
Endothelial cells expressing Bcl-2 promote tumor
metastasis by enhancing tumor angiogenesis, blood
vessel leakiness and tumor invasion
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Metastatic spread of tumor cells to vital organs is the major cause of mortality in cancer patients. Bcl-2, a key anti-
apoptotic protein, is expressed at high levels in a number of human tumors. We have recently shown that Bcl-2 is also
overexpressed in tumor-associated blood vessels in head-and-neck cancer patients. Interestingly, enhanced Bcl-2
expression in tumor blood vessels is directly correlated with metastatic status of these cancer patients. In addition,
endothelial cells (ECs) expressing Bcl-2 showed increased production of interleukin-8 (IL-8) resulting in significantly
enhanced tumor cell proliferation and tumor cell invasion. Therefore, we hypothesized that Bcl-2 expression in tumor-
associated ECs may promote tumor metastasis by enhancing tumor cell invasiveness and release in the circulation. To test
our hypothesis, we coimplanted tumor cells along with ECs expressing Bcl-2 (EC-Bcl-2) in the flanks of SCID mice. Our
results demonstrate that incorporation of EC-Bcl-2 in primary tumors significantly enhanced tumor cell metastasis to
lungs and this EC-Bcl-2-mediated tumor metastasis was independent of primary tumor size. In addition, Bcl-2-mediated
tumor metastasis directly correlated with increased tumor angiogenesis. Bcl-2 expression in ECs also promoted trans-
endothelial cell permeability, blood vessel leakiness and tumor cell invasion. EC-Bcl-2-mediated tumor cell proliferation
and tumor cell invasion were significantly mediated by IL-8. These results suggest that Bcl-2, when expressed at higher
levels in tumor-associated ECs, may promote tumor metastasis by enhancing tumor angiogenesis, blood vessel leakiness
and tumor cell invasiveness.
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The metastatic spread of solid tumors is directly or indirectly
responsible for more than 90% of cancer mortalities.1 Our
understanding of the molecular and biological events that
contribute to tumor cell progression has increased con-
siderably over the last decade.2 However, the prognosis for
patients who are diagnosed with advanced invasive or me-
tastatic disease is not much better than it was decades ago.3

The process of metastasis is highly complex and involves
close cooperation between cancer cells and accessory cells
that comprise the tumor microenvironment. Tumor-asso-
ciated endothelial cells (ECs) are an important component of
tumor microenvironment. They not only promote tumor
growth but also play an important role in tumor metastasis.4–6

A number of studies have shown a direct correlation between
vascular density in the primary tumor and tumor metastasis

to distal sites for patients with cancers of the head-and-neck,7

breast,8 prostate,9 lung,10 stomach11 and cervix.12 Angio-
genesis is thought to facilitate tumor metastasis by providing
an increased density of immature, highly permeable blood
vessels that have little basement membrane and fewer inter-
cellular junctional complexes than normal mature vessels.13

Unlike their normal counter parts, tumor blood vessels
typically have irregular diameters and branching patterns14

and are abnormally leaky.15–17

The Bcl-2 family of proteins are key regulators of
apoptosis.18 The Bcl-2 family is subdivided into two classes,
antiapoptotic members such as Bcl-2 and Bcl-xL, and proa-
poptotic members, Bax and Bak.19 Recently, we and others
have shown that Bcl-2, in addition to regulating cytochrome
c release from mitochondria, can also mediate a signaling
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cascade that renders ECs resistant to a number of anticancer
agents.20,21 Bcl-2 has been shown to bind to the multi-
functional chaperone protein BAG-1.22 In turn, BAG-1 binds
to and activates the protein kinase Raf-1.21 Raf-1 kinase plays
a central role in the conserved Ras/Raf/MEK/ERK pathway,
acting to relay signals from activated Ras proteins through
MAPK/ERK kinase 1/2 (MEK1/2) to ERK1/2.23 ERK can
phosphorylate a number of downstream targets including
Rsk, Elk1, cFos and various transcription factors24 leading to
enhanced expression of a number of proteins including
survivin.25 We have previously shown that VEGF, a key an-
giogenic factor, upregulates the expression of Bcl-226 and ECs
expressing Bcl-2 in turn promote tumor progression.27

However, little is known about the role and mechanism by
which endothelial Bcl-2 might enhance tumor metastasis.

In this study, we have examined whether Bcl-2 expression
in tumor-associated ECs could promote tumor cells metas-
tasis to distal sites. Here, we report that Bcl-2 expression in
tumor-associated ECs is associated with a markedly higher
incidence of squamous carcinoma metastasis to lungs. This
EC-Bcl-2-mediated tumor metastasis was independent of
primary tumor size and directly correlated with enhanced
tumor angiogenesis and blood vessel leakiness in primary
tumors. In addition, interleukin-8 (IL-8) production by
Bcl-2-expressing ECs promoted tumor cell proliferation and
tumor cell invasion.

MATERIALS AND METHODS
Cell Cultures
Primary human dermal microvascular ECs were purchased
from Biowhittaker (Walkersville, MD). ECs were maintained
in endothelial cell basal medium-2 (EBM-2) containing 5%
FBS and growth supplements. Oral squamous carcinoma cell
line (OSCC-3) and UM-SCC-74A (a squamous carcinoma
cell line derived from the base of tongue) were a kind
gift from M Lingen (University of Chicago) and T Carey
(University of Michigan), respectably. Both OSCC-3 and
UM-SCC-74A cells were maintained in Dulbecco’s modified
eagle medium (DMEM) supplemented with 10% FBS.

Transduction of Endothelial Cells with Bcl-2 and Tumor
Cells with GFP
Bcl-2 was introduced into human microvascular ECs as de-
scribed previously.27 The Bcl-2 construct or the vector alone
was introduced into PA317 amphotropic packing cells with
lipofectin. Viral supernatants were collected after 24 h, cen-
trifuged, filtered and stored at �701C. ECs were transduced
with either Bcl-2 (EC-Bcl-2) or control vector (EC-VC) by
overnight incubation with one-tenth dilution of the viral
supernatant in the presence of 6 mg/ml polybrene. Similarly,
tumor cells (OSCC-3 and UM-SCC-74A) were transduced
with GFP gene as described above using retroviral vector
(obtained from University Michigan Vector Core). Trans-
fected tumor cells (OSCC-3-GFP and UM-SCC-74A-GFP)
were selected by treating them with G418 (200 mg/ml) for

1 week. Tumor cells expressing high levels of GFP were
further selected by cell sorting using flow cytometry. Bcl-2
expression in ECs was confirmed by northern and western
blot analysis. GFP expression in tumor cells was analyzed
by examining the cells using fluorescent phase contrast
microscope.

Immunofluorescence Staining
Tissue microarrays (TMA) prepared from human head-and-
neck squamous cell carcinoma (HNSCC) samples were
stained with Bcl-2 and factor VIII to analyze the expression of
Bcl-2 in tumor microvasculature as described before.20 The
TMA-contained tissue samples from a total of 102 patients
with different clinical and pathological stages. At least three
cores (0.6mm diameter) from tumor samples were re-
presented from each patient. The TMA covered a whole
spectrum of HNSCC including normal internal controls,
primary SCC from lymph node-negative patients and pri-
mary SCC from lymph node-positive patients. Sections cut
from the TMA were deparaffinized and antigen retrieval was
performed by incubating the slides at 921C for 20min in
target retrieval solution (Dako). Nonspecific sites in the
TMAs were blocked by incubation in nonserum protein
block solution (Dako) for 10min at room temperature
followed by incubation with mouse antihuman Bcl-2 anti-
body (ready to use, Dako) and rabbit antihuman factor VIII
antibody (1:60, Dako) for 1 h at room temperature.
The sections were washed with PBS and incubated with
antimouse FITC (1:50, Sigma) and antirabbit rhodamine
(1:50, Sigma) for 30min at room temperature. Slides were
washed and mounted in aqua mount (Polyscience Inc.).
Separate pictures of each tissue sample for factor VIII and
Bcl-2 were taken and then superimposed to quantify the
Bcl-2-positive vessels.

Tumor Development In Vivo
Tumors grown in the flanks of SCID mice were used to in-
vestigate the effect of Bcl-2 expression on tumor growth,
tumor angiogenesis and tumor metastasis. Tumor cells
(OSCC-3-GFP or UM-SCC-74A-GFP, 0.5� 106) and ECs
(EC-Bcl-2 or EC-VC 0.5� 106) were mixed with 100 ml of
matrigel and injected in the flanks of SCID mice. Tumor
volume measurements began on day 3 and continued twice a
week until the end of the study. The length and width were
measured using a digital caliper and tumor volumes were
calculated using the formula, volume (mm3)¼ L�W2/2
(length, L, mm; width W, mm). After 3 weeks, primary tu-
mors and lungs were carefully removed and analyzed for
tumor growth, tumor angiogenesis and tumor metastasis to
lungs. In a separate study, tumor cells and ECs (EC-Bcl-2 or
EC-VC) were coimplanted in SCID mice as described above.
Once the tumors reached 200mm3, tumors were surgically
removed and tumor metastasis to lungs was analyzed after
2 weeks.
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Quantitaion of Angiogenesis by Immunolocalization of
Von Willebrand Factor
Tissue sections were deparaffinized and antigen retrieval was
achieved by pressure cooking in Decloaking chamber (Bio-
care Medical, Walnut Creek, CA) at 1201C for 20min.28

Tissue sections were then treated with peroxide block
solution for 5min at room temperature followed by 1 h of
incubation with primary antibody (anti-Von Willebrand
Factor, Dako) at room temperature. Slides were further
incubated for 30min with HRP labeled polymer (Dako
EnVisionþ system kit) and developed with AECþ staining
kit (Dako). Microvessel density was calculated by counting
five random high power fields (� 200).

Analysis of Tumor Metastasis to Lungs
Lungs from SCID mice were carefully removed on day 21 and
cut into two equal parts. One half of each lung was fixed and
paraffin embedded for immunohistochemical analysis. The
other half of the lung was used to harvest tumor cells. Lungs
were finely minced by scissors, washed with sterile serum-free
media (DMEM) and treated with collagenase (2.5mg/ml) for
3 h at 371C with intermittent shaking. After collagenase
treatment, cells were treated with G418 (200 mg/ml) in
100mm culture dishes to select tumor cells (OSCC-3-GFP
and UM-SCC-74A-GFP). After 1 week, tumor cell colonies
were counted using phase contrast microscope (� 50).

Tumor Cell Proliferation Assay
We performed coculture experiments to examine whether Bcl-
2-expressing ECs could induce tumor cell proliferation in a
paracrine manner. In brief, 3� 104 tumor cells (OSCC-3 or
UM-SCC-74A) were cultured in 24-well plates. Separately,
3� 104 ECs (EC-Bcl-2 or EC-VC) were plated on 24-well plate
inserts and these inserts were carefully layered on top of 24-well
plates containing tumor cells. After 72 h, inserts were removed
and tumor cells were trypsinized and counted using hemo-
cytometer. For IL-8 neutralization experiments, neutralizing
antihuman IL-8 mouse monoclonal antibody (2mg/ml, R&D
systems) was added to lower wells at the start of coculture.

Transendothelial Cell Permeability Assay
Transendothelial cell permeability assay was performed as
described previously.29 In brief, EC-Bcl-2 (1� 105) or EC-VC
were cultured in complete EGM (endothelial growth med-
ium) on top of 24-well transwell inserts coated with type 1
collagen (Cohesion, Palo Alto, CA) to form a uniform layer.
The transwell inserts containing endothelial cell monolayer
were incubated in reduced serum (1%) medium for 1 h be-
fore adding FITC dextran (1mg/ml, MW 40 000) in the
presence or absence of VEGF (rhVEGF-A, 50 ng/ml). At 15,
30min, 1, 2 and 3 h time points, 100 ml of supernatant was
carefully removed from the bottom well and replaced with
fresh media. The presence of FITC dextran in upper and
lower wells was determined with a fluorometer, using an
excitation wavelength of 492 nm, and detecting emission of

520 nm. Each experiment was performed in triplicate and
three independent assays were carried out for each group.

Blood Vessel Leakiness Model
We analyzed blood vessel leakiness in both normal blood
vessels populated with Bcl-2-positive ECs as well as tumor
microvessels containing Bcl-2-expressing ECs. Blood vessel
leakiness was studied using a protocol previously described
by Enis et al.30 In brief, EC-Bcl-2 or EC-VC (2� 106) were
mixed with 500 ml of matrigel and implanted in the right and
left flank of SCID mice, respectively. After 10 days, 200 ml of
FITC-dextran solution (25mg/ml) was injected through the
tail vein. After 30min, matrigel plugs were carefully retrieved,
fixed and frozen in OCT. Cryosections were analyzed by
fluorescence microscope. For tumor blood vessel leakiness,
animals were injected with 200 ml of FITC-dextran solution
on day 14 and tumor samples were analyzed as described
above for matrigel plugs.

Tumor Cell Invasion Assays
The role of Bcl-2 in tumor cell invasion was investigated
using a matrigel invasion assay. EC-Bcl-2 or EC-VC (50 000
cells/well) was cultured in 24-well plates for 24 h at 371C.
Separately, 24-well plate inserts (8 mM pore size, Falcon) were
coated with 20 ml of matrigel and incubated at 371C for
30min to let the matrigel polymerize. Next, 50 000 tumor
cells (OSCC-3 or UM-SCC-74A) were carefully layered on
top of the matrigel and the inserts were placed in the 24-well
plates containing ECs. For IL-8 neutralization experiments,
neutralizing antihuman IL-8 mouse monoclonal antibody
(2 mg/ml, R&D systems) was added to lower wells at the start
of coculture. The plates were further incubated for 24 h at
371C and the noninvaded cells were carefully removed with a
cotton swab. The inserts were then stained with Diff-quick
solution II and mounted on glass slides. The number of cells
that had invaded through the matrigel was counted in five
high power fields.

Statistical Analysis
Data from all the experiments are expressed as mean±s.e.m.
Statistical differences were determined by two-way analysis
of variance and Student’s t-test. A P-value of o0.05 was
considered significant.

RESULTS
Tumor Samples from Lymph Node-positive Head-and-
neck Cancer Patients Show Significantly Higher Bcl-2-
positive Blood Vessels than Lymph Node-negative
Patients
We have previously shown that the upregulation of Bcl-2 in
tumor-associated ECs is sufficient to enhance tumor pro-
gression in vivo.27 We have also recently shown that Bcl-2
expression is significantly elevated in tumor blood vessels
from cancer patients as compared to matched control sam-
ples.20 In this study, we compared Bcl-2 expression levels in
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tumor blood vessels from lymph node-positive cancer
patients with lymph node-negative patients. Our results show
that tumor samples from lymph node-positive cancer
patients had significantly higher number of Bcl-2-positive
blood vessels as compared to tumor samples from lymph
node-negative patients (Figure 1a). Among the different
head-and-neck tumor types, tumor samples from the oral
cavity showed the highest expression of Bcl-2 in tumor-as-
sociated blood vessels followed by tumor samples from or-
opharynx, hypopharynx and others that included glottic and
supraglottic tumors (Figure 1b). Tumor samples from
advanced stage III and IV exhibited markedly higher Bcl-2
expression in tumor blood vessels as compared to tumor
samples from stage I or II (Figure 1c). Interestingly, even
small tumors from lymph node-positive stage II patients
showed significantly higher Bcl-2 expression in tumor blood
vessels as compared to lymph node-negative stage II patients.
These results, therefore, suggest that enhanced expression of
Bcl-2 in tumor blood vessels may promote tumor metastasis.

EC-Bcl-2 Incorporation Along with Tumor Cells Markedly
Enhanced Tumor Growth and Tumor Angiogenesis
We used SCID mouse model to investigate the role of EC
Bcl-2 expression on tumor growth and tumor angiogenesis.
Tumor growth was analyzed by measuring tumor volume
twice a week starting at day 3. OSCC-3 tumors containing
Bcl-2-expressing ECs (EC-Bcl-2) showed markedly higher
tumor growth (Figure 2a1) as compared to OSCC-3 tumor
containing ECs with vector alone (EC-VC), and the differ-
ence in tumor growth was statistically significant at days 15,
18 and 21. In addition, OSCC-3 tumors containing EC-Bcl-2
showed significantly higher tumor weights at the end of
study as compared to OSCC-3 tumors containing EC-VC
(Figure 2a2–3). We then used a second squamous cell car-
cinoma line (UM-SCC-74A) to corroborate our results with
OSCC-3 cells. We observed a similar pattern of tumor growth
with UM-SCC-74A cells. UM-SCC-74A tumors populated
with EC-Bcl-2 cells showed significantly higher tumor vo-
lume and tumor weight as compared to UM-SCC-74A tu-
mors containing EC-VC (Figure 2b). To further examine
whether Bcl-2 expression in EC promotes tumor cell pro-
liferation in a paracrine manner, we performed coculture
experiments. Tumor cells (OSCC-3 and UM-SCC-74A)
showed significantly higher proliferation when cocultured
with EC-Bcl-2 cells as compared to EC-VC (Figure 3c and d).
We have previously shown that EC-Bcl-2 cells produce
significantly higher levels of IL-8.27 Therefore, we next ex-
amined whether EC-Bcl-2-mediated tumor cell proliferation
is mediated through IL-8 in a paracrine manner. Neu-
tralization of IL-8 by anti-IL-8 antibody resulted in partial
but significant inhibition of EC-Bcl-2-mediated tumor cell
growth (Figure 3c and d). Similar to tumor growth, tumors
populated with EC-Bcl-2 also showed significantly higher
blood vessel density as compared to tumors containing
EC-VC (Figure 3a–b).

Tumors Populated with EC-Bcl-2 Show Enhanced
Metastasis to Lungs
Our results from human cancer specimens suggest that Bcl-2
expression in tumor-associated ECs is directly linked to
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metastasis status in head-and-neck cancer patients. To
investigate the role of Bcl-2 in tumor metastasis, we used the
SCID mouse model and harvested lungs along with primary
tumors at the end of the study period. The lungs’ samples
were immediately divided into two parts. One half of the
lung was fixed and paraffin embedded for immuno-
histochemical analysis and the other half was treated with
collagenase to harvest cells. Tumor cells (OSCC-3 and UM-
SCC-74A) were selected with G418 treatment. After 7 days,
the number of tumor cell colonies was counted. OSCC-3
tumors populated with EC-Bcl-2 cells showed significantly
higher tumor metastasis to lungs as compared to OSCC-3
tumors populated with EC-VC cells (Figure 4a1–3). In
addition to higher number of metastatic nodules, OSCC-3

tumors with EC-Bcl-2 also had larger lung metastatic
tumor nodes. Although less metastatic than OSCC-3 tumors,
UM-SCC-74A tumors populated with EC-Bcl-2 cells
also showed marked increase in lung metastasis as compared
to UM-SCC-74A tumors containing EC-VC cells (Figure
4b1–3). To further examine whether EC-Bcl-2-mediated
tumor metastasis is independent of tumor growth,
primary tumors from both EC-Bcl-2 and EC-VC groups
were surgically removed once they reached 200mm3 sizes
and tumor metastasis to lungs was analyzed after 2 weeks.
Indeed, EC-Bcl-2-mediated tumor metastasis was
independent of primary tumor size (Figure 4c). In addition,
in these animals, larger tumor lesions were observed in
the lungs.
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Bcl-2 Expression in EC Leads to Increased
Transendothelial Cell Permeability and Blood
Vessel Leakiness
It is well established that tumor blood vessels are abnormally
leaky. We next investigated whether Bcl-2-expressing ECs
promoted blood vessel leakiness. We used both in vitro and in
vivo models to examine the role of Bcl-2 in blood vessel
leakiness. For in vitro studies, we used transendothelial cell
permeability assay. ECs expressing Bcl-2 showed enhanced

transendothelial cell permeability (Figure 5a). However, the
difference observed with EC-Bcl-2 and EC-VC was not
statistically significant. Tumor-associated ECs are normally
exposed to a number of growth factors; it is therefore possible
that the presence of these growth factors in the tumor
microenvironment further enhances the blood vessel leaki-
ness of Bcl-2-positive vessels. We next examined the effect of
Bcl-2 on transendothelial cell permeability in the presence of
VEGF. VEGF treatment of Bcl-2-expressing ECs significantly
enhanced transendothelial cell permeability as compared to
vector control cells (Figure 5b). To further corroborate the
effect of Bcl-2 on blood vessel leakiness, we used normal
angiogenesis as well as tumor angiogenesis models. Normal
blood vessels that were populated with ECs expressing Bcl-2
showed marked increase in blood vessel leakiness as com-
pared to blood vessels containing EC-VC cells (Figure 5c).
Similarly, tumor blood vessels that were lined with ECs
expressing Bcl-2 showed significantly higher blood vessel
leakiness as compared to tumor blood vessels with EC-VC
cells (Figure 5d).

Bcl-2 Expression in EC Promotes Tumor Cell Invasion
We next examined whether Bcl-2 expression in ECs promotes
tumor cell invasion. We used matrigel invasion assay. ECs
expressing Bcl-2 or VC were plated on the bottom wells
(24-well plates) and tumor cells (OSCC-3 or UM-SCC-74A) were
cultured on top of matrigel-coated inserts. Bcl-2 expression
in ECs induced marked increase in OSCC-3 invasion through
the matrigel (Figure 6a–b). Similarly, UM-SCC-74A cells
showed significantly higher invasion capacity when cultured
with Bcl-2-expressing ECs (Figure 6c–d). We next examined
whether EC-Bcl-2-mediated increase in tumor cell invasive-
ness is due to the production of IL-8. Neutralization of IL-8
by anti-IL-8 antibody significantly inhibited EC-Bcl-2-
mediated tumor cell invasion (Figure 6).

DISCUSSION
Tumor metastasis to vital organs still remains the major cause
of death in cancer patients. Although our knowledge of the
mechanisms of tumor progression has increased considerably
in recent years, the role of tumor microenvironment in tu-
mor metastasis is less well understood. By understanding the
role of tumor accessory cells, particularly, ECs in tumor
metastasis, it may be possible to design new strategies to
block tumor metastasis to vital organs. We have previously
shown that VEGF, a key angiogenic factor, can protect ECs
against ionizing radiation by inducing the expression of Bcl-
2.26 We have also shown that Bcl-2 expression in tumor-
associated ECs promotes tumor progression.27 In our most
recent work, we have demonstrated that Bcl-2, in addition to
its well-documented role of regulating mitochondrial cyto-
chrome c release, also mediates a signaling cascade to upre-
gulate survivin expression through the Raf-MEK-ERK
pathway.20 We also observed a significantly higher expression
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24-well plates containing tumor cells. After 72 h, tumor cell number was

quantified. For neutralization study, anti-IL-8 antibody was added to 24-well

plates at the time of coculture. *Represents a significant difference

(Po0.05) as compared to the control group.
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of Bcl-2 in tumor-associated blood vessels in head-and-neck
cancer patients as compared to matched control samples.

In this study, we have further examined the role EC-Bcl-2
in tumor metastasis. Our results showed a significantly
higher level of Bcl-2 expression in lymph node-positive

patients. Out of all the different head-and-neck tumor types
examined, tumor samples from patients with oral cavity
tumors showed maximal Bcl-2 expression in tumor blood
vessels followed by tumor samples from oropharynx, hypo-
pharynx, glottic and supraglottic areas. This enhanced Bcl-2
expression pattern in head-and-neck tumor types could be
due to the production of VEGF in these tumors as Bcl-2
expression profile in this study strongly correlated with VEGF
profile as reported previously.31 Interestingly, even small tu-
mors from stage II lymph node-positive patients exhibited
significantly higher Bcl-2-positive blood vessels as compared
to stage II lymph node negative patients. These results,
therefore, suggest that Bcl-2 expression in tumor-associated
ECs may have a role in tumor metastasis.
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Figure 5 Bcl-2 expression in endothelial cells (ECs) leads to increased

transendothelial cell permeability as well as blood vessel leakiness in vivo.

(a, b) EC-Bcl-2 or EC-VC cells (1� 105) were cultured on top of 24-well

transwell inserts coated with type 1 collagen to form a uniform layer. FITC-

dextran (1mg/ml, MW 40 000) solution was added to the transwell inserts in

the presence (b) or absence (a) of VEGF. At different time points, 100 ml of
supernatant was carefully removed from the bottom well and replaced with

fresh media. The presence of FITC dextran in upper and lower wells was

determined with a fluorometer, using an excitation wavelength of 492 nm,

and detecting emission at 520 nm. (c) EC-Bcl-2 or EC-VC (2� 106) were

mixed with 500 ml of matrigel and implanted in the right and left flanks of

SCID mice, respectively. After 10 days, 200 ml of FITC-dextran solution

(25mg/ml) was injected through the tail vein. After 30min, matrigel plugs

were carefully retrieved, fixed and frozen in OCT. Cryosections were

analyzed by fluorescence microscope (c1–2) and the data are presented as

vessel leakiness (c3). (d) OSCC-3 cells and EC-Bcl-2 or EC-VC (2� 106) were

mixed with 500 ml of matrigel and implanted in the right and left flanks of

SCID mice, respectively. After 14 days, 200 ml of FITC-dextran solution

(25mg/ml) was injected through the tail vein. After 30min, matrigel plugs

were carefully retrieved, fixed and frozen in OCT. Cryosections were

analyzed by fluorescence microscope (d1–2) and the data are presented as

vessel leakiness (d3). *Represents a significant difference (Po0.05) as

compared to the control group.
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Figure 6 Endothelial cells (ECs) expressing Bcl-2 promote tumor invasion.

EC-Bcl-2 or EC-VC (50 000 cells/well) was cultured in 24-well plates. Next,

50 000 OSCC-3 (a, b) or UM-SCC-74A (c, d) cells were carefully layered on

top of the matrigel-coated inserts and these inserts were then placed in the

24-well plates containing ECs. In neutralization study, anti-IL-8 antibody

was added to bottom wells at the start of coculture. The plates were further

incubated for 24 h at 371C and the noninvaded cells were carefully removed

with a cotton swab. The inserts were stained with Diff-quick solution II and

the number of cells that had invaded through the matrigel was counted in

five high power fields. *Represents a significant difference (Po0.05) as

compared to the control group.
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To more directly examine the role of Bcl-2 in tumor me-
tastasis, we have employed both in vitro and in vivo models.
Our results clearly demonstrate that Bcl-2 expression in
tumor-associated ECs leads to significantly higher tumor
growth and tumor metastasis. To examine whether EC-Bcl-2
promotes tumor growth in a paracrine manner, we per-
formed coculture experiments. Our results indeed suggest
that EC-Bcl-2 promoted tumor cell proliferation in a para-
crine manner and this EC-Bcl-2-mediated tumor cell pro-
liferation was partially but significantly mediated by IL-8.
Similarly, Araki et al32 have shown that IL-8 induces sig-
nificant prostate cancer cell (LNCap) proliferation through
the CXCR1 receptor. We next examined whether higher
tumor size in EC-Bcl-2-populated tumors were responsible
for increased tumor metastasis in these animals. In this ex-
periment, once the tumors reached 200mm3 sizes, they were
surgically removed and tumor metastasis in these animals
was analyzed after 2 weeks. EC-Bcl-2-mediated tumor
metastasis was found to be independent of primary tumor
size. In addition, larger tumor lesions were found in the
lungs. This increase in tumor lesion size in the lungs could be
due to enhanced tumor angiogenesis resulted because of the
decreased levels of angiogenesis inhibitors produced by pri-
mary tumors.33

Tumor cell invasiveness is a key characteristic of aggressive
metastatic tumors as this plays an important role in tumor
cell release from the primary tumors into the circulation. To
examine whether ECs expressing Bcl-2 promote tumor cell
invasion, we used a modified in vitro matrigel invasion assay.
ECs transduced with either Bcl-2 or vector alone were cul-
tured in the bottom wells and tumor cells were plated on top
of the matrigel-coated inserts. Both tumor cell lines showed
marked increase in tumor cell invasiveness, when cultured
along with ECs expressing Bcl-2. We have previously shown
that EC-Bcl-2 cells produce significantly higher amounts of
IL-8 as compared to control cells.27 We next examined
whether EC-Bcl-2-induced tumor cell invasion is mediated
by IL-8. Neutralization of IL-8 by anti-IL-8 antibody sig-
nificantly inhibited EC-Bcl-2-mediated tumor cell invasion.
This could be due to IL-8-mediated tumor cell motility and
increased production of matrix metalloproteinase-9 (MMP-
9).32 These results suggest that soluble factors secreted by EC-
Bcl-2 cells34 may promote tumor cell invasion and migra-
tion.35

Tumor blood vessels are usually quite different in their
morphology and structure as compared to normal mature
vessels.36 Tumor blood vessels often develop an irregular
branching pattern,14 lack a proper basement membrane37

and are more leaky.16,17 We investigated whether Bcl-2 ex-
pression in ECs promoted increased blood vessel leakiness.
Indeed, ECs expressing Bcl-2 showed enhanced transen-
dothelial cell permeability and blood vessel leakiness in vivo.
Bcl-2-mediated transendothelial cell permeability and blood
vessel leakiness could be due to its ability to directly bind to
tubulin and modulate microtubule assembly38 or modulate

adhesion molecule(s) expression by binding to BAG-1 pro-
tein and mediating a signaling cascade.20 Bcl-2 expression in
tumor-associated ECs showed even higher blood vessel lea-
kiness. This could be due to the presence of a number of
angiogenic factors, particularly, VEGF in tumor micro-
environment as treatment of Bcl-2-expressing endothelial
monolayers with VEGF further enhanced transendothelial
permeability.

In summary, our results suggest that Bcl-2 expression in
tumor-associated ECs promotes tumor metastasis and this
EC-Bcl-2-mediated tumor metastasis is independent of
primary tumor size. Furthermore, our results suggest that
EC-Bcl-2-mediated tumor metastasis could be due to EC-
Bcl-2-mediated increase in tumor angiogenesis, tumor cell
invasiveness and blood vessel leakiness. These results define
an important new role for Bcl-2 protein and suggest that ECs
expressing Bcl-2 may be a novel therapeutic target for tumor
metastasis.
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