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Sphere formation in conditioned serum-free culture medium supplemented with

epidermal growth factor and basic fibroblast growth factor (tumorospheres) is

considered useful for the enrichment of cancer stem-like cells, also known as

tumor-initiating cells. We used a gene expression microarray to investigate the

gene expression profile of melanoma cancer stem-like cells (MCSLCs). The results

showed that MCSLCs highly expressed the following Notch signaling pathway

molecules: Notch3 (NM_008716), Notch4 (NM_010929), Dtx4 (NM_172442), and

JAG2 (NM_010588). Immunofluorescence staining showed tumorosphere cells

highly expressed Notch4. Notch4high B16F10 cells were isolated by FACS, and

Western blotting showed that high Notch4 expression is related to the expres-

sion of epithelial–mesenchymal transition (EMT)-associated proteins. Reduced

invasive and migratory properties concomitant with the downregulation of the

EMT markers Twist1, vimentin, and VE-cadherin and the overexpression of E-cad-

herin was observed in human melanoma A375 and MUM-2B cells. In these cells,

Notch4 was also downregulated, both by Notch4 gene knockdown and by appli-

cation of the c-secretase inhibitor, DAPT. Mechanistically, the re-overexpression

of Twist1 by the transfection of cells with a Twist1 expression plasmid led to an

increase in VE-cadherin expression and a decrease in E-cadherin expression.

Immunohistochemical analysis of 120 human melanoma tissues revealed a signifi-

cant correlation between the high expression of Notch4 and the metastasis of

melanoma. Taken together, our findings indicate that Notch4+ MCSLCs trigger

EMT and promote the metastasis of melanoma cells.

A ccumulating evidence has revealed that malignant solid
tumors, including melanoma, contain cancer stem-like

cells, also known as tumor-initiating cells.(1–5) The properties
of infinite proliferation, self-renewal, and chemoresistance as
well as the ability of these cells to differentiate into mature,
specialized cancer cell types may be responsible for tumor ini-
tiation, metastasis, and the high mortality rate of cancer
patients.(6–8) Recent research identified a side-population of
cells and several proteins as markers for cancer stem cells
(CSCs).(9,10) CD44, CD133, ABCG2, ABCB5, OCT4, and
CD271 (nerve growth factor receptor [NGFR]) are considered
markers of melanoma CSCs.(11–14) Alternatively, as a func-
tional approach, the enrichment of a potential CSC subpopula-
tion may be accomplished using a sphere formation assay. In
this assay, conditioned serum-free culture medium (SFM) sup-
plemented with epidermal growth factor and basic fibroblast
growth factor is used in the generation of tumorospheres; this
method has been considered useful for the enrichment of
CSCs.(12,15–17) Recent studies have revealed the plasticity of
cancer cells, as differentiated cancer cells can transform
through epithelial–mesenchymal transition (EMT) so that they
possess cancer stem-like properties.(18) Other researchers

revealed that sphere-forming cells have enhanced migratory/in-
vasive properties.(6,19–21)

To further investigate melanoma cancer stem-like cells
(MCSLCs), we analyzed MCSLCs that were enriched by the
tumorosphere formation assay described above. We also used
a gene expression microarray to investigate the gene expres-
sion profile of MCSLC. Our results indicated that the Notch4
protein was significantly highly expressed in MCSLCs, which
indicates a poor prognosis in individuals with melanoma.
Moreover, Notch4 promotes metastasis of melanoma through
the Twist/VE-cadherin/E-cadherin pathway.

Materials and Methods

Melanoma cell lines, tumorospheres, and multicellular tumor

spheroid model. The B16F10, A375 A875, MUM-2C and
MUM-2B melanoma cell lines were obtained from China
Infrastructure of Cell Line Resources (Beijing, China).
Tumorospheres and the multicellular tumor spheroid (MTS)

model were cultured in a serum-free system as previously
described.(22,23) Third-generation/tertiary suspension cells were
used for all subsequent experiments.
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Microarray and bioinformatic analyses. The total RNA of
tumorospheres (test group) and MTS (control group) were
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Briefly, the extracted RNA was labeled and hybridized
on an Agilent Mouse Gene Expression Microarray (8*60K,
design ID: 028005; Agilent Technologies, Santa Clara, CA,
USA) by Oebiotech Co. (Shanghai, China). Statistical analyses
and data normalization were carried out using GeneSpring
(version 12.5) software (Agilent Technologies). Differentially
expressed genes were then identified through fold changes as
well as through P-values calculated by t-test. The threshold set
for upregulated and downregulated genes was a fold change
≥2.0 and a P-value ≤0.05.

Fluorescence-activated cell sorting. B16F10 cells cultured as a
monolayer were digested with EDTA–trypsin and collected.
Non-specific antigens were blocked with 0.5% FBS. A Notch4
antibody (Abcam, Cambridge, MA, USA) was added to the
B16F10 cells at a 1:400 dilution. The cells were then incu-
bated for 1 h with an Alexa Fluor 488 goat anti-rabbit IgG,
which served as the secondary antibody, at a 1:1000 dilution.
Labeled B16F10 cells were sorted by a FACS Vantage SE/
DiVa cell sorter with FACS DiVa software (BD Biosciences,
San Jose, CA, USA).

Cell immunofluorescence method. The cells were plated onto
coverslips and fixed with cold methanol on ice for 10 min.
The cells were blocked with 5% FCS and were incubated with
primary antibodies Notch4 (1:500 dilution) and vimentin
(1:250 dilution) overnight at 4°C. Then FITC-conjugated sec-
ondary antibodies were added and the cells were incubated at
37°C for 1 h. The sections were counterstained with DAPI and
were observed using a fluorescence microscope at 9200 mag-
nification (80i; Nikon, Shinagawa, Tokyo, Japan).

Western blot analysis. The cell lysates were resolved by
SDS-PAGE and transferred onto PVDF membranes (Millipore,
Billerica, MA, USA). Blots were blocked and incubated with
primary antibodies overnight at 4°C. The membranes were
then incubated with the secondary antibody at 37°C for 2 h.
The enhanced chemiluminescence method was used to measure
protein expression, and GAPDH served as the internal control.
Bands were imaged and analyzed using C-Digit Blotting Scan-
ner (Gene Company, Beijing, China). Details of the antibodies
used are shown in Table S1.

Matrigel-based tube formation assay. The Matrigel-based tube
formation assay was carried out as previously described.(24)

Matrigel (BD Biosciences) was warmed to room temperature.
Before completely thawed, it was transferred onto ice where
the liquid was kept for at least 10 min. Then 30 lL Matrigel
was added to 96-well plates at a horizontal level so that the
Matrigel was allowed to distribute evenly. The coated plates
were incubated for 1 h at 37°C. After the cells (2 9 104) were
loaded onto the Matrigel, they were allowed to incubate over-
night. The cells were then imaged at 940 magnification.

Hoechst 33342 staining. A375 and MUM-2B cells were trans-
fected with the LVRU6MP vector, which expressed mCherry
fluorescent protein. Hoechst 33342 dye was added at a final
concentration of 5 lg/mL, then the cells were incubated at
37°C for 30 min. After incubation, the cells were gently
washed twice in PBS prior to microscopy and image capture.

Notch4 gene silencing. To further detect the role of Notch4
in melanoma cells, stable Notch4 silenced cell lines were gen-
erated. Notch4 suppression was mediated by lentiviral infec-
tion using OmicsLink shRNA expression clones (catalog no.
HSH011877-LVRU6MP; GeneCopoeia, Rockville, MD, USA).
The target sequence is described in Table S2 and is shown in

figures from “shNotch4-1”to “shNotch4-4”. A non-silencing
shRNA sequence without the Notch4 shRNA component was
used as the negative control (catalog no.: CSHCTR001-
LVRU6MP). Approximately 3 9 105 melanoma cells/well
were plated in 6-well plates. Twenty-four hours later, A375
and MUM-2B cells were transfected with specific or negative
control lentiviral vectors with the Lenti-Pac HIV packaging kit
(catalog no. HPK-LvTR-20; Genecopoeia) according to the
manufacturer’s instructions. Ninety-six hours after transfection,
the transfected cells were observed under a fluorescence micro-
scope (Nikon). As the lentiviral vector contains an mCherry
Fluorescent Protein (mCFP) expression cassette, the cell trans-
fection rate, which was directly observable, reached 90%.

Transwell invasion/migration assay. In all, 1 9 105 cells in
100 lL culture medium without FBS were seeded into the
upper chamber with or without Matrigel (1 mg/mL; BD Bio-
sciences); the wells contained polyethylene terephthalate filters
with a porosity of 8 mm (Invitrogen). The lower chamber was
filled with medium supplemented with 10% FBS. After 36 h
for MUM-2B cells and 48 h for A375 cells, the invading or
migrating cells were fixed in cold methanol and stained with
0.5% crystal violet. The number of invading/migrating cells
was counted in three fields using an inverted light microscope
(Nikon) at 9100 magnification. Each experiment was carried
out in triplicate.

Wound healing assay. In all, 5 9 105 cells were seeded and
allowed to grow to 90% confluence. A wound was created on
the cell monolayer using a pipette tip, and cell motility was
assessed by measuring the amount of cell movement into the
scraped area. Images were captured at regular time intervals.
The speed of wound closure was monitored after 12 and 24 h
by a measurement of the ratio of the distance of the wound at
0 h. Each experiment was carried out in triplicate.

Real-time PCR. Total RNA from melanoma cells was isolated
using TRIzol reagent (Invitrogen). Synthesis of cDNA was car-
ried out with a QuantScript RT Kit (Tiangen Biotech, Beijing,
China) according to the manufacturer’s instructions. Quantita-
tive RT-PCR was carried out in an ABI 7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) with
real-time PCR Master Mix (SYBR Green). The PCR primers
are listed in Table S2. GAPDH was selected as the endoge-
nous control in this assay, and the 2�DDCt method was used to
analyze the relative gene expression data.(25)

Drug treatment. For the suppression of Notch signaling,
DAPT was prepared as a 10-lM stock in DMSO (catalog no.
D5942; Sigma-Aldrich, St. Louis, MO, USA). Cells were treated
with DMSO or DAPT (10 lM) and were analyzed after 72 h.

Collection of patient samples. In all, 120 primary tumor speci-
mens were obtained from the Tumor Tissue Bank of the Tianjin
Cancer Hospital (Tianjin, China). The specimens were excised
from patients with melanoma who underwent surgical resection
at the Tianjin Medical University Cancer Institute and Hospital
in China between January 1999 and December 2010.
All tissue sections were reviewed by a pathologist and were

assessed according to the 2010 WHO Classification of Tumors:
Pathology and Genetics of Skin Tumors. The use of patient
specimens was approved by the Institutional Research Com-
mittee. Detailed pathologic and clinical data were collected for
all samples and are shown in Table S3.

Immunohistochemical staining and scoring. Immunohisto-
chemistry was carried out as previously described.(26) Tissue
sections were deparaffinized and rehydrated and the endoge-
nous peroxidase was quenched. After antigen retrieval using a
microwave and the blocking of non-specific binding, the
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sections were then incubated with anti-Notch4 antibody (cata-
log no. ab134831; Abcam) at a dilution of 1:500 overnight at
4°C. Phosphate-buffered saline was used as a negative control
in place of the primary antibody. The sections were then incu-
bated with the secondary antibody, developed with 3,30-diami-
nobenzidine and counterstained with hematoxylin.
Evaluation of the sections was carried out independently by

two pathologists, and the staining results were semiquantita-
tively assessed according to both the percentage of positive
neoplastic cells and the immunostaining intensity in individual
tumor cells. In all, 100 tumor cells per field in 10 microscopic
fields in each section were counted at a high magnification.
The initial scoring was undertaken based on the extent of
staining on a scale of 0–4, as follows: 0, ≤10%; 1, 10–25%; 2,
26–50%; 3, 51–75%; and 4, ≥76–100%. The intensity of stain-
ing was scored on a scale of 0–3, as follows: 0, no appreciable
staining in tumor cells; 1, barely detectable staining in the
cytoplasm compared with the stromal elements; 2, moderate
staining; 3, strong staining in tumor cells that obscures the
cytoplasm. After the values were summed (extent + intensity),
the scores ranged from 0 to 6. With regards to statistical analy-
sis, a total score of 0–2 was considered low expression; scores
of 3–6 were considered high expression.

Statistical analysis. All data were analyzed with SPSS 19.0
(SPSS, Chicago, IL, USA). The measurement data are shown
as the mean � SD. Student’s t-test was used to determine the
differences between two groups. The v2-test was used to test
the relationship of Notch4 expression and melanoma. The sur-
vival rates were calculated by the life table method and the
Wilcoxon test for statistical analysis. P < 0.05 was considered
statistically significant.

Results

Gene expression in MCSLCs enriched by the tumorosphere
formation assay. To investigate the gene expression profile of
MCSLCs (by the tumorosphere formation assay), an Agilent
Mouse Gene Expression Microarray was used. Cultured
suspension cells that were used to generate an MTS model
were used as controls.
The gene expression analysis showed 3760 differentially

expressed genes, including 1699 upregulated genes and 2061
downregulated genes (Fig. 1a). The expression levels of
Notch3 (NM_008716), Notch4 (NM_010929), Dtx4
(NM_172442), JAG2 (NM_010588) Pofut (NM_080463), Sox4
(NM_009238), Wnt10a (NM_009518), NGFR (NM_033217),

Fig. 1. Notch4 was highly expressed in melanoma
cancer stem-like cells (MCSLCs) and was associated
with the expression of epithelial–mesenchymal
transition (EMT) proteins. (a) Agilent Mouse 8x60K
microarrays were used to analyze gene expression
in MCSLCs enriched from tumorospheres of B16F10
cells (test group) (multicellular tumor spheroid of
B16F10 cells were used as a control). The gene
expression analysis showed 3760 differentially
expressed genes, including 1699 upregulated genes
and 2061 downregulated genes (genes with a fold
change ≥2 and a P-value (t-test) <0.05 were
collected). (b) Changes in the expression of Notch3,
Notch4, Dtx4, JAG2, Pofut, SOX4, Wnt10a, NGFR,
ABCA8, and ABCA1. (c) Quantitative real-time PCR
identified changes in expression levels. (d)
Notch4high B16F10 cells were isolated and found to
express high levels of Twist1 and VE-cadherin,
whereas the expression of E-cadherin was inhibited.
(e–g) Grey analysis showed that the differences
were statistically significant. (h) Sphere-forming
B16F10 cells (MCSLCs) expressed high levels of
Notch4 protein. *P < 0.05, **P < 0.001.
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ABCA8 (NM_013851), and ABCA1 (NM_013454) were
assessed. The fold changes according to the gene expression
arrays are shown in Figure 1(b). Moreover, quantitative real-
time (q)RT-PCR was carried out to identify the changes in
expression levels. The qRT-PCR results showed that MCSLCs
expressed higher levels of the cancer stem cell-related gene
NGFR (also called CD271).(27) The qRT-PCR results also
showed that Notch4 was significantly highly expressed in
MCSLCs (Fig. 1c). Then, we determined whether an associa-
tion could be found between Notch4 overexpression and stem
cell properties, invasion, or metastasis in melanoma.
The morphological differences of these two kind of mela-

noma spheroids are shown in Figure S1.
Notch4high B16F10 cells expressed high levels of EMT-

related proteins and MCSLCs expressed high levels of Notch4
protein. To detect the role of Notch4 expression in melanoma,
Notch4high B16F10 cell was isolated by FACS. The efficiency
of isolation and the subsequent determination of EMT-related
protein expression were ascertained by Western blotting.
Flow cytometry results showed that 2.8% of B16F10 cells

expressed Notch4 protein on the cell surface. Results of Wes-
tern blot analysis are illustrated in Figure 1(d). A Grey analy-
sis revealed that Notch4high B16F10 cells expressed high levels
of Notch4 and Jagg2 proteins (Fig. 1e). The EMT-related
index of VE-cadherin and Twist1 expression showed that these
two proteins were expressed at higher levels in Notch4high

B16F10 cells compared with Notch4low B16F10 cells (Fig. 1f).
Notch4high B16F10 cells also showed higher Sox2 expression

and lower cMyc expression (Fig. 1g). As immunofluorescence
staining illustrated, sphere-forming B16F10 cells expressed
high levels of Notch4 protein (Fig. 1h).
Notch4 expression in human melanoma cell lines and its

relationship to sphere formation. We next detected the expres-
sion of Notch4 protein in the human melanoma cell lines
A875, A375, MUM-2C, and MUM-2B. Western blotting
results showed that A375 and MUM-2B cells expressed high
levels of Notch4 protein (Fig. 2a). Immunofluorescence stain-
ing identified the expression of Notch4 in A375 and MUM-2B
cells (Fig. 2b). As shown in Figure 2(c), sphere-forming of
A375 and MUM-2B cells expressed high levels of Notch4 pro-
tein. Both A375 and MUM-2B cells that were transfected with
the psi-LVRU6MP vector, which expressed the mCherry pro-
tein, demonstrated vasculogenic mimicry (VM) (Fig. 2c, red
circle and white line delineates tumor cells that formed VM).
Then we chose MUM-2B and A375 human melanoma cell
lines to determine the role of Notch4 in melanoma.

Notch4 silencing inhibited invasion, migration, and VM forma-

tion of melanoma cells. Invasion and migration assay. To
detect the role of Notch4 in the invasion and migration of mel-
anoma cells, Transwell invasion and migration assay was used.
As shown in Figure 3(a), except for the shNotch4-2 plasmid,

all three shNotch4 plasmids inhibited the migration of A375
cells. Moreover, the four shNotch4 plasmids significantly
reduced the invasiveness of the melanoma cell line A375, and
these differences were statistically significant (Fig. 3c;
*P < 0.05, **P < 0.001, control group vs signal shNotch4

Fig. 2. A375 and MUM-2B cells expressed high levels of Notch4 and showed the capacity of vasculogenic mimicry (VM) formation. (a) Expres-
sion of Notch4 in melanoma cell lines A875, A375, MUM-2C, MUM-2B, and B16F10 was detected by Western blotting. A375 and MUM-2B cells
expressed high levels of Notch4. The Notch4 protein is a ~210-kDa heterodimer. The Notch4 protein was split in the lysate, therefore, Western
blot analysis detected both the intracellular and extracellular domains of Notch4. (b) Immunofluorescence staining confirmed high Notch4
expression in A375 and MUM-2B cells. (c) Sphere-forming A375 and MUM-2B cells expressed high levels of Notch4 protein. Hoechst 33342 stain-
ing and mCherry fluorescent protein expression showed that A375 and MUM-2B cells could form VM tubes in vitro. The red circle and white line
delineate tumor cells that formed VM. A375 cells, 940 magnification; MUM-2B cells, 9200 magnification.
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Fig. 3. Notch4 silencing reduced cell invasion, migration, and vasculogenic mimicry (VM) formation in melanoma cells. (a–c) The invasion and
migration abilities of A375 cells transfected with the LVRU6MP–shNotch4-1, -3, and -4 clones and of MUM-2B cells transfected with the
LVRU6MP–shNotch4-1, -2, -3, and -4 clones were decreased following Notch4 knockdown. The differences have statistical significance. The
shNotch4-2 plasmid increased the migration of A375 cells. **P < 0.001. Magnification, 9100. (d–f) Capacity for VM formation of A375 cells trans-
fected with the LVRU6MP–shNotch4-2, -3, and -4 plasmid and that of MUM-2B cells transfected with the LVRU6MP–shNotch4-1, -2, -3, and -4
plasmids was inhibited. The shNotch4-1 plasmid increased VM formation of A375 cells. **P < 0.001. Magnification, 940.
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group). All four shNotch4 plasmids inhibited the migration
and invasion abilities of MUM-2B cells (Fig. 3b,c; *P < 0.05,
**P < 0.001, control group vs signal shNotch4 group). Our
data suggest that Notch4 expression in melanoma cells is
related to the invasiveness and migration ability of melanoma
cells.
Vasculogenic mimicry formation assay. To detect the role of

Notch4 in the formation of VM, a Matrigel-based tube forma-
tion assay was used (Fig. 3d). As Figure 3(e) shows, MUM-
2B cells were transfected with four shNotch4 plasmids, which
significantly reduced the number of VM in vitro
(**P < 0.001). Although transfection with the shNotch4-1
plasmid increased the number of VM in A375 cells, transfec-
tion with the other three shNotch4 plasmids caused a statisti-
cally significant decrease in the number of VM (Fig. 3f)
(*P < 0.05, *P < 0.001). We speculate that Notch4 expression
is related to the VM formation of melanoma.
Wound healing assay. To detect the relationship between

Notch4 expression and the migration of melanoma cells, a
wound healing assay was undertaken (Fig. 4a). All four
shNotch4 plasmids that were transfected to A375 and MUM-
2B cells could inhibit the migration ability of these cells. The
differences among the normal/control group, the A375 cells
that were transfected with shNotch4 plasmids (at 24 h), and
the MUM-2B cells that were transfected with the same plas-
mids (at 12 h) were statistically significant (Fig. 4b,c,
P < 0.05). Therefore, we believe that Notch4 expression may
be related to the migration of melanoma cells.
Notch4 silencing decreased expression of EMT-related pro-

teins in melanoma cells. Because Notch pathway suppression
by shRNA inhibited the invasiveness, migration, and VM for-
mation of melanoma cells, we analyzed several potential
downstream targets that were previously shown by our group
and others to be associated with EMT of tumor cells.(28–31) To
determine the role of Notch4 silencing with respect to the
EMT-related index, immunofluorescence staining, Western blot
assay, and quantitative real-time PCR were carried out.
Vimentin expression followed by Notch4 suppression in

A375 and MUM-2B cells was validated by immunofluores-
cence staining (Fig. 4d). Results of Western blot analysis of
A375 and MUM-2B cells are shown in Figures 5 and 6. The
effects of transfection were then tested and analyzed (Figs 5b
and 6b). Western blot results also showed that the expression
of cMyc and Sox2 was increased in A375 cells, whereas the
expression of these proteins was decreased in the MUM-2B
cell line (Figs 5c and 6c).
Grey analysis showed that Notch4 suppression upregulated

the expression of E-cadherin and downregulated the expression
of VE-cadherin and Twist1 (Figs 5d and 6d). In the A375 cell
lines, vascular endothelial growth factor (VEGF) expression
was downregulated by the shNotch4-3 and shNotch4-4 plas-
mids, whereas VEGF was upregulated by the shNotch4-1 and
shNotch4-2 plasmids (Fig. 5e). However, in the MUM-2B cell
line, VEGF expression was reduced following the downregula-
tion of Notch4 expression (Fig. 6e).
In conclusion, VEGF expression was positively regulated by

Notch4 expression; thus, our data indicate that Notch4 expres-
sion is involved in EMT and tumor angiogenesis.
To further explore the role of Notch4 in EMT formation, we

undertook the qRT-PCR assay (Figs 5f and 6f). The qRT-PCR
results showed that Notch4 blocking downregulated VE-cad-
herin and Twist1 mRNA expression and gained E-cadherin
mRNA expression. We deduced that Notch4 promoted cell

invasion, migration, and VM formation by promoting EMT
through the Twist1/VE-cadherin/E-cadherin pathway.
Notch4 silencing reduced EMT through the Twist1/E-cad-

herin/VE-cadherin pathway. To block Notch signaling, we
used DAPT, a c-secretase inhibitor that is known to efficiently
block Notch receptor cleavage in intact cells. Western blot
analysis was used to detect Twist1 and E-cadherin expression.
The results in Figure 7(a) show an increase in E-cadherin
expression and loss of Twist1 and VE-cadherin expression in
the DAPT treatment groups.
We then sought to determine whether Notch4 regulates

VE-cadherin and E-cadherin through the control of Twist1
expression. To accomplish this, full-length Twist1 cDNA was
subcloned into pcDNA3.1 vectors that were transfected into
A375-shNotch4-3 and MUM-2B-shNotch4-3 cells.(31) Western
blot results showed that E-cadherin expression was downregu-
lated, whereas VE-cadherin expression in these cells was
upregulated by Twsit1 re-overexpression. Our data therefore
suggest that Notch4 promotes EMT through the regulation of
Twist1 expression (Fig. 7b).
High expression of Notch4 was related to metastasis in

patients with melanoma. To explore the role of Notch4 in the
metastasis of melanoma, we collected 120 melanoma tissues
from the Department of Pathology of the Cancer Hospital of
Tianjin Medical University, and evaluated Notch4 protein
expression by immunohistochemistry.
Seventy-two (72/120; 60%) melanoma tissues in our cohort

expressed high levels of Notch4 protein. We retrospectively
analyzed the clinicopathological parameters of these 120 cases
of melanoma (Table 1). As Figure 7(c) and Table 1 show,
high expression of Notch4 correlates with tumor metastasis,
especially lymphatic metastasis.
High expression of Notch4 indicated poor prognosis. We

next determined the relationship between Notch4 expression
and the prognosis of patients with melanoma using the life
table method (details are shown in Table S4). The 3- and 5-
year survival rates and the median survival time (life table
method) of melanoma patients with Notch4low expression
were higher than those of patients with Notch4high expression
(Fig. 7d, P < 0.001 by Wilcoxon test). Melanoma patients
with both lymphatic metastasis and Notch4high expression
had a worse prognosis than patients with lymphatic metasta-
sis and Notch4low expression (Fig. 7d, P < 0.001 by Wil-
coxon test). Therefore, our data show that Notch4high

expression and metastasis are related to poor prognosis and
that the combination of these two indices may serve as a
prognostic indicator.

Discussion

As is well known, melanoma is a highly lethal malignant
tumor with a high rate of metastasis. Once metastatic, the out-
comes for patients are poor.(32) Clarification of the mechanisms
that underlie tumor metastasis is essential for the improvement
in cancer survival of individuals with cancer. New targets and
strategies are needed to improve the treatment of metastatic
melanoma, especially for those patients who do not respond to
conventional therapies. An in-depth understanding of mela-
noma biology and metastasis would greatly facilitate efforts in
this area. Contrary to the use of other sphere formation mod-
els, the tumorosphere model is suitable for the study of CSC
properties.(23) Sphere-forming cells, which were enriched in a
serum-free culture system (tumorospheres) that were identified

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | August 2016 | vol. 107 | no. 8 | 1084

Original Article
Notch4 promotes melanoma metastasis and invasion www.wileyonlinelibrary.com/journal/cas



Fig. 4. Notch4 suppression inhibited the migration of melanoma cells and reduced vimentin expression. (a) Wound healing assay (magnifica-
tion, 940). (b,c) Quantitative analysis showed a significant difference at 24 h for A375 cells and showed a significant difference at 12 h for
MUM-2B cells. (d) Knockdown of Notch4 decreased the protein expression of vimentin (magnification, 9200).
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Fig. 5. Roles of Notch4 suppression in A375 melanoma cells. (a) Western blotting results. (b) Grey analysis revealed significantly decreased expres-
sion of Notch4 protein in A375 cells transfected with the shNotch4-2, -3, and -4 clones. (c) Sox2 expression was increased by shNotch4-2, -3, and -4.
cMyc expression was increased by shNotch4-1, -3, and -4 clones and inhibited by the shNotch4-2 clone. (d) Notch4 suppression decreased Twist1 and
VE-cadherin (CDH5) expression and increased E-cadherin expression. (e) Expression of the angiogenesis-related protein vascular endothelial growth
factor (VEGF) was decreased when Notch4 expression was suppressed. (f) Quantitative real-time PCR results showed that Notch4 silencing led to the
upregulation of E-cadherin (CDH1) gene expression and a decrease in Twist1 and VE-cadherin (CDH5) expression. *P < 0.05, **P < 0.001.
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Fig. 6. Roles of Notch4 suppression in MUM-2B melanoma cells. (a) Western blotting results. (b) Grey analysis revealed a significantly decreased
expression of Notch4 protein in MUM-2B cells transfected with the shNotch4-1, -2, -3, and -4 clones. (c) Sox2 expression was decreased by
shNotch4-2, -3, and -4; Sox2 expression was increased by the shNotch4-1 clone. cMyc expression was inhibited by the shNotch4-1, -2, -3, and -4
clones. (d) Notch4 suppression decreased Twist1 and VE-cadherin (CDH5) expression and increased E-cadherin expression. (f) Expression of the
angiogenesis-related protein vascular endothelial growth factor (VEGF) was decreased by shNotch4-3 and -4; in contrast, t was increased by the
shNotch4-1 and -2 clones. (f) Quantitative real-time PCR results showed that Notch4 silencing led to the upregulation of E-cadherin (CDH1) gene
expression but led to a decrease in Twist1 and VE-cadherin (CDH5) expression. *P < 0.05, **P < 0.001.

Cancer Sci | August 2016 | vol. 107 | no. 8 | 1087 © 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Lin et al.



Fig. 7. Notch4 silencing reduced epithelial–mesenchymal transition in melanoma cells through the Twist1/E-cadherin/VE-cadherin pathway, and
high expression of Notch4 was found to be related to metastasis of melanoma and indicated a poor prognosis. (a) The c-secretase inhibitor DAPT
inhibited Twist1 and VE-cadherin (CDH5) expression and increased E-cadherin (CDH1) expression. (b) Notch4 suppression in cells increased VE-
cadherin (CDH5) expression and decreased E-cadherin (CDH1) expression after the re-overexpression of Twist1 by transfection of cells with Twist1
expression clone. *P < 0.05. (c) 70% of patients with metastasis had tumors with high levels of Notch4 protein, and this was especially evident in
patients with lymphatic metastasis. (d) The life table method indicated that high Notch4 expression was significantly related to poor prognosis.
Patients with lymphatic metastasis and high expression of Notch4 had a worse prognosis. P < 0.001, for all.
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as CSCs, possess the capacity for tumor invasion and metasta-
sis, but are also resistant to conventional treatments.(20,33–36)

In this study, we used tumorospheres and a gene expression
microarray to investigate the gene expression profile of
MCSLCs. The gene expression microarray showed that
MCSLCs expressed high levels of CSC markers, including
SOX4, Wnt10a, and NGFR. Thus, we believe that the SFM
system is appropriate for the isolation and enrichment of mela-
noma stem-like cells. Moreover, MCSLCs expressed high
levels of the drug resistance gene ABCA8(37) as well as Notch
signaling pathway molecules, including Notch3, Notch4, Dtx4,
JAG2, and Pofut. The notch signaling pathway is a highly con-
served signaling cascade that plays an essential role in the reg-
ulation of normal stem cell homeostasis and differentiation.(38–
40) In oncogenesis, the dysregulation of the Notch and cancer
stem cell pathways confers on many human tumors the ability
to maintain a stem cell-like phenotype.(35,41–43) In our study,
the detection of Notch4 expression by the immunofluorescence
staining of sphere-forming cells also revealed that MCSLCs
expressed high levels of Notch4.
Recently, aberrant Notch signaling observed in cancer stem

cells and in metastatic tumors has attracted increasing atten-
tion, especially in melanoma, which is a particularly malignant
tumor with high rates of Notch-related metastasis.(44–46)

However, the expression of Notch in melanoma is not uniform.
The loss of the cell adhesion molecule E-cadherin and
the increased expression of the cell adhesion molecule VE-cad-
herin are correlated with EMT and with the invasion and

metastasis of melanoma. Multiple groups have reported that
amplified Notch signaling contributes to melanoma growth
in vitro and in vivo and promotes a more aggressive pheno-
type, at least in part through the inhibition of E-cadherin
expression.(47,48) However, other researchers have found that
the high expression of Notch4 increases E-cadherin expression
and suppresses malignant behavior of melanoma.(49) The
authors reported that Notch4 induces suppression of Snail2 and
Twist1 by downstream targets Hey1 and Hey2 and is mediated
in a non-canonical fashion in melanoma cell lines WM9 and
WM164. Mary Hendrix and his colleagues have reported that
Notch4 promoted Nodal expression in metastatic melanoma
cell lines C8161, MV3, and SK-MEL-28.(50) Nodal is a trans-
forming growth factor-b superfamily member that promotes
EMT.(51,52) It will be important for subsequent studies to
extend findings in other cell lines and learn the relationships
between Notch4 and EMT.
In this present study, we used melanoma cell lines B16F10,

A375 and MUM-2B. Our results showed that Notch4high

B16F10 cells expressed a lower level of E-cadherin and a
higher level of VE-cadherin protein compared with Notch4low

B16F10 cells. In the human melanoma A375 and MUM-2B
cell lines, RT-PCR and Western blot analysis revealed that
Notch4 silencing resulted in increased expression of E-cad-
herin and a loss of expression of VE-cadherin. Biologically,
Notch4 silencing inhibited the migration and invasion of mela-
noma cells. Across our cohort, nearly 50% of melanomas
showed high Notch4 protein expression. Moreover, high
Notch4 expression is associated with metastasis and poor prog-
nosis. We infer that Notch4 facilitates EMT and increases the
invasive and metastatic behavior of melanoma.
The c-secretase inhibitor DAPT inhibits the Notch signaling

pathway through the inhibition of the release of intracellular
domain.(53) Our results showed that both Notch4 silencing and
DAPT application resulted in the loss of Twist1 expression.
However, the overexpression of Twist1 by transfection of
A375–shNotch4-3 and MUM-2B–shNotch4-3 cells with a
Twist1 overexpression plasmid led to a decrease in E-cadherin
expression and an increase in VE-cadherin expression. We
conclude that Notch4 overexpression accelerates invasion and
migration of melanoma through the regulation of Twist1
expression. Additionally, this work indicated that c-secretase
inhibitors may be used as a therapeutic strategy to inhibit the
metastasis of melanoma.
The Notch signaling pathway plays an essential role in the

regulation of angiogenesis during development and in adult life.
Increasing evidence has revealed that the dysregulation of the
Notch pathway promotes angiogenesis in tumors. Our results
also indicated that high expression of Notch4 in A375 and
MUM-2B cells can promote the formation of VM tubes. Addi-
tionally, Notch4 silencing decreased Matrigel-based tube for-
mation. We infer that Notch4 expression may be related to VM
formation in melanoma.(54) Tumor growth and metastasis
depend on angiogenesis and lymphangiogenesis.(55) Angiogene-
sis inhibitors now constitute a clinical anticancer strategy.(56,57)

Vascular endothelial growth factor is considered a key mediator
of angiogenesis and a promising therapeutic target in
cancer.(58–61) Our results showed that Notch4 silencing down-
regulated the expression of VEGF. We suggest Notch4 may
promote tumor angiogenesis by regulating VEGF expression.
In conclusion, MCSLCs were isolated and expanded using an

SFM culture system. The enriched cancer stem-like cells
showed high Notch4 expression. Moreover, Notch4 overexpres-
sion promotes the metastasis of melanoma through the

Table 1. Correlation of Notch4 expression with clinicopathological

parameters of patients with melanoma

Variant
Notch4 expression

v2-test P-value
Low (n = 48) High (n = 72)

Sex

Male 36 45 2.051 0.169

Female 12 27

Age, years

≥55 35 39 0.047 0.055

<55 13 33

Tumor size, cm

≥7.8 22 30 0.204 0.709

<7.8 26 42

AJCC staging

Stage I 17 7 11.884 0.001*

Stage II + III + IV 31 65

Breslow’s depth, mm

≤1.5 16 28 0.947 0.623

>1.5 32 44

Pigments

Yes 28 33 2.117 0.170

No 20 39

Lymphatic metastasis

Yes 16 43 6.806 0.015*

No 32 29

Distant metastasis

Yes 14 28 1.197 0.331

No 34 44

Lymphatic and/or distant metastasis

Yes 21 49 7.000 0.014*

No 27 23

*P < 0.05. AJCC, American Joint Committee on Cancer.
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regulation of Twist1 expression, which indicates a poor progno-
sis. Our study suggests that Notch4 may be a valid target in
melanoma treatment and thus requires further investigation.
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