
Preclinical report 349

Effects of vascular endothelial growth factor receptor
inhibitor SU5416 and prostacyclin on murine lung metastasis
Kyle C. Cuneoa, Allie Fub, Katherine L. Osuskyb and Ling Gengb

The majority of patients with a diagnosis of cancer die from

metastatic disease. Targeting specific steps in the

metastatic process has the potential to improve patient

outcomes. In this study, a novel lung metastasis model was

developed by injecting DiI (1,10-dioctadecyl-3,3,30,30-

tetramethylindocarbo-cyanine perchlorate)-labeled Lewis

lung carcinoma cells into the tail vein of mice. The temporal

development of tumor metastases was studied in the lung,

liver and spleen. Additionally, the effects of vascular

endothelial growth factor receptor inhibitor SU5416 and

platelet activation inhibitor prostacyclin were tested in this

metastasis model. Systemically injected Lewis lung

carcinoma cells present in the lung at 15 min slowly

accumulated in the liver and spleen reaching a peak at 4

days. After 8 days, tumor development was only evident in

the lung. Use of SU5416 or prostacyclin lowered the initial

density of Lewis lung carcinoma-labeled cells in the lung by

a factor 1.8 and 2.3, respectively (P < 0.05). Furthermore,

treatment with prostacyclin or SU5416 decreased lung

weight by over 50% and the number of visible metastatic

nodes by over 90% (P < 0.05). Combined treatment

resulted in grossly normal lung tissue. Additionally,

systemic treatment with prostacyclin reduced harvested

metastatic cell adherence to endothelial cells by a factor of

10 and treatment with SU5416 attenuated vascular

formation (P < 0.001). In conclusion, SU5416 and

prostacyclin effectively attenuated metastasis formation in

this model. DiI labeling is an effective technique to monitor

the temporal and spatial distribution of metastatic

cells. Anti-Cancer Drugs 18:349–355 �c 2007 Lippincott

Williams & Wilkins.
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Introduction
Over 90% of cancer-related deaths are due to metastatic

disease. Our understanding of this process is limited and

effective treatments are lacking. The development of

metastasis involves a complex sequence of events [1].

Two of these key events are angiogenesis [2] and

endothelial adherence [3]. Both these processes have

been studied extensively and have been identified as

potential therapeutic targets in antimetastatic therapy. In

the current study, we have examined how molecular

inhibitors of these processes affect the natural history of

metastasis.

Angiogenesis plays a critical role in tumor metastasis.

Tumor growth beyond 2 mm requires blood vessel

formation to obtain nutrients and to remove waste

products [4,5]. These newly created vessels provide

access to the circulation for tumor cells. Furthermore,

once cells travel to distant sites, angiogenesis is required

for the newly formed tumor colonies to grow. A complex

interaction exists between the endogenous angiogenesis

promoters and inhibitors that control these processes

[6,7]. Owing to its important role, inhibition of angio-

genesis has been studied as a strategy to prevent tumor

growth and metastasis [8–10]. SU5416 is a small-

molecule tyrosine kinase inhibitor that selectively in-

hibits the kinase insert domain-containing receptor

(KDR/Flk-1) for vascular endothelial growth factor

(VEGF) [11]. Previous studies have shown VEGF

receptor (VEGFR) inhibitors to be effective in prevent-

ing metastasis in lung and colon carcinoma [12,13].

Although blocking angiogenesis plays a major role in

restricting metastasis growth, other factors including

reduced vascular permeability may complement the

antimetastatic properties of these drugs [13]. In the

current study, the effect of SU5416 on the transient

process of metastasis formation was studied.

Cellular adhesion molecules are necessary for tumor cell

migration from the primary tumor to distant sites. It has

been shown that platelets play a critical role in this

process by increasing adherence, aggregating tumor cells,

and protecting cells from the host immune system [14].

Prostacyclin (PGI2) inhibits platelet adhesion and has

been shown to attenuate the metastatic process [15–17].

Previous reports have revealed that aggregated platelets

0959-4973 �c 2007 Lippincott Williams & Wilkins

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



directly contact and surround tumor cells [18]. This

action is believed to protect tumor cells from immune

surveillance, enhance tumor cell adherence to endo-

thelium and increase vascular permeability promoting

extravasation [19,20].

To study the metastatic process at the microscopic level

in vivo, tumor cells need to be detectable. Prior studies

have used indicator genes such as the Escherichia coli lacZ

gene [21] luciferase reporters [22], or green fluorescent

protein (GFP)-transfected cell lines [23,24] to label

tumor cells. Currently, GFP labeling is the preferred

method for models used in metastasis research. Chishima

et al. [24] first used this method to visualize single-cell

micrometastases less than a decade ago. Labeling of

individual tumor cells has been a valuable tool allowing

for the elucidation of specific steps in the metastatic

process [23]. Additionally, labeling and monitoring of

tumor cells has been used to study many antimetastatic

compounds [25,26]. The major drawbacks to using GFP

are that tumor cells must be transfected and selected for.

Furthermore, GFP has been shown to induce apoptosis in

specific cell lines [27], generate reactive oxygen species

[28,29] and induce an immune response [30].

In the present study, a model was developed to study the

process and time course of lung metastasis. Using DiI

(1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine

perchlorate)-labeled Lewis lung carcinoma (LLC), the

progression of metastasis formation was studied in the

lung, liver and spleen. This labeling technique of tumor

cells was shown to be effective in tracking individual

metastatic cells as they travel through various organs. The

known antimetastatic compounds SU5416 and PGI2 were

used to examine how VEGFR inhibition and platelet

activation inhibition affect metastasis formation.

Methods
Cell culture and DiI labeling

The LLC mouse cell line was obtained from American

Type Culture Collection (Manassas, Virginia, USA) and

maintained in high-glucose (4.5 g) Dulbecco’s modified

Eagle’s medium supplemented with 10% fetal bovine

serum and 1% penicillin–streptomycin. Human umbilical

vein endothelial cells were obtained from Clonetics (East

Rutherford, New Jersey, USA) and were maintained in

EBM-2 medium supplemented with EGM-2 MV single-

quots (BioWhittaker, East Rutherford, New Jersey, USA).

All cells were incubated at 371C in a 5% CO2 incubator.

DiI was obtained from Molecular Probes (Carlsbad,

California, USA) and a 20-mg/ml stock solution was

created in dimethylsulfoxide (DMSO). DiI was added

to 80–90% confluent plates in media at a 1:1000 dilution.

Cells were incubated with DiI at 371C for 10 min, kept at

41C for 15 min and then trypsinized.

Metastasis model

All animal studies were conducted following Institutional

Animal Care and Use Committees approved protocols. A

LLC metastasis model was used to test the effect of

platelet activation inhibitor PGI2 and VEGFR tyrosine

kinase inhibitor SU5416 on tumor metastasis. In total,

5� 105 LLC cells were injected into the tail vein of 6-

week-old male C57BL6/J mice. Then 1.0 mg PGI2

(Sigma, St Louis, Missouri, USA) was dissolved in 50 ml

of 0.05 mol/l Tris buffer to create a stock solution. In the

PGI2 and PGI2 + SU5416 treatment groups (n = 5),

100 mg of PGI2 was injected with the LLC cells into

the tail vein. In the SU5416 (n = 5) and the PGI2 +

SU5416 treatment groups, 25 mg/kg SU5416 was adminis-

tered by intraperitoneal injection. The mice were treated

for 5 consecutive days. Control groups received 50 ml of

DMSO. Fifteen days after the initial injection, the

animals were killed and lungs were removed. Lungs were

individually weighed and tumor nodes were counted

under a dissection microscope. Lungs were sectioned and

stained with hematoxylin & eosin.

4,6-Diamidino-2-phenylindole staining

The above procedure was repeated using 5� 105 LLC

cells stained with DiI. Mice from each group (control,

SU5416 and PGI2) were killed at 15 min, 1 day, 4 days, 8

days, 13 days and 15 days. The lung, liver and spleen were

sectioned and stained with 5 mg/ml 4,6-diamidino-2-

phenylindole (DAPI) for 5 min. Images were quantified

using ImagePro software (Silver Spring, Maryland, USA).

In-vivo/in-vitro adhesion model

Passage 3 human umbilical vein endothelial cells (48 000

cells) were plated onto wells lined with 300 ml Matrigel

and then incubated until capillary-like tubule structures

formed. Mice were injected with 5� 105 DiI-labeled

LLC cells and half of them were simultaneously injected

with PGI2 (n = 4). Five minutes later, 100 ml of whole

blood from the mice in both the PGI2 and the control

groups was harvested and added to the Matrigel-lined

wells with the formed endothelial tubules. The wells

were incubated with the blood sample for 30 min. The

media was then aspirated, and the cells were fixed with

cold absolute methanol, stained with DAPI and examined

by microscopy.

Vascular window model

The window model was used in C57BL6/J mice to

visualize tumor vascular formation as previously described

[31]. The SU5416-treated group was given daily

intraperitoneal injections with 25 mg/kg SU5416 for

5 consecutive days, beginning 1 h after the implantation

of tumor cells into the window chamber. Control mice

were injected with 50 ml of DMSO. Neovascularization

was monitored with photographs taken at 24 h, 48 h and

8 days after drug administration. Images from day 8 were

quantified using ImagePro software.
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Statistical analysis

The mean and standard error were calculated for each

quantitative experiment using Microsoft Excel software.

P values were calculated using the Student’s t-test.

P values less than or equal to 0.05 were considered

statistically significant.

Results
Temporal distribution of injected tumor cells

To determine the temporal distribution of metastatic

cells, a lung metastasis model was performed by injecting

DiI-labeled LLC cells into the tail veins of mice. Figure

1(a) shows histological sections stained with DAPI (blue)

and DiI-labeled LLC cells (red) in the lung, liver and

spleen at 15 min, 1 day, 4 days, 8 days, 13 days and 15

days. The number of DiI-labeled LLC cells per unit

volume for the first 8 days is shown in Fig. 1(b).

Systemically injected tumor cells were abundantly

present in the lung at 15 min, declined by a factor of

3.5 over the first 24 h and then remained relatively

constant over the following 8 days. Metastatic cells slowly

accumulated in the liver and the spleen, reaching a peak

density at 4 days and then gradually declined. The peak

density reached in the liver and spleen was approximately

80% of the initial density in the lung. Eight days after

injection, tumor formation was only evident in the lung.

Fig. 1
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Histology of Lewis lung carcinoma (LLC) metastasis. DiI-labeled LLC cells (red) were injected into the tail veins of mice. At the indicated time points,
tissue was harvested, sectioned and stained with 4,6-diamidino-2-phenylindole (blue). (a) Representative sections from the lung, liver and spleen at
�10 or �20 magnification. (b) Mean density and standard error of DiI-labeled metastatic cells for each time point (n = 5). (c) Higher magnification
images. At 15 min, a cluster of DiI-labeled LLC cells is seen with surrounding lung parenchyma. Hematoxylin & eosin staining at 6 and 15 days
demonstrate cell proliferation and early blood vessel formation (arrows).
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By 15 days, there was significant tumor growth in the lung

whereas the liver and spleen remained histologically

normal. Detailed images are shown in Fig. 1(c). At 15 min,

a cluster of DiI-labeled LLC cells is seen surrounded by

lung parenchyma. Hematoxylin & eosin staining at 6 and

15 days demonstrate tumor proliferation and angiogenesis

(arrow) in the lung parenchyma.

Effects of SU5416 and prostacyclin on lung metastasis

The effects of SU5416 and PGI2 on metastasis were

examined using the lung metastasis model described

above. Lungs harvested from mice treated with PGI2 or

SU5416 and systemically injected with tumor cells were

weighed and examined for gross metastatic node forma-

tion (Fig. 2). Lungs from mice injected with metastatic

cells and treated with PGI2 or SU5416 weighed over 50%

less than positive controls (P < 0.001), indicating an

inhibition of metastasis formation (Fig. 2a) with SU5416

being more effective than PGI2 (P = 0.020). Treatment

with both compounds was not statistically different from

the negative control. Furthermore, lungs treated with

PGI2 had 40–50 times fewer metastatic nodes than the

positive control. Use of SU5416 nearly eliminated node

formation (P < 0.001) and combined treatment resulted

in grossly normal lung tissue (Fig. 2b).

Effect of SU5416 and prostacyclin on the temporal

distribution of tumor cells

To further study the effect of these compounds on

metastasis development, the temporal distribution of

labeled metastatic cells within the mouse was quantified

(Fig. 3). Systemically injected DiI-labeled LLC cells

accumulated in the lung parenchyma as early as 15 min

after injection. Treatment with SU5416 or PGI2 signi-

ficantly decreased the amount of tumor cells present at

15 min by factors of 1.8 and 2.3, respectively (P < 0.05).

Between days 1 and 8 the number of DiI-labeled

metastatic cells remained relatively constant in all groups

with the PGI2 and SU5416 treatment groups having

5 times fewer metastatic cells per lung volume during

this time. The density of the lung parenchyma was also

substantially less at 15 days in the treatment groups with

SU5416 being more effective. Lung tissue from mice

treated with either PGI2 or SU5416 appeared histologi-

cally similar to normal lung tissue at this time whereas

untreated mice showed substantial tumor proliferation.

Effect of prostacyclin on tumor cell adherence to

endothelial cells

A novel experimental model was developed to study the

effect of PGI2 on LLC adherence to endothelial cells.

Fig. 2

0

0.2

0.4

0.6(a)

(b)

(–
) C

on
tro

l

(+
) C

on
tro

l
PGI 2

SU5416

PGI 2
+SU54

16

Lu
ng

 w
ei

gh
t (

g)
 

0

20

40

60

80

(+
) C

on
tro

l
PGI 2

SU5416

PGI 2
+SU5416

N
um

be
r o

f n
od

es

Effect of prostacyclin (PGI2) and SU5416 on tumor growth and
metastatic node formation. Lewis lung carcinoma cells were injected
into the tail veins of mice followed by five treatments of 25 mg/kg
SU5416 and/or PGI2 over 5 days. Fifteen days after tumor cell
injection, lungs were harvested, weighed and examined under a
dissection microscope. Shown are the mean and standard error of lung
weight (a) and tumor node count (b). ( – ) Control indicates normal lung
tissue. ( + ) Control indicates untreated lung with tumor proliferation.
*P < 0.001 compared with positive control.
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Effect of platelet activation inhibitor prostacyclin (PGI2) and vascular
endothelial growth factor receptor inhibitor SU5416 on lung metastasis
formation. Mice were treated with 25 mg/kg SU5416 and/or PGI2. DiI-
labeled Lewis lung carcinoma (LLC) cells were then injected into the tail
vein. At the indicated time points, lungs were harvested, sectioned and
stained with 4,6-diamidino-2-phenylindole. Images were obtained and
quantified. Shown are the mean density and standard error of DiI-
labeled metastatic cells for each time point.
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DiI-labeled LLC cells were injected into the tail veins of

mice with or without PGI2, harvested minutes later and

then incubated with preformed endothelial tubules on

Matrigel. In-vivo treatment with PGI2 resulted in 10 times

less metastatic cell adherence to the endothelial tubules

compared with the cells harvested from positive control

mice (P < 0.001) (Fig. 4). Additionally, tumor cells not

injected into the mice (negative control) had minimal

binding to the tubules indicating that host factors facilitate

tumor cell binding and PGI2 attenuates this process.

SU5416 attenuates angiogenesis in the Lewis lung

carcinoma window model

To confirm the effect of SU5416 on angiogenesis, we

examined the effect of the VEGFR inhibitor SU5416 on

angiogenesis using a vascular window model. In this

model, tumor cells were injected into a transparent

chamber on the subdermal dorsal skin fold of mice to

view vascular formation (Fig. 5a). Intraperitoneal treat-

ment with SU5416 significantly reduced levels of tumor

neovascularization by a factor of 10 (P < 0.001) confirm-

ing that the compound attenuates angiogenesis in this

tumor model (Fig. 5b).

Discussion
In this study, the dynamics of lung metastasis were

studied using LLC (murine) cells labeled with the

lipophilic marker DiI. DiI is a novel marker of tumor cells

with many theoretical advantages over traditionally used

methods including GFP labeling. This dye is not

metabolized or exchanged between cells in vitro or

in vivo and enables identification of engrafted cells by

fluorescence microscopy, flow cytometry or fluorescence-

activated cell sorting [32]. DiI labeling does not require

transfection and selection, and can be performed on any

cell line in approximately 15 min. As this molecule is not

a protein, there is also less potential immunogenicity.

It is well known that specific tumors preferentially

metastasize to specific organs. Many factors determine

the site of metastasis including proximity of the two

organs, available transport pathways, host immune system

and specific characteristics of the tumor cells. In the

model used in this study, systemically injected DiI-labeled

metastatic cells initially accumulated in the lung directly

downstream from the injection site. Over the next 4 days,

the metastatic cells spread and slowly accumulated in the

liver and the spleen. Even though a similar density of

tumor cells was present in the liver and spleen as in the

lung, tumor development only occurred in the lung.

In this study, VEGFR inhibitor SU5416 [11,12] and

platelet activation inhibitor PGI2 [33,34] were used in

our model to target specific components of the metastatic

Fig. 4
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Effect of prostacyclin (PGI2) on Lewis lung carcinoma (LLC) adherence to the endothelium. DiI-labeled LLC cells were injected into the tail veins of
mice treated with PGI2. After 15 min whole-blood samples were obtained and incubated with preformed endothelial tubules on Matrigel. Shown are
photographs of endothelial tubules (blue) with bound LLC cells (red) (a), and the mean and standard error of the number of bound tumor cells (b) for
each treatment condition. ( – ) Control represents labeled LLC cells not injected into the mouse circulation. *P < 0.001.
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process. Both compounds were effective in reducing the

number of tumor cells initially deposited in the lung.

This finding indicates that these compounds affected the

transit and/or extravasation of tumor cells from the

systemic circulation to the lung tissue. PGI2 is known

to block the activation of platelets. This process limits

adherence to the endothelium and affects immune

surveillance [33,34]. Recent reports have further char-

acterized the ability of platelets to enhance MMP-9

secretion promoting invasiveness [35]. SU5416 also

affected the number of tumor cells initially present in

the lung. Previous studies have characterized the role of

VEGF on vascular permeability [36,37] and use of

VEGFR inhibitors has been shown to reduce vascular

permeability in animal models [38]. Therefore, VEGFR

inhibitors have the potential to block metastasis by

affecting vasculature permeability in addition to attenu-

ating angiogenesis.

Since Gasic et al. reported that metastasis could be

reduced by platelet reduction, there have been numerous

reports using antiplatelet agents and anticoagulants to

inhibit metastasis [14,39]. In this study PGI2, a known

platelet activation inhibitor, was shown to inhibit

metastasis formation and decrease tumor cell binding to

endothelial cells. Tumor cells were injected into mice,

harvested, then incubated in vitro with preformed

endothelial tubules. Activated platelets facilitated LLC

binding to endothelial cells and use of PGI2 attenuated

this process. No binding was seen in negative control

tumor cells that were not injected into the mouse

circulation. This experiment demonstrates the impor-

tance of host factors in tumor cell adherence to

endothelial cells.

This study examined two antimetastatic compounds that

target host components (vasculature and platelets).

Targeting host components versus the tumor cells

themselves has many advantages. Host cells are more

stable and less prone to mutation when compared with

tumor cells. Furthermore, host factors remain relatively

constant in different tumor systems allowing for a reliable

treatment to be effective in many types of cancer. This

fact is especially true in metastasis in which cells have

Fig. 5
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been selected for and are generally more resistant to

treatment. Treating metastasis will require more effective

prevention strategies and therapeutics. A better under-

standing of the transit of metastatic cells and the effect of

current therapeutics on this process is needed.
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