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Lipoxygenase mediates invasion of
intrametastatic lymphatic vessels and
propagates lymph node metastasis of human
mammary carcinoma xenografts in mouse
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In individuals with mammary carcinoma, the most relevant prognostic predictor of distant organ metastasis
and clinical outcome is the status of axillary lymph node metastasis. Metastases form initially in axillary sen-
tinel lymph nodes and progress via connecting lymphatic vessels into postsentinel lymph nodes. However, the
mechanisms of consecutive lymph node colonization are unknown. Through the analysis of human mammary
carcinomas and their matching axillary lymph nodes, we show here that intrametastatic lymphatic vessels and
bulk tumor cell invasion into these vessels highly correlate with formation of postsentinel metastasis. In an
in vitro model of tumor bulk invasion, human mammary carcinoma cells caused circular defects in lymphatic
endothelial monolayers. These circular defects were highly reminiscent of defects of the lymphovascular walls
atsites of tumor invasion in vivo and were primarily generated by the tumor-derived arachidonic acid metabo-
lite 12S-HETE following 15-lipoxygenase-1 (ALOX15) catalysis. Accordingly, pharmacological inhibition and
shRNA knockdown of ALOX15 each repressed formation of circular defects in vitro. Importantly, ALOX15
knockdown antagonized formation of lymph node metastasis in xenografted tumors. Furthermore, expression
of lipoxygenase in human sentinel lymph node metastases correlated inversely with metastasis-free survival.
These results provide evidence that lipoxygenase serves as a mediator of tumor cell invasion into lymphatic
vessels and formation of lymph node metastasis in ductal mammary carcinomas.

Introduction

A tumor’s metastatic potential is determined by complex and
specific genetic gains and/or losses of function that enable
tumor cells to emigrate from their primary site to access the
blood or lymphatic vasculature and to form premetastatic niches
in target organs that provide the essential “soil” for “seed-
ing” of incoming tumor cells (1). Despite the obvious clinical
relevance of these events, relatively little is currently known
about the underlying mechanisms. For example, only some
aspects of niche formation in distant organs have been identi-
fied; these include local accumulation of bone marrow-derived
cells, fibronectin deposition (2), and interactions between
tumor cells and thrombocytes (3).
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Whether tumors metastasize initially into lymph nodes or
are distributed by hematogenous dissemination into distant
organs remains a matter for debate, and there is experimental
evidence for each hypothesis (4-6). One view holds that meta-
static tumor cells colonize distant organs via the blood stream
either from lymph nodes (“metastasis from metastasis”) (7) or
by cross seeding from the primary tumor by recirculation (8).
Alternatively, clonogenic tumor cells, presumably with stem
cell-like characteristics, could disseminate simultaneously at an
early time point from primary tumors into both the blood and
lymphatic vasculature and then develop metastases asynchro-
nously in both compartments (9). Although currently evidence
is accumulating in favor of the latter hypothesis (5), it falls
short of explaining why the number of regional lymph nodes
affected by metastases most accurately predicts the general
extent of metastatic spreading and overall clinical outcome, for
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example, in mammary carcinomas. This well-established fact
is reflected in clinically validated and diagnostically indispens-
able consensus systems used in routine histopathological mam-
mary tumor staging (10, 11). Testing these hypotheses, which
are not mutually exclusive, depends on better understanding
of the so-far elusive molecular mechanisms that determine the
initial tumor cells’ specific preference for invasion of blood or
lymphatic vessels to reach their respective target organs.

Here we have systematically analyzed the lymphometastatic proper-
ties of human mammary carcinomas. These have distinct advantages
for such studies, including the anatomically conserved lymphatic
draining patterns of the human breast (12) and their repetitive pat-
tern of metastatic spreading. Thus, most mammary carcinomas form
their initial metastasis in up to 3 axillary lymph node or nodes that
receive afferent lymph from the tumor and peritumoral tissue and
are designated as “sentinel lymph nodes.” Further metastatic pro-
gression occurs by successive colonization of the postsentinel lymph
nodes in the axillary basin. Previous work has shown that lymphan-
giogenesis in sentinel lymph node metastases correlates with post-
sentinel tumor spreading (13). In this study, we have addressed the
mechanisms underlying this process, using immunohistochemistry
with selective lymphatic endothelial markers (podoplanin, LYVE1,
and PROX1) (14-16), in vitro models, and xenograft tumors. The
findings are compatible with a context-specific reaction of lymphatic
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Figure 1

Intrametastatic lymphangiogenesis and tumor cell invasion into lym-
phatic vessels in sentinel lymph nodes of human ductal mammary car-
cinomas with postsentinel metastasis. Lymphatic endothelial cells are
localized by double labeling for podoplanin (red) and PROX1 (black)
in A—C and E. (A) In a primary ductal carcinoma, lymphatic vessels
are localized in the peritumoral stroma (arrow). The tumor border is
marked by a green line. (B) Sentinel lymph node metastasis of the
same carcinoma as in part A, with dense intrametastatic lymphatic
vascularization. LN, residual lymph node parenchyma. Insert, FLT4
(red) in an intrametastatic lymphatic vessel (PROXT1, black). (C) High-
power view of an intrametastatic lymphatic vessel with podoplanin+*
lymphatic endothelial cells and PROX1-expressing nuclei (arrows). The
vessel contains a tumor embolus and is surrounded by mononuclear
inflammatory or tumor cells. (D) Keratin* tumor cell emboli (brown)
within intrametastatic lymphatic vessels with podoplanin* endothelial
cells (red). (E) Large tumor embolus completely filling the lumen of an
intrametastatic lymphatic vessel. (F) Aggregate of keratin* carcinoma
cells disrupts an intrametastatic lymphatic vessel that is outlined by a
single line of PROX1+ nuclei (red). The margins of the vessel’s rupture
are indicated by green arrows. (G and H) Embolic tumor cell clusters
(black arrows) within a branched intrametastatic lymphatic vessel, and
a focal disruption of the lymphatic vascular wall by a bulk of aggregated
tumor cells (green arrow). The lymphatic vessel’s walls are composed
of a single endothelial layer. Scale bars: 100 um; 25 um (insert).

endothelial cells with tumor-derived products of lipoxygenases that
is critical for tumor cell entry into the lymphatic vessel and meta-
static spreading from the sentinel to postsentinel lymph nodes. The
results also shed light on the fact that different tumor types use dif-
ferent means to invade intrametastatic lymphatics.

Results

Intrametastatic lymphatic carcinosis. We localized lymphatic endothelial
cells in 104 precisely matched primary ductal and lobular mam-
mary carcinomas (stages pT1lc, NO, or Nla, or pooled stages N2
and N3; ref. 11 and Supplemental Table 1; supplemental material
available online with this article; doi:10.1172/JCI44751DS1) and in
their corresponding sentinel and postsentinel axillary lymph nodes
(Figure 1). Lymphatic vessels were restricted to the peritumoral
stroma (17) in all the primary carcinomas. In contrast, the sentinel
lymph node metastases of these tumors were often endowed with
lymphatic vessels connected to those in the residual sentinel lymph
node’s parenchyma (Supplemental Figure 1). Their endothelial
cells expressed the major lymphatic markers FLT4 (VEGFR3),
podoplanin, PROX1, and, with some variability, also LYVE1, as
reported (18). The density of intrametastatic lymphatics and their
endothelial mitotic rate were more than 2-fold higher than those
in residual lymph nodes (Supplemental Figure 2). The metastatic
tumor cells were a major source of the lymphangiogenic factors
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Characterization of tumors and patients’ outcome

Table 1

Death Follow-up period

Local recurrence Distant organ
metastasis

Intrametastatic

Grading (%)

Grading

Peritumoral carcinosis

Primary tumor
stage pT1c diameter

pN Stage

(months)

carcinosis

primary tumor

Ductal carcinoma

54

3 (8%)

5 (13%)

0 of 39 (0%)

2 (5%)
22 (56%)

G1

G2

19 (49%)

1.8+0.4cm

39)

pNiaa (n

15 (39%)
3 (15%)

G3

5 (25%) 56
0 55
3 (25%) 57

2 (10%) 5 (25%)
0 0
1(8%) 3 (25%)

20 of 20 (100%)
0 (0%)
6 of 12 (50%)

8 (40%)
9 (45%)
0
14 (82%)
3 (18%)
0
10 (83%)
2 (17%)

G1
G2
G3
G1
G2
G3
G1
G2
G3

6 (65%)
4 (24%)
5 (42%)

1.9+0.35¢cm

1.9+0.3cm
1.8+0.6cm

=20)
-17)
=12)

pN2/3 (n
pN2/3 (n

Lobular carcinoma
pNta (n
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Mean age, 58.9 + 12.8 years. pT1c, primary tumors with diameters between 1-2 cm; pN1a, metastasis in 1-3 axillary lymph node(s), at least 4 larger than 2 mm in greatest diameter; pN2/3, metastases in

more than 4 (ipsilateral) lymph nodes, at least 1 larger than 2 mm in greatest diameter. Data applies to all 3 tumor grades.

VEGFC and VEGFA (19), and their expression in the metastasis
frequently exceeded that of the corresponding primary tumors
(Supplemental Figure 3) and that of mononuclear cells (20) in the
adjacent residual lymph node parenchyma or in naive lymph nodes
(data not shown). These results suggest that metastatic tumor colo-
nies provide lymphangiogenic factors and coopt the sentinel lymph
node’s premetastatic lymphatics and extend them by intrameta-
static lymphangiogenesis.

We identified carcinoma cell emboli of various sizes within the
intrametastatic lymphatic vessels of sentinel lymph nodes (Fig-
ure 1). Emboli were present in 100% (20 of 20) of ductal carcino-
mas with postsentinel lymph node involvement (Table 1), similar
to our recent findings in extramammary Paget carcinomas (21).
Strikingly, intrametastatic carcinosis was also present in all post-
sentinel lymph node metastases from individuals with advanced
disease (data not shown). In contrast, lymphatic carcinosis was
not detected in any of the 56 individuals in whom metastatic
tumors were restricted to the sentinel lymph node (Table 1).
After mean follow-up of 4.5 years, distant organ metastasis and
death were more frequent in the patient group with (25%, 5 of
20 patients) than without intrametastatic lymphatic carcinosis
(8%, 3 of 39 patients). The primary tumor’s peritumoral lym-
phatic carcinosis was (statistically nonsignificantly) increased
with the incidence of intrametastatic tumor emboli (Table 1).
No further correlation of intrametastatic lymphatic carcinosis
with luminal, basal, or ERBB2-overexpressing carcinoma sub-
types (22) was observed. However, in contrast to ductal carci-
nomas, we found intrametastatic lymphatic carcinosis only in
50% (6 of 12) of lobular carcinomas with postsentinel lymph
node involvement (Table 1). This is in line with previous results
showing that the global gene expression of ductal and lobular
subtypes differs significantly (23).

Using oligonucleotide arrays, we identified several gene prod-
ucts (DUSP1, RGS1, CYR61, CXCR4, and VEGFC) that were
overexpressed in tumor cells of the metastasis compared with pri-
mary tumors, and the same discriminatory “markers” were also
differentially expressed in intrametastatic lymphatic tumor emboli
(Supplemental Figure 4). This indicates that tumor emboli origi-
nate from the surrounding metastasis rather than from the primary
tumor directly via lymphatics in the premetastatic lymph node.

Bulk invasion of tumor cells into intrametastatic lymphatics. Due to the
high density of intrametastatic lymphatics, we frequently observed
that tumor cells aggregated into clusters and penetrated in bulk
through large discontinuities of the intrametastatic lymphatic’s
walls (Figure 1). Tumor cell aggregates are located within the vas-
cular lumen, and the vascular walls that border the discontinu-
ity consist of a single endothelial cell layer. This is documented
by localization of PROX1 that forms a single “rosary”-like cover
around the tumor cells (Figure 1). These histological features are
not compatible with surrounding and engulfment of the tumor
cell clusters by newly formed lymphatic vessels that would result in
a double layer of endothelial cells. Our results favor the interpreta-
tion of a direct penetration of the tumor cell aggregates through
ruptures in the vascular wall that is also in line with the recent ex
vivo observation obtained by video microscopy (24).

Aninvitro model of lymphatic invasion. We used an in vitro coculture
system to analyze the mechanisms of tumor cell-mediated dis-
ruption of lymphatic vessels. This employed spheroids (25, 26) of
MCF7 mammary carcinoma cells to reproduce the clusters of cells
seen in tumor emboli in vivo. MCF7 cell spheroids remained stable
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Table 2
Overexpression of genes in MCF-7 spheroids versus monolayers

Description Gene
Gain

(D44 (Indian blood group) CD44
Intercellular adhesion molecule 1 (CD54) ICAM1
Vascular endothelial growth factor (VEGFA) VEGFA
Selectin L (lymphocyte adhesion molecule 1) SELL
Thrombospondin 2 THBS2
Arachidonate 15-lipoxygenase ALOX15
Cadherin 1 type 1, E-cadherin (epithelial) CDH1
Integrin alpha 5 (fibronectin receptor) ITGAS
Loss

Laminin beta 1 LAMB1
Collagen type XII, alpha 1 COL12A1
Platelet/endothelial cell adhesion molecule (CD31) PECAM1
Thrombospondin 1 THBS1
Vascular endothelial growth factor C (VEGFC) VEGFC
Vitronectin VTN

research article

Spheroid/monolayer Pvalue
3.45 0.0039
2.67 0.0012
2.73 0.0100
2.45 0.0055
2.30 0.0125
1.89A 0.0397
1.80 0.0139
1.76 0.0370
-3.87 0.0133
-4.21 0.0016
-1.95 0.0041
-1.91 0.0008
-1.81 0.0295
-1.45 0.0559

MCF?7 cells were grown as spheroids or as monolayers, and lysed to extract and reverse transcribe RNA for low density arrays (Human Extracellular Matrix
and Adhesion Molecules PCR Array; SABiosciences). Genes were identified that are differentially induced or repressed by MCF7 cell spheroid formation
and could be related to bulk-like invasion through the lymphatic vasculature. ACorresponding gene products were studied in more detail.

for more than 6 hours. When aggregated into spheroids, MCF7
cells changed their gene expression patterns when compared with
monolayers and increased their expression of CD44, ICAM1, and
VEGPFA; they also reduced their expression of matrix components
(Table 2). Confluent monolayers of freshly isolated or telomerase
“immortalized” (27) human dermal lymphatic endothelial cells
were used as surrogates for intrametastatic lymphatics. We found
no difference between intra- and extratumoral dermal lymphatics
for the expression of several proteins (podoplanin, PROX1, FLT4,
biglycan, endoglin, VE-cadherin, variably CD34, and LYVE1) (Sup-
plemental Figure 4), justifying their use for the in vitro studies.

MCEF?7 spheroids were placed on top of lymphatic endothelial
monolayers (Figure 2), which resulted in the highly reproducible
formation of circular discontinuities that we designated as circular
chemorepellent-induced defects (CCID) in monolayers precisely
underneath the MCF7 spheroids. They were highly reminiscent
of the defects seen in the lymphovascular walls at sites of tumor
cell invasion in vivo. Lymphatic endothelial cells were more than 5
times more sensitive to MCF7 spheroid-induced CCID formation
than blood vessel endothelia. CCID formation was not seen using
spheroids of the nontumorigenic mammary gland epithelial cell
line MCF-10A or human lung fibroblasts (HLFs) (Figure 2).

CCIDs form by migration of lymphatic endothelial cells. Time-lapse
videos revealed centrifugal migration of lymphatic endothelial
cells strictly beneath the MCF7 spheroids (Figure 2 and Supple-
mental Video). This correlated also with rearrangement and frag-
mentation of VE-cadherin in lymphatic endothelial cell junctions
at the border of MCF7 spheroid-induced CCIDs (Figure 2). The
migratory phenotype of the lymphatic endothelia was confirmed
by the localization of the cell movement-associated activated pro-
tein phosphatase 1 regulatory inhibitor subunit 12 A (PPP1R12A,
MYPT1) (ref. 28 and Figure 2). We discounted a role for apopto-
sis of lymphatic endothelial cells in the formation of CCIDs by
TUNEL and Hoechst 33258 staining both in vitro and in vivo in
human sentinel metastases (Supplemental Figure 5).
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12(S)-HETE induces CCIDs in lymphatic endothelial cell monolayers.
Oligonucleotide array analyses revealed the specific induc-
tion of several genes in MCF7 cell spheroids when compared
with monolayers, including the hypoxia inducible (29) enzyme
15-lipoxygenase-1 (ALOX15) (Table 2), which metabolizes
arachidonic acid to 12[S]-hydroxy-eicosatetraenoic acid (12[S]-
HETE) and 15(S)-hydroxyeicosatetraenoic acid (15[S]-HETE).
In humans, 12(S)-HETE is produced by ALOX15 and ALOX12,
which are the respective products of the ALOX15 and ALOX12
genes (30). We have found that MCF7 cells only express ALOX1S
(Table 2), and it was shown previously that they lack ALOX15B
(31). 12(S)-HETE was identified as a tumor cell-derived retrac-
tion factor for blood vessel endothelial cells (32). In lymphatic
endothelial monolayers, 12(S)-HETE also transiently reduced
VE-cadherin expression (Figure 2). These results fostered the
speculation that 12(S)-HETE might be involved in MCF7-
induced CCID formation.

We inhibited the enzymatic activity of ALOX1S in MCF7 cells
by pharmacologic inhibition with the pan-LOX inhibitor nor-
dihydroguaiaretic acid (33), which resulted in a significant and
dose-dependent reduction of MCF7 spheroid-induced CCID
areas in lymphatic endothelial cell monolayers (Supplemental
Table 2). This result was confirmed with the LOX inhibitor baica-
lein (34) at nontoxic concentrations (Figure 3 and Supplemental
Figure 6), which reduced CCID formation by 90% after 2 hours,
and by 40% to 60% after 6 hours of coincubation as determined
in pilot experiments (26).

Direct proof for the hypothesis that 12(S)-HETE triggered
CCIDs was obtained by placing fibroblast spheroids soaked with
synthetic 12(S)-HETE onto lymphatic endothelial cell monolayers.
This resulted in CCID formation similar to that induced by MCF7
spheroids, whereas fibroblast spheroids imbibed with 15(S)-HETE
or solvent were ineffective (Figure 3). Conversely, blocking 12(S)-
HETE with a specific polyclonal antibody (35) inhibited the for-
mation of MCF7 spheroid-induced CCIDs (Figure 3).
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MCF?7 cell spheroids induce CCIDs in lymphatic endothelial cell monolayers and disrupt VE-cadherin at the CCIDs. (A) Spheroid of HLFs fails
to induce any defects in a monolayer of human lymphatic endothelial cells (LECs, Cytotracker tagged in green) after 4 hours of cocultivation.
(B) MCF7 spheroids induce circular CCIDs. (C) A MCF7 spheroid—induced CCID is outlined when the LEC borders are stained for CD31 (red,
confocal image). Inset, LECs (demarcated with CD31 in red) at the margin of the CCIDs show expression of PPP1R12A (MYPT1) (green) indicat-
ing cell mobility (confocal image). (D) MCF7 spheroids induce CCIDs preferentially in LEC monolayers (left bar), but significantly less (14.3% of
lymphatics; *P = 0.0047) in monolayers of microvascular blood endothelial cells (BECs, right bar). (E) When compared with spheroids of MCF7
cells (left bar, 100%), CCID formation in lymphatic monolayers is marginally induced by nonmalignant human breast epithelial cells MCF-10A
(9.6% of MCF7 spheroids), and HLFs (11.3%). Data are presented as mean + SEM. *P < 0.0001. (F and G) Tracings of LEC migration (red lines;
starting positions are marked by circles) beneath a spheroid during a 4-hour coincubation. (H) Confocal image shows continuous LEC junctions
of VE-cadherin (VE Cad) at distance from a spheroid. (I) At the spheroid’s margin, the VE-cadherin pattern is disrupted. (J) Confluent LECs were
incubated with 1 uM 12(S)-HETE for 15 and 30 minutes or with solvent (0), and cell lysates were immunoblotted with antibodies to VE-cadherin
or B-actin. As controls, VE-cadherin- MCF7 cells were used. Lanes were run on the same gel but are noncontiguous. Scale bars: 100 um (A,

B, F, and G); 25 um (C); 50 um (H and I).

These results indicated that CCIDs were induced by MCF7
cell spheroids, which were placed onto the upper side of the
lymphatic endothelial monolayer that presumably corresponds
to the luminal endothelial aspect in vivo. Here we show that
CCIDs were also generated when the MCF7 spheroids were
placed onto the basolateral aspects of lymphatic endothelial
cells in Transwell chambers (Figure 4).

CCIDs were also obtained with spheroids of tumor lines other
than MCF7 cells. This was found for human mammary carcinoma
cells (HCC1419, HCC1443, and MDA-MB231) and colon cancer
(LS174CoCa, HT29, HTC116), melanoma (CRL1675), and pancre-
atic adenocarcinoma (PANC1) (Figure 3).

Pharmacological inhibition of cognate mechanisms of tumor
invasion and metastasis revealed a minor contribution of metal-
loproteinases since the pan-matrix-metalloprotease inhibitor
GM6001 (36, 37), and specific inhibition of MMP9, TIMP2, and
MMP2 reduced CCID formation only by approximately 25%. Reac-
tive oxygen species and cyclooxygenases and their products were
not involved (Supplemental Table 2).
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Inbibition of 1SLOX reduces CCID formation in lymphatic monolayers.
Further evidence for the central role of ALOX1S in CCID forma-
tion was obtained by shRNA-mediated knockdown in MCF?7 cells
(MCF7/ALOX15" cells), which resulted in stable reduction of over
80% of ALOX15 mRNA as well as 12(S)-HETE and 15(S)-HETE
production (Figure 5). Nonmalignant human MCF-10A cells or
fibroblasts failed to induce CCIDs, to express ALOX15 and ALOX12
genes, and to synthesize 12(S)-HETE (Figure 5). Spheroids of
MCF7/ALOX15" cells induced small CCIDs that were similar to
baicalein-treated MCF7 spheroids, whereas controls (scrambled
shRNA or empty vector-transfected MCF7 cells) were similar to
unmodified MCF7 cells. This inhibitory effect of ALOX15 shRNA
was further enhanced by the pan-metalloprotease inhibitor
GM6001 (Figure 5). Knocking in of ALOX12 into MCF7/ALOX15
cells (Supplemental Figure 7) fully reestablished their CCID-
forming capacity in the spheroid assay (Figure 5).

Reduced metastatic capacity of ALOX15-deficient tumor cells. We used
MCF7 cells with transgene expression of VEGFC (MCF7/VEGFC
cells) (38, 39) to induce metastasis formation in vivo. Both
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Figure 3

12(S)-HETE causes CCIDs in lymphatic endothelial cell monolayers. (A) CCID area in lymphatic endothelial cell monolayers induced by HLF cell
spheroids that were presoaked with synthetic 12(S)-HETE (n = 11), 15(S)-HETE (n = 12), or solvent alone (control; n = 21). 12(S)-HETE induced
approximately 20 times larger CCIDs than controls (*P < 0.0001) after 4 hours of coincubation. (B) Antibody against 12(S)-HETE reduces the
CCID area by approximately 50% (*P = 0.0020). (C) The ALOX inhibitor baicalein, a traditional Asian anti-cancer drug, reduces CCID area in a
dose-dependent fashion, with the highest dose of 500 uM (n = 11) causing reduction to 38% (*P < 0.0001) of controls (n = 20). (D) Time-course
incubation over 4 hours with 100 uM baicalein in the media results in approximately 90% reduction of CCID size in the first 2 hours and a gradual
increase in CCID formation to more than 50% after 4 hours. (E) Spheroids made of the mammary carcinoma cell lines HCC1419, HCC1443, and
MDA-MB231 form spheroids that induce CCIDs in lymphatic monolayers, but only HCC1419 cell-mediated CCID formation is sensitive to 100
uM baicalein (inhibition of 78.2%; *P = 0.0008). Similarly, spheroids formed from colorectal carcinoma cell lines LS174CoCa, HT29, and HTC116
form CCIDs, but only LS174CoCa are baicalein sensitive (inhibition of 53.3%; **P = 0.0168). A melanoma (CRL1675Mel) and a pancreatic
carcinoma cell line (PANC1) formed CCIDs in monolayers of lymphatic endothelial cells, but were insensitive (i.e., statistically not significant) to

baicalein. All data are presented as mean + SEM.

VEGFC-overexpressing and unmodified MCF7 cells expressed
ALOX15 and formed CCIDs of similar size in lymphatic monolayers
(Supplemental Figure 8). Stable transfection with luciferase
(MCF7/VEGFC/luc) did not interfere with the expression of other
transgenes (data not shown). MCF7/VEGFC/ALOX15/luc or con-
trol MCF7/VEGFC/luc cells that contained scrambled shRNA were
injected orthotopically into mammary fat pads of SCID mice. After
32 days, tumors had formed in 100% of animals injected with con-
trol MCF7 cells, but only in 50% with MCF7/VEGFC/ALOX15" cells,
presumably due to a less receptive micromilieu at the sites of injec-
tion, which showed minimal inflammatory infiltration in all cases.
However, once established, the xenograft tumors of all MCF7/
VEGFC cell variants showed similar growth rates, tumor cell turn-
over, weights, and intratumoral lymphatic vascular densities (Fig-
ure 6). At 32 days, 60% of animals in the control groups, but none of
the mice bearing MCF7/ALOX15™ xenograft tumors, had developed
regional lymph node metastases (Figure 6). Sixty-three days after
injection, we found lymph node metastases in 100% of control mice,
but only in 5% of the MCF7/ALOX15~ group. At this end point, the
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weight of all primary xenograft tumors was similar, and the expres-
sion of VEGFC transgene and the ALOX15 shRNA knockdown
were unaltered (Figure 6). In xenograft tumors induced by cells of
the ALOX15-expressing control groups, podoplanin® and LYVE1*
intratumoral lymphatic vessels had formed that were distended
and focally obliterated by tumor emboli at 32 days after injection
(38, 39). In contrast, tumors composed of MCF7/VEGFC/15LOX~
cells developed collapsed intratumoral lymphatic vessels that were
devoid of embolic tumor cells (Figure 6). These in vivo results sup-
port the concept that ALOX15-driven production of 12(S)-HETE
is required for formation of lymph node metastases, by facilitating
the entry of tumor cells into intrametastatic lymphatic vessels.
ALOX1S and 12(S)-HETE in human metastases. The relevance of our
experimental findings for the formation of human postsentinel
lymph node metastases was underscored by immunohistochemical
localization of 12(S)-HETE and of ALOX15 in metastatic carcino-
ma cells in sentinel lymph nodes (Figure 7). This was extended and
confirmed by further analysis of tissue arrays containing cores of
primary tumors and their corresponding sentinel metastases from
Number 5 2005
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13 patients with ductal carcinomas. These samples were precisely
matched for staging pT1c and pNla. Scoring of immunostaining
for ALOX1S5 (Figure 7) provided evidence for a link between enzyme
expression in lymph node metastases and the time of metastasis-
free survival, and thus clinical outcome. A similar trend was also
observed for the expression of ALOX12 (Supplemental Figure 9).

Discussion
The number of axillary lymph nodes that host metastases of mam-
mary carcinomas is of predictive clinical significance. In this study, we
have gained insights into the potential cellular and molecular events
involved in metastatic tumor progression from the sentinel to the
postsentinel axillary lymph nodes in human mammary carcinomas.
This process involves premetastatic conditioning of axillary lymph
nodes, invasion of tumor cells into the interconnecting lymphatic
vessels, and eventually intranodal tumor cell arrest and proliferation.
Tumors programmed for lymph node metastasis have acquired a
specific strategy for premetastatic adaptation of their regional lymph
nodes (40, 41), which prominently involves expansion of lymph
node sinus and transformation of their lining cells into lymphatic
endothelia. This reaction is a stereotypic response to diverse stimuli
that range from chemokines and growth factors to lymph conges-
tion by mechanical obliteration of efferent lymphatic vessels (42, 43).
However, it is of importance for formation of lymph node metasta-
ses and is referred to as premetastatic lymph node lymphangiogenesis (41).
Moreover, lymphatic vessels develop de novo within the lymph node’s
metastatic colony and are frequently embolized by tumor cells that
phenotypically correspond to cells of the metastasis and not to those
in the primary tumors. Intrametastatic lymphangiogenesis occurs
in all cases with postsentinel metastasis, and it is also present when
the tumor is restricted to the sentinel lymph node. However, only
when tumor cells have invaded and embolized the intrametastatic
lymphatics do they spread to further lymph nodes downstream, as
documented by a 100% correlation of embolization with postsentinel
lymph node metastasis, which also applies to further tumor spread-
ing from postsentinel metastases into more distal axillary lymph
nodes. This also implies that the intrametastatic lymphatics are con-
nected to the lymph node’s efferent lymphatic vessels and is in line
with recent experimental evidence (44). Collectively, these results
indicate that tumor cell invasion of intrametastatic lymphatic ves-
sels is crucial for lymphatic metastatic tumor dissemination.
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Figure 4

MCF7 tumor cell induced CCID formation in lymphatic monolayers
from the abluminal side in Transwell inserts. MCF7 cell spheroids
were placed onto the upper side of a filter that was covered by an LEC
monolayer on its lower side so that the spheroids were separated from
the lymphatic endothelial cells by the filter membrane. Coincubation
was performed for 12 hours. (A) Low-power electron micrograph of a
spheroid extending a “finger” through a filter pore. The LEC monolayer
at the basal aspect of the filter shows only extracellular material and
debris (*). (B) Higher magnification of the tip of the spheroid’s extension,
showing microvillar or vesicular (arrow) membrane structures, resem-
bling shedding microparticles. (C) A spreading spheroid of MCF7 cells
(outlined in red) on the upper face of the Transwell membrane. (D) At
the opposite basal (abluminal) side of the Transwell membrane, a CCID
(outlined in green) is formed in the monolayer of lymphatic endothelial
cells (tagged red) precisely corresponding to the MCF7 spheroid on the
luminal side. Scale bars: 1 um (A); 0.2 um (B); 50 um (C and D).

These results raise the question of how the tumor cells get access
into the intrametastatic lymphatic vasculature. Several pathways of
tumor invasion into lymphatic vessels have been observed for dif-
ferent experimental and human tumors (45). One variant implies
single tumor cell penetration between or even through endothelial
cells, possibly also involving tumor cell epithelial-mesenchymal
transition (21, 46, 47). In this investigation, we provide evidence
for another pathway for mammary carcinomas similar to that
previously described (45), which involves bulk invasion of meta-
static tumor cells through large discontinuities of the lymphatic
vessel wall. This pathway matches with recent experimental results
obtained by in vivo microscopy in which xenografted mammary
carcinoma cells spontaneously form mobile cohesive groups that
preferentially invade into lymphatic vessels (24).

To gain insights into the mechanisms underlying lymphatic bulk
invasion, we have adapted a reductionistic in vitro assay (25, 26) that
mimics some features of the in vivo situation. In this system, tumor
cell spheroids corresponded to invasive tumor aggregates in vivo,
and in lieu of intrametastatic lymphatic vessels, we used monolayers
of dermal lymphatic endothelial cells. This choice of endothelial
cells was justified because a panel of typical lymphatic genes, includ-
ing PROX1 and podoplanin, was expressed equally in both normal
dermal and intrametastatic lymphatic endothelial cells. In contrast,
we have noted that MCF7 cells altered their gene expression pro-
gram upon spheroid formation and that this includes overexpres-
sion of the 12(S)-HETE-producing enzyme ALOX15. The human
gene project has revealed 2 ALOX isoforms, ALOX15 and ALOX15B.
ALOX15B produces 15(S)-HETE only, and there is no evidence
that it plays a role in breast cancer pathology (48, 49). In contrast,
ALOX1S also generates 12(S)-HETE, which is of relevance for vari-
ous cancers, including mammary carcinomas (50).

12(S)-HETE was previously shown to increase malignant
behavior of some tumors and to reduce it in others (51), and
to increase endothelial cell motility and retraction of human
umbilical cord endothelial cells (52). This has prompted us to
investigate the role of 12(S)-HETE in our in vitro surrogate sys-
tem of tumor bulk invasion. Our results show that 12(S)-HETE
released by MCF7 tumor spheroids induced CCIDs that were
formed by centrifugal migration of lymphatic endothelial cells
just beneath spheroids. It is possible that this local restriction
of endothelial cell mobility could be due to the hydrophobicity
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Figure 5

shRNA-mediated knockdown and rescue of lipoxygenase in MCF7 cells. (A) The expression of mRNAs of ALOX75 and ALOX72 was determined
by real-time PCR in MCF7 and MDA-MB231 mammary carcinoma cells and in controls (noncancerous breast epithelial cells MCF-10A and
HLFs). MCF7 cells express only ALOX75 mRNA, but not ALOX72 mRNA, whereas all other cells fail to produce any of the tested ALOXs. (B)
mRNA levels of ALOX15 were determined in unmodified MCF7 cells, in control MCF7 cells transduced with scrambled shRNA, and in MCF7/
ALOX15" cells. Knockdown of ALOX15 reduced the expression of ALOX75 mRNA significantly (*P = 0.0009 compared with vector control) when
compared with unmodified or control transduced MCF7 cells. (C) Production of 12(S)-HETE and 15(S)-HETE, the arachidonic acid metabolites
of ALOX15, is reduced by more than 90% in MCF7/ALOX15- cells when compared with control MCF7 cells that were transduced with scrambled
shRNA (*P > 0.0001). (D) shRNA-mediated knockdown of ALOX75 in MCF7 cells (blue line) causes a size reduction similar to that of baicalein in
CCID (compare to Figure 3D). This is further aggravated by coincubation with 20 uM of the pan-metalloprotease inhibitor GM6001 (yellow line),
which had a similar effect (green line) on controls (MCF7 cells transduced with scrambled shRNA, red line). (E) Reconstitution of CCID-forming
activity of MCF7/ALOX15- cells by transfection with ALOX72. MCF7 spheroid—induced CCID formation is analyzed in the presence or absence
of 100 uM baicalein. There is a significant difference in CCID size between MCF7/control versus MCF7/ALOX15- spheroids (*P = 0.0017),
MCF7/ALOX15- versus MCF7/ALOX15-/ALOX12+ spheroids (*P = 0.0249), and MCF7/ALOX15-/ALOX12+ spheroids + baicalein treatment

(fP = 0.0331). All data are presented as mean + SEM.

of 12(S)-HETE that could be released in poorly diffusing
membrane microvesicles above its critical micellar concentra-
tion (53). However, the actual concentration of 12(S)-HETE
in the micromilieu at the spheroid tumor endothelial inter-
face remains to be determined (54). 12(S)-HETE was not toxic
for lymphatic endothelial cells, and accordingly, we failed to
encounter apoptotic endothelial cells in association with CCIDs.
The significance of 12(S)-HETE was confirmed by blocking of
CCID formation by a specific antibody or by shRNA-mediated
knockdown of the producing enzyme ALOX1S5. The ability to
cause CCIDs was restored by knocking in of ALOX12, which
also produces 12(S)-HETE and is not expressed in MCF7 cells.
15(S)-HETE, the alternative arachidonic acid metabolite pro-
duced by ALOX1S, was ineffective. CCID formation was further
supported by metalloproteases that loosen the meshwork of
VE-cadherin at interendothelial junctions and matrix attach-
ment (36, 37). Taken together, our in vitro findings suggested a
hitherto unknown dominant role for ALOX1S and its product
12(S)-HETE in tumor cell-lymphatic endothelial cell interac-
tion. When we extrapolate these in vitro findings to the vascular
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defects we have observed at sites of tumor cell bulk invasion,
it is possible that induction of lymphatic endothelial migra-
tion and focal disruption of interendothelial adhesion (e.g., by
destabilization of VE-cadherin) could contribute to focal open-
ings in the vascular wall.

Intriguingly, blood endothelial cells were much less sensitive
to the migration-inducing effect of 12(S)-HETE than lymphat-
ics. It remains to be determined whether or not this is due to
differences in receptor- or nonreceptor-mediated effects. So
far, several proteins have been implicated in binding of 12(S)-
HETE; however, a definitive universal receptor or receptors are
still elusive. We have screened for the expression of 2 putative
12(S)-HETE membrane protein receptors — the leukotriene By
receptor (55) and the orphan receptor GPR31 (56) (data not
shown) — and failed to detect expression differences between
blood and lymphatic endothelial cells. Thus, our results show
that 12(S)-HETE preferentially caused CCID formation in lym-
phatic endothelial monolayers, either by direct interaction with
so-far elusive lymphatic receptor or receptors, or indirectly, via
currently unidentified intermediaries.
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Figure 6

Xenograft tumors induced by ALOX75 shRNA knockdown cells and control MCF7/VEGFC cells expressing luciferase as reporter. (A) Biolumi-
nescence image of a xenograft tumor induced by cells that lack ALOX175 after injection into the fifth mammary fat pad failed to develop lymph
node metastases after 32 days. (B) Image of a xenograft tumor induced by control MCF7/VEGFC cells that were transfected with scrambled
shRNA and expressed ALOX15, showing a regional lymph node metastasis (red circle). (C, left panel) The sizes and growth rates of all xenograft
tumors, irrespective of the nature of the inoculated tumor cells (MCF7/VEGFC, or MCF7/VEGFC cells transfected with scrambled or ALOX75
shRNA) were similar. (C, right panel) Time course of metastasis formation of xenograft tumors induced by MCF7/VEGFC cells transfected with
ALOX15 shRNA (red) or with control scrambled shRNA (green) showing that ALOX75-deficient MCF7/VEGFC were incompetent of metastasis
formation. (D) Representative picture of a xenograft tumor (same as depicted in A). The tumor cells fail to invade into the collapsed intratumoral
podoplanin* lymphatic vessels (red). Insert, tumor embolus—free intratumoral lymphatic vessel with a narrow lumen. (E and G) Xenograft tumor
of the control group (same as in B) showing massive tumor intravasation into dilated lymphatic vessels (arrows) that were immunostained for
LYVE1 (E) or podoplanin (G). (F) Growth rates of xenograft tumor MCF7/VEGFC and MCF7/VEGFC/ALOX15- cells were determined by labeling
for MKI67 (Ki-67) or by the TUNEL assay. Image analysis revealed a higher (but not significant) MKI67 positivity in ALOX75- tumors compared
with control tumors. The rate of apoptosis was similar in both primary tumor types. n = 6. Total number of counted nuclei was greater than 2000.

Scale bars: 70 um (D, E, and G); 20 um (inset). All data are presented as mean + SEM.

Our results apply primarily to ductal mammary carcinomas that
are represented in vitro by MCF7 and HCC1419 cells derived from
estrogen receptor-positive ductal carcinomas of the luminal subtype
(57). However, only 50% of the lobular mammary carcinomas fol-
lowed this pattern of tumor spreading. Baicalein-insensitive CCIDs
were formed by MDA-MB321 and HCC1443 mammary carcinoma
cells that are derived from estrogen receptor-negative ductal carci-
nomas of the basal subtype and lack ALOXs. This is in contrast to
our findings in human tumors and could be due to changes induced
by in vitro culturing. Furthermore, the CCID assay suggested that
tumors derived from other organs apparently use LOX-independent
mechanisms. These include most colorectal carcinomas, melano-
mas, and a pancreatic cancer. Thus, there is no universal mechanism
by which different types of tumors form and propagate lymph node
metastases. They apparently also have at their disposal ALOX15-
independent mechanisms to enter lymphatic vessels and do not
use bulk but rather single-cell invasion, with or without epithelial-
mesenchymal transition, possibly depending on TGE-f (24).

These results required verification in a tumor xenograft model
that mimics the key findings in sentinel lymph node metasta-
ses, i.e., formation of intratumoral lymphatic vessels, bulk inva-
sion of tumor cells, lymphatic embolization, and formation of
lymph node metastases. A suitable model for this in vivo proof
of principle was found in mouse xenograft tumors produced
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by human mammary carcinoma MCF?7 cells that transgenically
overexpress VEGFC (38, 39). This transforms MCF7 cells from
nonmetastatic into highly metastatic, with intratumoral lym-
phangiogenesis, lymph vessel invasion, and embolization, i.e.,
analogous to human sentinel lymph node metastases. More-
over, we found that MCF7 cells express only a single lipoxy-
genase, ALOXIS, and are thus ideally suited for studying the
contribution of this enzyme to CCID. shRNA-induced knock-
down of ALOX1S efficiently repressed formation of lymph node
metastases. Intratumoral lymphatic vessels were induced both
in the control and the ALOX15 knockdown xenografted tumors.
However, in ALOX15-deficient tumors, the lymphatics were col-
lapsed and empty and tumor cells failed to invade and form
emboli, in striking contrast to ALOX15-expressing and 12(S)-
HETE-producing control MCE7 cells. However, we cannot
exclude the possibility that the absence of LOX products alters
the lymphatic endothelial phenotype to make it less permissive
to tumor cell invasion in general.

Here we have brought together 3 correlative observations,
i.e., the embolization and invasion of mammary carcinoma
cells into intrametastatic lymphatics in human tissues, the
12(S)-HETE-driven formation of CCIDs in vitro, and the impor-
tant role of the 12(S)-HETE-producing enzyme, ALOX1S, for
lymph node metastasis formation in mouse xenograft models.
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Taken together, these complementary results favor the hypoth-
esis that 12(S)-HETE-mediated CCID formation is a central
event for accession of mammary carcinoma cells into the lym-
phatic vasculature in sentinels and thus furthers tumor spread-
ing into postsentinel lymph nodes (Supplemental Figure 10).

Do these potential mechanisms of intrametastatic lymphat-
ic invasion also apply to human patients? Our results suggest
that this is feasible. Metastatic tumor cells in sentinel lymph
nodes of human mammary carcinomas express all the key play-
ers, ALOX12, ALOX1S5, and 12(S)-HETE. In feasibility studies
using tissue microarrays of a relatively small number of carefully
matched human samples, we found that the abundance of ALOXs
is inversely correlated with metastasis-free survival. Pharmacologi-
cal ALOX inhibition has previously been recognized as antimeta-
static and proapoptotic (58, 59) therapy for mammary and other
carcinoma cells. Here we show the CCID-reducing efficiency of
the ALOX inhibitor baicalein (34), a polyflavone isolated from the
roots of Scuttelaria baicalensis and still applied in traditional Asian
medicine. Thus, our findings could hold the potential that inhi-
bition of ALOX interferes with lymphatic dissemination of duc-
tal mammary carcinomas. Formal clinical studies are required to
determine whether or not ALOXs in mammary carcinomas can be
used as biomarkers and potential therapeutic targets.

Methods

Selection of cases and tissue samples. Use of human tissue samples and exper-
imental mouse models was approved by the Ethical Committee of the
Medical University of Vienna (Approval EK-Nr 270/2006) in compliance
with Austrian legislation. We have selected 104 archival cases of mam-
mary carcinomas, classified as NOS, with 69 cases of ductal and 35 of
lobular subtype. The patients had not received preoperative neoadjuvant
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Figure 7

12(S)-HETE and ALOX15 in human sentinel metastases. (A)
Localization of 12(S)-HETE (red) in the mammary carcinoma
cells in a representative sentinel lymph node of a patient
with postsentinel lymph node metastasis (total examined:
n =12). 12(S)-HETE colocalizes with tumor cell keratin (blue
and merge) and is also expressed by nontumor, presumably
inflammatory cells (arrows). (B) The 12(S)-HETE—produc-
ing enzyme ALOX15 shows a localization similar to that of
its product (ALOX15: green; keratin: red). (C) Results of the
tissue array scoring of the immunostaining for ALOX15 in the
tumor cells of the sentinel metastasis in 15 cases of ductal car-
cinoma. In 5 cases without postsentinel metastases, the score
is lower (N1, green column) than in 10 cases with postsentinel
spreading (N2/3, red column). (D) Metastasis-free survival cor-
relates inversely with the expression of ALOX15 in the tumor
cells of the sentinel lymph nodes (P = 0.0507). Scale bars:
50 um. All data are presented as mean + SEM.

therapy. The primary tumors were matched by their diameters (pTlc,
1-2 + 0.6 cm), availability of the sentinel, and, when clinically indicat-
ed, also postsentinel axillary lymph nodes. Further inclusion criteria
were similar sizes of sentinel lymph node metastases (pN1la, >2 mm)
and documented follow-up periods of 55 months after surgery. The
tumor grading is listed in Table 1. The tumors were also subclassified
by immunohistochemistry as luminal, basal, or ERBB2 enriched (22).
Sentinel lymph nodes were free of tumors (stage pNO, n = 16) (11), or
metastasis was restricted to the sentinel lymph node only (pN1a, n = 56),
or also involved additional postsentinel axillary lymph nodes (pN2 or 3,
n = 32). All tumors were analyzed for the expression of estrogen and
progesterone receptors, the overexpression of ERBB2, and in some cases
also for keratins, CD133, CD44, and aldehyde dehydrogenase (60, 61).
As controls, naive nontumor-associated lymph nodes were used that
were removed during carotid angioplasty or abdominal surgery (n = 16).
These nonactivated lymph nodes were devoid of capsular fibrosis, intra-
nodal scars, or activation of germinal centres.

Immunobistochemistry. 4-um-thick freshly prepared sections from
archival paraffin blocks for immunolabeling were processed as
described previously (62) using rabbit anti-human podoplanin IgG
(5 ug/ml) or with a monoclonal mouse IgG (Bender Med Systems BMS
1105; 1 ug/ml), and anti-human PROX1 rabbit IgG (AngioBio). Some
sections were also incubated after podoplanin labeling with monoclonal
mouse anti-Ki67 IgG (MIB-1) or anti-human LYVE1 rabbit IgG (DAKO).
Rabbit antibodies to 12(S)-HETE (Assay Designs), with less than 2.5%
cross-reactivity with 12(R)-HETE and less than 0.3% with 15(S)- and
5(S)-HETE, and ALOX12 and ALOX15 (Abcam) were used on cryostat
sections of unfixed primary carcinomas and their sentinel metastases
(n=12). For immunofluorescence, we used appropriate secondary anti-
bodies labeled with Alexa Fluor 488, Alexa Fluor 594, or Alexa Fluor
633 (Molecular Probes). Double-labeling experiments were controlled
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by omitting the primary antibodies or by replacement with irrelevant
antibodies raised in the same species or of the same mouse IgG subtype.
The densities of lymphatic vessels were determined in duplicate by 3
independent observers on unmarked histological sections. We counted
the number of lymphatic vessel profiles in at least 30 microscopic fields
for each slide, using an objective lens with x25 magnification. Inter-
and intra-observer variations resulted in a “background noise” of 1 ves-
sel per field, and only counts above this threshold were entered into the
evaluation. Statistical significance was determined by the ¢ test, using
the Prism 4 software package (GraphPad). Production and composition
of tissue microarrays were performed as described (63). We have care-
fully selected 15 cases of ductal carcinomas with the identical stages
pTlc, pNla (n =10),and pTlc, pN2/3 (n=3).

Isolation and characterization of human dermal lymphatic endothelial cells.
Human lymphatic endothelial cells and blood vessel endothelial cells
were prepared from commercial (C-12260; PromoCell) or freshly pre-
pared dermal microvascular endothelial cells by sorting with anti-podo-
planin and anti-CD31 IgG using Dynabeads (M-280; Dynal 11203) or
FACS (FaxStar), as described (64). Also, telomerase “immortalized” lym-
phatic endothelial cells were used (27). No differences in the expression
of other proteins previously thought to distinguish lymphatic vessels
outside and within tumors (biglycan, endoglin, CD34, VE-cadherin) were
found (Supplemental Figure 4C).

Determination of 12(S)-HETE. 12(S)-HETE and 15(S)-HETE were deter-
mined by a reverse-phase high-performance liquid chromatography
method (RP-HPLC), as described (65).

Spheroid preparation. Cell spheroids were prepared as described in pre-
liminary experiments (25, 26). Briefly, MCF7 cells were grown in McCoy
SA medium containing 10% fetal calf serum and 1% penicillin/strepto-
mycin (Gibco-BRL; Invitrogen). Noncancerous MCF-10A breast epithe-
lial cells were grown in MEGM medium (CC-3150; Clonetic Bullet Kit)
supplemented with bovine pituitary extract, human epithelial growth fac-
tor, hydrocortisone, insulin, 1% penicillin/streptomycin, and 10 uM iso-
proterenol. Normal HLFs were grown in nonessential amino acid media
containing 10% fetal calf serum and 1% penicillin/streptomycin and 1%
nonessential amino acids.

Low-density real-time PCR arrays. Template cDNAs prepared from total
RNA of MCF?7 cells grown as monolayer or spheroid were character-
ized in triplicates using the Human Extracellular Matrix and Adhesion
Molecules PCR Array (SABiosciences) and the RT2 SYBR Green/Fluo-
rescein qPCR Master Mix (SABiosciences) on the Chromo4 PCR Sys-
tem (Bio-Rad), following the manufacturer’s instructions. The result-
ing Ct values were analyzed by using the RT2 Profiler PCR Array Data
Analysis Template v3.2 (SABiosciences). Genes not included on the
low-density real-time array were analyzed by using the following FAM
probes obtained from Applied Biosystems: VEGFA Hs00173626_m1,
ALOX15 Hs00609608_m1, ALOX12 Hs00167524_m1, and ALOX12B
Hs00153961_m1.

MCEF-7 spheroid/LEC monolayer cocultivation. In all experiments, telomer-
ase-“immortalized” lymphatic endothelial cells (27) or freshly prepared
lymphatic endothelial cells (64) (maximal 6 passages) were used, with iden-
tical results. Lymphatic endothelial cells were seeded in EGM2MV medium
on 24-well plates and allowed to grow to confluence. Then, the lymphatic
endothelial cells (LECs) monolayers were stained with Cytotracker green
(2 ug/ml, C2925; Molecular Probes) or Hoechst 33258 (5 ug/ml, H1398;
Sigma-Aldrich) at 37°C for 90 minutes. Into each well, 10 MCF7 spheroids
were transferred. During the coincubation period, frames were taken at
15-minute intervals with an inverse fluorescence microscope (Zeiss Axio-
phot) and composed to a time-lapse video. Some preparations were exam-
ined in a Zeiss confocal fluorescence microscope.
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Transwell culture. Primary or telomerase-immortalized lymphatic
endothelial cells were grown on the lower surface of Transwell inserts
(membrane diameter 6.5 mm; pore size 8 wm, precoated with 10 nug/ml
fibronectin; Costar) until confluent. Then lymphatic endothelial cells
were stained with Cytotracker as described above, and tumor cell spher-
oids were placed onto the upper surface. Coculturing was performed for
24 hours, with fluorescence microscopic control of the LEC monolayer
every 180 minutes.

Analysis of CCID formation. Areas of LEC monolayers beneath spher-
oids were photographed in an Axiovert (Zeiss) fluorescence microscope,
using the FITC filter to visualize Cytotracker-stained (green) lymphatic
endothelial cells, and the area of CCIDs was measured using Axiovision
software (Zeiss).

shRNA knockdown of ALOX1S. Lentiviral particles containing shRNA tar-
geting the human ALOX15 mRNA (SHCLNV-NM_001140) and controls
with nonsense shRNA (SHC002V) were obtained from Sigma-Aldrich.
MCEF?7 cells that transgenically overexpress VEGFC (38) were seeded onto
24-well plates, and transduced with 2e5 TU in 250 ul MEM containing 10%
FCS and 8 ug polybrene/ml by spin infection at 1500 gat 32°C for 90 min-
utes. After incubation for 12 hours, the cells were reseeded onto 100-mm
culture plates and selected with 1 pug/ml puromycin for 1 week. Single-cell
colonies were tested for knockdown efficiency by real-time PCR, normal-
izing gene expression to the housekeeping gene GAPDH.

Knockin of ALOX12 cDNA. N-terminal V5-tag was fused to the ALOX12
full-length ¢cDNA. The fusion was constructed by PCR (5 primer:
TCAGATCCGCTAGCGGGCGCCATGGGTAAGCCTATCCCTA-
ACCCTCTCCTCGGTCTCGATTCTACGGGCCGCTACCGCATCC-
GCGTGGCCA, 3’ primer: GGTGGCGGCGGCCGCTCAGATGGT-
GACACTGTTCTCTATGCAGCTGGG) using standard PCR conditions
and an ALOX12-containing expression plasmid (gift from Brigitte Marian,
Cancer Research Institute, Vienna, Austria) as template. The primer pair
contained 5’ Nhe-I and 3’ Not-I linkers and the PCR product was directly
subcloned into pTag-CFP-N (Evrogen) by replacing CFP with the tagged
fusion construct. The resulting vector DNA was controlled by sequencing
and proper expression of the target gene by Western blotting with a V5-tag
antibody (Invitrogen) using total lysates of transfected cells.

Xenograft tumors. For xenografting, 107 MCF7 cells or their deriva-
tives were dispersed in 30 ul PBS and injected orthotopically into the
fat pads of the fifth mammary glands of 8-week-old female SCID mice
(Harlan Animal Research Laboratory). 60-day slow-release pellets con-
taining 0.72 mg of 17f-estradiol (Innovative Research of America) were
implanted 48 hours previously. Primary tumor growth and formation
of metastases were monitored at 10-day intervals by noninvasive bio-
luminescence imaging using a highly sensitive CCD camera (IVIS 100;
Caliper Life Sciences). 150 ug D-luciferin/g of body weight (firefly,
potassium salt; Caliper Life Sciences) was injected intraperitoneally.
Bioluminescence signals were acquired 18 minutes after application,
and normalized signals (photons/sec/cm?/sr) were evaluated and quan-
tified using Living Image Software (Caliper Life Sciences); the tumor
weight was calculated from a calibration curve. The experiment was
terminated after 63 days, and primary tumors and lymph node metas-
tases were processed for anti-podoplanin immunohistochemistry or
for mRNA determination of VEGFC, ALOX12, and ALOX1S, shRNAs,
and luciferase. Paraffin sections of formalin-fixed tissues were labeled
by the TUNEL assay (Chemicon), MKI67 (KI-67, Novo Castra NCL-
Ki67p), and cytokeratin (DAKO Z0622). Fluorescence microscopy was
performed on an Axiophot microscope equipped with an AxioCam
Colour camera (Zeiss) at a standard magnification of 250. Images were
analyzed using Image] software package 1.42q (Wayne Rasband, NIH;
heep://rsb.info.nih.gov/ij).
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Statistics. We have used a 2-tailed ¢ test for statistical analysis of the
experimental data. P < 0.05 was considered significant. All data are pre-
sented as mean + SEM. The human correlative data were expressed by
Kaplan-Meier statistics.
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