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Background: STAP-2 plays important roles in cell migratory functions.
Results: STAP-2 influences the metastatic phenotype of B16 melanoma.
Conclusion: STAP-2 regulates B16 melanoma characteristics by modifying tyrosinase content.
Significance: This study identifies novel functions of STAP-2 in melanoma metastasis.

Melanoma is the most serious type of skin cancer, with a
highly metastatic phenotype. In this report, we show that signal
transducing adaptor protein 2 (STAP-2) is involved in cell
migration, proliferation, and melanogenesis as well as chemo-
kine receptor expression and tumorigenesis in B16F10 mela-
noma cells. This was evident in mice injected with STAP-2
shRNA (shSTAP-2)-expressing B16F10 cells, which infiltrated
organs in a completely different pattern from the original cells,
showing massive colonization in the liver, kidney, and neck but
not in the lung. The most important finding was that STAP-2
expression determined tyrosinase protein content. STAP-2
colocalized with tyrosinase in lysosomes and protected tyrosin-
ase from protein degradation. It is noteworthy that B16F10 cells
with knocked down tyrosinase showed similar cell characteris-
tics as shSTAP-2 cells. These results indicated that tyrosinase
contributed to some cellular events beyond melanogenesis.
Taken together, one possibility is that STAP-2 positively regu-
lates the protein levels of tyrosinase, which determines tumor
invasion via controlling chemokine receptor expression.

Melanogenesis is a process of production of principal surface
pigments in vertebrates and, in humans, plays a major role in
photoprotection (1, 2). Melanocytes synthesize melanin within
special membrane-limited organelles, called melanosomes,
which contain three major pigment enzymes belonging to the
tyrosinase-related protein (TRP)2 family: Tyr, TRP-1, and dop-

achrome tautomerase, also known as TRP-2 (3–5). These three
proteins play an essential role in melanogenesis under various
control signals (6, 7). For example, the cAMP/PKA pathway
up-regulates the expression of the microphthalmia-associated
transcription factor (Mitf), which controls the production of
melanogenic enzymes (tyrosinase, TRP-1, and TRP-2) at the
mRNA level (8 –11). Additionally, cAMP activates the ERK
pathway, which is also involved in melanin synthesis, at least in
part through the regulation of Mitf activation and stability (12–
14). Although Mitf-mediated transcriptional activation of pig-
mentation genes is essential for the control of melanocyte cel-
lular differentiation (12), the up-regulation of tyrosinase,
TRP-1, and TRP-2 gene transcription in mature melanocytes
does not completely explain melanogenesis stimulation by
cAMP. Indeed, cAMP signaling can increase the stability of
tyrosinase mRNA as well as the enzyme activity of preexisting
tyrosinase proteins (15), suggesting that regulation occurs via
posttranscriptional events. Furthermore, the process of mela-
nogenesis represents a potential cellular hazard and is confined
to special melanosomes in melanocytes, which synthesize pig-
ments and transfer them to recipient cells (2). Melanoma is a
type of skin cancer that arises from the aberrant proliferation of
melanocytes (16, 17). When melanoma begins to spread, the
prognosis deteriorates. Malignant melanocytes tend to exhibit
up-regulated melanogenesis and defective melanosomes (2).
Therefore, controlling a tyrosinase-dependent mechanism of
melanogenesis may be the basis for a potential antimelanoma
therapy.

We originally isolated signal transducing adaptor protein 2
(STAP-2) as a c-Fms-interacting protein (18). The amino acid
sequence of STAP-2 shows adaptor protein-like structures that
carry a pleckstrin homology domain in the N-terminal region
and a region distantly related to an Src homology 2 (SH2) in the
central region, as well as a proline-rich region and a YXXQ
motif in the C-terminal region (18). In our previous work, we
found that STAP-2 had the ability to associate with and influ-
ence a variety of signaling or transcriptional molecules (18 –23).
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For example, STAP-2 can modulate not only the transcriptional
activity of STAT3 and STAT5 (18, 19) but also Fc�RI and Toll-
like receptor-mediated signals (20, 21, 24). Furthermore, thy-
mocytes and peripheral T cells from STAP-2-deficient mice
showed enhanced IL-2 or T cell receptor (TCR)-dependent cell
growth, elevated integrin-mediated T-cell adhesion, and
impaired SDF-1�-induced T cell migration (19, 22, 23). STAP-2
is now believed to function in various types of cells because it is
widely expressed in multiple tissues and cells, such as lympho-
cytes, macrophages, and hepatocytes (18).

In this study, we found that STAP-2 in murine melanoma
B16F10 cells conferred cell migration and cell growth advan-
tage in vitro and was able to alter homing sites in vivo. We also
demonstrated that STAP-2-mediated alteration of cell migra-
tion and homing of B16F10 cells was regulated by degradation
of tyrosinase. Finally, tyrosinase knockdown in B16F10 cells
also showed similar patterns of tumor progression compared
with STAP-2 knockdown cells. Therefore, STAP-2 controls the
metastatic property of melanoma cells by modulating the lyso-
somal degradation of tyrosinase.

Experimental Procedures

Reagents, Antibodies, and Mice—Annexin-V-PE was pur-
chased from MBL (Nagoya, Japan). Rhodamine-phalloidin was
purchased from Invitrogen. Anti-Myc (9B11) was purchased
from Cell Signaling Technology (Beverly, MA). Anti-tyrosinase
(M19), anti-TRP1 (A-20), and anti-TRP2 (C-9) antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-actin antibodies were from Sigma-Aldrich (St. Louis,
MO). Anti-EEA1, anti-Lamp-1, antiGM130, and anti-BiP/
GRP78 were obtained from BD Biosciences. Expression vectors
for Myc-tagged STAP-2 have been described previously (18).
Six- to ten-week-old C57BL/6 background mice were used for
all studies. Mice were housed and bred in the Pharmaceutical
Sciences Animal Center of Hokkaido University. All animals
were maintained under pathogen-free conditions and in com-
pliance with national and institutional guidelines. All protocols
were approved by the Hokkaido University Animal Ethics
Committee.

Cell Culture and Establishment of Cell Lines—The mouse
melanoma cell line B16F10 was maintained in DMEM contain-
ing 10% FCS. Stable B16F10 transformants were established as
described previously (25). Briefly, B16F10 cells (1 � 107) were
transfected with the pcDNA3 vector (Invitrogen) expressing
Myc-tagged human STAP-2 by electroporation, selected in
the above medium in the presence of G418 (0.5 mg/ml), and
then cloned using the limiting dilution procedure. STAP-2
knockdown B16F10 cell lines (B16F10/shSTAP-2#1, #2 and
B16F10/shTyrosinase#1 and #2) were established by transfec-
tion of with the pGPU6/GFP/Neo vector (Shanghai Gene-
Pharm, Shanghai, China) bearing shRNA targeting STAP-2
(#1, 5-GCGGGCAGGTTCTAAGTATGT-3; #2, 5-GCGG-
GCAGGTTCTAAGTATGT-3) and shRNA targeting tyrosin-
ase (#1, 5-GCAACTTCATGGGTTTCAACT-3; #2, 5-GCC-
CAAATTGTACAGAGAAGC-3) and then selected with G418
(0.5 mg/ml, Sigma-Aldrich). Similarly, the control shRNA-
transfected (nonsilencing, 5-TTCTCCGAACGTGTCACGT-
3) B16F10 cell line (B16F10/shControl) was also established.

Actin Polymerization Assay and Detection of Apoptosis—
Actin polymerization was tested as described previously (26).
Briefly, B16F10 cells (1 � 106) were cultured in 6-well tissue-
culture plates for 12 h, and then cells were fixed with 4% para-
formaldehyde and treated with 1% Triton X-100 in PBS. Cells
were then stained with rhodamine-conjugated phalloidin
(Invitrogen) for 30 min. Apoptosis was measured by cytofluo-
rometric analysis. B16F10 cells (1 � 106) were cultured in a
6-well plate without or with 10% FCS for 36 h. Then cells were
staining with Annexin-V-PE (MBL) according to the instruc-
tions of the manufacturer. F-actin content or apoptosis was
measured using a FACSCaliburTM cytometer (BD Biosciences)
and analyzed further using Cell Quest software.

RT-PCR, and Quantitative Real-time PCR—RT-PCR analysis
was performed using the RT-PCR high-Plus kit (Toyobo). The
primers used for RT-PCR were as follows: Tyrp1–5�, GTGCT-
TGGAGGTCCGTGTAT; Tyrp1–3�, CAAAGACCGCATCA-
GTGAAA; Tyrp2–5�, TACCATCTGTTGTGGCTGGA;
Tyrp2–3�, CAAGCTGTCGCACACAATCT; Tyr-5�, CCTCC-
TGGCAGATCATTTGT; Tyr-3�, GGCAAATCCTTCCAGT-
GTGT; CCR1–5�, AGGGCCCGAACTCTTACTTT; CCR1–
3�, TTCCACTGCTTCAGGCTCTT; CCR2–5�, ACACCCTG-
TTTCGCTGTAGG; CCR2–3� CTGCATGGCCTGGTCTA-
AGT; CXCR1–5�, TCAGTGGTATCCTGCTGCTG, CXCR1–
3�, CTGGCGGAAGATAGCAAAAG; CXCR2–5�, ATCTTC-
GCTGTCGTCCTTGT; CXCR2–3�, AGCCAAGAATCTCC-
GTAGCA; CXCR3–5�, GCCCTCTACAGCCTCCTCTT,
CXCR3–3�, AAGGCCCCTGCATAGAAGTT; CXCR4 –5�,
TCAGTGGCTGACCTCCTCTT; and CXCR4 –3�, TTTCAG-
CCAGCAGTTTCCTT. Quantitative real-time PCR analyses
of STAP-2 as well as the control G3PDH mRNA transcripts
were conducted using an assay-on-demand gene-specific fluo-
rescently labeled TaqMan MGB probe in an ABI Prism 7000
sequence detection system (Applied Biosystems).

Wound Healing Assay—A wound healing assay was per-
formed as described previously (27). B16F10 cells were cultured
in 6-well tissue culture plates as a confluent monolayer, an arti-
ficial wound was created by scraping with a yellow pipette tip,
and cells migrating into open space were monitored micro-
scopically. Photographs were taken immediately and at various
intervals.

MeasurementofMelaninContent—Melanincontentwasmea-
sured using a modification of a method reported previously
(28). B16F10 cells (1 � 106) were cultured in 6-well plate for 2
days, collected, and washed twice with PBS. The precipitated
cells were resuspended in 200 �l of distilled water, and 1 ml of
ethanol:ether � 1:1 (v/v) was added to remove opaque sub-
stances other than melanin. This mixture was stored at room
temperature for 15 min. After further centrifugation, the pre-
cipitate was solubilized by treatment with 1 ml of 1 N NaOH,
10% dimethyl sulfoxide at 80 °C for 30 min. The melanin con-
tent was measured absorbance at 470 –595 nm and expressed as
a percent of control.

In Vivo Tumor Study—B16F10 cells (1 � 105) suspended in
PBS were injected intravenously into the tail veins of C57BL/6
mice. Two weeks after intravenous injection, mice were killed,
and the lungs were extirpated. Photographs of the lungs were
taken immediately, and the black spherical B16F10 colonies
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were counted. To evaluate the length of survival in the tumor-
bearing mouse models, mice were injected intravenously with
B16 F10 cells (1 � 105), and then we monitored their survival.

Immunoblotting—Western blotting assays were performed
as described previously (19). Briefly, cells were harvested and
lysed in lysis buffer (50 mM Tris-HCl (pH 7.4), 0.15 M NaCl,
containing 1% Nonidet P-40, 1 mM sodium orthovanadate, and
1 mM phenylmethylsulfonyl fluoride), and then cell lysates were
resolved on SDS-PAGE and transferred to a PVDF transfer
membrane (PerkinElmer Life Sciences). The filters were then
immunoblotted with each antibody. Immunoreactive proteins
were visualized using an enhanced chemiluminescence detec-
tion system (Millipore).

Indirect Immunofluorescence Confocal Microscopy—Parental
B16F10 cells were maintained in DMEM containing 10% FCS
transfected with Myc-tagged STAP-2 by Lipofectamine 2000.
Thirty-six hours after transfection, cells were fixed with a solu-
tion containing 4% paraformaldehyde and reacted with re-
spective antibodies. The cells were then reacted with FITC-conju-
gated anti-goat IgG, rhodamine-conjugated anti-rabbit IgG
(Santa Cruz Biotechnology) and Alexa Fluor 647-conjugated
anti-mouse IgG antibodies (Invitrogen) and observed under a
confocal laser fluorescence microscope. DNA was visualized by
DAPI (Wako Chemicals, Osaka, Japan) staining. Images were
obtained by using an Olympus Fluoview FV10i-W microscope
with an UPLSAPO �60 W/numerical aperture 1.2 objective
and �3 zoom.

Statistical Methods—The significance of differences between
group means was determined by Student’s t test or one-way
ANOVA, followed by Tukey’s test.

Results

Manipulation of STAP-2 Expression in Murine Melanoma
B16F10 Cells Alters Cell Shape, Cell migration, and Survival in
Vitro—We have reported previously that Raw264.7 macro-
phage cells overexpressing STAP-2 showed impaired migration
in response to macrophage colony-stimulating factor (M-CSF)
and a diminished wound healing process (27). We also showed
that STAP-2 regulated SDF-1�-induced T cell migration via
activation of Vav1/Rac1 signaling (23), suggesting that STAP-2
may be widely involved in cell migratory functions. To evaluate
this issue in metastatic processes of malignant cells, we em-
ployed a highly metastatic murine melanoma cell line, B16F10,
that constitutively expresses STAP-2. We initially established
STAP-2 knockdown variants of B16F10 cells using shRNA
(shSTAP-2 #1 and #2) in which STAP-2 expression was con-
firmed using real-time PCR (Fig. 1A). ShSTAP-2 cells displayed
morphological changes with a more slender shape of elongated
axons (Fig. 1B). In parallel with these shape changes, STAP-2
knockdown significantly reduced the phalloidin and F-actin
content (Fig. 1, C and D). We then examined the effect of
STAP-2 on the migration of B16F10 transfectants. As shown in
Fig. 1, E and F, the reduced expression of STAP-2 resulted in a
significantly enhanced migration of B16F10 cells in a wound
healing assay. Another change of cell characteristics caused by
the reduction of STAP-2 was the sensitivity for apoptosis. In
shControl but not shSTAP-2 cells, serum depletion induced a
significant change in cell morphology, such as a round shape

and detachment from culture dishes (Fig. 1G). These shapes in
shControl cells are typical of apoptosis. Indeed, a much higher
proportion of shControl cells became annexin V-positive than
shSTAP-2 cells (Fig. 1H).

To confirm the above effects of STAP-2, we stably trans-
fected a STAP-2 expression vector into B16F10 cells. Western
blot analysis was used to confirm elevated levels of STAP-2
protein in two clones (STAP-2#1 and #2) (Fig. 2A). As shown in
Fig. 2, B and C, overexpression of STAP-2 resulted in a signifi-
cantly reduced migration of B16F10 cells in a wound healing
assay, as predicted from the STAP-2 knockdown experiments.
Therefore, modification of STAP-2 expression in B16F10 cells
showed significant differences in cell morphology, migration,
and cell survival compared with shControl cells.

Specificity of the Alteration of B16F10 Characteristics by
STAP-2 Knockdown—We examined the effect of ectopic
expression of human STAP-2 cDNA (huSTAP-2) in STAP-2
knockdown B16F10 cells (shSTAP-2#2). Human STAP-2
expression in shSTAP-2#2 cells was confirmed using Western
blot analysis (Fig. 3A). Serum depletion-induced apoptosis in
shSTAP-2#2 cells was completely restored by ectopic expres-
sion of human STAP-2 (Fig. 3B). The reduced F-actin content
was also restored by human STAP-2 (Fig. 3, C and D). More-
over, the enhanced migration of shSTAP-2#2 cells was pre-
vented by human STAP-2 in a wound healing assay (Fig. 3E).
Therefore, STAP-2 specifically alters the migration and sur-
vival of B16F10 cells.

Manipulation of STAP-2 Expression in Murine Melanoma
B16F10 Cells Alters Tumor Formation in Vivo—To investigate
the effect of STAP-2 on tumor formation in vivo, B16F10 trans-
fectants were injected intravenously into C57/B6 mice. As
shown in Fig. 4A, mice injected with shControl cells died within
30 days (mean, 25.6 days). The lethality was slightly reduced in
those injected with shSTAP-2 cells (shSTAP-2 #1, 27.5 days; #2,
30.6 days). Mice injected with shControl cells showed a massive
colonization in the lung (Fig. 4, B and C), as reported previously
for B16F10 cells (29). Of importance, mice injected with
shSTAP-2 cells developed little lung colonization but showed
massive infiltration in the liver, kidney, and neck (Fig. 4D). The
different pattern of infiltration was confirmed using Western
blot analysis with an anti-GFP antibody (Fig. 4E) and is summa-
rized in Fig. 4F.

We next tested the effect of STAP-2 overexpression on
tumor formation. As shown in Fig. 5A, lethality was enhanced
in mice injected with STAP-2-overexpressing B16F10 cells
(STAP-2 #1, 26.8 days; #2, 28.7 days versus the vector control,
35.5 days). Furthermore, mice injected with STAP-2#1 or #2
cells developed much more lung colonization than those
injected with vector control cells (Fig. 5, B and C). Therefore,
the levels of STAP-2 protein in B16F10 cells determined the
pattern of tumor cell infiltration in vivo.

STAP-2 Controls the Protein Content of Tyrosinase in B16F10
Cells—During a series of experiments, we found that the pro-
duction of melanin pigment was reduced in shSTAP-2 cells.
The reduced melanin content in shSTAP-2 cells is shown in Fig.
6A. In contrast, STAP-2 overexpression increased the melanin
content (Fig. 6B). We therefore examined the expression levels
of the TRP family of proteins in these transfectants. A marked
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decrease of tyrosinase protein was observed in shSTAP-2 cells
(Fig. 6C). STAP-2 knockdown also induced a slight decrease of
TRP-1 but not TRP-2 protein. Of importance, mRNA expres-
sion of these TRP family proteins was not altered in shSTAP-2
cells. We then examined the protein content of tyrosinase in
STAP-2-overexpressing B16F10 cells (STAP-2#1 and #2). As
shown in Fig. 6D, a significant increase of tyrosinase protein,
but not mRNA, was observed in STAP-2-overexpressing
B16F10 cells. These results indicated that the protein levels of
STAP-2 were coregulated with those of tyrosinase.

We further tested whether the reduced protein content of
tyrosinase in shSTAP-2 cells was specific for STAP-2 knock-
down. Human STAP-2-overexpressing shSTAP-2 cells
showed almost a complete recovery from the reduction of
tyrosinase protein content by shSTAP-2 (Fig. 6E). Similarly,
melanin content was also restored in human STAP-2 cDNA-
overexpressing shSTAP-2 cells (Fig. 6F). These results indi-

cate that STAP-2 knockdown actually reduces tyrosinase
and melanin protein content. Therefore, STAP-2 positively
regulates the protein content of tyrosinase at the posttran-
scriptional level.

Tyrosinase Regulates Cell Migration, Cell Survival, and
Tumor Formation of B16F10 Cells—To confirm the involve-
ment of tyrosinase in STAP-2-mediated cell migration and
tumorigenesis, we established tyrosinase knockdown variants
of B16F10 cells using shRNA (shTyr #1 and #2) in which tyro-
sinase expression was confirmed with Western blot analysis. As
shown in Fig. 7A, shTyr#2, but not shTyr#1, could knock down
Tyr expression in B16F10 cells. Therefore, we employed Tyr#2
for further experiments. ShTyr#2 cells showed shape changes, a
low level of melanin content, escape from apoptosis, reduced
F-actin content, and enhanced cell migration (Fig. 7, B–F). It is
notable that all changes induced by shTyr#2 were identical to
those seen in shSTAP-2 cells.

FIGURE 1. Reduction of STAP-2 in murine melanoma B16F10 cells alters their cell migration and survival. A, shControl and shSTAP-2 #1and #2 cells were
established. Total RNA samples isolated from these cells were quantified by reverse transcription and quantitative real-time PCR analysis. Data represent the
levels of STAP-2 mRNA normalized to those of a G3PDH internal control and are expressed relative to the value of shControl samples. Data represent the mean
of duplicate PCR determinations, which, in general, varied by �10%. Shown is a representative experiment that was repeated at least twice with similar results.
B, ShControl, shSTAP-2 #1, and shSTAP-2 #2 cells were stained with crystal violet to observe morphological changes by microscopy. C, shControl (solid line),
shSTAP-2 #1 (dotted line), and shSTAP-2 #2 (gray line) cells (1 � 106) were cultured in a 6-well plate for 12 h. The cells were then stained with rhodamine-
conjugated phalloidin and analyzed using FACSCalibur and CellQuest software. D, the extent of actin polymerization was calculated from three independent
experiments. Shown are the mean fluorescence intensity values of F-actin in percent compared with shControl � S.D. *, p � 0.05; **, p � 0.01; one-way ANOVA
followed by Tukey’s test. E and F, B16F10 cells (1 � 106) were cultured in a 6-well plate for 12 h. An artificial wound was created in the B16F10 cell monolayer
using a pipette tip. Photographs were taken immediately and again at indicated time periods after creating the wound. Data are representative of four
independent experiments (E). Cells migrating into the open space beyond the frontiers of the wound edge were quantified. Values are mean � S.D. of four
experiments. **, p � 0.01; ***, p � 0.005; one-way ANOVA followed by Tukey’s test. Similar results were obtained in three independent experiments (F). G and
H, B16F10 cells (1 � 106) were cultured in a 6-well plate without (�) or with (�) 10% FCS. Photographs were taken 36 h after culture (G), and cells cultured
without FCS were stained with PE-conjugated Annexin V (H). Annexin V-positive apoptotic cells were analyzed using by FACSCalibur and CellQuestPro. Data
are the mean � S.D. of three independent experiments. *, p � 0.05; **, p � 0.01; one-way ANOVA followed by Tukey’s test.
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We then investigated the effect of tyrosinase on the induc-
tion of tumor formation in vivo. As shown in Fig. 7G, the lethal-
ity of mice injected with shTyr#2 cells was not altered com-
pared with shControl cell-injected mice (shTyr#2, 23 days
versus shControl, 25.3 days). However, mice injected with
shTyr#2, but not with shControl cells, formed large tumors in
the liver and other sites (Fig. 7, H and I). Of note, metastatic
colonies in the lung were few in shTyr#2 mice, similar as in
shSTAP-2 cells (see Fig. 4, D and F). These results indicated that
tyrosinase protein levels influenced cell migration and homing
of B16F10 cells in vivo. Similar changes in cell characteristics
were observed in B16F10 cells with manipulated protein levels
of STAP-2 and tyrosinase.

Both STAP-2 and Tyrosinase Modify the Expression of
Chemokine Receptors in B16F10 Cells—To clarify the mecha-
nisms involved in altered tumor formation in shSTAP-2 or
shTyr cells, we examined mRNA expression levels of a series of
chemokine receptors in B16F10 transfectants. Control B16F10
cells (shControl#1) expressed CCR1, CCR2, CXCR1, CXCR2,
and CXCR4 (Fig. 8, A and B). However, B16F10 cells transfected
with shSTAP-2 or shTyr lost these chemokine receptors but
acquired gene expression of CXCR3. The pattern of gene
expression of chemokine receptors was identical in shSTAP-2
and shTyr cells.

Therefore, STAP-2 and tyrosinase showed a similar ability to
regulate the expression of chemokine receptors.

STAP-2 Colocalizes with Tyrosinase within Lysosomes and
Protects Tyrosinase from Degradation in B16F10 Cells—To
characterize the nature of the functional interactions between
STAP-2 and tyrosinase, we attempted to determine where this
interaction occurs in B16F10 cells. We transfected Myc-tagged
STAP-2 into parental B16F10 cells. In STAP-2-transfected
B16F10 cells, STAP-2 colocalized with endogenous tyrosinase
in the cytoplasm cell (Fig. 8C). As shown in Fig. 8D, first row,
EEA1, an early endosome marker, and GM130, a Golgi marker,
did not colocalize with either STAP-2 or tyrosinase. However,
both STAP-2 and tyrosinase colocalized with LAMP-1, a lyso-
some marker, and BiP/GRP78, an endoplasmic reticulum (ER)

marker (Fig. 8D, second through fifth rows). These images were
analyzed for colocalization of STAP-2 and Tyrosinase using the
scatterplot of each color pixel intensities. Statistical analysis
implied that both STAP-2 and tyrosinase strongly localized in
the lysosome and weakly in the ER but not in early endosomes
and the Golgi body (data not shown). Notably, both STAP-2
and tyrosinase strongly colocalized with LAMP-1, suggesting
that both proteins interacted within the lysosome organelle of
B16F10 cells.

We then attempted to examine the coimmunoprecipitation
of tyrosinase with STAP-2. However, we could not detect a
direct interaction between STAP-2 and tyrosinase in B16F10
cells (data not shown), although both proteins were expressed.

We further tested how tyrosinase content was regulated by
STAP-2 in B16F10 cells. To this end, we treated shSTAP-2 cells
with inhibitors of proteasomal or lysosomal protein degrada-
tion. As shown in Fig. 8E, treatment of cells with a proteasome
inhibitor, MG132, did not restore tyrosinase content in shSTAP-
2 cells. However, treatment of cells with NH4Cl, which neutral-
izes the lysosomal pH and decreases lysosomal protease activi-
ties, resulted in a marked recovery of tyrosinase content in
shSTAP-2 cells. These data indicated that STAP-2 conferred
protein stability of tyrosinase by regulating the lysosomal path-
ways in B16F10 cells.

Discussion

We uncovered a novel function of STAP-2 in B16F10 mela-
noma cells. Manipulation of STAP-2 expression in B16F10 cells
resulted in an alteration of tumor cell colonization in cell-in-
jected mice as well as in cell shape, migration and proliferation,
melanin production, and chemokine receptor expression. Of
importance is that STAP-2 was able to protect tyrosinase from
lysosomal degradation. Because B16F10 cells with knocked
down tyrosinase showed similar cell characteristics as shSTAP-
2 cells, one possibility could be that STAP-2 positively regulates
protein levels of tyrosinase, which determines tumor invasion
via controlling chemokine receptor expression.

FIGURE 2. Overexpression of STAP-2 in murine melanoma B16F10 cells alters their cell migration. A, stable B16F10 transfectants overexpressing vector
(pcDNA3) or Myc-tagged STAP-2 (STAP-2 #1 and #2) were established. Expression levels of Myc-STAP-2 were analyzed by Western blot using anti-Myc antibody.
IB, immunoblot. B and C, B16F10 cells were cultured in a 6-well plate. An artificial wound was created in the B16F10 cell monolayer using a pipette tip.
Photographs were taken immediately and again at the indicated time periods after creating the wound. Data are representative of five independent experi-
ments (B). Cells migrating into the open space beyond the frontiers of the wound edge were quantified. Values are mean � S.D. of five experiments. **, p � 0.01;
one-way ANOVA followed by Tukey’s test (C). Similar results were observed in four independent experiments.
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Melanoma is a malignancy of pigment-producing melano-
cytes and progresses quickly to undergo tumorigenic evolu-
tion. Although available treatments of melanoma include
surgery, chemotherapy, immunotherapy, and radiation, only
few patients diagnosed with distant metastasis survive for 5
years, indicating the need for new therapeutic approaches.
Approximately 50 –70% of melanoma cases have a mutation in
exon 15 of BRAF (30), and recent clinical trials have suggested
that inhibition of the BRAF-MAP kinase pathway is expected to
prolong progression-free survival and overall survival (31, 32).
However, melanoma is still unique in its high melanogenesis
capacity and metastasis.

Tyrosinase, which is encoded at the albino locus, is the crit-
ical and rate-limiting enzyme required for melanogenesis, cat-
alyzing the initial reaction of tyrosine hydroxylation (33). Muta-
tions in a tyrosinase gene cause an inherited hypopigmentary
disease in humans known as oculocutaneous albinism (OCA),

characterized by the reduced or absent pigmentation of the
hair, skin, and eyes (34 –36). In contrast to mutations in tyro-
sinase, mutations in the TYRP1 or DCT gene have been shown to
affect the quality of melanin synthesized rather than the quantity
(4, 37). In humans, mutations in tyrosinase result in the most
severe form of OCA (OCA1), whereas mutations in TYRP1 cause a
less severe phenotype of the disease (OCA3) (38, 39). Our results
clearly indicate that STAP-2 protects tyrosinase protein from deg-
radation in a dose-dependent manner. Indeed, knockdown of
STAP-2 reduced tyrosinase content, and B16F10 cells overex-
pressing STAP-2 showed a high tyrosinase content.

Besides melanogenesis, tyrosinase has cell migration and
survival regulatory functions. The B16F10 cell line, originally
selected on the basis of a high lung colonization capacity, was
established from a spontaneously occurring melanoma in
C57BL/6 mice (29). A tyrosinase inhibitor, ascorbic acid, has
been shown to inhibit tyrosinase activity and melanin forma-

FIGURE 3. Specificity of the alteration of B16F10 characters by STAP-2 expression levels. A, a stable shSTAP-2 #2 transfectant expressing human STAP-2
(shSTAP-2 #2 � huSTAP-2) was established. The expression level of human STAP-2 in shSTAP-2 #2 was analyzed by Western blot using anti-Myc and anti-actin
antibody. Knockdown of murine STAP-2 was also monitored by RT-PCR with the primers of murine STAP-2 and G3PDH. IB, immunoblot. B, B16F10 cells (1 � 106)
were cultured in a 6-well plate without FCS for 36 h. The cells were stained with PE-conjugated Annexin V, and apoptotic cells were analyzed using by
FACSCalibur and CellQuestPro. Data are the mean � S.D. of three independent experiments. *, p � 0.05; one-way ANOVA followed by Tukey’s test. C, shControl
(solid line), shSTAP-2 #2 (dotted line), and shSTAP-2 #2�huSTAP-2 (gray line) cells (1 � 106) were cultured in a 6-well plate for 12 h, stained with rhodamine-
conjugated phalloidin, and monitored by FACSCalibur. D, the extent of actin polymerization was calculated from three independent experiments. Shown are
the mean fluorescence intensity values of F-actin in percent compared with shControl � S.D. ***, p � 0.005, one-way ANOVA followed by Tukey’s test. E, the
indicated cells (1 � 106) were cultured in a 6-well plate for 12 h, and an artificial wound was created. Cells migrating into the open space beyond the frontiers
of the wound edge were quantified at indicated periods. Values represent the mean � S.D. of triplicate experiments. *, p � 0.05; **, p � 0.01, one-way ANOVA
followed by Tukey’s test. Similar results were obtained in three independent experiments.
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FIGURE 4. Reduction of STAP-2 in murine melanoma B16F10 cells alters their tumor formation. A, shControl (n � 7), shSTAP-2 #1 (n � 8), and #2 (n � 8)
cells (1 � 105) were injected intravenously into mice. For 	45 days after injection, mouse survival was monitored daily. B, shControl, shSTAP-2 #1 and #2 cells
(1 � 105) were injected intravenously into mice. Two weeks postinjection, the mice were sacrificed, and the lungs were photographed. The photographs show
infiltrated cells in melanoma-bearing mice (C). B16F10 colonies of the lung were counted. Each circle represents one mouse, and horizontal bars represent the
mean. n � 5, t value for shControl versus shSTAP-2 #1 and #2, p � 0.005, one-way ANOVA followed by Tukey’s test. D, the photographs show dead mice in each
group. E, B16F10-bearing mouse tissues were lysed and immunoblotted (IB) with anti-GFP and anti-actin antibody. F, metastasis frequency of B16F10 cells in
mouse tissues. Similar results were observed in three independent experiments.

FIGURE 5. Overexpression of STAP-2 in murine melanoma B16F10 cells alters their tumor formation. A, B16F10/pcDNA3, STAP-2 #1, and #2 cells (1 � 105)
were injected intraperitoneally into mice. B and C, for 	45 days after injection, mouse survival was monitored daily. B16F10/pcDNA3, STAP-2 #1, and #2 cells
(1 � 105) were injected intravenously into mice. Two weeks postinjection, the mice were sacrificed, and the lungs were photographed. The photographs show
infiltrated cells in melanoma-bearing mice (B). B16F10 colonies of the lung were counted. Each circle represents one mouse, and horizontal bars represent the
mean. n � 6; t-value for pcDNA3 versus STAP-2 #1, p � 0.1124; pcDNA3 versus STAP-2 #2, p � 0.05; one-way ANOVA followed by Tukey’s test (C). Similar results
were observed in two independent experiments.
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tion in B16 cells (40). A report has shown that ascorbic acid
induces the apoptosis of B16 cells via a caspase-8-independent
manner in vitro (41). These reports suggest an importance of
tyrosinase on the melanogenesis and survival of B16 cells. How-
ever, no direct evidence of tyrosinase on B16 cell migration and
homing in vivo has been demonstrated. Importantly, the reduc-
tion of protein expression of either STAP-2 or tyrosinase could
alter the colonization pattern of B16F10 cells from lung to other
tissues, such as liver. Therefore, tyrosinase, whose protein lev-
els are in part regulated by STAP-2, is likely to play crucial roles
in melanoma. Additionally, our results suggest possible mech-
anisms for altered colonization. A number of investigators have
reported that melanoma cells express several chemokine recep-
tors, including CCR7, CCR10, and CXCR4. Expression of CCR7
and CCR10 is related to rapid progression and a poorer prog-
nosis (42). B16 melanoma cells overexpressing CCR7 show
massive infiltration into draining lymph nodes (43). Addition-
ally, overexpression of CXCR4 in B16 cells is associated with
increased metastasis to the lungs (44). Furthermore, a reduced

expression of CXCR3 in B16 cells decreased metastasis to the
lymph nodes (45). In this study, protein levels of STAP-2 or
tyrosinase significantly affected chemokine receptor expres-
sion on B16F10 cells. In particular, CXCR4 expression was
decreased significantly and CXCR3 expression was increased
when STAP-2 or tyrosinase mRNA was knocked down. Impor-
tantly, CXCR3 ligands are known as an interferon-inducible
CXC chemokines, such as CXCL9, CXCL10, and CXCL11, and
play a critical role in orchestrating type 1 helper cell-mediated
immunity by recruiting CXCR3-expressing mononuclear cells
(46). CXCR3 ligands are potent inhibitors of angiogenesis and
have been shown to be produced by hepatocytes and sinusoidal
endothelial cells in the liver (47, 48). Furthermore, CXCR3 has
been shown to be important for the recruitment of regulatory T
cells into the liver, which might limit inflammatory hepatic
injury (49, 50). CXCR3-deficient mice have exhibited pro-
nounced liver fibrosis and exacerbated liver damage after Con-
canavalin A administration (50). Moreover, CXCL9 adminis-
tration attenuated angiogenesis and liver fibrosis in mice (51).

FIGURE 6. STAP-2 controls the protein content of tyrosinase in B16F10 cells. A and B, shControl, shSTAP-2 #1 and #2 cells (1 � 106) (A) or B16F10/pcDNA3,
STAP-2 #1, and #2 cells (1 � 106) (B) were cultured in a 6-well plate for 2 days. The cells were harvested, the cell pellet was photographed, and the melanin
contents were measured as described under “Experimental Procedures.” Data are the mean � S.D. of three independent experiments. **, p � 0.01; one-way
ANOVA followed by Tukey’s test. C and D, shControl, shSTAP-2 #1 and #2 cells (1 � 106) (C) or B16F10/pcDNA3, STAP-2 #1, and #2 cells (1 � 106) (D) were lysed
and immunoblotted (IB) with anti-tyrosinase, anti-TRP1, anti-TRP2, and anti-actin antibody. Total RNAs were extracted and analyzed for the mRNA expression
of tyrosinase, TRP1, TRP2, and G3PDH by RT-PCR. E, shControl, shSTAP-2 #2 and shSTAP-2#2�huSTAP-2 cells (1 � 106) were lysed and immunoblotted with
anti-tyrosinase, anti-actin, and anti-Myc antibody. F, shControl, shSTAP-2 #2 and shSTAP-2#2�huSTAP-2 cells (1 � 106) were cultured in a 6-well plate for 2
days. The cells were harvested, the cell pellet was photographed, and the melanin content was measured. Data are the mean � S.D. of three independent
experiments. **, p � 0.01; ***, p � 0.005, one-way ANOVA followed by Tukey’s test.
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The recruitment of CXCR3-positive T cells into the kidney has
been demonstrated in human and experimental glomerulone-
phritis (52, 53). Notably, CXCR3-deficient mice show reduced
trafficking of effector T cells into the kidney in nephrotoxic
nephritis (54). Furthermore, it has been shown that CXCR3
ligands are up-regulated in renal inflammation (55, 56). These
findings indicate that the CXCR3/CXCR3 ligand axis has a role
in preferential organ accumulation of CXCR3-expressing cells
in the body. Therefore, changes in chemokine receptor expres-
sion by STAP-2 or tyrosinase may, in part, determine the colo-
nization patterns of B16F10 cells in vivo.

One of the most important findings in this work was that
STAP-2 regulates the protein content of tyrosinase at the post-
transcriptional level. Tyrosinase is known to localize in the ER
and is proteolyzed via ER-associated protein degradation.
Tyrosinase is also degraded after its complete maturation in the
Golgi. Furthermore, tyrosinase protein content is modulated by

ubiquitin-proteasomal degradation. Additional degradation of
tyrosinase occurs in lysosomes. Our localization experiments
showed that both STAP-2 and tyrosinase were located in lyso-
somes as well as in the ER and Golgi. We also found that the
reduction of tyrosinase protein in shSTAP-2 cells was clearly
restored in the presence of NH4Cl. Therefore, STAP-2 colocal-
izes with tyrosinase in the same place where tyrosinase pro-
cessing occurs in melanocytes. Our immunoprecipitation plus
Western blot experiment failed to detect a protein association
between STAP-2 and tyrosinase. This suggests that STAP-2
interacts indirectly with tyrosinase. STAP-2 expression might
regulate the condition and/or activity of lysosomes. Alterna-
tively, their association is weak, which will require optimizing
conditions for cell lysis and immunoprecipitation. Further
experiments will clarify this issue.

In summary, this study provides evidence that STAP-2 is
significantly involved in melanogenesis and that STAP-2

FIGURE 7. Tyrosinase regulates cell migration, cell survival, and tumor formation of B16F10 cells. A, stable B16F10 transfectants expressing tyrosinase shRNA (#1
and #2) were established. Expression levels of tyrosinase were analyzed by Western blot using anti-tyrosinase and anti-actin antibody. IB, immunoblot. B, shControl and
shTyrosinase (Tyr) #1 and #2 cells were stained with crystal violet to observe morphological changes by microscopy. C, shControl and shTyr #2 cells (1 � 106) were
cultured in a 6-well plate for 2 days. The cells were harvested, the cell pellet was photographed, and the melanin content was measured. Data are the mean � S.D. of
three independent experiments. ***, p � 0.005; Student’s t test. D, shControl and shTyr #2 cells (1 � 106) were cultured in a 6-well plate without FCS for 36 h. The cells
were stained with PE-conjugated Annexin V, and apoptotic cells were analyzed using FACSCalibur and CellQuestPro. Data are the mean � S.D. of three independent
experiments. ***, p � 0.005; Student’s t test. E, the extent of actin polymerization was calculated from three independent experiments. Shown are the mean fluores-
cence values � S.D. of F-actin in percent compared with shControl. *, p � 0.05; Student’s t test. F, cells (1 � 106) were cultured in a 6-well plate for 12 h, and an artificial
wound was created. Cells migrating into the open space beyond the frontiers of the wound edge were quantified at the indicated periods. Values represent the
mean � S.D. of triplicate experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.005; one-way ANOVA followed by Tukey’s test. Similar results were obtained in three
independent experiments. G, shControl and shTyr #2 cells (1 � 105) were injected intravenously and monitored over time for their survival (n � 6). H, the photographs
show dead mice in each group. I, metastasis frequency of B16F10 cells in mouse tissues.
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expression plays a crucial role in the metastatic phenotype of
melanoma. Therefore, STAP-2 is likely to underlie mela-
noma progression. Thus, STAP-2 represents a suitable
molecular target to establish novel approaches to treat mel-
anoma, and STAP-2 expression has the potential to offer
useful insights into the individual characteristics of mela-
noma in each patient.
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