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Abstract: Early stages of melanoma can be successfully treated by surgical resection of the tumor, but there is still
no effective treatment once it is progressed to metastatic phases. Although growing family of both melanoma me-
tastasis promoting and metastasis suppressor genes have been reported be related to metastasis, the molecular
mechanisms governing melanoma metastatic cascade are still not completely understood. Therefore, defining the
molecules that govern melanoma metastasis may aid the development of more effective therapeutic strategies for
combating melanoma. In the present study, we found that muc1l is involved in the metastasis of melanoma cells
and demonstrated that mucl disruption impairs melanoma cells migration and metastasis. The requirement of
mucl in the migration of melanoma cells was further confirmed by gene silencing in vitro. In corresponding to this
result, over-expression of mucl significantly promoted the migratory of melanoma cells. Moreover, down-regulation
of mucl expression strikingly inhibits melanoma cellular metastasis in vivo. Finally, we found that mucl1 promotes
melanoma migration through the protein kinase B (Akt) signaling pathway. To conclude, our findings suggest a novel
mechanism underlying the metastasis of melanoma cells which might serve as a new intervention target for the

treatment of melanoma.
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Introduction

Melanoma is a highly aggressive and the main
cause of death in patients with skin cancer
caused by malignant transformation of melano-
cytes. At the early-stage malignant melanoma,
most melanoma patients can be treated suc-
cessfully by surgical removal of the tumor.
However, currently, there is still no curative
treatment for melanoma once the disease has
progressed to metastatic phases [1]. Cancer
metastasis is the spread of malignant tumor
cells from a primary site to distant tissue and
formation of clinically significant secondary
tumors [2]. Metastasis is a series of biologic
events that can be envisioned a succession of
cell biological changes, including cancer cells
separating from original tumor, local invasion
through surrounding tissues, intravasation into
and transferring through the blood stream,

arresting in the parenchyma of distant tissues,
formation of small nodules (micro-metastasis),
and finally, growth of micro-metastatic lesions
into macroscopic tumors [3]. Although a variety
of metastasis-promoting genes have been
recently identified to be related to the metasta-
sis of melanoma, the molecular mechanisms
governing this metastasis process are still not
completely understood and the treatment effi-
ciency of metastatic melanoma has not been
significantly improved [4, 5]. Hence, further
study to uncover related underlying mechanism
is urgently required to find new potential target
for the treatment of melanoma.

Mucl is a member of the mucin family and
encodes a membrane bound, glycosylated
phosphoprotein [6]. Recently, the highly con-
served cytoplasmic domain of mucl has gained
interest, as a number of proto-oncogenes were
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identified to interact with muci, such as epider-
mal growth factor receptor (EGFR), c-src and
beta-catenin [7]. These proteins are associated
with a mesenchymal phenotype, characterized
by increased motility and invasiveness of tumor
cells. In addition, muc-1 has been determined
to be one of the most frequently expressed sur-
face markers in metastatic breast cancers.
Muc-1 cooperates with receptor tyrosine kinas-
es and promotes an invasive phenotype in
breast tumorigenesis [8]. Furthermore, muc-1
confers an invasive phenotype and drives pro-
gression of primary lung cancer and enhances
their metastatic capability via activation of the
phosphatidylinositol 3 kinase (PI3K)-Akt path-
way [9]. Activation of Akt has been linked to
mitogenesis, differentiation, survival, migra-
tion, invasion, and actin cytoskeletal reorgani-
zation. The Akt pathway is a major regulator of
signal transducer and activator of transcription
3 (STAT3), which can promote oncogenesis by
being constitutively active through various
pathways, and matrix metallopeptidase-2/9
(MMP-2/9) activity. Collectively, these results
point to a role for mucl in controlling cell mobil-
ity and, alternatively, cell metastasis into the
tumor microenvironment [10].

In the present work, we reported the identifica-
tion of a novel role of mucl whose disruption
impaired the metastasis of melanoma B16 and
B16BL6 cells. By silencing and over-expression
of mucl, we further confirmed the role of mucl
in the migration of melanoma cells in vitro.
Moreover, reduction and increasing of mucl
expression in melanoma B16 and B16BL6 cells
significantly impaired and promoted their
metastasis in vivo. Further investigation dem-
onstrated that Akt signaling pathway is involved
in mucl-promoted melanoma migration and
metastasis.

Materials and methods
Cell culture and reagents

Melanoma A375, B16, CHL1, SK-MEL-2,
SK-MEL-5, B16BL6 cells, and adult human epi-
dermal melanocytes NHEM-a cells were pur-
chased from Cell Resource Center, Shanghai
Institutes for Biological Sciences. Cells were
cultured in DMEM or 1640 with 10% fetal calf
serum (FCS) (Gibco, Invitrogen, USA), and 1%
Penicilin/Streptomycin mix (Gibco, Invitrogen,
USA) and maintained at 37°C in a humidified
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atmosphere containing 5% CO,. Specific inhibi-
tor for Akt (GSK690693) was obtained from
Selleck (USA). Lipofectamine 2000 was pur-
chased from Invitrogen (USA).

Plasmids and DNA constructs

The pDisrup retroviral vector was constructed
based upon MMLYV retroviral vector pLNCX as
backbone. The splicing donor and acceptor
were designed according to human adenovirus
type 2 major late mRNA intron sequence [11].
The short small interfering RNA (siRNA) was
constructed with sequence specifically target-
ed to mouse mucl extracellular domain gene:
(#1: 5-CAAGGAGTTAGTTAAATGC-3’) or (#2:
5-AAGACTGATGCCAGTAGCACT-3’) [12]. Target
and scrambled control oligonucleotides duplex-
es were cloned into pSilencer4.1-CMV vector
(Ambion, USA) according to the manufacturer’s
instructions. The mucl colony was cloned into
the sites of EcoRIl and Xhol of pIRES2-EGFP vec-
tor (Clontech, USA) with gene specific primers.
The primer used was as follows: mucl
(5-GGCCACTGATTGTGCCTTAT-3” and 5-TGCAA-
CCTTGAAGTGGTCAG-3’). A constitutively active
mutant D2Akt (T308D/S473D) plasmid was a
gift from Peter Vogt (Addgene plasmid # 49192)
[13]. Transient transfection was performed
using the Lipofectamine RNAi MAX reagent
(Invitrogen) and following the manufacturer’s
instructions. For pDisrup clone selections, cells
were selected with Blasticidin S.HCI at 25 ug/
ml (Invitrogen, USA).

One solution cell proliferation assay

The cell viability was determined by CellTiter
96® Aqueous One Solution cell proliferation
assay (Promega, Madison, WI, USA). Briefly,
cells were seeded in 96-well cell culture plates
and treated with indicated agents. After incuba-
tion for indicated time period, 20 uL of One
Solution reagent were added to each well and
incubation was continued for additional 4 h.
The absorbance was measured at 490 nm
using Synergy™ HT Multi-Mode Microplate
Reader (Bio-Tek, Winooski, VT, USA). The effect
of siRNA on cell viability was assessed as the
percent of cell viability compared with vehicle-
treated control cells, which were arbitrarily
assigned 100% viability. The data were pre-
sented as mean * SE. Differences in the results
of different groups were evaluated using either
two-tailed Student’s t test or one-way ANOVA
followed by post hoc Dunnett’s test.
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Wound healing assay

Briefly, B16 and B16BL6 melanoma cells were
seeded in 60 mm dishes and cultured at 37°C
overnight to produce a confluent monolayer.
After starvation in serum-free medium for 24
hours, a wound was created by scratching the
monolayer with a 200 pl sterile pipette tip. The
wounded monolayer was then washed three to
remove cell debris and incubated with fresh
medium. The area of cell-free scratch was pho-
tographed at O h and 48 h after scratching
respectively. The wound healing effect was
determined by measuring the percentage of
the remaining cell-free area compared with the
area of the initial wound [14]. The data were
presented as mean + SE. Differences in the
results of different groups were evaluated using
either two-tailed Student’s t test or one-way
ANOVA followed by post hoc Dunnett’s test.

Migration assay

Migration of cells was determined by BD
Transwell Migration Chamber (BD Biosciences,
USA) assay in vitro according to the manufac-
turer’s instructions. In brief, 1 x 10° cells with
500 pl in serum-free medium were added into
the upper chamber and 750 pl of cells condi-
tioned medium was added into the lower cham-
ber. After incubation in humidified tissue cul-
ture incubator, 37°C, 5% CO, atmosphere for
24 h, the non-migration cells in the upper sur-
face of the membrane were removed by “scrub-
bing” with cotton tipped swab and the cells
migrating to the lower surface of the membrane
were fixed and stained with 0.5% crystal violet
for 30 minutes. Cell counting was then carried
out by photographing the membrane through
the microscope. Five random fields under
microscope were taken and migration cells
were quantified [15]. The data were presented
as mean = SE. Differences in the results of dif-
ferent groups were evaluated using either two-
tailed Student’s t test or one-way ANOVA fol-
lowed by post hoc Dunnett’s test.

Western blot

After washing with PBS (3.2 mM Na2HPO4, 0.5
mM KH2P04, 1.3 mM KCI and 140 mM NacCl,
pH 7.4) twice, cells were extracted with cold
lysis buffer (20 mM Tris, 100 mM NaCl, 5 mM
EDTA, 1 mM EGTA, 5 mM MgCI2, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM
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b-glycerolphosphate, 1 mM Na3V04, 1 mM
PMSF, and Roche complete protease inhibitors)
and centrifuged at 15,000 g for 15 min at 4°C.
Protein concentration of the supernatants was
determined with Bradford assay (Biorad, USA).
10-40 ug of samples was separated by electro-
phoresis on 8-16% SDS-PAGE and transferred
to Polyvinylidene fluoride membrane (Millipore,
USA). After blocking with 5% skimmed milk for 1
h, membranes were incubated with different
specific primary antibodies in either 5%
skimmed milk or 5% bovine serum albumin
(BSA) (anti-mucl, FAK, phospho-FAK™397,
ERK1/2, phospho-ERK1/2™292 Akt, phospho-
AktSe473 . Sre, and phospho-Src1¢ from Cell
Signaling Technology). After washing with TBST
for 30 min, the membranes were further incu-
bated with corresponding HRP-conjugated sec-
ondary antibodies and developed with Pierce’s
West Pico chemiluminescence substrate
(Millipore, USA). All results were obtained from
3 independent experiments [16].

Real-time PCR

Total RNA was isolated using TRIzol according
to the manufacturer’s instructions (Invitrogen,
USA) and the concentration of total RNA was
detected by spectrophotometry at 0D260.
Reverse transcription (RT) was carried out
using superscript Il reverse transcriptase
(Invitrogen, USA) as described in the manufac-
turer’'s manual. The real-time PCR was per-
formed on ABI Prism 7500 Sequence detection
system (Applied Biosystems, CA) with the KAPA
SYBR® qPCR Kit (KAPA Biosystems, USA)
according to the manufacturer’s instructions.
The primers used was as follow: mucl (Forward:
5-GGCCACTGATTGTGCCTTAT-3', Reverse: 5-
TGCAACCTTGAAGTGGTCAG-3’), B-actin (For-
ward: 5-GCT CTT TTC CAG CCT TCCTT-3, Rever-
se: 5-TGATCC ACA TCT GCT GGAAG-3’). The tar-
get mRNA level of control cells normalized to
the level of B-actin mRNA, was defined as 1.
Results were obtained from three independent
experiments. The data were presented as
mean + SE. Differences in the results of differ-
ent groups were evaluated using either two-
tailed Student’s t test or one-way ANOVA fol-
lowed by post hoc Dunnett's test.

Immunofluorescence analysis

The effects of mucl silencing and over-expres-
sion on the expression of Akt in cells were

Am J Cancer Res 2015;5(9):2590-2604
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Figure 1. Identification of a novel role of muc1 in the metastasis of melanoma B16 cells. A and B. Mucl expression
in muc1™" cells was analyzed by real-time PCR and Western blotting. C. Wound healing of control and mucl1™ cells
was performed and representative pictures of the wound distance were taken at each time point as indicated. Scale
bars: 100 um. D. The cell motility was evaluated by transwell assay. Representative pictures were taken after stain-
ing with crystal violet. Scale bars: 50 um. Data were collected from three independent experiments and were aver-
age + S.E. values. **P < 0.01, compared to wild type cells. E. Quantification of muc-1 mRNA levels in melanoma-de-
rived cell lines by gRT-PCR analysis. All melanoma cells had significant up-regulation of muc-1 mRNA compared with
that in the NHEM-a (Bars were represented as the mean + S.E, n = 3, *P < 0.05 and **P < 0.01 versus NHEM-a).
F. Immunoblotting analysis of muc-1 protein in the melanoma cell lines and melanocyte cell. Muc-1 protein expres-
sions were up-regulated in all metastatic melanoma cell lines examined compared with that in the melanocyte cell.

examined using an immunocytochemical meth- divided into two experiment groups. For experi-
od. For immunofluorescent labeling, anti-Akt mental metastasis analysis, the mice were
antibody was used as primary antibody and injected at the lateral tail vein with (5 x 10°)
goat anti-rabbit IgG-FITC was used as a second- cells carrying control and mucl siRNA plasmids
ary antibody. Fluorescence cells were observed or vector and mucl. Mice were sacrificed 2
and photographed under a laser scanning con- weeks after inoculation and all organs were
focal microscope (LEICA TCS SP5, Mannheim, examined for the presence of macroscopic
Germany). metastases. Lung and liver metastatic nodules

were determined under a dissecting micro-
Animals and experimental metastasis assay scope [17]. Animal handling and experimental

procedures were approved by the Institutional
Female C57BL/6 mice at 6-8 weeks old (15-20 Animal Care and Use Committee (IACUC) of
g) were purchased from Shanghai Slack labora- Huazhong University of Science and Technology.
tory animal co., LTD. Mice were maintained at The data were presented as mean * SE.
dark/light cycles of 12 h duration with food and Differences in the results of different treatment
water available. 12 animals were randomly groups were evaluated using either two-tailed
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Student’s t test or one-way ANOVA followed by
post hoc Dunnett’s test.

Xenograft model

After mucl knockdown, 3 x 10°B16 cells or
B16BL6 cells were subcutaneously implanted
into female, C57BL/6 mice to build melanoma
xenograft [18]. Tumor volume and mice body
weight were measured every 3 days. Tumor vol-
ume was calculated as mm3 = 0.5 x length
(mm)2 width (mm)?. Animal handling and experi-
mental procedures were approved by the
Institutional Animal Care and Use Committee
(IACUC) of Huazhong University of Science and
Technology. The data were presented as mean
+ SE. Differences in the results of two groups
were evaluated using either two-tailed
Student’s t test or one-way ANOVA followed by
post hoc Dunnett’s test.

Statistical analysis

The data were presented as mean + SE.
Differences in the results of two groups were
evaluated using either two-tailed Student’s t
test or one-way ANOVA followed by post hoc
Dunnett’s test. The differences with P < 0.05
were considered statistically significant.

Result

Identification of mucl as a novel melanoma
metastasis regulator

The melanoma cell line B16 is a widely used
model to study the metastasis of melanoma for
its high metastatic potential [19]. To identify
the key genes involved in melanoma cell metas-
tasis, we transfected B16 cells with pDisrup
vector to randomly produce insertions into the
genomic DNA, followed by selection with blasti-
cidin to obtain mutated B16 cell clones. Cellular
motility and migration are key hallmarks that
distinguish benign from malignant tumors,
enabling cells to cross tissue boundaries, dis-
seminate in blood and lymph and establish
metastases at distant sites. The mobility and
migration ability of the selected mutant cell
clones was then determined by wound healing
and Transwell migration assay. Finally, cell
clones with increased or decreased migration
potential were further analyzed by the RT-PCR
and 3’ RACE to identify the genes disrupted by
pDisrup vector. With this strategy, several can-
didate genes were identified, including a gene
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named mucl and this candidate was designat-
ed as mucl™® which exhibited decreased
metastasis potential. To verify whether the
gene identified by this method was indeed dis-
rupted in melanoma B16 cells, real-time PCR
was carried out to determine mucl gene
expression. As shown in Figure 1A and 1B, the
expression of mucl was greatly reduced in this
cell clone compared to control cells. To deter-
mine if loss function of mucl affects B16
migration, we performed wound healing and
Transwell assay to evaluate the cell motility. As
shown in Figure 1C, 48 h after scratching, the
area of wound recovered by the migration of
mucl™ cells was not significant and only less
than half of that for control ones. 48 h later,
wild type cells had almost closed up the wound,
but not mucl™ cells. Consistently, there were
less mucl™ cells that migrated across the
membrane of the Transwell chamber compared
to the wide type cells (Figure 1D). In summary,
disruption of mucl led to reduced B16 cells
mobility and significantly impaired the migra-
tion of melanoma cell B16.

To investigate the mRNA expression of mucil,
we performed quantitative reverse transcrip-
tase-polymerase chain reaction (qRT-PCR)
analysis in normal human melanocyte cell line
NHEM-a and a panel of melanoma cell lines.
Mucl mRNA was up-regulated in all metastatic
cell lines compared with that in the melanocyte
cell line NHEM-a (Figure 1E). We also per-
formed western blot analysis to investigate the
mucl protein expression status in the melano-
ma cells and melanocyte cell. A significant
increase in mucl protein expression was seen
in metastatic cell lines compared with NHEM-a
(Figure 1F). These analyses indicated that both
transcription and translational products of
mucl were highly expressed in metastatic mel-
anoma cell lines. The expression level of mucl
genes in melanoma was also analyzed using
Oncomine (https://www.oncomine.org/). For
this, we compared clinical specimens of cancer
vs. normal patient from the Haqq Melanoma
database [20]. We analyzed the results for their
p-values and fold change. Oncomine analysis of
neoplastic vs. normal tissue showed that mucl
was significantly over-expressed in melanoma

(Figure S1).

To ascertain mucl was indeed responsible for
reduced migration in melanoma cells, we inves-
tigated whether reduced melanoma B16 and
B16BL6 cells migration could be reproduced by

Am J Cancer Res 2015;5(9):2590-2604
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Figure 2. Muc1 silencing decreases the migration of melanoma B16 and B16BL6 cells. A. Western blot shows that
the mucl was elevated in control cells, siMucl #1 and siCTL transfected cells. GAPDH was used as a loading con-
trol. B. Both siMucl and siCTL #1 transfected cells were plated in 6 cm dishes. Wound healing assay was performed
to determine the metastatic potential of cells and representative pictures of the wound distance were taken at O
and 48 h post scratching as indicated. The percentage of wound closure was quantified. C. The cell motility was
evaluated by transwell assays. Data were collected from three independent experiments and were average + S.E.
values. **P < 0.01, compared to control cells. D. Mucl was cloned into pIRES2-EGFP vector and transfected into
melanoma B16 and B16BL6 cells. The cells transfected with an empty vector were used as control. E. The transfec-
tion efficiency was evaluated by the expression of green fluorescence protein (GFP) and the expression of mucl
was determined western blot with mucl antibody. Scale bars: 100 ym. GAPDH was used as a loading control. F
and G. The cell motility was evaluated by Transwell assay and the number of migration cells was quantified. Scale

bars: 50 um. Data were from three independent experiments and are average * S.E. values. *P < 0.01, compared
to control cells.
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Figure 3. Mucl regulates Akt pathway in melanoma cells. A. Western blot shows that the phosphorylation of Akt
was elevated in cells transfected with pIRES-EGFP-mucl. B. The phosphorylation of Akt was perturbed in cells
transfected with mucl siRNA plasmid. C. Immunofluorescent staining analysis of the effect of mucl gene silencing
and over-expression on intracellular Akt expression in B16 and B16BL6 cells. Red color was detected for Akt, while
nuclei were counterstained with blue color using DAPI (scale bar represents 50 um).

sicTL ©
siCTL

siMuc1
siMuc1

gene silencing with two independent siRNAs cific siRNAs (siMucl #1) was significantly
specific for murine mucl (the sequences of siR- decreased compared with the cells transfected
NAs are listed in Materials and Methods: with scrambled siRNA (siCTL). Then, the trans-
Plasmids and DNA Constructs). To perform this fected cells were subjected to wound healing
experiment, we silenced the expression of and Transwell assay to evaluate their migratory
mucl with two siRNA-incorporated plasmids. potential. Both B16 and B16BL6 cells trans-
As shown in Figure 2A, the expression of mucl fected with siCTL were able to close a wound by
in B16 and B16BL6 transfected with mucl-spe- 48 h. However, the wound inflicted on cells
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Figure 4. Mucl facilities the migration of melanoma cells via Akt pathway. A. Expression of D2Akt was confirmed
by western blot with antibody against Flag-tag and Akt, and GAPDH was used as loading control. B. Transwell assay
was performed to determine the motility of cells co-transfected with mucl silencing plasmid and D2Akt plasmid.
Columns were data collected from three independent experiments. Representative pictures were taken after stain-
ing with crystal violet. Scale bar represents 50 um. Data were from three independent experiments and are aver-
age =+ S.E. values. **P < 0.01, compared to siCTL cells; ##P < 0.01, compared to siMucl cells. C. In the presence
of GSK690693 (2 nM), B16 and B16BL6 cells were incubated for 1 h, protein extracts were analyzed by western
blot with antibodies against phosphorylated Akt (S473) or Akt. D. In the presence of GSK690693 (2 nM), transwell
migration assay was conducted to evaluate the cell motility after transfection. Scale bars: 50 ym. Data were from

three independent experiments and were average + S.E. values. **P < 0.01, compared to transfected vector cells;
##P < 0.01, compared to transfected mucl cells.

transfected with mucl siRNA #1 had not yet

transwell assay results also showed that the
closed up at 48 h (Figure 2B). Consistently,

number of siMucl cells moved across the
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membrane was fewer than the siCTL cells
(Figure 2C). We tested another specific siRNA
for mucl (mucl siRNA #2) to rule out the off-
target effects. The mucl siRNA #2 showed
essentially the same effects on mucl expres-
sion and on cell migration (Figure S2). Because
mucl down-regulation was stronger in the
mucl siRNA #1 cells, we employed B16-siMucl
#1 and B16BL6-siMucl #1 cells to perform the
following studies. These cells are labeled as
“siMucl” cells in the figures. Taken together,
these results indicated that silencing of mucl
could reproduce the effect of mucl disruption
by pDisrup 8 plasmid and drastically reduced
melanoma cells motility.

To further confirm the role of mucl in melano-
ma cells motility, we cloned mucl into pIRES-
EGFP vector and transfected it into melanoma
B16 and B16BL6 cells. The transfection effi-
ciency was confirmed by the expression of
green fluorescence protein (GFP) (Figure 2D).
We also confirmed the over-expression of mucl
by western blot with mucl antibody (Figure 2E).
The migration of mucl over-expressed B16 and
B16BL6 cells was then examined by migration
assay. As shown in Figure 2F and 2G, there
were more mucl over-expressed cells migrated
across the membrane compared with cells
transfected vector. Invasion is the hallmark of
tumor metastasis. Using invasion analysis, we
investigated the effects of mucl siRNA on inva-
sion in tumor cells. In accordance with migra-
tion result, we found that silencing of mucl in
B16 or B16BL6 resulted in significantly sup-
pressed invasion (Eigure S3).

Akt mediates the role of mucl in melanoma
cell migration

To determine the signaling pathways which are
involved in mucl-mediated melanoma cell
migration, multiple potential signaling path-
ways related to migration and invasion of can-
cer cells were screened. As shown in Figure 3A,
only the basal level of Akt activation was found
to be significantly up-regulated in cells over-
expressing mucl. In contrast, no obvious differ-
ence could be observed for many other signal-
ing pathways, such as Focal Adhesion Kinase
(FAK), extracellular regulated protein kinases
(ERK) and Src. Consistently, when mucl was
silenced by siRNA in melanoma cells, Akt acti-
vation was also down regulated in B16 and
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B16BL6 cells (Figure 3B). Additionally, the
activity of Akt was explored by immunofluores-
cence staining and confocal microscopy. As
illustrated in Figure 3C, mucl gene silencing
hardly decreased Akt activity. Consistently,
mucl over-expression promoted Akt activity. In
combination, these results strongly suggest
that mucl facilitates the activation of Akt sig-
naling pathway in melanoma cells.

To confirm the role of Akt in mucl-mediated cell
migration, constitutively active form of Akt
(D2Akt) was introduced into mucl-silenced
cells. The expression of D2Akt was confirmed
by western blot with anti-Flag and anti-Akt anti-
body (Figure 4A). The migration of cells was
then examined by migration assay. As expect-
ed, active Akt largely restored the impaired
migration in mucl-silenced B16 and B16BL6
cells (Figure 4B). Furthermore, GSK690693, an
Akt specific inhibitor was also employed to dis-
sect the role of Akt signaling in cell migration
[21]. As shown in Figure 4C, mucl-mediated
phosphorylation of Akt was completely blocked
by GSK690693. As a result, mucl-promoted
migration in B16 and B16BL6 cells were also
abolished by GSK690693, as shown by the
transwell migration assay (Figure 4D). To con-
clude, these data indicate that Akt signaling is
involved in mucl promoted metastasis of mela-
noma cells.

Mucl promotes lung metastasis of melanoma
in vivo

To further investigate the role of mucl in the
metastasis of melanoma cells in vivo, an exper-
imental metastasis assay was performed.
Control and mucl knock down cells were inject-
ed into the lateral tail vein of C57BL/6J mice. 2
weeks post inoculation, animals were sacri-
ficed and all the major organs were checked for
the generation of tumor metastasis. The tumor
metastasis was mainly observed in the lungs
as previously reported. We found that injection
of B16 and B16BL6 control cells resulted in the
formation of numerous lung colonies whereas
silencing of mucl significantly suppressed pul-
monary metastasis (Figure 5A) and only gener-
ated one third of lung colonies (Figure 5B). To
further confirm the role of muc1 in the metasta-
sis of melanoma cells in vivo, experimental
metastasis assay was performed. Control and
mucl over-expression cells were injected into
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tasis were quantified and showed by each data point. Data were from three independent experiments and were
average * S.E. values. n = 6, **P < 0.01, compared to mice injected with siTCL cells. C. Western blot showed that
the phosphorylation of Akt was inhibited in lung tissue from mice injected with mucl siRNA cells. D. Control vec-
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Representative pictures of lungs from mice were taken after 2 weeks of injection with control cells or with mucl
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transfected vector cells. Scale bars: 1 cm. F. Western blot shows that the phosphorylation of Akt was increased in

lung tissue from mice injected with mucl over-expression melanoma cells.

the lateral tail vein of C57BL/6J mice. 2 weeks
post inoculation, animals were sacrificed and
we found that injection of B16 and B16BL6
over-expression cells resulted in the formation
of more lung colonies than control cells (Figure
5D and 5E). In addition, mucl ove-rexpression
cells produced nodules that occupied a higher
percentage of the total lung area, while meta-
static nodules of control cells generated dis-
crete black foci (Figure 5D). These results
implied that mucl indeed perturbed the metas-
tasis of melanoma cells not only in vitro but
also in vivo. Mucl has been identified as a key
regulator in the Akt and influences cell migra-
tion and invasion in vitro. To investigate mucl-
mediated metastasis in vivo was through regu-
lation of Akt, Akt activity in lung tissues was
assayed by western blot. Mice injected with
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mucl knockdown cells showed a significant
reduction of phospho-Akt expression in lung
(Figure 5C). We also assessed the phospho-Akt
levels in lung from mice injected with mucl
over-expression cells. Consistently, up-regula-
tion of Akt activity was detected (Figure 5F).

Mucl knockdown inhibits growth of melanoma
cells

As Akt activity regulates many processes con-
sidered to be hallmarks of cancer, the Akt path-
way has become an important new therapeutic
target. Akt activation promotes resistance to
standard chemotherapy and radiation therapy,
and inhibition of Akt signaling induces apopto-
sis and decreased growth of tumor cells depen-
dent on elevated Akt signaling for survival and
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Figure 6. Mucl siRNA inhibits tumor growth in vitro and in vivo. A. One solution cell proliferation assay analyzed cell
proliferation in B16-siMuc1, B16BL6-siMucl and control cells. Data were from three independent experiments and
were average * S.E. values. **P < 0.01, compared to control cells. B. Mucl siRNA did not result in LDH release, in-
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growth. We observed cell proliferation of the
cell lines after transfected. In two cell lines test-
ed, mucl knockdown lead to a statistically sig-
nificant decrease in growth compared to siCTL
treated cells (Figure 6A). To validate whether
the growth inhibition of mucl1 siRNA was due to
its toxicity effects on melanoma cells, LDH
cytotoxicity assay was carried out. As shown in
Figure 6B, Triton X-100 significantly increased
LDH release, and mucl knockdown as well as
siCTL treated brought little toxic effects on two
melanoma cells when compared to vehicle con-
trol. To elucidate its mechanism of action, we
assessed the effect of mucl knockdown on
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Akt. B16 and B16BL6 cells were transfected
with siCTL or mucl siRNA and western blot
analysis was performed. As shown in Figure
6C, mucl knockdown was associated with a
decline in Akt activity.

To evaluate the effects of mucl knockdown on
melanoma growth in vivo, we further construct-
ed an experiment using melanoma cells xeno-
graft mouse model. Representative mice with
B16 or B16BL6 xenografts and tumor masses
were shown in Figure 6D. It was found that
mucl knockdown dramatically suppressed
tumor volumes compared with the siCTL con-
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trol group (Figure 6E). Furthermore, mucl
knockdown was well tolerated, and there was
no significant difference in mice implantation
with mucl knockdown cells between control
group (Figure S4). To further examine whether
mucl knockdown suppress melanoma cells
growth via Akt, Akt activity in tumor tissues
were assayed by western blot analysis with
specific antibody against p-Akt™3%%  Mice
implantation with mucl knockdown cells
showed a significant reduction of p-Akt™3% in
tumors (Figure 6F). All the results demonstrat-
ed that mucl knockdown inhibited growth of
melanoma cells via suppressed Akt signaling
pathway.

Discussion

Malignant melanoma is the skin cancer with
the highest risk of death for its highly metastat-
ic potential. However, there is currently no
effective treatment for metastatic melanoma
partly due to the complicated mechanism
underlying its metastasis. In the present study,
we identified a novel role for mucl in the metas-
tasis of murine melanoma cells. We found that
mucl promotes the metastasis of melanoma
cells in vitro and in vivo through the Akt signal-
ing pathway. Our results may provide a new tar-
get for intervention in the melanoma treatment
and may improve the future treatment of
melanoma.

Mucl is a membrane-bound glycoprotein con-
sisting of a large extracellular subunit of a 20
amino acid tandem repeat domain, a small
extracellular domain subunit, a transmem-
brane domain and a cytoplasm tail [22].
Previous studies showed that muc1 is frequent-
ly over-expressed in various cancers including
breast, ovarian, lung, and colon cancer. It is
also considered as a potential diagnostic, prog-
nostic, and therapeutic biomarker of pancreat-
ic cancer [23]. Over-expression of mucl has
been observed in many types of adenocarcino-
ma and correlated with lymph node metastasis
and poor prognosis in patients. Increased lev-
els and altered glycosylation of mucl facilitate
invasive growth and metastasis of tumor cells
[24]. Mucl cytoplasmic tail domain is involved
in a wide range of intracellular signaling by
association with numerous kinases, cell adhe-
sion molecules, transcription factors and chap-
erones that are implicated in malignant trans-
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formation [25]. Recently studies shown mucl
contributes to the invasive and metastatic
properties of adenocarcinomas by mediating
the epithelial to mesenchymal transition (EMT),
the mechanism by which polarized epithelial
cells acquire mesenchymal cell properties with
an enhanced potential for migration, and mod-
ulating both adhesive and anti-adhesive prop-
erties of tumor cells. In addition, mucl in asso-
ciation with other molecules such as 3-catenin,
NF-kB p65 or EGFR, regulates transcription of
several genes responsible for progression and
invasiveness of cancer [26]. So far, no investi-
gation has been carried out on the involvement
of mucl in melanoma metastasis. In this work,
we firstly reported a novel role for mucl in the
metastasis of melanoma cells. We found that
the metastasis of melanoma cells was signifi-
cantly inhibited, when the mucl gene was dis-
rupted by insertional mutagenesis. Further
investigation with gene silencing of mucl
showed that the metastasis of melanoma cells
was significantly decreased as revealed by the
migration assay and this effect is specific to
skin cancer cells. In contrast, the over-expres-
sion of mucl in murine B16 and B16BL6 mela-
noma cells greatly enhanced the migration of
melanoma cells. More convincingly, mucl
silencing markedly impaired the lung metasta-
sis of murine melanoma cells in vivo. All these
data presented that mucl is involved in the
metastasis of melanoma cells. In the past
study from Fengli Wang, et al [27], authors
investigated the effects of mucl on cancer-
related characteristics of B16 cells by stable
expression of the human full-length mucl in
cells and found up-expression of human full-
length mucl inhibit migration of mouse mela-
noma cell line. However, they transfected full-
length human muc1 into murine derived mela-
noma cells B16, it may merely be equivalent to
transfection of the mouse mucl cytoplasmic
tail [27], Structurally, mucl contains two
domains believed to be of functional signifi-
cance, the large extracellular domain of mucl
and mucl cytoplasmic tail. The mucl extracel-
lular domain engages in signal transduction
through several residues that can be phosphor-
ylated by receptor tyrosine kinases (and other
kinases) [12, 27]. In our current manuscript, we
investigated the effects and related mecha-
nisms of mucl on cancer cells by specific sSiRNA
mucl extracellular domain and found down-
expression of mucl inhibit migration of mouse
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melanoma cells. Although the results are incon-
sistent, we suspect the function of mucl extra-
cellular domain and mucl cytoplasmic tail is
opposite in melanoma. Whatever, contradiction
in this term throws out light into the double-
edged sword in cancer. In drug development,
blocking antibody should specific for mucl
extracellular domain to inhibit melanoma cells
metastasis. In addition, we proofed muc1l is up-
expression in cancer using cell lines and cancer
public database (Oncomine), which is consis-
tent with previous results [28, 29]. Based on
these findings, we propose that mucl may play
an important role in regulating melanoma cells
migration.

The underlying molecular mechanism for muc1-
regulated melanoma metastasis is identified to
be related to Akt signaling pathway. Our results
showed that over-expression of mucl in B16
and B16BL6 murine melanoma cells induces
up-regulation of Akt phosphorylation and mucl
silencing leads to reduced Akt phosphorylation.
Furthermore, restored Akt activity by an active
form Akt plasmid could rescue the impaired
migration of melanoma cells induced by mucl
silencing. In the presence of GSK690693, a
specific inhibitor of Akt signaling pathway, mucl
over-expression promoted migration were sig-
nificantly inhibited as revealed by the Transwell
migration assay. The pro-metastatic potential
of Akt pathway can be supported by the involve-
ment of up-regulation of phosphorylated Akt in
severely dysplastic nevi and metastatic mela-
nomas compared with normal or mildly dysplas-
tic nevi. Moreover, activation of Akt pathway is
also required in human breast cancer cells and
ovarian cancer cells to promote cellular inva-
sion and metastasis. However, the detail mech-
anisms underlying mucl regulating the metas-
tasis of melanoma cells is still not clear. We
speculated that the mechanism leading to this
specificity involves the ability of mucl to asso-
ciate with Akt activity.

Due to the important roles of mucl in the
metastasis of melanoma cells, it may serve as
an attractive target for molecular targeting can-
cer therapy. In the further work, it is worthwhile
to elucidate the precise roles of mucl in regu-
lating the Akt signaling thus mediating the
metastasis in melanoma cells.

Oncomine analysis

The expression level of mucl genes in the mel-
anoma was analyzed using Oncomine [1]. For
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this, we compared clinical specimens of cancer
vs. normal patient from the Haqq Melanoma
database [2]. In order to reduce our false dis-
covery rate, we selected P < 0.01 as a thresh-
old. We analyzed the results for their p-values,
fold change, and cancer subtype.

Lactate dehydrogenase (LDH) toxicity assay

The LDH released into cell cultures is an index
of cytotoxicity and evaluation of the permeabil-
ity of cell membrane. HUVECs were seeded in
96-well plate at a density of 3 x 103 cells per
well. After incubation with vehicle (0.1% DMSO),
1% Triton X-100 or various concentrations of
rhamnazin for 24 h, cell supernatants were col-
lected and analyzed for LDH activity using LDH
cyto-toxicity assay kit from Keygen biotech [3].
The absorbance of formed formazan was read
at 490 nm on a microplate reader. Differences
in the results of two groups were evaluated
using either two-tailed Student’s t test or one-
way ANOVA followed by post hoc Dunnett’s test.

Invasion assay

Assay was performed with Matrigel-coated
chambers from a BioCoat Matrigel Invasion
Chamber Kit (BD Biosciences). Cells with 500
gl in serum-free medium were added into the
upper chamber and complete medium was
added into the lower chamber. After incubation
for 24 h, non-invasive cells in the upper surface
of the membrane were removed and the cells
invasion to the lower surface of the membrane
was fixed. Invasion cells was stained with cell
membrane green fluorescent probe (3,3-diocta-
decyloxacarbocyanine perchlorate, DiO, Beyo-
time Biotechnology). Cell counting was then
carried out by photographing the membrane
through the microscope [4] and five random
fields were taken. The data were presented as
mean * SD. Differences in the results of two
groups were evaluated using either two-tailed
Student’s t test or one-way ANOVA followed by
post hoc Dunnett’s test.
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Figure S1. Analysis of mucl expression in normal skin versus melanoma from the Haqq Melanoma database. Left
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Figure S2. Mucl siRNA #2 decreases the migration of melanoma B16 and B16BL6 cells. A. Western blot shows
that the mucl was elevated in control cells, siMucl #2 and siCTL transfected cells. GAPDH was used as a loading
control. B. Both siMucl #2 and siCTL transfected cells were performed to migration assays to evaluated migration
ability. Data were collected from three independent experiments and were average + S.E. values. **P < 0.01, com-
pared to control cells. Scale bars: 50 ym.
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