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Notch is a highly conserved transmembrane receptor that determines cell fate. Notch signaling denotes cleav-
age of the Notch intracellular domain, its translocation to the nucleus, and subsequent activation of target
gene transcription. Involvement of Notch signaling in several cancers is well known, but its role in melano-
ma remains poorly characterized. Here we show that the Notch1 pathway is activated in human melanoma.
Blocking Notch signaling suppressed whereas constitutive activation of the Notch1 pathway enhanced primary
melanoma cell growth both in vitro and in vivo yet had little effect on metastatic melanoma cells. Activation of
Notch1 signaling enabled primary melanoma cells to gain metastatic capability. Furthermore, the oncogenic
effect of Notch1 on primary melanoma cells was mediated by (3-catenin, which was upregulated following
Notch1 activation. Inhibiting f-catenin expression reversed Notchl-enhanced tumor growth and metastasis.
Our data therefore suggest a -catenin-dependent, stage-specific role for Notch1 signaling in promoting the

progression of primary melanoma.

Introduction

Notch signaling is critical for developing and maintaining tissue
homeostasis (1). Its pathway comprises a family of transmembrane
receptors and their ligands, negative and positive modifiers, and
transcription factors. To date, 4 mammalian receptors (Notch1
through Notch4) and at least S ligands (Delta 1, 3, and 4 and
Jagged 1, 2) have been identified. Binding of the ligand renders
the Notch receptor susceptible to metalloprotease- and y-secre-
tase-mediated proteolytic cleavage, which in turn results in the
release of the Notch intracellular domain (N'€) from the plasma
membrane and its subsequent translocation into the nucleus.
Once there, NI€ associates with DNA-binding protein recombina-
tion signal-binding protein Jx/CBF1/Su(H)/Lag-1 (RBP-Jx/CSL)
and mastermind-like (MAML) protein, which recruit additional
factors with histone acetylase activity, such as p300 and p300/
CREB-binding protein-associated factor (PCAF). These proteins
form a heteromeric complex that mediates transcription of target
genes, including basic helix-loop-helix transcription factors of the
hairy and enhancer of split (Hes) family (2) and the Hes-related
repressor protein (Herp, also known as Hrt/Hey) family (3). Other
targets, such as pre-To (expressed in pre-T cells) (4) and the cell
cycle regulator p21 (expressed in keratinocytes) (5), are tissue spe-
cific, whereas Notch-regulated ankyrin-repeat protein (Nrarp) (6)
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may play an important role as a negative-feedback modulator of
Notch signaling. The stability of the N'°~CSL-MAML complex is
regulated by E3 ligases of the suppressor and/or enhancer of the
lin-12 10 (Sel10) family (7). In addition, Notch can signal indepen-
dently of CSL as it does in pathways using the cytoplasmic protein
Deltex (DTX) (8).

Aberrant Notch signaling has been linked to a wide variety of
tumors (9). Notch can either suppress or promote tumors depend-
ing on the cell type and context (10, 11). The first evidence of
Notch’s involvement in tumorigenesis came from a chromosomal
translocation of the mammalian NOTCHI gene that resulted in
constitutive activation of Notch signaling in a small subset of T cell
acute lymphoblastic leukemias (T-ALL) (12). Additionally, a recent
study demonstrated that novel types of activating mutations in the
NOTCHI gene occur in more than half of all T-ALL cases (13). Aber-
rant Notch signaling was also observed in small-cell lung cancer
(14), neuroblastoma (15, 16), and cervical (17, 18) and prostate car-
cinoma (19). Activated Notch can transform primary Schwann cells
(20). Experimental mouse models have implicated Notch signaling
in skin cancer. Notch signaling drives cell-growth arrest and differ-
entiation in keratinocytes (5, 21). Conditional ablation of Notch1 in
murine epidermis results in epidermal hyperplasia, skin carcinoma,
and facilitation of chemical-induced skin carcinogenesis (basal and
squamous carcinomas), which implies a role for Notch1 as tumor
suppressor (22). The antioncogenic effect of Notch1 in murine skin
appears to be mediated by p21%4/Cipl induction and repression of
sonic hedgehog (Shh) and wingless/integration (Wnt) signaling.

Unlike keratinocyte-derived squamous cell and basal cell carcino-
mas, melanomas originate from pigment-producing melanocytes.
In human skin, melanocytes are positioned at the epidermal-der-
mal junction and are interspersed every 5 to 10 basal keratinocytes.
Using their dendrites, they interact with keratinocytes to distribute
the pigment melanin (23). In turn, melanocytes are strictly con-
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Figure 1

Expression of Notch pathway components in human melanocytes and melanoma cells. (A) Immunohistochemistry for Notch1 in primary lesions
of human malignant melanoma and in nevi. Specimens were stained using standard immunoperoxidase methods. Reddish staining indicates
Notch1 positivity whereas brown staining indicates melanin. Negative control was stained with isotype-matched secondary antibodies. HMB45
staining confirmed melanocytic origin. Scale bars: 200 um. High-magnification images are shown in the right column. Scale bar: 20 um. (B) West-
ern blot analysis for the levels of activated Notch1 in human melanocytes and melanoma cell lines. Increased levels of activated Notch1 in most
melanoma cell lines compared with melanocytes. 3-actin was used as loading control. (C) HEY1, HEY2, HES1, and HES2 mRNA expression in
normal and malignant melanocytic cells as determined by quantitative real-time RT-PCR. Results are mean + SD of 3 independent experiments.
*P < 0.05, Student’s t test. (D) Relative amounts of JAGGEDT mRNA expression in normal and malignant melanocytic cells as determined by
quantitative real-time RT-PCR. Results are mean + SD of 3 independent experiments.

trolled by keratinocytes and maintain a nonproliferative status.
Transformation to melanoma is the pathological consequence of
cellular control disruptions, which are environmentally initiated
and likely governed by specific genetic aberrations. Melanoma
development and progression is a step-wise process that consists
of (a) common acquired and congenital nevi with structurally
normal melanocytes; (b) dysplastic nevi with structural and archi-
tectural atypia; (c) radial growth phase (RGP), nontumorigenic
primary melanomas without metastatic competence; (d) vertical
growth phase (VGP), tumorigenic primary melanomas with com-
petence for metastasis; and (e) metastatic melanoma (24).

Little is known about the role of Notch signaling in maintain-
ing normal melanocyte homeostasis or in the development and
progression of melanoma. Nor is it clear whether Notch signal-
ing inhibits melanoma as it does keratinocyte-derived carcinoma.
In this study, we investigated the involvement of Notch signaling
in regulating melanoma progression using in vitro and in vivo
approaches. We observed that the Notch1 signaling pathway is
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activated and plays an oncogenic role in melanoma progression.
Furthermore, we found this effect to be B-catenin dependent. Our
data define a novel role and mechanism for Notch signaling in
melanoma progression and suggest that critical members of the
Notch pathway are potential targets of therapy.

Results

Notch1 pathway is activated in human melanoma. To investigate the
potential involvement of Notch1 signaling in melanoma develop-
ment and progression, we first carried out immunohistochemistry
for Notch1 expression in human melanoma lesions. Formalin-
fixed, paraffin-embedded melanoma samples from 15 patients
were tested and compared with nevus samples derived from 15
individual donors. Notchl was present in 10 out of 15 lesions
but was detectable in only 1 out of 15 nevus samples (Figure 1A).
HMBA4S staining, which is specific for melanosomes, demonstrat-
ed that malignant cells expressing Notch1 are of melanocytic ori-
gin. Notchl appears to be expressed in the cytosol and nucleus,
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Figure 2

Suppression of Notch signaling inhibits melanoma cell growth. (A) Cells were treated with DAPT (0.2 uM and 1 uM) and compared with equal
volume of solvent DMSO. Cell growth was analyzed by MTT. Results indicate percentage of cell growth compared with controls (adjusted to
100%). *P < 0.005, Student’s t test. (B) Colonies formed in soft agar were counted and photographed after 10 days incubation. Graphs and rep-
resentative photographs from each condition are shown. Scale bar: 500 um. Results are mean + SD of 3 independent experiments. (C) Growth
of cells transfected with DN MAML1/pBabe was analyzed by MTT. Results are mean + SD of 3 independent experiments. **P < 0.001, Student’s ¢
test. (D) Number of colonies of cells transfected with DN MAML1/pBabe or pBabe (mock). Results are mean + SD of 3 independent experiments.
Representative photos are shown. Scale bar: 500 um. (E) Effect of DN MAML1 on WM3248 cell growth was assessed in SCID mice. Tumor size
was measured at indicated times after subcutaneous injection. Results are mean + SD (n = 8). #P = 0.024, Student’s t test. Inner panel, WM3248
cells were transfected with DN MAML1/pBabe or pBabe. Immunoblots confirmed Myc-tagged DN MAML1 expression.

implying an activated status. We also used RT-PCR to examine
NOTCHI expression in 8 melanoma cell lines and 4 normal pri-
mary human melanocytes and found an increased expression of
NOTCHI in most melanoma cell lines compared with melano-
cytes (data not shown). These data suggest a role for Notchl in
melanoma. To determine the functional status of Notch signaling
in melanoma, we examined whether the Notch1 pathway is acti-
vated in melanoma cell lines. Six melanoma cell lines derived from
different stages of progression and 3 normal primary human
melanocytes were tested using an antibody specifically recogniz-
ing activated Notch1 (ab8925, Abcam). Compared with the level
of activated Notch1 in melanocytes, higher levels were observed
in all 6 melanoma cell lines (Figure 1B), indicating the activation
of Notchl signaling in melanoma cells. Both SUP-T1 (which are
T cell leukemia harboring the t(7;9)(q34;q34.3) translocation and
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constitutively expressing N'€) and N!¢/lenti-transfected mel888
(mel888-NI€) cells were used as positive controls. Notch1 activa-
tion in melanoma cell lines versus melanocytes was not caused
by differing culture conditions (data not shown). In addition, we
analyzed expression of Notch target genes HEY1, HEY2, HESI,
and HES2 using quantitative real-time RT-PCR. We found at least
1 Notch target gene upregulated in a given melanoma cell line
compared with melanocytes although the type of Notch target
gene varied among different melanoma cells (Figure 1C). Taken
together, our data suggest that the Notch signaling pathway is
activated in melanoma cells. Almost all cell lines expressed the
JAGGEDI gene (Figure 1D), but we saw no significant change in
levels between melanocytes and melanoma cells. Keratinocytes
also expressed high levels of JAGGEDI, suggesting that it can act
as a ligand to stimulate Notch1 on melanoma cells.
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Figure 3

Constitutive activation of Notch1 pathway enhances melanoma growth in vitro. (A) Cells were transfected with either N'°-GFP or GFP. Equal num-
bers of stable transfectants were plated and photographed after 4 hours under fluorescence microscopy. Scale bar: 20 um. More than 95% of green
cells were observed in all other melanoma cell lines. (B) Upper panel shows COS7 cells transfected with N'-GFP or GFP lentiviruses were analyzed
by Northern (left) and Western (right) blot. N'® gene and protein expression are shown. 28S rRNA and p-actin were used as controls for Northern
and Western blots, respectively. Lower panel shows expression of activated Notch1 in melanoma transfectants as detected by Western blot. (C)
Cell growth was measured by 3[H]-thymidine incorporation assays. Ectopic expression of N/ accelerated primary melanoma but did not affect
metastatic melanoma cell growth. Data were normalized by setting the activities of GFP-transfected control cells at 100. Results are mean + SD
from triplicates in 3 independent experiments. *P < 0.005, Student’s t test. (D) Percentage of colonies formed in soft agar. N'C enhances colony
formation of primary but not metastatic melanoma cells. **Note that colonies formed by WM3248-N!C-GFP cells are larger than those of control,
although the numbers are not significantly increased. Data were normalized by setting the activities of GFP-transfected control cells as 100. Results

are mean + SD from independent experiments. #P < 0.001, Student’s t test. (E) Representative fields in soft agar plates. Scale bar: 500 um.

Suppression of Notch pathway activation inbibits melanoma growth.
Since our data indicated that Notchl signaling is activated in
melanoma, we therefore determined whether suppression of
Notch signaling would inhibit melanoma growth. To inhibit the
Notch pathway, we used the y-secretase inhibitor N-[N-(3, 5-diflu-
orophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester (DAPT)
(Calbiochem). Treating melanoma cell lines (WM35, WM115,
and WM3248 from primary lesions; 1205Lu and WM239A from
metastatic lesions) with a high dose of DAPT (1 uM) significant-
ly reduced their growth rates. However, at a low dose (0.2 uM),
DAPT selectively inhibited primary but not metastatic tumor cells
(Figure 2A). Similarly, colony formation of primary melanoma
cells was selectively inhibited by a low dose of DAPT (Figure 2B).
These results suggest a difference in sensitivity to DAPT treatment
of primary versus metastatic tumor cells at low dosage. To specifi-
cally block the Notch pathway, a dominant-negative (DN) mutant
of MAML1 was transfected into WM35, WM3248, WM239a, and
1205Lu melanoma cells using a retroviral vector (pBabe). DN
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MAMLI expression was confirmed by immunoblotting assays in
WM3248 cells (Figure 2E, inner panel). As shown in Figure 2, C and
D, cell growth rate — measured by 3-(4, S-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay — and colony forma-
tion in soft agar were significantly reduced in DN MAML1-trans-
fected primary but not metastatic melanoma cells compared with
those in pBabe-transfected cells. Thus, our data suggest a potential
stage-specific manipulation of Notch pathway activation on tumor
progression. WM3248 melanoma transfectants were then injected
subcutaneously into SCID mice to determine the effects of DN
MAMLI1 on tumor growth in vivo. Tumor growth decreased when
Notch signaling was inhibited (Figure 2E). Taken together, our
data suggest that Notch signaling activation plays an important
role in stimulating primary melanoma proliferation and implicate
the Notch pathway as a potential therapeutic target.

Activated Notchl enbhances human primary melanoma cell growth
in vitro. To investigate the role of aberrant Notch1 signaling on
cellular properties of human melanoma, we tested the effect of
Volume 115 Number 11
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Activated Notch1 increases primary melanoma growth and promotes lung metastasis in adult mice. (A) 3 x 106 WM35-N'C-GFP or WM35-GFP
cells were injected subcutaneously into mice, respectively. Mice were sacrificed after 7 weeks, and tumor samples were harvested, measured,
and photographed. Representative photos of harvested melanoma (with skin) from 3 samples of each group are shown (left panel). Total tumor
weight (g) from each group of mice was calculated and shown (right panel). Data are mean + SD. *P = 0.006, Student’s t test. (B) WM3248-N'C-
GFP or WM3248-GFP cells were injected intravenously into SCID mice. Mice were sacrificed after 7 weeks, and lungs were harvested. Repre-
sentative lungs from each group are shown: GFP (upper panel) and N'°-GFP (lower panel). (C) Section of lungs from WM3248-N'C-GFP- and
WM3248-GFP—injected mice (right panel). Percentage of total area occupied by lung tumor was measured using Image-Pro Plus Phase 3
Imaging System (MediaCybernetics) based on H&E stained sections. Data are mean + SD. **P < 0.005, Student’s t test. Scale bars: 1 mm.
(D) Activated Notch1 upregulates Mel-CAM expression on melanoma cells. Immunoblotting analysis of whole-cell lysates of NI°-GFP- or GFP-
transfected WM3248 cells demonstrates increased levels of Mel-CAM in N'°~GFP-transfected but not GFP-transfected cells. Levels of p-actin

are shown for equal loading conditions.

activated Notch1 on melanoma cell growth in vitro by introduc-
ing the N¢ into cells. First, COS7 cells were transfected with len-
tiviral vectors encoding either the GFP marker gene or the GFP
marker gene linked to the N'C via internal ribosome entry site to
express GFP and N'€ independently. The N!C~GFP-transfected
COS?7 cells simultaneously expressed GFP (Figure 3A) and NI©
(Figure 3B, upper panel). Note that the band below the N'© shown
in the immunoblot appears to be nonspecific since it is detectable
in both control and N'¢-transfected cells. GFP therefore can be a
reliable marker to indicate NIC expression in N©-GFP/lentiviral
vector-transfected cells. Melanoma cell lines were subsequently
transfected. At an MOI of 5, more than 95% of transfected cells
expressed GFP as observed by fluorescence microscopy (Figure 3A).
Expression of total activated Notch1 in several melanoma transfec-
tants was shown in Figure 3B, lower panel. GFP-transfected mela-
noma cells exhibited the same properties as untransfected parental
cells whereas N'~GFP-transfected primary melanoma cells dis-
played marginal morphological changes, which might reflect the
increased cell adhesion capability. Experiments were carried out
using pools of each cell line in which GFP-positive cells accounted
for more than 95% of total. Growth rates of N'~-GFP-transfected
primary melanoma cells (WM35 [RGP|, WM278, and WM3248
[VGP]), significantly increased compared with that of parental
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cells (data not shown), GFP-transfected control cells, or NI°~-GFP-
transfected metastatic melanoma cells (WM239A and 1205Lu)
(Figure 3C). Similarly, substantially increased colony formation
was observed in N'C-GFP-transfected RGP (WM35 and SBcl2) and
VGP (WM115) primary melanoma cells but not in metastatic mela-
noma cells (WM239A and 1205Lu) (Figure 3, D and E). The colony
size of NIC~-GFP-transfected WM3248 cells enlarged significantly
compared with that of controls, although the number of colonies
did not increase. This change also represents an increased capabil-
ity in colony formation. Ectopic expression of activated Notch1 in
melanocytes did not enhance their growth rate or colony forma-
tion in soft agar (data not shown). These results show that consti-
tutively active Notch1 signaling promotes primary melanoma cell
growth in vitro in a stage-specific manner.

Activated Notch1 promotes human primary melanoma progression in vivo.
To further investigate the function of activated Notch1 signaling,
we examined tumor growth in vivo of 2 stably N'~GFP-transfected
primary melanoma cell lines, WM35 (RGP) and WM3248 (VGP).
We subcutaneously injected 3 x 106 WM35-N'C-GFP and WM35-
GFP cells into SCID mice, respectively (n = 12 for each group).
Tumor samples were harvested and measured after 7 weeks. An
approximately 7-fold (by weight) increase in melanoma expansion
was achieved in WM35-N'C-GFP versus WM35-GFP (Figure 4A),
Number 11
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Activation of Notch1 signaling stabilizes -catenin in primary melanoma cell lines. (A) Immunoblotting analysis demonstrates increased levels of
B-catenin in NI°~GFP-transfected RGP and VGP primary melanomas but not in N'C~GFP-transfected melanocytes or metastatic melanoma cells.
Levels of B-actin are shown for equal loading conditions. (B) DAPT treatment inhibits $-catenin expression in melanoma cells. Cells were treated
with 1 uM DAPT for 24 hours, and whole-cell lysates were analyzed by immunoblotting assays. Levels of -actin are shown for equal loading
conditions. (C) Introducing exogenous B-catenin overrides the inhibitory effect of DAPT on primary melanoma cell growth. f3-catenin/adenovirus—
transfected melanoma cells were treated with DAPT (1 uM) or DMSO. Overexpression of -catenin accelerated cell growth as measured by MTT
assay. Inner panel shows detection of 3-catenin expression by immunoblot. Although DAPT suppressed cell proliferation, the growth rate was
comparable to that of parental cells not treated with DAPT. Results are mean + SD of 3 independent experiments. *P < 0.01, Student’s t test. (D)
Luciferase assay demonstrates an enhanced TCF-mediated transcription activity in N'~GFP-transfected cells compared with control cells. Data
were normalized by setting the luciferase activities of control cells as 100. Results are mean + SD of 3 independent experiments. **P < 0.001,
Student’s t test. (E) RT-PCR analysis demonstrates that RNA levels of -catenin are not concurrently upregulated in the NI°~GFP-transfected
RGP and VGP cell lines, suggesting a posttranscriptional mechanism in stabilizing -catenin. $-actin was used as control.

confirming an oncogenic effect of aberrant Notchl1 signaling
in melanoma. Similar results were obtained with WM3248 and
WM278 cells (data not shown). Whether activated Notch1 signal-
ing promotes progression of primary melanoma was tested by lung
colony formation in an experimental metastasis model. We inject-
ed intravenously 2 x 105 WM3248-N'C-GFP and WM3248-GFP
cells into SCID mice (n = 12 for each group). After 7 weeks, mice
were sacrificed and lung samples were collected. Tumor colonies

(data not shown). The increased lung metastatic ability suggests
that particular adhesion molecules required for 1 or more steps in
extravasation or homing/attachment and adhesion of melanoma
cells at distant sites may be induced. In studies aimed to iden-
tify such adhesion molecules, we found an upregulated expres-
sion of melanoma-associated cell adhesion molecule (Mel-CAM)
in WM3248-N'C-GFP cells relative to control cells (Figure 4D).
Although extensive studies into the biological function of Mel-

in lungs were macroscopically counted under a dissection micro-
scope. In WM3248-GFP-injected mice, only a few colonies had
formed in the lungs. In contrast, a dramatically increased number
of colonies was observed in the lungs of WM3248-N!C-GFP-inject-
ed mice (Figure 4B), indicating that primary melanoma cells had
acquired an enhanced metastatic ability when the Notch1 path-
way was constitutively activated. Figure 4C shows H&E staining
of lung tumor tissue and the percentage of tumor size accounting
for total lung area. Similarly, an increased metastatic ability was
observed in WM278-NIC-GFP cells compared with control cells
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CAM in mediating tumor metastasis are required, our observation
does provide a substantial basis to support our hypothesis. Taken
together, these data implicate aberrant Notchl1 signaling in onco-
genesis and primary melanoma progression.

Activation of the Notchl pathway increases B-catenin stability, spe-
cifically in primary melanoma cells. To understand how activated
Notchl promotes primary melanoma progression, we investigat-
ed several potential target molecules. When determining [3-catenin
expression in human melanocytes and melanoma cells, we found
increased levels of B-catenin in both the N'°~GFP-transfected RGP
Volume 115 Number 11
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Figure 6

Suppressing p3-catenin reverses Notch1-induced tumor growth and metastasis. (A and B) -catenin was examined by immunoblotting in WM35—
NIC-GFP cells expressing p-cat-siRNA1, 3-cat—siRNA2, -cat—siRNA3 and control vector (A) and in WM3248-N/C-GFP cells expressing p-cat—
siRNA2 (B). B-cat—si-RNA2 efficiently suppressed expression of -catenin. g-actin was used as loading control. (C and D) MTT assay shows
a decreased growth rate induced by p-cat—siRNA1 (*P < 0.01, Student’s t test) and p-cat—siRNA2 (**P < 0.001, Student’s t test) in WM35—NIC-
GFP cells and p-cat—siRNA2 in WM3248-N'C-GFP cells when compared with control. Results are mean + SD from triplicates of 3 independent
experiments. (E) Induction of cell apoptosis by -cat—siRNA2 in WM35-N'C-GFP cells. Round shape indicates cell death. Scale bar: 20 um. Cell
apoptosis was quantitatively measured by ELISA. Results are mean + SD from triplicates of 3 independent experiments. Similar results were
observed in WM3248-NIC-GFP cells. (F) 3[H]-Thymidine incorporation assay shows a decreased growth rate of WM3248 cells transfected with
DN p-catenin compared with the control. Results are mean + SD from 3 independent experiments. Inner panel shows expression of DN f3-catenin
protein. B-actin was used as loading control. (G) In vivo lung colony—formation assay. 3-cat—siRNA-WM3248-N/C-GFP or H1UG-WM3248-N/C-
GFP cells were injected intravenously into mice. After 12 weeks, lung samples were harvested and analyzed. Tumor colonies formed on the lung

surface were macroscopically counted under a dissection microscope. Data are mean + SD.

and VGP primary melanoma cells when compared with GFP-trans-
fected (Figure S5A) and nontransfected cell lines. This increase was
not observed in melanocytes or metastatic melanoma cell lines,
suggesting a stage-specific effect of Notch signaling on B-catenin
expression. To confirm the regulatory effect of Notch signaling on
[-catenin expression, we tested whether inhibiting the endogenous
Notch pathway by DAPT treatment affects 3-catenin expression in
melanoma cells. DAPT (1 uM) indeed suppressed 3-catenin expres-
sion in melanoma cells (Figure 5B), supporting our hypothesis. We
further examined whether overexpression of exogenous -catenin
overrides the inhibitory effect of DAPT on primary melanoma cell
growth. We tested 2 melanoma cell lines (WM35 and WM115) by
infecting them with (-catenin/adenovirus (25) (kindly provided
by T. Force, Tufts University School of Medicine, Boston, Massa-
chusetts, USA), then treating them with DAPT (1 uM). As shown
in Figure 5C, tumor cells overexpressing -catenin grew faster.
Although DAPT was able to suppress cell proliferation, the cell
growth rate was comparable to that of parental cells not treated
with DAPT. These data further support an important role for
[-catenin in promoting melanoma cell proliferation.
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Moreover, a functional analysis of f-catenin activity by T cell-
specific transcription factor-luciferase (TCF-luciferase) assays
confirmed the enhanced B-catenin activity in N'°~GFP-transfected
WM3248 and WM115 cells compared with controls (Figure 5SD).
To determine whether the upregulation of B-catenin by activat-
ed Notchl occurred at the gene transcription level or posttran-
scriptionally, we performed RT-PCR assays to assess the level of
B-catenin mRNA in transfectants. As shown in Figure SE, tran-
scripts of B-catenin were not increased in N'C-GFP-transfected
primary melanoma cells, indicating that the increased level of
B-catenin protein was due to enhanced stability. The stage-spe-
cific role of activated Notch1 in regulating -catenin stability is
coincident with its stage-specific effect on primary melanoma cell
growth in vitro, thus suggesting that the oncogenic effect of acti-
vated Notch1 is mediated through p-catenin.

The oncogenic role of activated Notch1 in promoting primary melanoma
progression is B-catenin dependent. To further address the above-men-
tioned issue, we used a lentiviral vector-mediated RINAI to stably
knock down f-catenin levels. Based on the recently described
siRNA technique for persistent gene silencing in mammalian cells
November 2005
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(26-28), we designed a mammalian expression vector, H1IUG.
Three RNAI vectors were constructed by cloning DNA sequences
encoding short hairpin RNA (shRNA) that targets -catenin mRNA
into BamH1 and Xhol sites to render them under control of the
H1 promoter. Recombinant lentiviruses were generated to infect
melanoma cells at 5 MOI per cell. One out of 3 shRNA vectors
displayed high-efficiency knockdown of B-catenin in melanoma
cell lines and was selected for subsequent experiments. The origi-
nal DNA sequences encoding this shRNA that targets B-catenin
mRNA was: 5'-GCAAGCTCATCATACTGGC-3'. The C at the 3’
end of sense was changed to T to create a “G:U wobble” base pair
upon pairing with its antisense RNA complement in the hairpin.
This modification enhances the efficiency of specific gene silenc-
ing (29). WM35-N'© and WM3248-NIC cells were transfected with
a lentiviral vector encoding shRNA targeting sequence to estab-
lish sublines (termed B-cat-siRNA/WM35-N€ and (3-cat-siRNA/
WM3248-N'€). Immunoblotting analyses showed that, compared
with parental WM35-N'C and WM3248-NIC cells (data not shown)
and H1UG lentivirus-transfected control cells (called HIUG/
WM35-NI€ and HIUG/WM3248-NIC), there was a substantial
reduction of B-catenin in these sublines (approximately 78% in
WM35 and more than 90% in WM3248 cells) whereas the f3-actin
control remained unaltered (Figure 6, A and B).

We then assessed whether 3-catenin suppression was sufficient to
affect Notch1-induced melanoma cell growth and metastatic capac-
ity. As shown in Figure 6, C and D, B-catenin suppression signifi-
cantly reversed Notch1-induced melanoma cell proliferation. This
is due to the induction of melanoma cell apoptosis since more dead
cells were observed in apoptosis assays (Figure 6E). To confirm the
effect of B-catenin suppression on melanoma cell growth, we also
examined the effect of DN B-catenin mutant. N'C~-GFP-WM3248
cells were transfected with DN B-catenin/pcDNA4 (30) (kindly pro-
vided by J.B. Trepel, National Cancer Institute, Bethesda, Maryland,
USA) using Lipofectamine 2000 (Invitrogen Corp.). DN f-catenin
inhibited cell proliferation compared with controls (Figure 6F).
Expression of DN fB-catenin in transfectants was confirmed by
immunoblotting analysis (Figure 6F, inner panel).

Next, we tested B-cat-siRNA/WM3248-NI€ and HIUG/WM3248-
NI€ cells for their ability to form metastatic lung colonies in mice.
We injected 4 x 10 cells into SCID mice (n = 4) via tail vein. After
12 weeks, mice were sacrificed and lungs were collected. Compared
with the HIUG/WM3248-NC cell-injected group, a significantly
decreased number of colonies had developed in lungs of mice inject-
ed with B-cat-siRNA/WM3248-N' cells (Figure 6G). These results
indicate that -catenin mediates, at least partly, the oncogenic effect
of activated Notch1 and that f-catenin places as a functional down-
stream target of Notch1 signaling in primary melanoma cells.

Discussion

In this study, we demonstrate that Notch1 signaling is activated in
human melanoma. Activated Notch1 plays a B-catenin-dependent
and stage-specific oncogenic role in promoting primary melano-
ma progression. Notch signaling has varied roles in cancer that
reflect its multiple functions in development and tissue homeo-
stasis. In contrast to its oncogenic role in melanoma progression,
Notch1 signaling exerts an antioncogenic effect in mouse basal
cell and squamous cell carcinomas of the skin. Correspondingly,
Notch receptors are downregulated in human skin carcinomas
(31). The versatile effects of Notch signaling on cell differentia-
tion, proliferation, survival, and tumorigenesis have been clearly
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demonstrated, so it is not surprising that Notch signaling plays
differential roles in 2 types of skin cancers. For example, in B cell
development, Notch1 induces growth arrest and apoptosis (32)
whereas in T cells, it induces cell proliferation (33). Notch signal-
ing provides cell proliferation cues and elicits oncogenic activities
in acute lymphoblastic T cell leukemias (12), mouse mammary
tumors (34), and transformed kidney epithelial cells (35). On the
other hand, it acts as a growth antagonist or tumor suppressor
not only in murine basal cell carcinoma but also in small cell lung
cancer (14), hepatocellular carcinoma (36), and prostate cancer
(19). Notch signaling also counteracts HPV-induced transforma-
tion (18), and its antioncogenic activity in cervical cancer might
be mediated by MAML (37). Although the precise mechanism for
the dual action of Notch remains to be explored, it is now well
accepted that the consequences of Notch signaling depend on sig-
nal strength, timing, and especially cellular context (11).

We focused on Notchl1 signaling in this study because Notchl1 is
upregulated in melanoma cell lines and lesions relative to normal
melanocytes and nevi. Our data point to Notch1 as a critical player
in melanoma progression but do not exclude the potential involve-
ment of other Notch family members. Consistent with our obser-
vation is the recent report that intracellular forms of all 4 Notch
receptors, including Notch1, are expressed in primary lesions of
human malignant melanoma (38). Yet it is not clear whether sev-
eral Notch receptor-mediated signaling pathways are simultane-
ously activated in melanoma or whether a specific Notch receptor
is preferentially activated in melanoma lesions or cell lines. Using
cDNA microarray analyses, Hoek et al. found the NOTCH2 gene
upregulated in melanomas relative to melanocytes (39). They
also found the expression of the HEY1 gene upregulated, which is
consistent with our observation and supports our assertion that
Notch signaling is activated in melanoma.

[-catenin has been suggested as a functional target gene for Notch1
signaling that mediates the tumor-suppressive effect in murine skin
carcinoma (22, 40). In melanoma, however, -catenin mediates the
oncogenic role of Notch1 signaling. Thus, given the role of Notch
signaling in various skin cancers, 3-catenin exerts differential roles
on tumorigenesis that depend on Notch activation. This suggests
that differential roles for Notch signaling in skin cancer are deter-
mined upstream of f-catenin. Aberrant activation of (3-catenin
caused by mutation (41), elevation in wild-type f-catenin nuclear
content (42), or stabilization by IGF-1 signaling (43) has been linked
to melanoma progression. f-catenin plays a fundamental role in
regulating E- or N-cadherin-mediated cell adhesion. It also plays
a role in the Wnt signaling pathway by activating TCF/lymphoid
enhancer-binding factor-regulated (TCF/LEF-regulated) gene tran-
scription. Indeed, increased expression of B-catenin protein, but not
mRNA, and enhanced TCF-luciferase activity implicate f3-catenin
stabilization. Regulation of B-catenin by Notch activation in mela-
noma may be mediated by crosstalk with the Wnt pathway or by
regulation of N-cadherin, which may also account for its increased
growth and antiapoptotic and metastatic activities (44).

The oncogenic role of Notch signaling in melanoma displays
a stage-specific characteristic. Notch signaling advances pri-
mary melanoma but has little effect on metastatic melanoma
and appears insufficient to transform melanocytes on its own
(enforced ectopic activation of Notchl signaling in normal
melanocytes neither promotes growth rate nor induces colony
formation in soft agar). This agrees with published reports
that collaborating genetic events are required for tumorigenic
Volume 115 3173
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transformation via Notch signaling (45, 46). Such a stage-spe-
cific effect of Notch signaling in melanoma agrees with the well-
known temporal/spatial properties of Notch during develop-
ment. However, the mechanism remains obscure. Upregulation
of both NOTCHI and targeting genes occurs in metastatic
melanoma cell lines whereas enforced activation of the Notch1
pathway fails to upregulate B-catenin expression or promote cell
proliferation. The status of other pathways involved in crosstalk
or collaboration with the Notch pathway may likely vary in pri-
mary and metastatic melanoma cells. Or potentially all required
oncogenic signals have been triggered, and downstream elements
such as B-catenin or cell cycle machinery are already maximally
activated in metastatic cells. In this case, further activation could
not enhance downstream pathways. Alternatively, unknown neg-
ative feedback regulators could be activated in metastatic cells to
antagonize the effect of Notch signaling.

Tumor progression/metastasis is a complicated process that
requires multiple cellular events including cell proliferation, sur-
vival, migration, invasion, etc. It appears that the primary role of
B-catenin in mediating tumor progression/metastasis is to sup-
port cell survival. This is consistent with our observation that
[-catenin overexpression accelerates cell proliferation. The meta-
static cascade involves a series of steps: local invasion by tumor
cells, intravasation, circulation through blood and lymphoid vas-
cular systems, extravasation, homing/attachment and adhesion at
distant sites, and growth as a new lesion (47). The artificial meta-
static assay employed in this study reflects only the last steps of this
cascade. Notch signaling does not seem to affect the initial steps
of the metastatic cascade, i.e., local invasion and intravasation of
tumor cells. We subcutaneously injected WM3248-NIC transfec-
tants into SCID mice and were unable to detect lung metastases
after 12 weeks. This suggests that Notch signaling might regulate
particular cell adhesion/migration molecules required for 1 or
more steps in extravasation or homing/attachment and adhesion
of melanoma cells at distant sites during tumor dissemination.
The increased expression of Mel-CAM provides us with one such
candidate for being a cell adhesion molecule of interest. Further
studies elucidating the functional responsibility of Mel-CAM and
other cell surface molecules that mediate multiple steps in tumor
metastasis will help us not only understand how Notch signaling
regulates melanoma metastasis but also reveal potential therapeu-
tic targets for preventing metastasis.

Methods

Reagents. SDS-polyacrylamide gels were obtained from Invitrogen Corp.,
3[H]-thymidine (1 mCi/ml) was obtained from Amersham Biosciences, and
DAPT was obtained from Calbiochem. The MTT cell proliferation kit was
obtained from ATCC, and the ssDNA apoptosis ELISA kit was purchased
from Chemicon International. All other chemicals and solutions were
obtained from Sigma-Aldrich, unless otherwise indicated.

Cell culture. Human melanoma cell lines (WM35 [RGP], WM 115, WM278,
WM3248 [VGP], WM239A, and 1205Lu [metastatic|) derived from differ-
ent progression stages were isolated and cultured as described (48). SBcl2
RGP-like cells were a gift from B. Giovanelli (Stehlin Foundation for Can-
cer Research, St. Joseph Hospital, Houston, Texas, USA). Normal human
primary melanocytes FOM104, FOM105, and FOM117 were isolated from
human epidermis and cultured as described (49). We cultured 293T, Phoe-
nix (AMPHO), and COS?7 cells in DMEM (Invitrogen Corp.) supplemented
with 10% FBS. SUP-T1 cells were propagated in RPMI 1640 medium sup-
plemented with 10% FBS, 2 mM L-glutamine.
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Northern blotting, immunoblotting, and immunobistochemistry. Blotting assays
were performed as described (50). For Northern blotting, the probe was pre-
pared by random amplification of a 1.2 kb Dralll fragment from MigR1-FLN1
containing full-length human NOTCH]1 gene (kindly provided by T. Kadesch,
University of Pennsylvania, Philadelphia, Pennsylvania, USA). For immu-
noblotting, membranes were probed with Abs to activated Notch1 (ab8925,
Abcam), Notch1 (925, a rabbit polyclonal antiserum directly against residues
1759-2095) (51), B-catenin (Cell Signaling Technology), Myc-Tag 9B11 (New
England Biolabs Inc.), Mel-CAM (P1H12, Abcam), or B-actin (AC-15, Sigma-
Aldrich). For immunohistochemistry, 7-um paraffin sections were processed
by deparaffinization and rehydration followed by endogenous peroxidase
blocking (1% H,O, in methanol for 20 minutes) and antigen retrieval (boiled
in 10 mM citrate buffer for 10 minutes). Tissue sections were blocked with 2%
goat or horse serum (Vector Laboratories) and incubated with rat monoclonal
antibody against Notch1, bTAN20 (obtained from Developmental Studies
Hybridoma Bank), or mouse monoclonal HMB45 antibody (DakoCytoma-
tion) for 1 hour at room temperature, then with biotinylated secondary anti-
bodies (Vector Laboratories). Immunoreactivity was detected using the ABC
Elite kit (Vector Laboratories). We used AEC as final chromogen and hema-
toxylin as the nuclear counterstain. Negative controls for all antibodies were
made by replacing the primary antibody with nonimmunogen IgG.

Real-time RT-PCR and semiquantitative RT-PCR. Total RNA was isolated
by Trizol reagent (Invitrogen Corp.). For real-time RT-PCR, cDNA was
synthesized from 500 ng of total RNA using TagMan Gold RT-PCR Kit
(Applied Biosystems) according to the manufacturer’s protocol. The cDNA
samples were diluted 20-fold, and real-time PCR reaction was carried out
using SYBR green JumpStart Taq ReadyMix (Sigma-Aldrich) with 100 uM
of primer. Amplifications were performed in an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems). Thermal cycler conditions were
50°C for 2 minutes and 95°C for 10 minutes to activate/inactivate differ-
ent enzymes, then 40 cycles of 15 seconds at 95°C (denaturation) followed
by 1 minute at 59°C (annealing and extension). The f-actin plasmid was
used as standard cDNA. All standards and samples were assayed in trip-
licate. The threshold cycle (Ct) values were used to plot a standard curve.
All samples were normalized to the relative levels of B-actin and results
expressed as fold increase in relative levels of all cells to FOM104 by setting
the values of each gene in FOM104 to 1. Primers were designed using Prim-
erExpress (Applied Biosystems) software as follows: HEY1, 5'-AGCCGA-
GATCCTGCAGATGA-3" and 5'-GCCGTATGCAGCATTTTCAG-3"; HEY2,
5"-AGATGCTTCAGGCAACAGGG-3' and 5'-CAAGAGCGTGTGCGT-
CAAAG-3'; HES1, 5'-GTGCATGAACGAGGTGACCC-3" and 5'-GTATTA-
ACGCCCTCGCACGT-3'; HES2, 5'-AGAACTCCAACTGCTCGAAGCT-3'
and 5-CGGTCATTTCCAGGACGTCT-3'; Jaggedl, 5'-GAGCTATTTGCC-
GACAAGGC-3' and 5'-GGAGTTTGCAAGACCCATGC-3'; and B-actin,
5'- CCTCACCCTGAAGTACCCCA-3' and 5'- TCGTCCCAGTTGGTGAC-
GAT-3'. Semiquantitative RT-PCR was performed as described (52). The
following primer pairs were used: B-catenin, 5'-GTTCGTGCACATCAG-
GATAC-3" and 5'-CGATAGCTAGGATCATCCTG -3', which amplify a
429-bp fragment; and B-actin, 5'-TCTACAATGAGCTGCGTGTG-3" and
5'-CAACTAAGTCATAGTCCGCC-3', which amplify an 878-bp fragment.

Cell growth and apoptosis assays. Cell proliferation was measured by either
MTT or 3[H]-thymidine uptake assays. MTT assay was performed according
to the manufacturer’s protocol and 3[H|-thymidine uptake assay was carried
out as described (52). Cell apoptosis was detected using an ssDNA apoptosis
ELISA kit (Chemicon International) according to manufacturer’s protocol.

Colony formation assay. Colony formation in soft agar was carried out as
described (53). In brief, 3 x 103 melanoma cells per well were embedded into
0.33% agar gel containing FBS in 6-well plates precoated with 0.5% of agar
solution in triplicate and covered with tumor medium. Colonies (defined
as a minimum of 4 cells) were counted after 10 days of incubation.
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Recombinant lenti-, retro-, and adeno-viruses. For gene transfer, we construct-
ed various viral vectors. GFP/lenti plasmid (pHX’-CMV-GFP) was obtained
from the Gene Therapy Program, Division of Medical Genetics, University
of Pennsylvania School of Medicine, Philadelphia, Pennsylvania, USA (54).
To construct NI¢-GFP/lenti (pHX’-CMV-NIC-IRES-GFP), a gene fragment
encoding N© (52) was inserted into pIRES2-EGFP (BD Biosciences — Clon-
tech) between EcoRI and BamHI sites. The N'-IRES-GFP gene fragment
was then digested out with XhoI and Dral and blunted. The GFP gene in
vector pHX’-CMV-GFP was replaced by the N'C-IRES-GFP gene fragment.
To do this, pHX’-CMV-GFP vector was digested with Notl and BamHI.
After removal of the small fragment containing the GFP gene, the remain-
ing 2 fragments were ligated, along with a linker (5'-GGCCGCCCGGG-
3" annealed with 5'-GATCCCCGGGC-3') to generate a Smal site between
Notl and BamHI sites. The blunted N'*-IRES-GFP gene fragment was
subsequently ligated into the modified pHX’-CMV backbone vector at a
digested Smal site. HIUG was derived from the FG12 lentiviral vector (55)
by inserting a human H1 promoter (HuH1) with an Xbal-EcoRI-HuH1-
BamHI-HindIII-Clal-Sall-XhoI fragment into Xbal and Xhol sites between
the Flap element and the UbiC promoter. All generated plasmids were con-
firmed by restriction enzyme digestion and DNA sequencing.

Production of pseudotyped lentivirus was achieved by cotransfecting
293T cells with 3 plasmids (54), a packaging-defective helper construct,
PCMVARS.2, pMD.G (Gene Therapy Program, Division of Medical Genet-
ics, University of Pennsylvania, Philadelphia, Pennsylvania, USA) that
codes for a vesicular stomatitis virus glycoprotein (VSV-G) envelope, and
avector containing the transgene. In brief, 48 hours after transient trans-
fection of 293T cells via the calcium phosphate method, viral superna-
tants were collected, filtered through 0.45-um low protein-binding filters
(NALGENE Labware; Nalge Nunc International), and stored in aliquots at
-70°C. The titers were determined by transducing NIH/3T3 cells. Green
cells were counted under fluorescence microscope. Lentiviruses collected
48 hours after transfection displayed titers of around 108 transducing
units/ml in NIH/3T3 cells.

Retroviral vectors MAML1/pBabe, DN MAML1/pBabe, and empty pBabe
vector (mock) were described previously (56). Recombinant retroviruses
were generated by transfection of vector into Phoenix (AMPHO) helper-
free retrovirus producer lines, obtained from G.P. Nalon (Stanford Uni-
versity, Palo Alto, California, USA) using the calcium phosphate method.
In general, retroviruses displayed titers of approximately 108 transducing
units/ml in NIH/3T3 cells. Recombinant adenovirus encoding f-catenin
was described previously (25).

Viral infection of targeting cells. To infect target cells by lentiviruses or
retroviruses, we exposed cells overnight to viruses with an MOI ranging
from 2 to 10 in the presence of 4 ug/ml polybrene (Sigma-Aldrich). To
infect cells by adenoviruses, we exposed cells to virus (100 PFUs/cell) in
serum-free medium for 4 hours. Cells were washed, cultured with regular
complete medium for 2 additional days, and analyzed for protein expres-

research article

sion by immunoblot or pooled for subsequent analysis as indicated in
individual experiments.

Animal experiments. Six-week-old SCID CB-17 mice were purchased
from Charles River Laboratories. Animal experiments were approved by
the Wistar Institute’s Institutional Animal Care and Use Committee. For
subcutaneous injection, 3 x 10° cells per mouse were injected with 8 mice
in each group. Subcutaneous tumor growth was measured once per week,
and tumors were harvested after 7 weeks and weighed. For the lung colony
formation assay, cells were injected (2 x 10° in 100 ul PBS) into 12 SCID
mice in each group via tail vein. The experiment was terminated at week
7; the lungs were harvested, tumor colonies were macroscopically counted
under a Leica MZ125 dissecting microscope, and samples were subjected to
histological examination. For the metastasis inhibition study, 4 x 105 cells
were injected into SCID mice via tail vein. Lung samples were harvested
after 12 weeks and examined as described above.

Luciferase assay. Cells grown in 24-well plates were transiently transfected
using Lipofectamin 2000 (Invitrogen Corp.) and 1 ug/well of either the
TOPflash or FOPflash reporter plasmids (Promega). Cells were incubated
for 24 hours at 37°C in 2 ml of serum-free culture medium. Cell lysates were
prepared and luciferase activity was measured following the manufacturer’s
protocol (Enhanced Luciferase Assay kit; BD Biosciences — Pharmingen).
Measurements were corrected for background activity by subtraction of the
FOPflash values from the corresponding TOPflash values and were then
normalized by setting values from GFP-transfected cells at 100.

Statistics. Data are presented as mean + SD and were analyzed by 2-tailed
Student’s t test. A P value of less than 0.05 was considered significant.
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