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Background: Green tea polyphenol (�)-epigallocatechin-3-O-gallate (EGCG) inhibits melanoma proliferation in a cancer-
specific manner through 67-kDa laminin receptor (67LR).
Results: Identified protein phosphatase 2A (PP2A) as a critical downstream factor of 67LR.
Conclusion: Targeting 67LR/PP2A elicits activation of tumor suppressor Merlin and inhibition of mTOR pathway overcoming
drug resistance.
Significance: 67LR/PP2A may be a promising therapeutic target for melanomas.

The Ras/Raf/MEK/ERK pathway has been identified as a
major, druggable regulator of melanoma. Mutational activation
of BRAF is the most prevalent genetic alteration in human mel-
anoma, resulting in constitutive melanoma hyperproliferation.
A selective BRAF inhibitor showed remarkable clinical activity
in patients with mutated BRAF. Unfortunately, most patients
acquire resistance to the BRAF inhibitor, highlighting the
urgent need for new melanoma treatment strategies. Green tea
polyphenol (�)-epigallocatechin-3-O-gallate (EGCG) inhibits
cell proliferation independently of BRAF inhibitor sensitivity,
suggesting that increased understanding of the anti-melanoma
activity of EGCG may provide a novel therapeutic target. Here,
by performing functional genetic screening, we identified pro-
tein phosphatase 2A (PP2A) as a critical factor in the suppres-
sion of melanoma cell proliferation. We demonstrated that
tumor-overexpressed 67-kDa laminin receptor (67LR) activates
PP2A through adenylate cyclase/cAMP pathway eliciting inhi-
bitions of oncoproteins and activation of tumor suppressor
Merlin. Activating 67LR/PP2A pathway leading to melanoma-
specific mTOR inhibition shows strong synergy with the BRAF
inhibitor PLX4720 in the drug-resistant melanoma. Moreover,
SET, a potent inhibitor of PP2A, is overexpressed on malignant
melanoma. Silencing of SET enhances 67LR/PP2A signaling.
Collectively, activation of 67LR/PP2A signaling may thus be a
novel rational strategy for melanoma-specific treatment.

Melanoma is the deadliest form of skin cancer and is notori-
ous for its resistance to therapy. Nevertheless, recent targeted

therapy trials have been promising (1, 2). The Ras/Raf/MEK/
ERK pathway was identified as a major, druggable regulator of
melanoma (1). Mutational activation of BRAF (mutated in 50 to
70% of melanomas) is the most prevalent genetic alteration in
human melanomas, resulting in constitutive melanoma hyper-
proliferation (3). A selective BRAF inhibitor showed remarka-
ble clinical activity in patients with mutated BRAF (4). Unfor-
tunately, most patients rapidly acquired resistance to the BRAF
inhibitor (5). The increase of drug resistant melanomas high-
lights the urgent need for new melanoma treatment strategies.

The mammalian target of rapamycin (mTOR) pathway is
aberrantly activated in melanoma and is the major pathway
contributing to drug resistance (6, 7) and may be a novel com-
bination therapy target to treat drug-resistant melanoma. How-
ever, most mTOR inhibitors are associated with toxicity, and
the related side effects may diminish patient quality of life (8).

(�)-Epigallocatechin-3-O-gallate (EGCG)3 is a major poly-
phenol component of green tea that can induce tumor-selective
anti-melanoma activity through a cell surface receptor, 67-kDa
laminin receptor (67LR) (9 –11). However, the downstream tar-
get of 67LR is still unknown. Therefore, clarification of the
underlying molecular mechanisms of EGCG signaling may lead
to rational therapeutic targets for melanoma treatment.

A genetic suppressor element (GSE) methodology allows the
identification of dominant negative peptides corresponding to
different functional domains of a protein (12). GSEs, short frag-
ments of cDNA encoding either inhibitory antisense RNA or
dominant negative peptides, are isolated from expression
libraries made from short random fragments of a target cDNA
by selecting for inhibition of function (12). In this study, we
applied GSE methodology to determine systematically the
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EGCG in melanoma. We selected GSEs conferring resistance to
EGCG and isolated a GSE that encoded protein phosphatase 2A
(PP2A), which protected cells from EGCG-induced anti-mela-
noma activity.

We here demonstrate that PP2A plays a critical role in
EGCG-elicited anti-melanoma activity and 67LR-dependent
PP2A activation suppressed melanoma cell proliferation in a
cancer-specific manner. PP2A directly interacts with p70S6
kinase (p70S6k) and negatively regulates mTOR signaling (13).
To investigate whether activated 67LR/PP2A signaling shows
synergy with the selective BRAF inhibitor PLX4720, we com-
pared the anti-melanoma activity of EGCG, PLX4720, or
EGCG/PLX4720 in combination in PLX4720 resistant cell line
Hs294T in vitro and in vivo. Moreover, we also identified SET, a
potent inhibitor of PP2A, was overexpressed in malignant mel-
anoma. By using shRNA, we examined a role of SET in 67LR/
PP2A pathway. Our studies present new evidence here that
activation of the 67LR/PP2A pathway may be an ideal target to
overcome unresponsiveness to BRAF inhibition in drug-resis-
tant melanoma.

EXPERIMENTAL PROCEDURES

Materials and Antibodies—EGCG, catalase, and the anti-�-
actin antibody were purchased from Sigma-Aldrich. PLX4720
was purchased from Synkinase Pty., Ltd. (San Diego, CA). Anti-
phospho-MRLC (Thr-18/Ser-19), anti-MLC2 (FL-172), anti-
MYPT1 (H-130), anti-AKt1/2 (N-19), anti-phospho-ERK (E-4),
anti-ERK1 (C-16), and anti-Merlin (NF2) antibodies were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Anti-phospho-MYPT1 (Thr-696) antibodies were purchased
from Upstate Biotechnology, Inc. (Lake Placid, NY). Anti-SET,
anti-phospho-CPI-17 (Thr-38), and anti-CPI-17 antibodies
were purchased from Abcam (Cambridge, MA). Alexa Fluor
555 goat anti-IgG antibody was purchased from Invitrogen. Anti-
PP2A A subunit, anti-p70S6k, anti-phospho-p70S6k (Thr-389),
anti-S6, anti-phospho-S6 antibodies was obtained from Cell Sig-
naling Technology (Beverly, MA). Anti-phospho-Merlin (Ser-
518) was purchased from Rockland (Gilbertsville, PA). Aspar-
tate transaminase and Alanine aminotransferase kit was
purchased from Wako (Osaka, Japan).

Cell Culture—Primary normal human melanocyte (NHEM)
cells in CSF-4HM-500D culture medium supplemented with
human melanocyte growth supplements were obtained from
DS Pharma Biomedical (Osaka, Japan). Mouse melanoma (B16)
cells, human melanoma A375, Hs294T (BRAF-mutated) and
MeWo (BRAF wild-type) cells, obtained from the American
Type Culture Collection (ATCC, Manassas, VA), were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 5% (for B16 cells) or 10% (for other cells) fetal bovine
serum (FBS). All cells were in a state of logarithmic growth at
37 °C in a humidified chamber with 5% CO2. To assess cell
proliferation, cells were plated in 24-well plates at 1 � 104

cells/ml and were treated with EGCG at the indicated concen-
trations for the indicated time periods in DMEM supplemented
with 1% FBS, 200 units/ml catalase, and 5 units/ml superoxide
dismutase (Sigma).

RNA Interference by shRNA—Lentiviral vectors expressing
non-targeting control shRNA and shRNAs targeting PP2A and

SET were purchased from Sigma-Aldrich. Lentivirus produc-
tion, transduction and selection were performed according to
the manufacturer’s instructions.

Generation of Doxycycline-inducible 67LR Cell Lines—
Transduction and selection were performed as described by the
Knock-outTM Single Vector Inducible RNAi System User Man-
ual (Clontech; Mountain View, CA).

cAMP Assays—Measurement of cAMP was performed using
the AlphaScreen® cAMP assay kit (PerkinElmer Life Science).
The assays were performed according to the manufacturer’s
instructions. Cells were treated with reagents for 3 h in 96-well
plates. Plates were read using the EnVision Plate Reader
(PerkinElmer Life Science) at an excitation wavelength of 680
nm and emission wavelength of 615 nm.

PP2A Phosphatase Activity Assay—PP2A activity was deter-
mined using the human/mouse/rat active PP2A DuoSet IC
(R&D Systems) malachite green/molybdate-based PP2A activ-
ity assay according to the manufacturer’s instructions.

Long Term Colony Formation Assay—Hs294T cells were
grown in the absence or presence of PLX4720 at the indicated
concentrations alone or combined with EGCG (5 �M) or
rapamycin (10 nM) for 14 days. Then, cells were fixed at the
same time, stained with thiazolyl blue tetrazolium bromide
(Research Organics, Inc.; Cleveland, OH), and images were
captured.

Western Blot Analyses and Immunofluorescent Staining—
Cells were lysed in lysis buffer containing 50 mM Tris-HCl (pH
7.5), 150 mM NaCl, 1% Triton X-100, 1 mM ethylenediamine
tetra-acetic acid (EDTA), 50 mM sodium fluoride (NaF), 30 mM

sodium pyrophosphate (Na4P2O7), 1 mM phenylmethanesulfo-
nyl fluoride, 2 mg/ml aprotinin, and 1 mM pervanadate.
Approximately 50 �g of protein was suspended in Laemmli
sample buffer (0.1 M Tris-HCl buffer, pH 6.8, 1% SDS, 0.05%-
mercaptoethanol, 10% glycerol, and 0.001% bromphenol blue),
boiled, and electrophoresed on 8% SDS-polyacrylamide gels.
Gels were then electroblotted onto Trans-Blot nitrocellulose
membranes (Bio-Rad). Incubation with the indicated antibod-
ies was performed in Tween 20/PBS (TPBS) containing 1%
bovine serum albumin (BSA). Blots were washed with TPBS
and incubated with anti-rabbit or anti-mouse horseradish per-
oxidase (HRP) conjugates. After washing, specific proteins
were detected using an enhanced chemiluminescence system
according to the manufacturer’s instructions (Amersham Bio-
sciences). Patient tissue samples were purchased from U. S.
Biomax (Rockville, MD). Patients provided written informed
consent, and the study was undertaken in accordance with the
Declaration of Helsinki. Samples were incubated overnight at
4 °C with the primary antibody.

Anti-PP2A and anti-SET antibodies (Abcam) were used at
1:200 dilution. Slides were then treated with Alexa Fluor 555-
conjugated secondary antibody at 1:100 dilution and incubated
for 1 h. Anti-67LR Alexa Fluor 488-conjugated antibody was
produced following the manufacturer’s instructions, and slides
were treated with Alexa Fluor 488-conjugated anti-67LR (5
�g/ml). Images were acquired with a Nikon Confocal Laser
Microscope (A1, Nikon; Tokyo, Japan) using a PlanApo 60� oil
objective lens.
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Real-time Quantitative RT-PCR—Total RNA from cells was
extracted with TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. The RNA was treated with RNase-
free DNase I (Takara Bio) to remove any contaminating DNA.
The RNA concentration was quantified using a spectropho-
tometer at A260 and A280 (Amersham Biosciences) and stored at
�80 °C preanalysis. Real-time quantitative PCR was performed
using the relative standard curve method to quantify the target
gene expression. In brief, 1 �l of cDNA product was used as
the template for RT-PCR, which was performed on the Ther-
mal Cycler Dice Real Time System (Takara Bio) using SYBR
Premix Ex Taq (Takara Bio) according to the manufacturer’s
instructions. Sequences for the PCR primers were as follows:
PP2A, 5�-GCACTCGATCGCCTACAGGAA-3� (sense) and
5�-GCATCTGACCACAGCAAGTCACA-3� (antisense); for
�-actin, 5�-CATCCGTAAAGACCTCTATGCCAA-3� (sense)
and 5�-ATGGAGCCACCGATCCACA-3� (antisense). The
mRNA levels were obtained from the value of cycle threshold
for each specific gene and normalized against the cycle thresh-
old of �-actin.

Animals—All animal studies were done in accordance with
the law (no. 105) and notification (no. 6) of the Japanese gov-
ernment for the welfare of experimental animals. All proce-
dures were approved by the Animal Care and Use Committee of
Kyushu University (Fukuoka, Japan) and undertaken in strict
accordance with institutional guidelines for handling labora-
tory animals.

Five-week-old C57BL/6N mice were obtained from Kyudo
(Saga, Japan). Mice were inoculated subcutaneously in the
interscapular area with 5 � 105 B16 cells. Following the appear-
ance of palpable tumors, mice were divided randomly into
groups with an even distribution of tumor sizes (six mice per
group). They were then injected intraperitoneally with vehicle
alone or EGCG (20 mg/kg) every 2 days. Five-week-old
C57BL/6N mice were inoculated subcutaneously in the inter-
scapular area with 1 � 107 B16 cells. Following the appearance
of tumors, mice were given single intraperitoneal injections of
or given single intraperitoneal injections with vehicle alone or
EGCG (20 mg/kg). After 24 h, tumors were excised and evalu-
ated for PP2A activity. Five-week-old female BALB nu/CrlCrlj
mice (six mice/group) were obtained from Charles River Labo-
ratories (Yokohama, Japan). They were inoculated with 2 � 106

Hs294T cells, and the injection regimens described above were
followed. They were then injected intraperitoneally daily with
vehicle, EGCG (20 mg/kg), PLX4720 (10 mg/kg), or EGCG/
PLX4720 in combination every 2 days. Tumor growth was
measured with calipers, and the tumor volume was calculated
as volume � length � width2/2.

Statistical Analysis—Data were analyzed with GraphPad
Prism (version 4) using Student’s t tests when comparing two
conditions, Dunnett’s test when comparing with controls, or
Tukey’s test for multiple comparisons. Data for tumor growth
in vivo were analyzed by Mann-Whitney U test or a two-way
analysis of variance test. Values of p � 0.05 were considered
significant. Statistical analyses of survival curves were per-
formed using log-rank analyses of Kaplan-Meier curves. All of
the in vitro data are representations of more than three inde-
pendent experiments.

RESULTS

EGCG-induced Melanoma Growth Inhibition Is Attributed
to PP2A Activation through 67LR—Although BRAF inhibitors
have excellent clinical activity in BRAF mutant melanomas,
clinical responses are limited by acquisition of drug resistance
(5). Interestingly, green tea polyphenol EGCG inhibited cell
proliferation without adverse effects on NHEM even in mela-
noma cells (Hs294T) resistant to PLX4720 and non-BRAF
mutant cells (MeWo) (Fig. 1, A and B). To elucidate the molec-
ular mechanisms involved in the cancer-specific anti-mela-
noma encoding dominant negative peptides or antisense RNAs
inhibiting gene expression were used (12).

To identify inhibitors of EGCG-induced cell growth in
melanoma cells, GSEs (11) prepared from mouse embryo were
screened for genes whose inhibition conferred EGCG resis-
tance in B16 mouse melanoma cells. B16 cells were infected
with GSEs and cultured in the presence of EGCG for 1 month (Fig.
1C). Among genetic elements protecting cells from EGCG-in-
duced cell growth inhibition, we isolated a GSE corresponding to
PP2A, a critical tumor suppressor gene that regulates multiple
oncogenic signal transduction pathways (14, 15). PP2A was over-
expressed in clinical tissue specimens compared with normal skin
tissues, respectively (Fig. 1D). Thus, high PP2A expression may be
important in the cancer-selective effect of EGCG.

To determine the effect of EGCG on PP2A, B16 cells were
treated with EGCG, and the mRNA levels, protein levels, and
activity of PP2A were assessed. EGCG did not change the
expression of PP2A mRNA (Fig. 1E) or protein (Fig. 1F) in B16
cells. However, EGCG time- and dose-dependently enhanced
PP2A activity in B16 cells (Fig. 1, G and H). Additionally, treat-
ment with a specific PP2A inhibitor, okadaic acid (OA), abol-
ished EGCG-elicited cell growth inhibition (Fig. 1I), indicating
PP2A activation is critical for EGCG-induced anti-cell prolifer-
ative activity. To confirm the involvement of PP2A in EGCG
anti-melanoma activity, B16 cells were transfected with lentivi-
rus encoding PP2A shRNA or a scrambled control (Fig. 1J).
PP2A silencing attenuated EGCG-elicited inhibitory effects on
cell proliferation. To confirm these findings in vivo, we per-
formed xenograft studies with PP2A knockdown B16 cells (Fig.
1, K and L). Tumor growth was significantly inhibited in EGCG-
administered mice implanted with B16 cells containing control
shRNA, whereas tumor growth was not affected by EGCG in
mice implanted with PP2A knockdown B16 cells. Log-rank
analyses of Kaplan-Meier survival curves showed increased sur-
vival of mice treated with EGCG compared with saline-treated
mice implanted with control shRNA-expressing B16 cells.
There was no statistically significant difference between groups
implanted with PP2A knockdown B16 cells. Furthermore,
EGCG also induced PP2A activation on tumors (Fig. 1M).
Therefore, PP2A may be indispensable for EGCG-induced
anti-melanoma activity.

67LR is a laminin-binding protein overexpressed in various
cancers, including bile duct carcinoma, colorectal carcinoma,
cervical cancer, and breast carcinoma. 67LR is critical for
growth and metastasis of tumor cells and resistance to chemo-
therapy (16). Overexpression of 67LR correlates with tumor
progression; thus, 67LR is considered a novel target for tumor-
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selective cancer therapy (17). Interestingly, EGCG acts as a nat-
ural ligand of 67LR, resulting in tumor growth inhibition and
cancer-specific apoptotic cell death (11, 18 –20). Therefore, the
highly specific activity of EGCG against melanoma might be
due to differences in 67LR expression levels. We found that
67LR expression was significantly increased in human mela-
noma tissue specimens compared with normal skin tissue (Fig.
1N). To determine the impact of 67LR on EGCG anti-mela-
noma activity, we constructed a doxycycline-inducible vec-
tor expressing 67LR shRNA. B16 cells were transfected with
the vector and treated with doxycycline for 12 h (Fig. 1O).
Silencing of 67LR induced by doxycycline treatment attenu-
ated EGCG-mediated inhibition of cell proliferation and
blocked EGCG-elicited PP2A activation (Fig. 1, P and Q), sug-
gesting EGCG-elicited PP2A activation is mediated by 67LR.
Taken together, abnormally expressed 67LR allows EGCG to
act as a melanoma-specific inhibitor by activating PP2A with-
out affecting NHEM cells.

EGCG Functions as a Merlin Activator by 67LR/cAMP/PKA/
PP2A-mediating CPI-17 Inhibition—The tumor suppressor
protein Merlin (encoded by neurofibromatosis type 2 gene,
NF2) is an important regulator of proliferation in many cells
and tissue types (21). Merlin is activated by myosin phosphatase
(MYPT-1-PP1�)-mediated dephosphorylation at Ser-518.
However, the tumor suppressor cascade is hindered by protein
kinase C-potentiated myosin phosphatase inhibitor (CPI-17)
(22). PP2A induces inactivation of CPI-17 by promoting
dephosphorylation at Thr-38 (23). Although Merlin was previ-
ously shown to be important for inhibition of melanoma cell
growth, the promotion of Merlin activity has not been reported
(24). Treatment with EGCG induced dephosphorylation of
Merlin in a time-dependent manner (Fig. 2A). To determine
whether EGCG could inhibit oncoprotein CPI-17, B16 cells
were treated with EGCG, and phosphorylation levels of CPI-17
were assessed by Western blot analysis. EGCG dephosphory-
lated CPI-17 in a time- and dose-dependent manner (Fig. 2, B
and C), nevertheless, the effect was abolished in PP2A knock-
down B16 cells (Fig. 2D). Additionally, EGCG-induced dephos-
phorylation of CPI-17, MYPT1, and Merlin were observed in
tumor cells transfected with control shRNA, whereas EGCG
had no effect on phosphorylation of CPI-17, MYPT1, and Mer-
lin in tumor cells grown from PP2A knockdown B16 cells (Fig.
2, E and F). Thus, EGCG may function as a Merlin activator by
targeting PP2A activation.

Cyclic adenosine-3�,5�-monophosphate (cAMP) is a second
messenger produced in melanocytes with a crucial role in cell
differentiation (25). Melanoma cells have elevated cAMP phos-

phodiesterase activity that inhibits cAMP signaling and allows
hyperproliferation (26). Reactivating the cAMP pathway by
promoting cAMP production or preventing phosphodiesterase
activity inhibits melanoma progression (27). cAMP activity is
largely dependent on the cAMP effector, protein kinase A
(PKA), which activates PP2A (28). Our data showed that treat-
ment with H-89, a specific PKA inhibitor, attenuated EGCG-elic-
ited PP2A activation (Fig. 2G). Additionally, EGCG dose-depen-
dently increased intracellular cAMP production, whereas a tea
polyphenol epicatechin lacking anti-melanoma activity did not
elevate cAMP in B16 cells (Fig. 2H). Thus, EGCG-elicited PP2A
activation is mediated by the cAMP/PKA pathway. To investi-
gate whether cAMP mediates EGCG-induced anti-melanoma
activity, we examined the effect of the cell-permeable cAMP
analog dibutyryl-cAMP on B16 cell proliferation. Treatment
with dibutyryl-cAMP inhibited B16 cell proliferation; however,
PP2A silencing abrogated the inhibitory effect of EGCG on cell
growth (Fig. 2I). Adenylate cyclase (AC) is activated in response
to melanocytic agonists such as melanocyte-stimulating hor-
mone to produce cAMP (29). Therefore, EGCG-induced cAMP
production may be due to AC activation. AC inhibitor SQ22536
prevented both EGCG-elicited PP2A activation and B16 cell
growth inhibition (Fig. 2, J and K). Moreover, silencing of 67LR
induced by doxycycline treatment blocked EGCG-elicited
cAMP production (Fig. 2L). Taken together, EGCG functions
as a Merlin activator by 67LR/cAMP/PKA/PP2A-mediating
CPI-17 inhibition.

Silencing of SET Significantly Enhanced EGCG-induced Anti-
melanoma Activity—SET (Suvar3–9, enhancer-of-zeste, tritho-
rax) protein, isolated from a chromosomal rearrangement at 9q34
in a patient with acute undifferentiated leukemia (30), is a
potent physiologic inhibitor of PP2A and is highly expressed in
various human tumors, including chronic myeloid leukemia
and head and neck squamous cell carcinoma (31–33). Never-
theless, the expression of SET in melanoma is unclear. PP2A
was overexpressed in Hs294T and MeWo cell lines compared
with NHEM cells, whereas the basal enzyme activities of PP2A
were similar (Fig. 3A). Compared with normal skin tissue,
SET was abnormally elevated in human melanoma tissues and
four melanoma cell lines (A375, Hs294T, MeWo, B16) (Fig. 3, B
and C). Thus, SET may attenuate PP2A activity in B16 cells. To
examine the effect of overexpressed SET, B16 cells were trans-
fected with lentivirus encoding SET shRNA (Fig. 3D). Remark-
ably, silencing of SET enhanced PP2A activity and significantly
suppressed B16 cell proliferation (Fig. 3, E and F). Importantly,
SET was highly expressed in MeWo (non-BRAF mutant mela-
noma, which has no target for clinical trials) cells, and silencing

FIGURE 1. EGCG-induced melanoma growth inhibition is attributed to PP2A activation through 67LR. A, melanoma cells (BRAF mutant) were treated with
PLX4720 for 96 h. B, cells were treated with EGCG for 96 h. C, a flow chart illustrating the strategy used to select GSEs conferring EGCG-resistance to B16 cells
from a normalized cDNA fragment library. D, PP2A expression was evaluated by immunofluorescence staining on malignant melanoma tissues and normal skin
tissues. E and F, the effect of EGCG on PP2A mRNA (E) and protein (F) levels (24 h). G, B16 cells were treated with 5 �M EGCG, and PP2A phosphatase activity was
assessed using the PP2A activity assay kit. H, B16 cells were treated with indicated concentration of EGCG for 24 h, and PP2A phosphatase activity was assessed.
I, B16 cells were treated with EGCG for 96 h in the presence or absence of 5 nM OA. J, PP2A silencing on EGCG-induced anti-proliferation in B16 cells (n � 6). K
and L, EGCG effects on tumor growth and survival. M, C57BL/6N mice were inoculated subcutaneously with B16 cells. Following appearance of tumors, the mice
were treated intraperitoneally with vehicle or 20 mg/kg EGCG. After 24 h, the PP2A activities on tumors were measured (n � 8). N, 67LR expression was
evaluated by immunofluorescence staining on malignant melanoma tissues and normal skin tissues. O–Q, used doxycycline (DOX)-induced 67LR gene
silencing cells. Cells were treated with doxycycline (5 �g/ml) for 12 h, and 67LR expression was evaluated by Western blot analysis. O, cells were treated with
doxycycline (1 �g/ml) for 12 h and cultured in medium containing of EGCG 5 �M for 96 h. P, cells were treated with doxycycline (5 �g/ml) for 12 h and cultured
in medium containing of EGCG 5 �M for 24 h. PP2A activity was evaluated after cells treated with 5 �M EGCG for 24 h. Error bars, S.D. in vitro or S.E. in vivo (n �
3 per group in vitro). *, p � 0.5; **, p � 0.1; ***, p � 0.01; n.s., not significant; scr, scrambled.
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of SET strongly suppressed MeWo cell proliferation (Fig. 3, C
and F, right). Therefore, targeting PP2A pathway might be a
promising treatment strategy to melanoma progression with
non-BRAF mutant melanoma. To evaluate the influence of
silencing SET on EGCG-induced tumor suppression, SET-
knockdown B16 cells were injected subcutaneously into
C57BL/6N mice. Silencing of SET significantly potentiated
EGCG-induced suppression of tumor growth and increased
survival rate (Fig. 3, G and H). CPI-17 was inhibited by EGCG in
SET knockdown tumor cells, resulting in potent Merlin activa-
tion (Fig. 3, I and J). Thus, SET might be a potential combina-
tional target to enhance the effect of PP2A-dependent anti-
melanoma chemotherapy.

EGCG-induced PP2A Activation Regained the Sensitivity of
BRAF Inhibitor PLX4720 —Recent studies suggested sustained
activation of S6 and p70S6k caused drug resistance to BRAF
inhibitor PLX4720 (4). We observed that p70S6k/S6 signaling
activity was abnormally increased in Hs294T cells, which
exhibited PLX4720 resistance, compared with A375 (PLX4720
sensitive) cells (Fig. 4A). Although PLX4720 increased dephos-
phorylation of ERK1/2 in A375 and Hs294T cells, phospho-
p70S6k was not influenced by PLX4720 in Hs294T cells (Fig.
4B). This suggests that PLX4720 can inhibit BRAF signaling but
has no effect on mTOR signaling in Hs294T cells, which can
then contribute to PLX4720 resistance. Rapamycin is a potent
mTOR inhibitor, nevertheless, clinical trials reported �30 –

FIGURE 2. EGCG functions as a Merlin activator by 67LR/cAMP/PP2A-mediating CPI-17 inhibition. A, phosphorylation levels of Merlin in B16 cells treated
with EGCG. B and C, phosphorylation levels of CPI-17 in EGCG-treated B16 cells. D, phosphorylation levels of CPI-17 and PP2A expression were evaluated in
PP2A knockdown cells after treated with 5 �M EGCG for 24 h. E, effect of EGCG through PP2A on the phosphorylation levels of CPI-17 in tumor cells. F, effect of
PP2A on EGCG-induced dephosphorylation of MYPT1 and Merlin in tumor cells (n � 4). EGCG activated MYPT-1/Merlin in tumor cells but not PP2A knockdown
B16 cells (n � 4). G, B16 cells were treated with EGCG (5 �M) for 24 h in the presence or absence of H-89 (1 �M). PP2A phosphatase activity was assessed using
the PP2A activity assay kit. H, B16 cells treated with indicated concentrations of EGCG or epicatechin (EC) (10 �M) for 30 min. cAMP production was evaluated
using AlphaLISA. I, B16 cells or PP2A knockdown B16 cells were treated with 2.5 �M EGCG or 2 mM dibutyryl-cAMP for 96 h. J and K, B16 cells were treated with
EGCG (5 �M) for 24 h in the presence or absence of SQ22536 (300 �M). L, cells were treated with indicated concentrations of doxycycline (DOX) for 12 h and
cultured in medium containing 10 �M EGCG for 30 min. cAMP production was evaluated using alohaLISA. Error bars, S.D. in vitro or S.E. in vivo (n � 3 per group
in vitro). *, p � 0.05; **, p � 0.01; ***, p � 0.001. n.s., not significant; Cont., control; scr, scrambled.
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50% of patients discontinued it during follow-up due to adverse
effects (8). Thus, effective strategies for inhibiting mTOR sig-
naling without increasing toxicity in cancer treatment are
urgently required. PP2A is a negative regulator of mTOR sig-
naling by inhibiting p70S6k (13). Therefore, EGCG may sup-
press p70S6k by activating PP2A. EGCG activated PP2A in
Hs294T cells (Fig. 4C). Treatment with OA abolished EGCG-
elicited cell growth inhibition in Hs294T (Fig. 4D). Moreover,
EGCG promoted dephosphorylation of P70S6k and S6 in a
time-dependent manner (Fig. 4E), whereas treatment with OA
abolished EGCG-elicited dephosphorylation of P70S6k and S6
(Fig. 4F). Interestingly, EGCG increased PLX4720 sensitivity in
Hs294T cells (Fig. 4G). Importantly, combined EGCG and
PLX4720 had no adverse effects on NHEM cells, whereas rapa-
mycin was toxic to the normal cells (Fig. 4H). In Hs294T cells,
EGCG inhibited p70S6k and activated Merlin, whereas rapa-
mycin only inhibited p70S6k (Fig. 4I). Moreover, combination
EGCG and PLX4720 more efficiently prevented colony formation
than rapamycin in Hs294T cells (Fig. 4J). To evaluate the in vivo
activity of combined EGCG/PLX4720, Hs294T cells were
injected subcutaneously into female nude mice. EGCG/

PLX4720 treatment significantly suppressed tumor growth in
mice compared with mice treated with EGCG or PLX4720
alone (Fig. 4, K and L). EGCG/PLX4720 combination treatment
elicited potent inhibition of p70S6k in tumor cells (Fig. 4 M)
with no adverse effects on serum AST/ALT activity (Fig. 4N).

DISCUSSION

A well balanced network of kinases and phosphatases is cru-
cial for cells to react efficiently to their environment and for
cells to divide correctly. It has been demonstrated that many
oncogenes and proto-oncogenes are kinases and that inappro-
priately increased or decreased levels of their enzymatic activ-
ities may contribute to the process of tumorigenic transforma-
tion (14). There are many different kinases, each subject to its
own specific regulation. However, only a limited number of
serine/threonine (Ser/Thr) phosphatase catalytic subunits have
been shown to antagonize kinases (14). The specific regulation
of Ser/Thr phosphatases in cancer cells may therefore provide a
new insight for cancer treatment.

PP2A is a major Ser/Thr phosphatase and has a critical role in
cellular processes such as cell proliferation, signal transduction,

FIGURE 3. Silencing of SET significantly enhanced EGCG-induced anti-melanoma activity. A, PP2A activities in different melanoma cell lines. B, SET
expression was evaluated by immunofluorescence staining on malignant melanoma tissues and normal skin tissues. C, PP2A and SET expression in different
cell lines. D, cells transfected with lentivirus SET shRNA. E, silencing of SET potentiated PP2A activity in B16 cells. F, silencing of SET suppressed cell proliferation
of B16 and MeWo (non BRAF mutant) cells. G and H, silencing of SET potentiated EGCG-induced tumor growth suppression and increased survival (n � 8). I, SET
expression on EGCG-induced phosphorylation of Merlin in tumor cells. J, phosphorylation levels of CPI-17 were evaluated. Error bars, S.D. (n � 3 per group in
vitro). n.s., not significant; Scr, scrambled. ***, p � 0.001.
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and apoptosis. PP2A is considered to be a tumor suppressor and
is thought to be functionally inactivated in cancer (14, 15). It
negatively regulates many proliferative signaling pathways
associated with cancer progression by dephosphorylating cru-
cial proteins and decreasing oncogene expression (28). How-
ever, no ideal agent regulating PP2A in a cancer-specific man-
ner has yet been identified. Although interactions between
EGCG and PP2A have been reported previously (34 –36), the
concentrations of EGCG used were much higher than the phys-
iologic concentration of EGCG in human plasma (�1 �M). In
contrast, we demonstrated that tumor-overexpressed 67LR
mediated the PP2A-activating pathway in melanoma cells and
that EGCG activated 67LR/PP2A signaling at physiological
concentrations as low as 1 �M.

Melanoma is a very difficult disease to treat, and long term
survivors are rare (1, 2). Although BRAF inhibitors represent a
major clinical agent for treating melanomas, the mTOR path-
way is aberrantly activated in these tumors, contributing to che-
motherapeutic resistance (5). PP2A activity is decreased in
tumor cells, including melanomas (37). Additionally, PP2A
directly interacts with p70S6k and negatively regulates mTOR
signaling (13). PP2A may therefore be an ideal target for over-
coming unresponsiveness to BRAF inhibition in drug-resistant
melanoma. Our data showed that the PP2A activator EGCG
down-regulated mTOR signaling and had strong synergy with
the investigational BRAF inhibitor PLX4720 in BRAF-resistant
melanoma cells. Long term treatment (�72 h) with EGCG
decreased expression of both phospho- and total p70S6k and
S6. The effects on total p70S6k and S6 might have been
caused by instability induced by dephosphorylation. How-
ever, although the precise mechanisms whereby total p70S6k
and S6 were decreased are unknown, the reduced expression
levels of both phospho and total p70S6k and S6 resulted in
down-regulation of mTOR signaling by EGCG and renewed
sensitivity to the BRAF inhibitor PLX4720.

There are numerous benefits associated with the use of
mTOR inhibitors. However, these agents are also associated
with a number of potential adverse effects that can reduce
patient quality of life. Thus, �30 –50% of patients receiving
mTOR inhibitor therapy discontinue it during follow-up (8).
Interestingly, the combination of EGCG and PLX4720 had no
adverse effects on NHEM cells, whereas rapamycin, a potent
mTOR inhibitor, was toxic to normal cells. 67LR is a non-integ-
rin cell-surface receptor for laminin and functions as a receptor
for viruses. Its role as a laminin receptor makes it an important
molecule for cell adhesion to the basement membrane and for
the metastasis of tumor cells. Several clinical studies have
shown that overexpression of 67LR correlates with tumor pro-

gression (38 – 40), and recent findings also indicated that 67LR
acts as a tumor-specific death receptor mediating the EGCG
signaling pathway (11, 18 –20). It has therefore been suggested
that 67LR plays a significant role in tumor progression, and
studies aimed at clarifying the 67LR signaling pathway could
help in the development of new approaches to tumor-selective
anticancer therapy. In this study, we showed that 67LR was
overexpressed in malignant melanoma and that EGCG acti-
vated PP2A through this cell surface receptor, suggesting that
targeting 67LR/PP2A signaling may represent a safe targeting
strategy in melanoma. cAMP is a second messenger synthe-
sized by adenylyl cyclase, a membrane-associated enzyme reg-
ulated by G proteins. We showed that 67LR activated PP2A
through the AC/cAMP/PKA pathway in melanomas. However,
although 67LR is a cell surface receptor, it is not a G-protein-
coupled receptor, though it may in turn regulate G-protein-
coupled receptors. Further studies are thus needed to clarify the
mechanisms whereby 67LR activates AC.

Merlin isoform I is a tumor suppressor protein encoded by
the NF2 gene, which shares significant sequence similarities
with the ezrin, radixin, moesin family of cytoskeletal linker pro-
teins (21). Defects caused by mutations of the NF2 gene give rise
to NF2 disease and numerous non-NF2-associated tumors
including melanoma. Dephosphorylation of Merlin at Ser-518
activates its growth inhibitory activity as a tumor suppressor.
Increasing evidence indicates that Merlin regulates the func-
tions and activities of cell surface receptor tyrosine kinases and
adhesion/extracellular matrix receptors and serves as a key reg-
ulator of several important signaling pathways that regulate cell
motility, proliferation, and survival (21). Although the activity
of Merlin can be modulated through PKA, p21-activated kinase
1 and 2 (PAK1/2) or MYPT1, there are no currently available
agents that activate Merlin in a cancer-selective manner (21).
However, the results of this study demonstrate that EGCG acti-
vates Merlin through 67LR/PP2A signaling in melanoma cells,
suggesting that EGCG may be an ideal natural activator of Mer-
lin and that this 67LR agonist may be a promising agent for
cancer-selective Merlin-targeted therapy. Additionally, Merlin
negatively regulates CD44 function and contributes to cancer
stem cell behavior (21). This may explain why the combination
of EGCG and PLX4720 therapy was more effective than rapa-
mycin in preventing colony formation in Hs294T cells, namely,
because EGCG inhibited p70S6k and activated Merlin, whereas
rapamycin only inhibited p70S6k.

SET is an oncogene that directly binds and inhibits PP2A. It is
highly expressed in various human tumors, including chronic
myeloid leukemia and head and neck squamous cell carcinoma
(31–33). We found that SET was overexpressed in malignant

FIGURE 4. EGCG-induced PP2A activation regained the sensitivity of BRAF inhibitor (PLX4720). A, phosphorylation level and expression of P70S6k and S6
were analyzed by Western blot analysis. B, melanoma cells were treated with PLX4720 of for 48 h, and the phosphorylation level of P70S6k, S6 and ERK1/2 were
analyzed by Western blot analysis. C, Hs294T cells were treated with EGCG for 24 h, and the activity of PP2A was measured. D, Hs294T cells were treated with
EGCG for 96 h in the presence or absence of OA. E, Hs294T cells were treated with EGCG (5 �M) of and the phosphorylation levels of P70S6k and S6 were analyzed
by Western blot analysis. F, Hs294T cells were treated with EGCG for 48 h in the presence or absence of OA, and the phosphorylation levels of P70S6k and S6
were measured. G, Hs294T cells were treated with EGCG, PLX4720, or EGCG/PLX4720 in combination for 96 h. H, NHEM were treated with EGCG or rapamycin
(Rapa.) alone or combined with PLX4720 for 96h. I, Hs294T cells were treated with EGCG or rapamycin for 24 h. J, Hs294T cells were treated with EGCG,
rapamycin, or PLX4720 alone, or in combination for 14 days for long term colony formation assay. K–N, effect of PLX4720 and EGCG combination on the tumor
growth (K), tumor weight (L), p70S6k and ERK phosphorylation (n � 4) (M), aspartate transaminase (AST) and alanine aminotransferase (ALT) (N) of mice on day
33 after inoculation. O, signaling pathway schematic. Error bars, S.D. in vitro or S.E. in vivo (n � 3 per group in vitro or n � 7 per group in vivo). *, p � 0.05; **, p �
0.01; *** or ###, p � 0.001. DMSO, dimethyl sulfoxide; n.s., not significant.
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melanoma compared with normal skin, and it dramatically sup-
pressed the 67LR/PP2A-mediated melanoma-specific mTOR
inhibition pathway. Importantly, silencing of SET strongly sup-
pressed cell proliferation of non-BRAF mutant melanoma, sug-
gesting that SET inhibitors might be promising agents for treat-
ing melanomas with non-BRAF mutations.

In conclusion, our findings demonstrate that targeting 67LR/
PP2A signaling might offer a promising approach to the mela-
noma-specific mTOR inhibition pathway, which can overcome
unresponsiveness to BRAF inhibition. Crucially, our results
predict that 67LR/PP2A-targeted therapy might be effective
even in melanomas with non-BRAF mutations, for which no
specific inhibitors currently exist. Potent activators of 67LR
might thus represent ideal tumor-specific agents for melanoma
treatment.
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