
Neogenin, Defined as a GD3-associated Molecule by Enzyme-
mediated Activation of Radical Sources, Confers Malignant
Properties via Intracytoplasmic Domain in Melanoma Cells*

Received for publication, December 7, 2015, and in revised form, June 1, 2016 Published, JBC Papers in Press, June 10, 2016, DOI 10.1074/jbc.M115.708834

Kei Kaneko‡, Yuki Ohkawa§, Noboru Hashimoto‡, Yuhsuke Ohmi‡, Norihiro Kotani¶, Koichi Honke�,
Mitsutaka Ogawa‡, Tetsuya Okajima‡, Keiko Furukawa§, and Koichi Furukawa‡§1

From the ‡Department of Biochemistry II, Nagoya University Graduate School of Medicine, Nagoya 466-0065, §Department of Life
Biomedical Sciences, Chubu University College of Life and Health Sciences, Kasuigai, Aichi 487-8501, ¶Department of Biochemistry,
Faculty of Medicine, Saitama Medical University, Moroyama-machi, Iruma-gun, Saitama 350-0495, and �Department of
Biochemistry, Kochi University School of Medicine, Kochi 783-8505, Japan

To investigate mechanisms for increased malignant proper-
ties in malignant melanomas by ganglioside GD3, enzyme-
mediated activation of radical sources and subsequent mass
spectrometry were performed using an anti-GD3 antibody and
GD3-positive (GD3�) and GD3-negative (GD3-) melanoma cell
lines. Neogenin, defined as a GD3-neighbored molecule, was
largely localized in lipid/rafts in GD3� cells. Silencing of neo-
genin resulted in the reduction of cell growth and invasion activ-
ity. Physical association between GD3 and neogenin was dem-
onstrated by immunoblotting of the immunoprecipitates with
anti-neogenin antibody from GD3� cell lysates. The intracyto-
plasmic domain of neogenin (Ne-ICD) was detected in GD3�

cells at higher levels than in GD3� cells when cells were treated
by a proteasome inhibitor but not when simultaneously treated
with a �-secretase inhibitor. Exogenous GD3 also induced
increased Ne-ICD in GD3� cells. Overexpression of Ne-ICD in
GD3� cells resulted in the increased cell growth and invasion
activity, suggesting that Ne-ICD plays a role as a transcriptional
factor to drive malignant properties of melanomas after cleav-
age with �-secretase. �-Secretase was found in lipid/rafts in
GD3� cells. Accordingly, immunocyto-staining revealed that
GD3, neogenin, and �-secretase were co-localized at the leading
edge of GD3� cells. All these results suggested that GD3
recruits �-secretase to lipid/rafts, allowing efficient cleavage of
neogenin. ChIP-sequencing was performed to identify candi-
dates of target genes of Ne-ICD. Some of them actually showed
increased expression after expression of Ne-ICD, probably
exerting malignant phenotypes of melanomas under GD3
expression.

It has been long known that malignant transformation of
cells brings about changes in the carbohydrate structures in the
glycoproteins and glycolipids expressed on the cell surface (1).

In particular, there have been a number of reports on the
expression of unique glycosphingolipids in neuroectoderm-de-
rived cancer cells (2), osteosarcomas (3, 4), small lung cancer
cells (5, 6), and T-cell leukemia cells (7–9). Some of them have
been utilized in the clinical field as tumor markers (10) or target
molecules of antibody therapy (11).

Because ganglioside GD3 was reported to be neo-antigen in
melanomas (12–14), it has attracted the interests of researchers
in cancer immunology field, and its expression in normal and
cancer tissues has been analyzed (15). The effects of anti-GD3
antibody therapy in melanomas (16) and various aspects of its
roles in melanomas have been also reported (17–19). These
results suggest that GD3 plays important roles in the enhance-
ment of malignant properties of melanomas (20, 21) by regulat-
ing glycolipid-enriched microdomain (GEM)2/rafts (22). How-
ever, precise mechanisms for GD3 function in cancers have not
yet been clarified.

To investigate how gangliosides are involved in the regula-
tion of cell signaling, we have applied enzyme-mediated activa-
tion of radical sources (EMARS) method (23) to identify mem-
brane molecules interacting with gangliosides in the vicinity of
cell membrane. One of representative molecules associating
with GD3 in melanoma cells was neogenin (24). Neogenin
belongs to immunoglobulin (Ig) superfamily and has homology
to deleted in colorectal cancer (DCC) (25). Although it has been
well known as a receptor for axon repulsion in neuroscience
research field (26), little is known about roles in cancers (27)
despite its expression in wide range of cancer cells (28).

In this study we investigated functions of neogenin and its
intracytoplasmic domain (Ne-ICD) in the phenotypes of GD3-
positive melanoma cells and its association with GD3 in GEM/
rafts. These results might be the first report on the concrete
example of effectors to exert malignant properties of melano-
mas under melanoma-specific ganglioside, GD3.

Results

Expression of Neogenin in GD3� Cells and Control Cells—At
first, we checked GD3 expression on GD3� cells (G5, G11) and
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control cells (V4, V9) by flow cytometry. G5 and G11 cells
expressed GD3 strongly, whereas GD3 was scarcely detected in
V4 and V9 cells (Fig. 1A). Using these cells, we analyzed mRNA
and protein expression levels of neogenin by RT-PCR (Fig. 1B)
and Western blotting (Fig. 1C), respectively. Neogenin expres-
sion was almost equivalent among all GD3� cells and control
cells.

Neogenin Was Involved in Malignant Phenotypes in Mela-
noma Cells—To clarify whether neogenin expression is
involved in malignant phenotypes in melanoma cells, we sup-
pressed neogenin expression by transfection of anti-neogenin
siRNA. At 48 h after transfection, knockdown efficiency was
examined by Western immunoblotting, showing strong sup-
pression of neogenin expression (Fig. 2A). Using these
siRNA-treated cells, invasion and cell proliferation assays were
performed. As shown in Fig. 2B, numbers of invaded cells into
the bottom side of chambers were dramatically reduced after
knockdown of neogenin in all cell lines (G5, G11, V4, V9). The
proliferation rates were also decreased in neogenin-silenced
cells compared with control siRNA-transfected cells (Fig. 2C).
These results suggested its novel function as a promoting mol-
ecule of cancer properties.

A High Amount of Neogenin Was Localized in GEM/Rafts in
GD3� Cells in Contrast with GD3� Cells—Next, we analyzed
floating pattern of neogenin using fractions prepared from 1%
Triton X-100 extracts by sucrose density gradient ultracentrif-
ugation. As shown in Fig. 3A, there were approximately 50
times more neogenin in GEM/raft fractions in GD3� cells (G5)
than those in control cells (V9). These data suggested that neo-
genin shifted to GEM/rafts under GD3 expression.

GD3 Associates with Neogenin—Next, we tried to clarify
whether GD3 physically associates with neogenin. To address
this issue, we performed immunoprecipitation with an anti-
neogenin antibody and subsequent immunoblotting with an
anti-GM3 monoclonal antibody (mAb) or an anti-GD3 mAb.
GD3 was detected in immunoprecipitates only from GD3�
cells, but GM3 was not detected in either GD3� cell-derived
immunoprecipitates or GD3� cell-derived immunoprecipi-
tates despite of abundant presence (Fig. 3B). To examine intra-
cellular localization of caveolin-1, neogenin, and GD3, immu-
nocytochemistry was performed using an anti-neogenin
antibody, anti-caveolin antibody, and an anti-GD3 mAb (Fig.
4). Because nonspecific binding of normal IgG/2nd antibodies
was very high, staining of nuclei was neglected here and in Fig.

FIGURE 1. Neogenin expression was equivalent among all GD3� cells and control cells. A, GD3 expressions on GD3� cells (G5, G11) and control cells (V4,
V9). Cells (3 � 105) were incubated with anti-GD3 mAb (R24) for 1 h at 4 °C. After washing with PBS, cells were incubated with an FITC-labeled anti-mouse IgG
antibody for 45 min at 4 °C. Then GD3 expression levels were analyzed using FACS CaliburTM. Gray lines indicate staining with an anti-GD3 antibody. Black lines
with solid peaks indicate the staining with normal mouse IgG. B, mRNA expression mRNA levels of neogenin in GD3� cells (G5, G11) and control cells (V4, V9)
examined by RT-PCR. a, PCR products were observed by agarose gel electrophoresis. b, quantitative PCR analysis was performed. Expression mRNA levels of
neogenin was normalized by the GAPDH gene (n � 3). C, protein expression levels of neogenin in GD3� cells (G5, G11) and control cells (V4, V9) examined by
Western blotting. a, total 12.5 �g of proteins were separated in SDS-PAGE. After blotting onto PVDF membranes, membranes were incubated with an
anti-neogenin antibody (upper panel) or an anti-�-actin antibody (lower panel). IB, immunoblot. b, the intensities of bands in a were measured by Image JTM

software and plotted. The intensities of bands of neogenin were normalized by �-actin (n � 3).
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7. Neogenin was co-localized with GD3 at ceveolin-1-positive
leading edge of GD3� cells (G5), whereas neogenin and caveo-
lin-1 were not necessarily co-localized in GD3� cells (V9) (Fig.
4B). These results suggested that neogenin associates with
GD3, and this association is important for GEM/raft localiza-
tion, i.e. a switching of neogenin localization in the microdo-
main may occur based on the GD3 expression in melanoma
cells. Neogenin was cleaved by �-secretase in melanoma cells,
and its intracytoplasmic domain (named Ne-ICD) was detected
more in GD3� cells than in control cells.

It is known that a part of �-secretase is localized in GEM/rafts
(30, 31) Goldschneider et al. (32) reported that neogenin was a
substrate of �-secretase and the cleaved product (Ne-ICD)
functioned as a transcription factor in HEK293T cells. To ana-
lyze whether neogenin is cleaved by �-secretase also in mela-
noma cells, we treated cells with proteasome inhibitor (MG132)
and/or �-secretase inhibitor (DAPT, N-[N-[(3,5-difluorophe-
nyl)acetyl]-L-alanyl]-L-phenyl-glycine tert-butyl ester). In the
absence of MG132, there was no band of the cleaved product
(Ne-ICD) in both GD3� cells (G5) and control cells (V9) (Fig.
5A, first and fifth lanes from the left end). However, in the pres-
ence of MG132, Ne-ICD was detected in GD3� cells (G5) and
control cells (V9) (Fig. 5A, second and sixth lanes from the left
end). In the presence of DAPT, we could not detect Ne-ICD in
any cell lines regardless of MG132 (Fig. 5A, third and fourth
lanes and seventh and eighth lanes from the left end). These
results indicated that neogenin was cleaved by �-secretase.
Interestingly, the amounts of Ne-ICD were more in the GD3�

cells (G5) than in control cells (V9) (Fig. 5Ab), although equiv-
alent expression of total-neogenin and presenilin-1 was
observed in GD3� cells (G5) and control cells (V9) (Figs. 1, B
and C, 5Aa (first and fifth lanes from the left end), and 6A). This
difference in amounts was apparent especially at the low con-
centration (0.125– 0.25 �M) treatment of MG132 (Fig. 5B). To
study the effect of GD3 on the production of Ne-ICD, GD3 was
directly added to GD3� cells. The amounts of Ne-ICD
increased after the addition of GD3 in a dose-dependent man-
ner in two GD3� cells (Fig. 5C). These results suggested that
localization changes of neogenin to GEM/rafts by expression or
exogenous addition of GD3 increased the efficiency of neoge-
nin cleavage by �-secretase.

Presenilin-1 Was Localized in the GEM/Rafts of GD3�
Cells—To analyze intracellular localization of presenilin-1 in
melanoma cells, fractions prepared from 1% Triton X-100
extracts were analyzed by Western blotting with an anti-prese-
nilin-1 antibody. Both C-terminal fragment and N-terminal
fragment of presenilin-1 were definitely detected in the GEM/
raft fraction of GD3� cells compared with GD3� cells (Fig.
6B). These results suggested the possibility that cleavage of neo-
genin by �-secretase occurs in the microdomains of GD3�
cells. Therefore, the physical association between GD3 and
neogenin might be important for the cleavage of neogenin by
�-secretase.

Presenilin-1, Neogenin, and GD3 Were Co-localized in GD3�
Melanoma Cells—To examine the intracellular localization of
neogenin, GD3, and �-secretase, we performed immunocyto-

FIGURE 2. Neogenin was involved in malignant phenotypes in melanoma cells. A, protein expression levels of neogenin after transfection with anti-
neogenin siRNA. Neogenin siRNA and scrambled siRNA were transfected using Lipofectamine 2000 TM. Samples were blotted with an anti-neogenin antibody.
IB, immunoblot. B and C, function of neogenin in melanoma cells. Phenotypes after neogenin knockdown were analyzed using an invasion assay (B) and MTT
assay (C). B, 8 �103 cells after siRNA transfection were plated in BD Falcon Cell Culture InsertsTM covered with 100 �g of Matrigel. After 24 h incubation,
non-invaded cells were removed with a cotton bud, and invaded cells were stained with 1/40 Giemsa staining solution and counted. C, cells (0.5–1 � 104) were
plated into multiwell plates (96-well), and MTT solution (5 mg/ml) was added and incubated for 4 h at days 1– 6. Absorbance at 590/620 nm was measured, and
relative absorbance (/day1) was plotted. Solid lines indicate GD3� cells (G5), and dotted lines indicate control cells (V9). Gray lines indicate samples with
transfection of neogenin siRNA, and black lines mean samples with transfection of scrambled siRNA.
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chemistry analysis. Neogenin, GD3, and presenilin-1 were co-
stained at the leading edge of GD3� cells (G5), suggesting pos-
sible association of these molecules. In the GD3� cells,
presenilin-1 and neogenin were almost separately stained at the
leading edge (Fig. 7).

Overexpression of Ne-ICD Enhanced Malignant Properties of
Melanoma Cells—To clarify roles of Ne-ICD in melanoma
cells, Ne-ICD cDNA was transfected into GD3� cells and con-
trol cells. Expression levels of Ne-ICD after transfection were
shown in Fig. 8A. Ne-ICD was detected even in the absence of
MG132. And neogenin was detected at least for 6 days. Conse-
quently, overexpression of Ne-ICD considerably increased the
number of invaded cells and increased cell proliferation as
shown in Fig. 8, B and C. Namely, Ne-ICD overexpression
enhanced tumor phenotypes, such as invasion and cell prolif-
eration in GD3� cells (G5) and control cells (V9).

Target Genes of Ne-ICD Were Identified by Chromatin
Immunoprecipitation (ChIP)—We tried to identify the target
genes of Ne-ICD in melanoma cells by ChIP. We identified 17
genes that might be regulated by Ne-ICD in melanoma cells
(Table 1). To examine the effects of Ne-ICD on the gene expres-

sion of these molecules, RT-quantitative PCR was performed
using RNA from GD3� and GD3� cells before and after trans-
fection of a Ne-ICD expression vector. As shown in Fig. 9A,
overexpression of Ne-ICD resulted in the up-regulation of
the candidate genes such as GPR126, ST6BP5, MMP-16,
SPATA31A1, and S6K etc. Therefore, these molecules seemed
to be actual effectors for enhancement of the malignant prop-
erties induced under GD3 expression in melanomas.

Discussion

Ganglioside GD3 has been considered as a melanoma-asso-
ciated glycolipid, and its expression and roles in a wide variety
of biological processes have been rigorously studied. In partic-
ular, roles in the enhancement of malignant properties of vari-
ous cancers and mechanisms for such functions have been
reported by our group and others. Because understanding of
molecular mechanisms by which membrane glycolipids modu-
late signals transduced via various membrane receptors was
considered to be essential for the application of these antigens
for cancer treatment, we have studied mechanisms by which

FIGURE 3. GEM/raft localization of neogenin in melanoma cells and association of GD3 with neogenin. A, a, total cell lysates (G5 and V9) with Triton X-100
were fractionated by sucrose-density gradient ultracentrifugation as described under “Experimental Procedures.” Fractions were analyzed by Western blotting
(IB) with an anti-neogenin antibody and an anti-caveolin-1 antibody. Caveolin-1 was used as a GEM/rafts marker. The band intensities of neogenin and
caveolin-1 were measured by Image JTM software and are presented. b, ratios of neogenin in GEM/rafts were determined by comparing band intensities in
GEM/rafts and non-GEM/rafts fractions. B, association between neogenin and GM3 or GD3 was analyzed by immunoprecipitation and subsequent Western
blotting. Total cell lysates (600 �g) were used for immunoprecipitation with an anti-neogenin antibody or normal goat IgG, and immunoprecipitates were
analyzed by Western blotting with an anti-GM3 mAb (M2590) (upper panel), an anti-GD3 mAb (R24) (middle panel), or an anti-neogenin antibody (lower panel).
GEM/raft fractions from G5 and V9 were also analyzed as shown at the left end.
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cancer-associated glycolipids enhance signaling pathways lead-
ing to the malignant phenotypes of cancer cells (33).

Using a GD3-deficient melanoma cell line N1, it was demon-
strated that GD3� cells undergo increased activation signals
such as p130Cas, paxillin, Akt (20), and focal adhesion kinase
(21). GD3 expression also resulted in the enhanced cell adhe-
sion to various extracellular matrices (17). Involvement of
increased phosphorylation of a Src kinase family, Yes, due to
GD3, was also demonstrated in melanomas (18) and in gliomas
(34).

Although a number of reports on the functions of cancer-
associated glycolipids have been published to date, no mecha-

nisms by which gangliosides directly modulate functions of
associating molecules in the vicinity of cell membrane have
been reported. To challenge this issue, we have tried to identify
GD3-associating molecules using EMARS/MS methods (23).
Neogenin was one of the identified candidates as GD3� asso-
ciated molecules in melanoma cells (24). In the present study
we have clarified concrete functions of neogenin in melanomas.

Neogenin is expressed in some normal tissues and plays in
critical roles in the regulation of diverse developmental pro-
cesses (35, 36) and embryogenesis (37). In particular, neogenin
has been known as a repulsion receptor for axon guidance (38).
As for roles of neogenin in cancer cells, there have been increas-

FIGURE 4. Neogenin was co-localized with GD3 at caveolin-1-positive leading edge of GD3� melanoma cells. Immunocytochemical analysis of G5 (A) and
V9 (B) cells with an anti-caveolin-1 antibody (green), an anti-neogenin antibody (blue), and an anti-GD3 mAb (R24) (red). Bar, 20 �m or 10 �m as indicated.
High-magnified images of dashed square areas in merged image were shown at the bottom of each image. DIC, differential interference contrast.
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ing reports on its expression in various cancers (28, 39 – 44) and
on its functions in cancers (28, 44). However, implication of
neogenin in cancer phenotypes is now controversial, i.e. neoge-
nin was considered as a suppressor gene as deleted in colorectal
cancer (DCC) in breast cancers (42) and gliomas (43), and it was
also reported as a cancer-promoting gene in gastric cancers
(45), medulloblastomas (40), and esophageal cancers (46).

In this study it was clearly demonstrated that neogenin, par-
ticularly its intra-cytoplasmic domain (Ne-ICD), plays as a

driver to promote various cancer phenotypes as shown in the
MTT (3-(4,5-dimethyl-thiazolyl-2)-2,5-diphenyltetrazolium
bromide) assay and invasion assay using overexpressing and/or
silenced cells. Furthermore, not only co-localization of neogenin
with GD3 in GEM/rafts, but also physical association of neogenin
with GD3, could be shown, suggesting a possibility that formation
of molecular complex including GD3 and neogenin might be crit-
ical for its localization in GEM/rafts and for enhancement of cleav-
age of Ne-ICD via �-secretase activation (Fig. 9B).

FIGURE 5. Neogenin was cleaved by �-secretase, and the Ne-ICD levels were higher in GD3� melanoma cells and increased in GD3� cells after
exogenous addition of GD3. A, a, detection of Ne-ICD in GD3� cells (G5) and control cells (V9) by Western blotting. Cells (2 � 105) were incubated with or
without a proteasome inhibitor (MG132, 1 �M) and/or a �-secretase inhibitor (DAPT, 1 �M). After incubation for 4 h, cells were lysed, and proteins (12.5 �g) were
analyzed by Western blotting using an anti-neogenin antibody or an anti-�-actin antibody. b, band intensities of Ne-ICD were measured by Image JTM software
and plotted. The intensities were normalized by those of �-actin (n � 3). B, a, levels of Ne-ICD after the treatment with various concentration of MG132. Cells
(2 � 105) were incubated with various concentrations of a proteasome inhibitor, MG132 (0 –2 �M). After incubation for 4 h, cells were lysed and analyzed by
Western blotting as shown in A. b, band intensities were also measured and normalized by �-actin. C, a, amounts of Ne-ICD after the addition of GD3. Cells (2 �
105) were incubated with different concentration of exogenous GD3 for 48 h and used for analysis of Ne-ICD by Western blotting. b band intensities were
measured and normalized by Ne-ICD of non-treated cells.
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There were a number of reports to suggest that sphingolipids
play critical roles in Alzheimer disease-associated proteins for
lipid rafts (47). In deed, there have been some reports on the
regulation of secretases by glycosphingolipids. Exogenous GM1
enhanced secretion of soluble A� from primary cultures of rat
cortical neurons transiently transfected with human APP695
cDNA (48). Stimulation of proteolytic activity of BACE was
demonstrated in the presence of cerebrosides, anionic glycerol-
phospholipids and cholesterol (49). Furthermore, inhibition of
glycosphingolipid synthesis reduced secretion of amyloid pre-
cursor protein (APP) and A� (50). As for �-secretase, Holmes et
al. (51) reported that gangliosides increased �-secretase activity
and elevated the Ab42:Ab40 ratio by reconstituting purified
human �-secretase into detergent-free proteoliposomes. All
these results suggest that ganglioside profiles largely affect the
activity of �-secretase probably on the cell membrane. In the
present study it was clearly demonstrated that increased
�-secretase activity was involved in the generation of Ne-ICD
under GD3 expression. Co-localization of GD3, neogenin, and
�-secretase at the cell membrane suggested this ternary molec-
ular association exerts generation of Ne-ICD, leading to
increased expression of multiple genes and enhance malignant
properties of cells (Fig. 9B) as described in HEK293T previously
(32), whereas precise mechanisms for the activation of preseni-

lin as a main subunit of �-secretase in the ternary molecular
association remain to be investigated.

Malignant melanomas have been one of the most refractory
diseases despite of a number of clinical trials toward complete
cure (52, 53). mAbs reactive with GD3 has been expected to
open a new dimension in the melanoma therapy (54) and
showed some promising results (16, 55) by modulating the
molecular forms (56 –58). However, it seems hard to achieve
complete remission in many melanoma patients. Based on the
results obtained in this study, neogenin might be also a target in
melanoma therapy. Under expression of GD3, �30% of neoge-
nin was localized in GEM/rafts, suggesting that it may associate
and cooperate with GD3 to exert enhancement of malignant
properties. Therefore, in addition to anti-GD3 mAb, combined
use of anti-neogenin antibody might be able to disturb the ter-
nary molecular association and suppress the generation of Ne-
ICD, leading to the development of novel therapeutics of mel-
anomas with less adverse effects.

As shown in Fig. 9A, many genes showed increased expres-
sion after transfection of a cDNA expression vector of Ne-ICD
in both GD3� and GD3� cells, confirming that these genes
were driven by Ne-ICD under GD3 expression (Fig. 9B).
GPR126 (G protein-coupled receptor 126) is involved in the
angiogenesis by regulating proliferation and migration of endo-

FIGURE 6. Presenilin-1 expression levels were equivalent among all GD3� cells and control cells but localized in GEM/rafts of GD3� melanoma cells.
A, protein expression levels of presenilin-1 in GD3� cells (G5, G11) and control cells (V4, V9) examined by Western blotting (IB). a, total cell lysates (12.5 �g) were
blotted and analyzed using an anti-presenilin-1 C terminus (CTF) and an anti-presenilin-1 N terminus (NTF) antibodies. b, band intensities were measured by
Image JTM software and plotted. The intensities were normalized by �-actin. B, a, floating patterns of presenilin-1 in GD3� cells (G5) and control cells (V9). Total
cell lysates were fractionated by sucrose-density gradient ultracentrifugation as described under “Experimental Procedures.” Fractions were analyzed by
Western blotting with an anti-presenilin-1 antibody or an anti-caveolin-1 antibody. Caveolin-1 was used as a GEM/rafts marker. b, band intensities of preseni-
lin-1 (CTF) were measured by Image J software and plotted. Ratios of presenilin-1 in GEM/rafts were determined by comparing its band intensities in GEM/rafts
and in non-GEM/rafts fractions.
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thelial cells (59). STXBP5 is syntaxin-binding protein 5, also
named tomosyn. This protein is involved in the formation of
SNARE complex, probably regulating secretion of vesicles by
forming a complex with syntaxin-1, SNAP-25, and synaptotag-
min (60). This function may modulate malignant properties of
melanomas. MMP-16 is a member of metallopeptidase family
and mediates a proteolytic switch to promote cell-cell adhesion,
collagen alignment, and lymphatic invasion in melanoma (61).
SPATA31A1 is spermatogenesis-associated protein-31A and
was defined as one of resticular tumor-associated genes (62).

Because testicular antigens are frequently linked to tumor-as-
sociated antigens, this gene may be involved in the natures of
melanomas. S6K, ribosomal protein S6 kinase, is a well known
downstream kinase of mTOR that regulates protein activation/
translation leading to increased cell migration (63), glutamine
metabolism (64), and many other physiological and pathologi-
cal processes (65).

Consequently, we have identified molecules that might actu-
ally exert enhancing effects on various malignant properties of
melanomas. Actual roles of these gene products in malignant

FIGURE 7. Neogenin was co-localized with GD3 and presenilin-1 in melanoma cells. Cells were fixed by 4% PFA and permeabilized with 0.1% Triton X-100.
After blocking with 2.5% BSA, cells were incubated with a mouse anti-GD3 mAb (R24), a goat anti-neogenin antibody, or a rabbit anti-presenilin-1 (NTF)
antibody overnight at 4 °C. Immunostaining of GD3� cells (G5) (A) and control cells (V9) (B). Green, red, and blue indicate presenilin-1, GD3, and neogenin,
respectively (lower panels). Immunostaining with normal IgG was also performed for negative control (upper panels). High-magnified fields of dashed square
areas in merged image were shown at the bottom. Bar, 20 �m or 10 �m as indicated. DIC, differential interference contrast.
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melanomas and precise mechanisms by which Ne-ICD regu-
lates transcription of these genes remain to be investigated.

Experimental Procedures

Antibodies and Reagents—The following antibodies were
used in this study. Anti-GD3 mAb R24 was kindly provided by
Dr. L. J. Old at Memorial Sloan-Kettering Cancer Center (New
York). mAb R24 has been verified to react specifically with gan-
glioside GD3 containing NeuAc-NeuAc- and NeuAc-NeuGc-
type disialyl structures (29). Other antibodies were purchased
from commercial sources, i.e. mouse anti-GM3 mAb M2590
was from Cosmo Bio (Tokyo, Japan). Rabbit anti-caveolin-1,
goat anti-neogenin, and rabbit anti-presenilin-1 antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA), mouse anti-�-actin was from Sigma, rabbit anti-FLAG
was from Cell Signaling Technology (Beverly, MA), sheep anti-
mouse IgG antibody conjugated with HRP was from Amersham
Biosciences, goat anti-rabbit IgG antibody conjugated with
HRP was from Cell Signaling Technology (Beverly, MA), horse
anti-goat IgG conjugated with HRP was from Vector Laborato-
ries (Burlingame, CA), and Alexa 488-conjugated donkey anti-

rabbit IgG (H�L) secondary antibody, Alexa 594-conjugated
donkey anti-mouse IgG (H�L) secondary antibody, and
Alexa647-conjugated donkey anti-goat IgG were from Invitro-
gen. Protein G-Sepharose and protein A-Sepharose beads were
purchased from GE Healthcare. Proteasome inhibitor MG132
was from Sigma. �-Secretase inhibitor (DAPT) was from Pep-
tide Institute, Inc. (Osaka, Japan).

Cell Culture—GD3� cells and control cells were established
as described (20). Namely, SK-MEL-28-derived N1-cell lacking
GD3 expression was transfected with cDNA expression plas-
mid (pMIKneo) with EffecteneTM (Qiagen, Valencia, CA) after
single cell cloning with a limiting dilution technique. Conse-
quently, after selection in the medium containing G418 (400
�g/ml), all clones were screened on GD3 expression using flow
cytometry as described below. GD3-positive transfectant cells
such as G5 and G11 and GD3-negative sublines such as V4 and
V9 were established as derivatives from a common parent N1
clone. They were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 7.5% fetal calf serum
(FCS) at 37 °C in a humidified atmosphere containing 5% CO2.
Stable transfectants were maintained in the presence of 400

FIGURE 8. Ne-ICD enhanced tumor phenotypes in melanoma cells. Function of Ne-ICD in melanoma cells. A, Ne-ICD expression after transfection of Ne-ICD
cDNA. Cells (2 � 105) were transfected with Ne-ICD (L1455A) with Lipofectamine 2000TM. After incubation for 48�144 h, cells were lysed and analyzed by
Western blotting (IB) with an anti-neogenin antibody. Cancer phenotypes after overexpression of Ne-ICD were analyzed using an invasion assay (B) and MTT
assay (C). B, at 48 h after transfection of the Ne-ICD expression vector, 8 �103 cells were analyzed using invasion assay as described in Fig. 1E. Relative numbers
of invaded cells are presented. C, cells (0.5–1 � 104) were analyzed by MTT assay as described in Fig. 1F. Black lines indicate cells with overexpression of Ne-ICD,
and gray lines mean vector controls.
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�g/ml G418 (Sigma). Expression of GD3 has been checked
every a few months.

Flow Cytometry—Cell surface expression of GD3 was ana-
lyzed by flow cytometry (BD Biosciences). Cells were incubated
with mAb R24 for 45 min on ice and then stained with FITC-
labeled anti-mouse IgG antibody. Control samples were pre-
pared by using non-relevant mAb with the same subclass.

RT-Quantitative PCR—RNAs were extracted using TRI-
zolTM reagent (Ambion by Life Technologies). Then, cDNA
was generated using oligo(dT) primer and Moloney murine
leukemia virus reverse transcriptase (Invitrogen). quantitative
PCR was performed using SsoAdvanced™ Universal SYBR
Green SupermixTM (Bio-Rad) and CFX ConnectTM Real-Time
System (Bio-Rad). Primers used in this study were listed in
Table 2.

Construction of a cDNA Expression Vector—Human Ne-ICD
cDNA was amplified using primers containing restriction sites
for PstI and HindIII by KOD FX (TOYOBO, Tokyo, Japan).
After gel purification, TA cloning was performed, and the prod-
uct was ligated into pCR 2.1-TOPOTM vector (Invitrogen)
Then, Ne-ICD was ligated into pCMV2B (Stratagene, La Jolla,
CA) between PstI and HindIII sites. A mutated Ne-ICD
(L1455A) was generated using a KOD-Plus-MutagenesisTM kit
(TOYOBO).

Gene Transfection and Neogenin Knockdown—Cells (2 �
105) were plated in a 60-mm plastic plate (Greiner Bio-one,
Frickenhausen, Germany) and incubated for 24 h. The Ne-ICD
(L1455A) expression vector (4 �g) or anti-neogenin siRNAs
were transfected into 1 � 106 cells using Lipofectamine 2000TM

reagent (Invitrogen). The sequence of siRNAs for neogenin was
5�-CAUCAUGACUGAUACUCCATT-3�. This siRNA was
purchased from Sigma. Effects of overexpression of Ne-ICD or
down-regulation of neogenin were assessed at 48 –144 h after
the transfection by Western immunoblotting. For invasion
assay and MTT assay, cells were collected at 48 h after the
transfection.

Western Immunoblotting—Cells (2 � 105) were plated in a
60-mm plastic plate (Greiner Bio-one) and incubated for 24 h in
DMEM supplemented with 7.5% FCS. After washing 3 times
with PBS, cells were lysed by cell lysis buffer (20 mM Tris-HCl,

pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM �-glycerophos-
phate, 1 mM Na3VO4, 1 �g/ml leupeptin) (Cell Signaling Tech-
nology Inc., Danvers, MA) supplemented with protease inhib-
itor mixture (Calbiochem) and I mM PMSF. Insoluble materials
were removed by centrifugation at 10,000 � g for 10 min. Cell
lysates (5–20 �g) were separated by SDS-PAGE using 6 –15%
gels. The separated proteins were transferred onto an Immo-
bilon PTM membrane (Millipore, Billerica, MA). Blots were
blocked with 5% BSA in PBS containing 0.05% Tween 20 for 1 h
at room temperature. The membrane was probed with 1st anti-
body. After being washed with PBS containing 0.05% Tween 20,
the blots were incubated with a goat anti-mouse IgG, a goat
anti-rabbit IgG, or a rabbit anti-goat IgG conjugated with HRP
for 45 min to 12 h. Conjugates were visualized with an
Enhanced ChemiluminescenceTM detection system (PerkinEl-
mer Life Sciences).

Immunoprecipitation—Cells were lysed with 500 �l of cell
lysis buffer. Lysates were bounced 10 times with Digital
HomogenizerTM (AsOne, Osaka, Japan). After removing insol-
uble materials by centrifugation at 10,000 � g for 10 min, lysates
were incubated with an anti-neogenin antibody (2 �g) for 12 h
at 4 °C with rotation. Then, protein G-Sepharose or protein
A-Sepharose was added and rotated for 2 h at 4 °C. The beads
were washed 3 times with immunoprecipitation washing buffer
(50 mM Tris�HCl, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1
mM Na3VO4). Finally, the precipitates were analyzed by West-
ern immunoblotting.

Immunocytochemistry—Cells (5 � 103) were plated on a
glass-bottom dish (Iwaki, Tokyo, Japan) and incubated for 24 h
in DMEM supplemented with 7.5% FCS. After washing three
times with PBS, cells were fixed with paraformaldehyde (4% in
PBS) for 10 min at room temperature and then incubated with
Triton X-100 (0.1% in PBS) for 10 min at room temperature.
Nonspecific binding was blocked with BSA (2.5% in PBS) for
12 h at 4 °C. Cells were incubated with an anti-presenilin-1, an
anti-caveolin-1, and anti-neogenin antibodies or mAb R24 in
PBS containing 0.5% BSA for 12 h at 4 °C. After washing with
PBS, cells were incubated with an Alexa FluorTM 488-conju-
gated donkey anti-rabbit IgG, an Alexa FluorTM 594-conju-

TABLE 1
A list of target genes of Ne-ICD identified by ChIP in GD3� (G5) cells
Cells were transfected FLAG-tagged Ne-ICD. After incubation for 24 h, cells were fixed with DMA and formaldehyde. DNA was digested by micrococcal nuclease, then
incubated with an anti-FLAG antibody. Collected DNA was ligated into pCR 2.1-TOPO and picked up colonies were applied for sequencing.

Locus Closest gene Fragment

8q21.3 MMP16 (matrix metallopeptidase 16) Intron 1
16p11.2 MAPK3, ERK1 (mitogen-activated protein kinase 3) Intron 4
6q24.1 GPR126 (G protein-coupled receptor 126) Intron 23
9p22.1 NCKX2, SLC24A2 (sodium/potassium/calcium exchanger 2) Intron 2
17p12 COX10 (cytochrome c oxidase assembly homolog 10) Intron 5
14q31-q32.1 S6K (ribosomal protein S6 kinase) Intron 7
14q24.3 RGS6 (regulator of G-protein signaling 6) 14 kb 3�
14q24.2 DPF3, CERD4 (zinc and double PHD fingers, family 3) 16 kb 3�
9q22.3 PTCH1 (Patched-1) 70 kb 5�
9q22.32 RAD26L2,ERCC6L2 (excision repair cross- complementing rodent repair deficiency, complementation group 6-like 2) 290 kb 5�
9p13.1 ZFN658 (zinc finger protein 658) 33 kb 5�
9q12 ANKRD20A2 (ankyrin repeat domain-containing protein-20A2) 1540 kb 3�
8q24.11 Exostosin-1 (exostosin glycosyltransferase 1) Intron 2
6q24.3 ADGB (androglobin) 50 kb 3�
6q24.3 STXBP5 (syntaxin-binding protein 5, tomosyn) 330 kb 5�
17p12 CMT1A (peripheral myelin protein 22, CDRT1, PMP22) Intron 12
9p13.1 SPATA31A1 (spermatogenesis-associated protein- 31A) 137 kb 3�
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FIGURE 9. Ne-ICD regulates gene expression. A, expression of target genes of Ne-ICD was examined before and after Ne-ICD overexpression. Ne-ICD cDNA
was transfected into GD3� cells (G5) and control cells (V9) using Lipofectamine 2000TM. After incubation for 48 h, total RNA was extracted, and RT-PCR was
performed using each primer set of the target gene of Ne-ICD as listed in Table 2. B, a schema to summarize results. a, shows cells without GD3 expression. b,
presents enhanced malignant properties in melanoma cells under GD3 expression via Ne-ICD generated in GEM/rafts with �-secretase. Under GD3 expression,
neogenin shifted to lipid/rafts and co-localized with GD3 and presenilin-1 in melanoma cells. The amounts of Ne-ICD were more in the GD3� cells than in
control cells. Exogenously added GD3 also increased the efficiency of neogenin cleavage by �-secretase. Ne-ICD translocation to nucleus and works as a
transcription factor and regulates transcription of multiple genes. Therefore, these molecules seemed to be actual effectors for enhancement of the malignant
properties induced under GD3 expression in melanomas. ACTB, �-actin.

TABLE 2
A list of primers used in this study

Gene Forward Reverse

Neogenin CTGGAAGGCGAGGAATGAGA, TGTTTGAGACGAAGAGGCTG
GAPDH ACTTCAACAGCGACACCCAC, CAACTGTGAGGAGGGGAGAT
GPR126 CAACCCAAGGGACCTCTCAC, AAGCCAAGCTGGGTAATGCT
SPATA31A1 TCAAAGAAAAAAAGCAAGCC, ATTCTGCCGTGTTCTGAGTA
RGS6 GCTTCTTCCCTGGCAGGATT, CTTTTTGAGGCTGGTGGTGC
MMP16 ATGTACGCAAGGGCCAAGA, AACCCTCCCACAAGCAAACA
STXBP5 ATCGGAGAGAACCCCGATCT, TTCTGCTTTTGGTCTTCACCT
S6K TGCAGCAGCCTACTGAGAAC, TTGGTCAGGCAGTCAACACT
COX10 CTGGATTTGCATTGGCTCCG, CAAGTGGCAAAGGACACAGC
DPF3 CTGAAAGCGCTCGGGGAC, GTGCTCTCTGAGGTGAACCC
MAPK3 TACCTACAGTCTCTGCCCTCC, TGCTGTCTCCTGGAAGATGAG
ZNF658 CCGTTTATTCAGGTGGGGCT, ACACAGGACCCAAGTTTGCT
RAD26L2 TGTCGGTGCCAATGTTGTTG, AAGAAGTTCACACCTCCAGGAT
ANKD20A2 GCTCAATGCCGAACTGTTGA, GCTGTGTTTGGCTTAGGTCG
EXT1 GAGGACGTGGGGTTTGACAT, TTTGCCAGTCTTTGCCATGC
ADGB TTAGGAAGCCCAGACTCCCA, GCTCTTCCTGGCTCAGTTGT
CMT1 TTTTCAGTGGTGTGTAGCAG, GCAGTGTGATTGAGTTGAGT
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gated donkey anti-mouse IgG, or an Alexa FluorTM 647-conju-
gated donkey anti-goat IgG for 12 h at 4°C. Then cells were
imaged using a confocal microscope (Fluoview FV10TM, Olym-
pus, Tokyo, Japan).

Fractionation of GEM/Rafts—Cells (3 � 106) were washed
with PBS 3 times and lysed with the lysis buffer. Lysates were
Dounce-homogenized 10 times with a Digital HomogenizerTM

(AS One, Osaka, Japan). After removing insoluble materials by
centrifugation, lysates were mixed with an equal volume of 80%
sucrose in TNE buffer (25 mM Tris�HCl, 1 mM EDTA, 150 mM

NaCl, 1 mM Na3VO4). Then 30% sucrose and 5% sucrose in
TNE buffer were overlaid sequentially. The gradient was
formed by ultracentrifugation for 16 h at 4 °C at 100,000 � g
using a MLS50 rotor (Beckman Coulter Inc., Brea, CA). After
ultracentrifugation, 0.5 ml each of fraction was collected from
the top of the gradient to yield 10 fractions and used for West-
ern immunoblotting.

ChIP—Cells (4 � 106) were plated in a 15-cm dish (Greiner,
Bio-one), and FLAG-Ne-ICD (L1455A) cDNA was transfected.
Adherent cells were fixed by dimethyl adipimidate-2 HCl (2.5
mg/ml) in PBS for 5 min at room temperature. Formaldehyde
(final 1%) was added and incubated for 10 min at room temper-
ature. Glycine was added to the cells to stop fixation. After
washing with PBS, fixed cells were scraped and pelleted by cen-
trifugation at 1500 rpm. Cells were resuspended in ice-cold
buffer A and pelleted by centrifugation at 3000 rpm. Cells were
resuspended in 200 �l of ice-cold buffer B, and DNA was
digested by micrococcal nuclease (0.5 �l/immunoprecipita-
tion) for 20 min at 37 °C. EDTA was added to stop the digest,
and cells were pelleted by centrifugation at 13,000 rpm. ChIP
buffer was added to the pellet and incubated for 10 min at 4 °C
and sonicated by Sonicator W-375 Cell DisruptorTM (Heat Sys-
tems-Ultrasonics, Inc., Plainview, NY).

Cell extracts were incubated overnight at 4 °C with anti-
FLAG antibody or normal mouse IgG (5 �g) as a negative con-
trol and then precipitated by protein G-Sepharose. Beads were
washed with low and high salt solution and eluted by ChIP
elution buffer (Cell Signaling Technology). Cross-linking of
DNA and proteins were reversed by thermomixer (Eppendorf,
Tokyo, Japan) (1200 rpm) for 30 min at 65 °C. After digesting
proteins by proteinase K for 2 h at 65 °C, DNA was purified by
DNA purification spin column (Cell Signaling Technology) fol-
lowed by cloning/sequencing.

Cloning and Sequencing of ChIPed-DNA—Taq-polymer-
ase and dNTPs were added into purified DNA and incubated
at 60 °C for 10 min to add adenine nucleotide. The DNA
fragment was ligated to pCR 2.1-TOPO vector (Invitrogen)
and transformed into DH5� competent cells (TOYOBO).
Then lysates were incubated for 12 h on the X-Gal (5-bromo-
4-chloro-3-indolyl- �-D-galactoside) containing LB plate.
X-gal-positive colonies were picked up, and plasmids were
purified then sequenced by M13 reverse primer (cag gaa aca
gct atg ac).

Invasion Assay and MTT Assay—Invasion and MTT assays
were performed as described previously (20).

Exogenous Addition of GD3 to GD3� Cells—Cells (2 � 105)
were plated in a 60-mm plastic plate and incubated for 24 h in
DMEM supplemented with 7.5% FCS. GD3 (�98% purity)

(Cayman Chemical, Ann Arbor, MI) was solubilized (1 mg/ml)
in a mixture of methanol-chloroform (1:1) and dried in a grass
tube by N2 gas stream. Then it was resuspended in DMEM
supplemented with insulin, transferrin, selenium (BD Biosci-
ences) by vortexing and sonication with a bath-type sonicator
(BransonicTM, Branson M5800-J, Emerson-Japan, Kanagawa,
Japan) for 10 min in the ice-cold water. This GD3 suspension
medium (0, 5, 10, 20 nmol/ml) was added after removing old
medium and washing twice with DMEM to cells. After incuba-
tion for 48 h, cells were used for Western immunoblotting.

Statistics—Mean values were compared using an unpaired
Student’s two-tailed t test; significance was set at p � 0.05 (*)
and p � 0.01 (**).
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