the time of injection. This
event had not previously been described for this model.
Our results imply that this model is not the one of choice
for spontaneous tumor metastasis studies.

Discussion

Using complementary in vitro and in vivo studies designed to
clearly delineate the contributing processes of lymphatic

FIG. 2. 16K hPRL impairs lymphatic endothelial cell migration. A, Boyden
chamber assay. HMVECdLy cells were cultured in medium containing 5%
FBS. Cell migration was measured after 24 h by counting the cells on the
membrane. Left panel, Representative images of membranes containing
migrated cells (black dots) after treatment or not with 16K PRL, Right
panel, Quantification of cell migration through the membrane. B, Wound
assay. HMVECdLy cells were cultured in medium containing 5% FBS.
Distance of cell migration was measured after 8 h. The results are
presented as means � SEM of at least four independent experiments. C,
Matrigel invasion assay. 16K hPRL down-regulates expression of lymphatic
markers (Podoplanin, VEGFR-3, Lyve-1) in Matrigel. RNA was extracted
from Matrigel containing 640 �M VEGF-C (n � 9) or 640 �M VEGF-C �
16K hPRL (n � 10) derived from mice (two independent experiments).
Transcript levels were analyzed by qRT-PCR and normalized to PPIA. The
results are presented as relative expression values � SEM. For each test,
and the control sample was arbitrarily fixed at 1. *, P � 0.05; **, P �
0.01; ***, P � 0.0005.
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growth, we established that the antitumor compound 16K
hPRL significantly disrupts lymphangiogenesis particularly
in metastatic lesions.

Similar to what we found previously on cultured blood
endothelial cells (2–4, 8, 35), we observed an induction of
apoptosis and a decrease in proliferation, tube formation,
and migration of well-characterized lymphatic endothelial
cells after 16K hPRL treatment. In addition, in vivo mouse
studies suggest an inhibitory effect of 16K-Ad treatment
on tumor-induced lymphangiogenesis. The previous re-
sults together with our newly generated data lead us to
propose that 16K hPRL possesses lymphangiostatic char-
acteristics in addition to its angiostatic properties. It is not
a common feature of angiostatic agents to also possess
lymphangiostatic properties. Although it seems obvious
that multityrosine kinase inhibitors (block VEGFR-1, -2,
-3) would target both processes, we found some diver-
gences in the literature. Multikinase inhibitor E7080 has
been found to be able to inhibit lymphangiogenesis and
lymph node metastasis (36). Surprisingly, for the VEGFR
tyrosine kinase inhibitor PTK787/ZK222584, Sini et al. (37)
demonstrated a lymphangiostatic effect, whereas Schomber
et al. (38)failed to do so. In addition, endogenous inhibitors
(angiostatin, endostatin, and vasohibin-1) have been
shown to exhibit lymphangiostatic features (39 – 42),
whereas by contrast, thrombospondin-1 has not (43).

We can only speculate on the mech-
anism involved in the lymphangiostatic
properties of 16K hPRL. The angio-
static activity of 16K hPRL appears to
be mediated by an unreported, specific,
saturable, high-affinity binding site dis-
tinct from the PRL receptor (11). Acti-
vation of multiple pathways appears to
be the rule rather than the exception
with ligands acting on endothelial cells
(2). 16K hPRL inhibits bFGF- and
VEGF-A-induced endothelial cell pro-
liferation (8, 9). The actions of both
bFGF and VEGF-A are regulated by re-
ceptors of the tyrosine kinase family,
which activate the MAPK pathway.
16K hPRL interferes in the MAPK
pathway by blocking Ras in blood en-
dothelial cells (7). Additionally, re-
duced endothelial cell migration by
16K hPRL treatment is due to down-
regulation of the Ras-Tiam1-Rac1-
Pak1 pathway (10). VEGF-C and
VEGF-D act through VEGFR-3, an-
other family member of the tyrosine ki-
nases, which induces MAPK signaling

and Ras activation (44). Therefore, 16K hPRL might exert
its inhibitory properties on lymphatic endothelial cells via
this route. However, preliminary data indicate that 16K
hPRL treatment might not effect MAPK activation in
HMVECdLy (Herkenne, S, unpublished data). VEGFR-3
signaling also leads to downstream activation of the AKT
pathway, which has been associated with lymphatic en-
dothelial cell survival and migration. Current studies in
our laboratory suggest an implication of this pathway in
the downstream signaling of 16K hPRL in blood endo-
thelial cells (Herkenne, S, unpublished data). The pos-
sible inhibition of this pathway by 16K hPRL in HM-
VECdLy might explain the different effects seen in the
proliferation/apoptosis in vitro assays and cell migra-
tion assays, in which inhibitory effects were more
pronounced.

Apoptosis induction by 16K hPRL occurs via the
caspase-8- and caspase-9-mediated apoptosis cascades
initiated by nuclear factor-�B activation in blood endo-
thelial cells (2, 5). This, however, seems unlikely to be the
case in lymphatic endothelial cells. Preliminary studies
performed by our laboratory suggest that treatment of the
HMVECdLy by 16K hPRL does not induce caspase-8 or
-9 activation (data not shown). These preliminary results
indicate that 16K hPRL might act differently on blood and
lymphatic endothelial cells.

FIG. 3. 16K hPRL delays tumor growth and impedes angiogenesis in eGFP-B16F10 footpad
melanoma. A, Relative expression of Lyve-1 and VEGFR-3 mRNA in SLN and contralateral
lymph nodes of nontreated tumor bearing mice (n � 5) determined by qRT-PCR. Values were
normalized to PPIA. B, Tumor growth curve. C57BL/6J mice were iv inoculated with 109 pfu
Null-Ad or 16K-Ad at d 1 and 8. eGFP-B16F10 tumor cells were sc injected in the right hind
footpad at d 3. Values are mean tumor volume � SEM (n � 8). C, Western blot of 16K hPRL in
serum from mice inoculated with Null-Ad or 16K-Ad. Thirty nanograms of recombinant 16K
hPRL were loaded as a control. D, Primary tumors from Null-Ad and 16K-Ad inoculated mice
were analyzed for number of vessels, total blood vessel density, and average blood vessel area
(CD31 staining, original magnification, �100). Columns, mean; bars, SEM. *, P � 0.05; **,
P � 0.01.
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16K hPRL has been demonstrated to inhibit angiogen-
esis by attenuating the production of nitric oxide and an-
tagonizing the activation of VEGF-inducible endothelial
nitric oxide synthase (45, 46). Interestingly, Lahdenranta
et al. (47) have recently established the role of nitric oxide
synthase and nitric oxide in lymphangiogenesis and lym-
phatic metastasis. Because 16K hPRL represses nitric ox-
ide synthase and nitric oxide expression, this might partly
explain the simultaneous inhibition of tumor-associated
angiogenesis and lymphangiogenesis as well as metastasis.
The lymphangiostatic features of 16K hPRL might also be
related to tissue remodeling, which accompanies the for-
mation of new vessels (48). In vivo tissue remodeling is
dependent on activation of urokinase type plasminogen
activator, which is inhibited by activation of plasminogen
activator inhibitor (PAI-1). PAI-1 is up-regulated by 16K
hPRL, which is in line with our hypothesis (1, 3). How-
ever, recently Bruyere et al. (49) demonstrated that PAI-1
deficiency did not affect tumor lymphangiogenesis. This
also suggests that vascular remodeling associated with
lymphangiogenesis and angiogenesis might involve differ-
ent molecular determinants.

In contrast to our earlier work in which we demon-
strated that 16K hPRL significantly prevents hematogenic
B16F10 tumor metastasis (19), here we were unable to

observe a clear impact of 16K-Ad treatment in the lym-
phogenic metastasis model. The eGFP-B16F10 footpad
modelhasbeendescribed in the literatureasa spontaneous
metastasis model, with metastatic lesions in the sentinel
lymph node derived from the primary tumor in the foot-
pad (32–34). When we scrutinized the metastatic dissem-
ination in this footpad model, we observed already after
48 h after tumor inoculation into the footpad the presence
of B16F10 melanoma cells in the SLN; this was before the
development of a primary tumor. These results are not in
agreement with a spontaneous metastasis model in which
tumor cells disseminate from the primary tumor, and the
results obtained cannot be interpreted as such. The foot-
pad contains a lymphatic-vascular network and conse-
quently our hypothesis is that tumor cells injected into the
footpad have direct access to the lymphatic system. For
that reason, due to the fast tumor cell dissemination, we
speculate that the eGFP-B16F10 footpad tumor model
seems to be an experimental metastasis mouse model in
which tumor cells are injected directly in the vasculature to
mimic the development of metastatic lesions. Similar to
the experimental lung metastasis B16F10 melanoma
model of Nguyen et al. (19), we tried to determine the
number of metastatic lesions per SLN and their sizes. Un-

FIG. 4. 16K hPRL inhibits lymphangiogenesis in the primary tumor and the sentinel lymph node A, Primary tumors from Null-Ad- and 16K-Ad-
inoculated mice were analyzed for number of vessels, total lymphatic vessel density, and average lymphatic vessel area (Lyve-1 staining, original
magnification, �100). B, Relative mRNA expression of lymphatic markers in primary tumor treated with Null-Ad or16K-Ad determined by qRT-PCR.
C, SLN from Null-Ad- and 16K-Ad-inoculated mice were analyzed for number of vessels, total lymphatic vessel density, and average lymphatic
vessel area (Lyve-1 staining, original magnification, �100). D, Relative mRNA expression of lymphatic markers in primary tumor treated with Null-
Ad or16K-Ad determined by qRT-PCR. Values were normalized to PPIA. Columns, mean; bars, SEM. *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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fortunately, we were unable to accurately quantify these
properties of the tiny tissues.

Recently two angiogenesis laboratories presented in-
dependently intriguing evidence that VEGF-targeted
drugs inhibiting primary tumor growth might still shorten
the survival of mice by promoting tumor metastasis (50,
51). This sheds new light on the angiostatic treatment of
cancer, and all new angiostatic compounds should there-
fore be handled with caution. Thus, it is important that the
effect of 16K hPRL is tested in well-characterized spon-
taneous metastasis models in the near future before the
initiation of clinical trials.

In conclusion, we demonstrated that 16K hPRL is a
potent angiostatic agent with additional lymphangiostatic
properties, providing it with the potential for use in anti-
cancer therapies.
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E-mail: i.struman@ulg.ac.be.

This work was supported by grants from the Fonds pour la
Recherche Industrielle et Agricole, the Fonds National de la Re-
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51. Pàez-Ribes M, Allen E, Hudock J, Takeda T, Okuyama H, Viñals F,
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