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Abstract

Notch signaling plays a vital role in tumorigenicity and tumor progression by regulating proliferation, invasion, and the tumor

microenvironment. Previous research by our group indicated that Notch ligand Delta-like 1 (Dll1) is involved in angiogenesis in

melanoma, and we noticed that it took a longer time to trypsinize Dll1-expressing B16 melanoma cells than the control cells. In

this article, we extended our study to investigate the effects of Dll1 on tumor cell adhesion and metastasis. Dll1 overexpression

activated Notch signaling in B16 tumor cells and significantly enhanced the adhering capacity of B16 tumor cells both in vitro
and in vivo. B16-Dll1 cells also had a higher metastatic potential than their counterpart in the mouse model of lung metastasis.

Along with increased Dll1 expression, N-cadherin, but not E-cadherin, was upregulated in B16-Dll1 cells. These data sug-

gested that Notch ligand Dll1 may enhance the adhesion and metastasis of melanoma cells by upregulation of N-cadherin.
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Introduction

Metastasis is the key factor in determining the stage,

relevant treatment, and prognosis of most solid cancers.

Although metastasis only occurs in approximately 10% of

melanoma patients, it remains the major cause of death

(1). The lungs are the most common site of metastasis in

melanoma (2). Tumor metastasis is a complex process

that includes local invasion, intravasation, and survival in

the circulation, extravasation, and colonization. The tumor

cells must overcome numerous hurdles to successfully

colonize in the target organ (3,4). In fact, the circulation

system is such a tough environment that only 0.01% of

the circulating tumor cells can survive to produce

metastasis (4). The adhesion of circulating tumor cells

to vascular endothelial cells is one of the key steps for

metastasis because it can protect tumor cells from

anoikis, fluid shear force, and attack from the immune

system (5). Many adhesion molecules, such as those

from the integrin or cadherin family, participate in the

attachment process of tumor cells and have been

reported to facilitate growth and transmigration of tumor

cells (5).

Notch signaling is an evolutionarily conserved path-

way that controls cell fate determination, cellular differ-

entiation, and pattern formation in many tissue types by

ligand-receptor interactions with neighboring cells. There

are four Notch receptors (Notch1-4) and five ligands

[Jagged1, Jagged2, and Delta-like ligands (Dll) 1, 3, and

4]. Upon activation of the Notch receptor, the intracellular

domain of the receptor is cleaved, and it can subsequently

translocate to the nucleus, where it interacts with the

transcription factor C promoter-binding factor 1/recombi-

nation signal binding protein J/k (RBP-J) to activate target

genes such as Hes family basic helix-loop-helix members

(6).

Notch signaling is implicated in various neoplastic

processes. Depending on organ and tissue type, Notch

signaling can function either as a promoter to support

tumor development or as a suppressor to inhibit tumor

growth (7-10). In melanoma, it has been seen that

activation of the Notch pathway is involved in the

tumorigenic process (11,12). Pinnix et al. (13) demon-

strated that activation of Notch1 conferred transforming
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properties, such as increased proliferative capacity and

unregulated cell adhesion and migration, to melanocytes.

It has also been found that Notch1 is a key effector of

the oncogene Akt and hypoxia in melanoma development,

and it can facilitate melanoma development by maintain-

ing cell proliferation and protecting cells from stress-

induced cell death (14). Overexpression of Notch1 can

also increase the aggressiveness of primary melanoma

cells through upregulation of b-catenin or N-cadherin

(15,16).

Previously, our group investigated the effects of the

Notch 1 ligand Dll1 on angiogenesis and tumor growth in

melanoma and found that overexpression of Dll1 pro-

moted tumor cell proliferation in vitro (17), but reduced

tumor growth in vivo. Interestingly, it took a longer time to

trypsinize Dll1-expressing B16 melanoma cells than the

control cells. Thus, we hypothesized that Dll1 may have

some effects in regulating the adhesion of melanoma

cells. In the present study, we extended our research

to evaluate the role of Dll1 in tumor adhesion and

metastasis.

Material and Methods

Cell culture
Dll1-overexpressing (B16-Dll1) and control (B16-GFP,

green fluorescent protein) mouse melanoma cells that

express GFP were established as previously described

(17) and were maintained in RPMI 1640 medium

supplemented with 10% fetal calf serum, 100 U/mL

penicillin, and 100 mg/mL streptomycin (Life Tech-

nologies, USA). Human umbilical vein endothelial cells

(HUVECs) were isolated after treatment of umbilical veins

with collagenase and were maintained in complete

Medium 199 (M199; Gibco-BRL, USA) supplemented

with 20% fetal calf serum, 100 U/mL penicillin, 100 mg/mL

streptomycin, 0.25 mg/mL amphotericin B, 16 U/mL

heparin, 75 mg/mL endothelial cell growth supplement,

and 2 mM glutamine. All cells were grown at 376C in a

humidified atmosphere with 5% CO2 and subcultured by

trypsinization with 0.05% trypsin-0.02% EDTA when the

cells grew to confluence.

Quantitative real-time RT-PCR
Total RNA was isolated using Trizol reagent

(Invitrogen, USA) following the manufacturer’s instruc-

tions. Complementary DNA was prepared with a reverse-

transcription kit from Toyobo (Japan). RT-PCR was

performed using a kit (SYBR Premix EX Taq, Takara,

Japan) and the ABI PRISM 7300 real-time PCR system,

with b-actin as the internal control. The following primers

were used: b-actin, 59-CATCCGTAAAGACCTCTATGCC-

AAC-39 and 59-ATGGAGCCACCGATCCACA-39; Dll1, 59-

AGGGTGTGATGACCAACATGGA-39 and 59-TATCGGA-

TGCACTCATCGCAGTA-39; Hes1, 59-GCAGACATTCT-

GGAAATGACTGTGA-39 and 59-GAGTGCGCACCTC-

GGTGTTA-39; E-cadherin, 59-GAAAGCGGCTGATAC-

TGACC-39 and 59-CGTACATGTCAGCCGCTTC-39; and

N-cadherin, 59-TGTTTGACTATGAAGGCAGTGG-39 and

59-TCAGTCATCACCTCCACCAT-39.

Western blot
Cultured tumor cells were lysed in a radioimmunopre-

cipitation assay buffer (RIPA, 50 mM Tris-HCl, 150 mM

NaCl, 1 mM MgCl2, 0.5% octylphenoxypolyethoxyetha-

nol, 0.1 mM phenylmethylsulfonyl fluoride). Protein con-

centration in the extracts was determined using a

bicinchoninic acid (BCA) protein assay (Pierce, USA)

according to the manufacturer’s instructions. The samples

were separated by SDS-12% polyacrylamide gel electro-

phoresis and transferred to polyvinylidene difluoride

membranes (PVDF; Hybond-P, Amersham Biosciences,

USA). Blots were blocked with 5% non-fat milk in TBS-T

buffer for 1 h at room temperature and then probed using

the appropriate primary antibodies followed by horse-

radish peroxidase-conjugated rabbit anti-goat or goat anti-

rabbit IgG antibodies. The primary antibodies included

goat polyclonal IgG antibody to Dll1 and rabbit polyclonal

IgG antibodies to Hes1, N-cadherin, or E-cadherin (Santa

Cruz Biotechnology, USA). b-actin was detected simulta-

neously using 1:5000 dilution of monoclonal mouse anti-

b-actin antibody (Sigma, USA) as a loading control. The

membrane was developed using chemiluminescent

reagents (Super Signal West Femto Maximum

Sensitivity Substrate, Pierce).

Tumor cell adhesion assays
For plate adhesion assays, tumor cells (46104/well)

were seeded on flat-bottom 96-well plates and incubated

at 376C for 30 min or 1 h. The plates were then gently

washed three times with PBS, and fresh medium

containing 20% 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) was added.

After a further incubation at 376C for 4 h, the medium

was removed, and 150 mL dimethyl sulfoxide (Sigma)

was added to each well. The absorbance of each well

was measured at 490 nm after thorough shaking for

10 min.

For adhesion assays using endothelial cells, suspen-

sions of HUVECs in M199 were seeded onto 12-well

plates at a density of 26105/well. After the cells grew to

confluence, the plates were washed with PBS. Then,

56104 tumor cells in a volume of 2 mL RPMI 1640

medium were added into individual wells containing

monolayers of HUVECs. The tumor cells were incubated

with HUVECS for 1 h at 376C. The wells were then gently

washed 3 times with PBS to remove unbound tumor cells.

After trypsinization, single cell suspensions were resus-

pended in PBS containing 2% fetal calf serum and 0.05%

NaN3. The cells were subsequently incubated with 5 mL
propidium iodide for 30 min in the dark at room temper-

ature and analyzed using flow cytometry (FACSCalibur,
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BD Immunocytometry Systems, USA). Data were ana-

lyzed using the CellQuest software.

In vivo tumor cell adhesion assays
All animal experiments were approved by the Animal

Experiment Administration Committee of the Fourth

Military Medical University. For in vivo tumor cell adhesion

assays, C57BL/6 mice were injected with 56105 mela-

noma cells through the tail vein and then killed after 2 h.

Ten minutes before the mice were killed, 100 mL Evans

blue was perfused through the tail vein to label pulmonary

vasculature. After the lungs were harvested, they were

sectioned at a thickness of 20 mm. The sections were

observed using a laser scanning system (Radiance 2000;

Bio-Rad Laboratories, USA) and a microscope (Eclipse

TE300; Nikon, Japan), and GFP-labeled melanoma cells

in the sections were counted. The number of GFP cells

was normalized to the total examined surface area of

the lung.

Mouse model of lung metastasis
To establish the lung metastasis model, tumor cells

were trypsinized, suspended in PBS, and injected into the

tail vein of C57BL/6 mice at a density of 56105/200 mL
using a 30G1/2 needle and a 1-mL syringe. Fourteen

days after injection, the animals were weighed and killed.

The lungs were removed, rinsed in PBS, and weighed.

The lung weight index was calculated as the ratio of lung

weight vs body weight. The harvested lungs were fixed in

10% neutral buffered formalin. Tumor foci on the surfaces

of the lungs were counted under a stereomicroscope.

Then, the whole lung was embedded in optimum cutting

temperature compound (Sakura Finetek, USA), sectioned

(12 mm thickness, 5 levels), and stained with hematoxy-

lin and eosin (H&E) according to routine protocols.

Histological observations were performed under a micro-

scope (BX51, Olympus, Japan). The percentage of total

area of the stained sections occupied by tumor was

measured using the Image-Pro Plus Phase 6 Imaging

System (MediaCybernetics, USA).

Statistical analysis
Data are reported as means±SD and were analyzed

using the unpaired Student t-test (GraphPad Prism 5.0 for

Windows, GraphPad Software, USA). P values less than

0.05 were considered to be statistically significant.

Results

Overexpression of Dll1 activated Notch signaling
in B16 cells

In preliminary experiments, we observed that, among

four Notch receptors, only Notch1 could be detected by

RT-PCR in B16 melanoma cells (Figure S1). Then, we

introduced pIRES2-EGFP-Dll1 plasmids or empty vectors

into B16 cells to establish Dll1-overexpressing B16-Dll1

cells and control B16-GFP cells (17). Real-time PCR

revealed that the expression of Dll1 in B16-Dll1 cells was

significantly higher than that in B16-GFP cells (Figure 1A).

The expression of murine Hes1 in cultured B16-Dll1 cells

was also upregulated, indicating that the Notch signaling

was activated in these cells (Figure 1B). Western blot

analysis confirmed Dll1 protein expression in B16-Dll1

cells (Figure 1C).

Overexpression of Dll1 enhanced the adhesion of
melanoma cells

During our previous research (17), we noticed two

interesting phenomena. First, B16-Dll1 cells were more

difficult to detach from culture plates than control B16-

GFP cells under the same conditions. Second, B16-Dll1

cells tended to form aggregated colonies (Figure 2A).

These observations suggest that Dll1-mediated activation

of Notch signaling may have some effects in facilitating

Figure 1. Overexpression of Dll1 activated Notch signaling in B16 cells. A, Quantitative PCR revealed expression of Dll1 mRNA in

transfected cells. B, Expression of Notch down-stream gene Hes1 was observed in transfected B16 tumor cells. C, Dll1 protein was

detected by Western blot in B16 tumor cells. Data are reported as means±SD. **P,0.01, ***P,0.001, unpaired Student t-test, n=6.
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tumor cell adhesion. To test this hypothesis, in vitro ad-

hesion assays were performed. As shown in Figure 2B, the

number of cells adhering to the bottom of the plates was

significantly higher for the B16-Dll1 group compared to the

B16-GFP group. An endothelial cell adhesion assay was

also carried out to determine whether overexpression of Dll1

may contribute to heterotypic adhesion of tumor cells. Similar

to the results of the plate adhesion assay, the number of

B16-Dll1 cells adhering to HUVECs was significantly higher

than that of B16-GFP cells (Figure 2C and D).

Overexpression of Dll1 led to tumor cell arrest
in the lung

Attachment of circulating tumor cells to lung endothe-

lial cells is the initial step for lung metastasis. To in-

vestigate whether Dll1 expression could enhance tumor

cell adhesion in vivo, we studied the initial fate of GFP-

labeled control and B16-Dll1 cells. Two hours after the

Figure 2. Dll1 overexpression enhanced the

adhesion capacity of tumor cells. A, Growth

colonies of tumor cells were observed by see-

ding at low density. B, Plate adhesion assay. The

bound tumor cells were assessed by 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide and compared. C, Endothelial cell (EC)
adhesion assay. GFP-labeled tumor cells that

adhered to EC were analyzed by flow cytometry.

The total number of GFP-labeled cells was

calculated based on flow cytometry shown in C.

Data are reported as means±SD. **P,0.01,

***P,0.001, unpaired Student t-test, n=4.

Figure 3. Overexpression of Dll1 led to tumor

cell arrest in lung. A, Vessels of mouse lung were

labeled with Evans blue (red) and sectioned,

arrested GFP-labeled tumor cells (green) were

detected with fluorescent microscope, at 406
magnification. Insets were amplified by laser

scanning microscope at 2006 magnification.

Arrows indicate the vessels of mouse lung

section. B, Average numbers of GFP-labeled

tumor cells were counted in lung sections with

the Image-Pro Plus Phase 6 Imaging System

and compared. Data are reported as

means±SD. **P,0.01, unpaired Student t-test,
n=6.
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tumor cells were intravenously injected, approximately

twice as many B16-Dll1 tumor cells could be observed in

the lungs compared to B16-GFP cells (Figure 3A and B).

Furthermore, the B16-Dll1 cells in lung vessels tended to

appear as aggregated pellets or tumor emboli, as shown

in the magnified insets of Figure 3A.

OverexpressionofDll1promotes tumormetastasis invivo

To further investigate whether forced expression of

Dll1 would affect tumor metastasis in vivo, we studied the

metastatic potential of B16-Dll1 and B16-GFP cells in mouse

models of lung metastasis. Fifteen days after injection, lung

samples were collected and tumor colonies on the surfaces

of the harvested lungs were counted macroscopically

(Figure 4A). A dramatically increased number of tumor foci

was observed in the lungs of B16-Dll1-injected mice

compared to B16-GFP-injected mice (Figure 4B). Accord-

ingly, the lung weight index indicated that metastasis was

more remarkable for B16-Dll1 cells than B16-GFP cells

(Figure 4C). Figure 4D and E shows H&E staining of lung

tumor tissue and the percentage of tumor area in compar-

ison to total lung area. The results are in accordance with

those of macroscopic observations.

Dll1-mediated Notch activation induced N-cadherin
expression

Since Notch activation has been reported to influence

cadherin expression, we hypothesized that enhanced

Figure 4. Overexpression of Dll1 promotes

tumor metastasis in vivo. A, B16-Dll1 or B16-

GFP tumor cells were injected into the tail vein

of normal mice. Lungs were dissected and

photographed 15 days later. Tumor nodules are

observed on the surface of lungs (red arrows). B,
Tumor nodules on the surface of the lung were

counted under a stereomicroscope and com-

pared. C, Lung weight index was calculated as

the ratio of lung weight versus body weight

of host mice, and was compared between the

two groups. D, Lungs in A were sectioned and

photographed with H&E staining. T indicates the

tumor foci in lungs. E, Tumor area in lung section

was assessed by the Image-Pro Plus Phase

6 Imaging System and nomalized to total lung

area. Data are reported as means±SD.

**P , 0.01, unpaired Student t-test, n=6.

Figure 5. Dll1-mediated Notch activation

induced N-cadherin (cad) expression. The ex-

pressions of N-cadherin (A) and E-cadherin

(B) were assessed by real-time RT-PCR, with

b-actin as a reference control. C, The protein

levels of Hes1, N-cadherin, E-cadherin in tumor

cells were examined with Western blot. Data are

reported as means±SD. **P,0.01, unpaired

Student t-test, n=6. NS: not significant.
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adhesion in B16-Dll1 cells may be attributed to the

upregulation of cell surface cadherins. To test this

hypothesis, we examined the expression of E-cadherin

and N-cadherin in B16-Dll1 and B16-GFP cells. It was

found that, along with Dll1 overexpression, the level of

N-cadherin mRNA was remarkably increased in B16-Dll1

cells, whereas the expression of E-cadherin showed no

significant difference between B16-Dll1 and B16-GFP

cells (Figure 5A and B). Western blot analysis confirmed

that Notch activation increased N-cadherin expression

without affecting E-cadherin expression (Figure 5C).

Discussion

Although modern surgical techniques and chemother-

apeutic approaches have significantly improved the

effectiveness of treatment in primary tumors, metastasis

remains the leading cause of death in cancer patients (2).

Therefore, defining the mechanisms underlying tumor

metastasis is essential to improving cancer survival. Much

effort has been devoted to identify prometastatic aberra-

tions that constitute new therapeutic targets. Notch

signaling is one of the most studied pathways involved

in tumorigenesis, and increasing evidence indicates that

the Notch pathway can function as a tumor promoter or

suppressor, depending on the cell type and context (7).

However, little is known about the role of Notch signaling

in the development of metastasis in melanoma, a highly

lethal malignancy notorious for its aggressive clinical

course. During our previous research (17), we noticed that

melanoma cells overexpressing the Notch ligand Dll1 are

difficult to detach from culture plates, indicating that Notch

signaling might be involved in melanoma metastasis. In

this study, by using the murine B16 melanoma cell line,

we investigated the role of Notch ligand Dll1 in the ad-

hesion and metastasis of melanoma cells, and it was

found that overexpression of Dll1enhanced the adhesion

and metastasis of melanoma cells both in vitro and in vivo.
To investigate the role of Notch ligand Dll1 in the

metastasis of melanoma, we first established Dll1-over-

expressing melanoma cells and compared their adhesion

capacity with control cells in vitro using the plate adhesion

assay and endothelial cell adhesion assay. Consistent

with our previous observation that Dll1-overexpressing

melanoma cells are more difficult to detach from culture

plates, the results of the plate adhesion assay indicated

that Dll1 overexpression significantly increased the

number of adhering tumor cells. Our results also indicated

that Dll1 overexpression may promote homotypical adhe-

sion, since B16-Dll1 melanoma cells tended to form

aggregated colonies. Because attachment of circulating

tumor cells to lung endothelial cells is the initial step for

lung metastasis (18), the adhesion ability of Dll1-over-

expressing melanoma cells was further investigated using

the endothelial cell adhesion assay. The finding that B16-

Dll1 melanoma cells exhibited a higher adhesion ability

than endothelial cells implies that Dll1 may enhance the

metastasis of melanoma, since the adhesion of circulating

tumor cells to vascular endothelial cells is one of the key

steps in metastasis.

To further confirm the adhesion-promoting effects of

Dll1 in vivo, we compared the number of adhering control

and B16-Dll1 cells in the lung vascular system after

injection of the tumor cells. In accordance with the results

of the in vitro endothelial cell adhesion assay, in vivo

studies revealed a higher number of arrested melanoma

cells in the lungs. Furthermore, the observation that the

arrested B16-Dll1 cells tended to form aggregates implies

a higher metastatic potential of these cells because it is

easier for aggregated tumor cells to colonize in the

targeting tissue and thus develop into metastatic lesions.

The higher metastatic potential of Dll1-overexpressing

melanoma cells was eventually confirmed using a mouse

model of lung metastasis. Compared with the control

group, mice injected with B16-Dll1 cells exhibited an

increased number of metastatic foci, a higher lung weight

index, and greater relative tumor area. These results are

in agreement with recent reports about other malignant

tumors. Aberrant Notch expression has been reported to

be closely associated with tumor progression and poor

clinical outcomes in prostate cancer, gastric cancer, and

osteosarcoma (19,20). Although Jagged1-mediated

Notch activation promoted breast cancer invasion and

metastasis (21), targeted knockdown of Notch1 inhibited

tumor cell invasion in pancreatic cancer and prostate

cancer (22,23).

The increased metastatic ability of B16-Dll1 cells

suggests that particular adhesion molecules may be

induced after activation of Notch signaling. Cadherins

are a family of Ca2++-dependent homotypic and hetero-

typic adhesion molecules participating in the regulation

of cell-cell interactions during tissue development and

carcinogenesis (24). Loss of E-cadherin and the presence

of N-cadherin are required for tumor invasion and

metastasis in melanoma and other epithelial-derived

carcinomas (25-28). Upregulation of N-cadherin in human

melanoma was found to be sufficient to mediate adhesion

of tumor cells to endothelial cells and to facilitate distant

metastasis (29,30). Since Dll1 has been reported to be

associated with the N-cadherin-b-catenin complex in cell-

to-cell adhesion junctions (31), and induction of cadherin

expression has been indicated after activation of Notch

signaling (21,32), we hypothesized that Dll1 overexpres-

sion may enhance tumor metastasis by upregulation of

E-cadherin and N-cadherin in melanoma cells. RT-PCR

and Western blot analysis found that, along with Dll1

overexpression and Notch activation, the expression of N-

cadherin was significantly upregulated in Dll1-B16 cells,

whereas the expression of E-cadherin remained

unchanged. Upregulation of N-cadherin may enhance

metastasis of melanoma cells through the combined

effects of several mechanisms. First, upregulation of
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N-cadherin may result in effective attachment of tumor

cells to lung endothelial cells and thus protect them from

anoikis (33,34). Second, N-cadherin may promote the

migration of tumor cells through endothelial cells

(29,30,35). Third, N-cadherin may facilitate tumor cell

survival and proliferation in a new environment (36).

In conclusion, the data from this research indicated

that overexpression of Dll1 could potentiate the adhesion

and metastasis of melanoma through the upregulation of

N-cadherin expression. These results suggested that the

Notch ligand Dll1 may be a target for developing effective

strategies to reduce metastasis in melanoma. Besides

upregulation of N-cadherins, overexpression of Dll1 may

also enhance the metastasis of melanoma cells by

interaction with its receptor and may serve as an adhesion

molecule by itself (37). Therefore, the detailed mechanism

of Dll1-related enhancement of melanoma metastasis

needs to be further investigated.
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