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Abstract
The limited availability of melanoma stem cells is a major challenge for therapeutic reagent screening and
study of molecular mechanisms. It has been shown that induced expression of four stem cell factors
(Oct4, Sox2, Klf4, and c-Myc) changes the phenotype of osteosarcoma and breast cancer cells to
osteosarcoma stem cells and breast cancer stem cells, respectively. The present study aimed to explore
whether these four factors might change the phenotype of melanoma cells to melanoma stem cells and,
if so, to examine the possible molecular signal involved. Melanoma B16-F10 cells were transfected with
the plasmid TetO-FUW-OSKM which contains cDNA expressing four factors, driven by the Tet-On
element. We found that expression of the four transcription factors was highly induced by DOX in the
stable melanoma cell clones. Further studies confirmed that induced expression of these factors
remodeled the phenotype of the melanoma cells to melanoma stem cells (MSCs). This conclusion was
supported by the evidence that induced expression of these factors increased the numbers of
tumor-initiating cells, (namely MSCs), both in an in vitro cell culture system and in a mouse in vivo model.
The conclusion was further supported by the observation that the induction of these factors exclusively
increased the mRNA of signal transducer and activator of transcription 3 which has been reported to
play a crucial role in stem cell maintenance. Thus, phenotypic remodeling of melanoma cells following
the induction of these four factors provided a simple and optimal means to constantly obtain MSCs for
screening new therapeutic reagents. The result also reveals that Stat3 may be a crucial link between the
induction of the four factors and the cell remodeling, suggesting its potential role as a target to fight
melanoma.
Key words: Phenotypic Remodeling; Melanoma; Transcription Factors; Stat3; Melanoma Stem Cells.

Introduction
Malignant melanoma is a deadly disease with
highly aggressive and drug-resistant behavior [1]. The
incidence of melanoma is higher in children and
adolescents who may have a long life expectancy [2].
Conventional surgery, chemotherapy, radiotherapy
and biotherapy are not always successful and some of
these treatments are associated with adverse reactions

and/or emergence of drug resistance [3, 4], because of
relatively poor understanding of the cellular and
molecular mechanisms involved.
Accumulated evidence has shown that a small
subpopulation of malignant cells has stem cell
properties, is responsible for tumor recurrence, and so
named tumor-initiating cells (TICs) or cancer stem
http://www.medsci.org
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cells (CSCs) [5]. The resistance of CSCs to
currently-used chemical reagents may be a major
reason for the treatment failure [6]. Although these
reagents may be able to eliminate the bulk of the
neoplasm and decrease the size of the tumors, they
are unable to eliminate the CSCs which are
responsible for tumor relapse and drug resistance.
Consequently, specific therapy aimed at CSCs might
provide promise for malignant melanoma treatment.
The scarce availability of CSCs is a major
challenge for therapeutic reagent screening. Until
recently, CSCs have been identified in leukemia and
some solid tumors such as colon and breast cancers
and some malignant brain tumors. Preliminary
studies have shown that chemical reagents aimed at
these CSCs have better therapeutic effects [7, 8].
Nevertheless, the number of native CSCs is far less
than the requirement for broad studies.
Accumulating evidence has shown that among
melanoma cells, there is a subpopulation with a
tumor-initiating phenotype, named melanoma
stem-like cells (MSCs) [9, 10]. Moreover, some
molecular markers of MSCs have been explored
[11-14]. However, the limited availability of MSCs
prevents their broad application in molecular
mechanism research and therapeutic drug screening.
Yamanaka’s four transcription factors: Oct4, Sox2,
Klf4, and c-Myc (OSKM) have been successfully used
to induce osteosarcoma cells and breast cancer cells
into osteosarcoma stem cells and breast cancer stem
cells, respectively [15-18]. In the present study, the
plasmid expressing these four factors driven by the
Tet-On element was transfected into melanoma
F10-B16 cells and doxycycline (DOX) was used to
induce the expression of these factors in stable
transfected cell clones. The effects of induced
expression of these factors on the phenotype of
melanoma cells and involved molecular signals were
studied

Materials and Methods
Materials
High Glucose Dulbecco’s Modified Eagle
Medium (H-DMEM) and sucrose-based solution were
from Gibco BRL (Rockville, MD, USA). Fetal bovine
serum (FBS) was from HyClone Inc. (Logan, UT,
USA). Trizol Reagent, PCR primers, and RT-reaction
Kit were purchased from TaKaRa Biotechnology
(Dalian, Liaoning, China). SYBR Green PCR Master
Mix was from Applied Biosystems (Warrington, UK).
LipofectamineTM2000 and Zeosin were from
Invitrogen (Carlsbad, CA, USA). Basic fibroblastic
growth factor (bFGF) was from Gibco (California,
USA). C57BL/6 mice were from Jilin University (Jilin,
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China). Doxycycline (DOX) was from Sigma (San
Francisco, USA). Plasmids TetO-FUW-OSKM and
FUW-M2rtTA were gifts from Rudolf Jaenisch
(Addgene plasmid # 20321 and # 20342).

Cell culture and transfection
B16-F10 melanoma cells were from ATCC
(Maryland, USA). The cells were maintained in
H-DMEM supplemented with 10 % FBS at 37 C in 5 %
CO2 and a humidified atmosphere. All the
transfection was performed using LipofectAMINE
2000 reagent, according to the manufacturer’s
instructions. After 24h, the transfection was ended by
washing away old media and adding fresh complete
media to the cells. We split the cells in a 10-cm plate at
day 3 and added Zeocin (400μg/ml) at day 5 to start
the selection. The cells were checked every day and
the medium was changed when necessary to remove
the dead cells. When the clones were clearly visible
and isolated from one another, they were picked,
transferred to 96-well plates, and then expanded.

RNA purification and RT-QPCR
Total RNA purification and RT-QPCR were
performed with a detailed procedure as described
previously [19]. The primer sets used for PCR
amplification are shown in Table 1. After
amplification, a melting curve was generated and data
analysis was performed by using Dissociation Curves
1.0 software (Applied Biosystems). The normalized
value was given by the ratio of mRNA of the target
gene to mRNA of the reference gene (β-actin) in each
sample.

Immunocytochemical staining
Following the manufacturer’s instruction,
immunocytochemical staining was carried out by a SP
DAB Detection Kit, based on Streptavidin-Peroxidase,
purchased from Fuzhou Maixin Biotech Co. Ltd
(Fuzhou, China). Cells were stained on primary rabbit
anti-Oct4 and c-Myc polyclonal antibodies (Abcam,
Cambridge, UK) after quenching endogenous
peroxidase activity for 30 min at room temperature.
Positive immunochemical reactions were, then
detected by anti-rabbit secondary (30 min at room
temperature) and revealed using DAB chromagen.
The stained slides were counterstained with
hematoxylin.

Western blotting
Protein samples were resolved by 10 %
SDS-PAGE and then were transferred onto
polyvinylidene
fluoride
(PVDF)
membranes
(Millipore, Bedford, USA). After blocking and
washing, the membranes were incubated with
primary rabbit anti-Oct4 and c-Myc polyclonal
http://www.medsci.org
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antibodies

and mouse anti-β-actin monoclonal
antibody (Abcam, Cambridge, UK). Following
extensive washing, the membranes were incubated
with HRP-labeled anti-rabbit IgG or HRP-labeled
anti-mouse IgG for 1 h. After washing the
membranes, the immunoreactive bands were
visualized by using an ECL kit, and then the
membranes were exposed to film and analyzed by
using an automatic gel imaging analysis system
(Gene, Cambridge, UK).

Statistical analysis
All calculations and statistical analyses were
performed by using GraphPad Prism 5.0 software
(San Diego, CA, USA). Student’s t test was used to
analyze the significance of any differences between
two groups. P ＜ 0.05 was considered statistically
significant.

Results

Table 1. Primer sets used for RT-QPCR
Genes Primer
sets
Oct4 Forward
Reverse
Sox2 Forward
Reverse
Klf4
Forward
Reverse
c-Myc Forward
Reverse
Stat3 Forward
Reverse
Cyclin Forward
A1
Reverse
CDK1 Forward
Reverse
SKP2 Forward
Reverse
P53
Forward
Reverse
β-actin Forward
Reverse

respectively. The volumes were calculated according
to the formula volumes = (4×π×R3)/3, in which R = (a
+ b) /2.

Sequences

GenBank

Induction of OSKM by DOX

5'-CAGCCAGACCACCATCTGTC-3'
5'-GTCTCCGATTTGCATATCTCCTG-3'
5'-GCTCGCAGACCTACATGAAC-3'
5'-GCCTCGGACTTGACCACAG-3'
5'-CTTCAGCTATCCGATCCGGG-3'
5'-GAGGGGCTCACGTCATTGAT-3'
5'-TCTCCATCCTATGTTGCGGTC-3'
5'-TCCAAGTAACTCGGTCATCATCT-3'
5'- GGATCGTGGCCCGATGCCTG -3'
5'- CTACGGCGGCTGTTGGGTGG -3'
5'- CCCATCGACCGCAGCAAGCA -3'
5'- AGGCGGCTCCATGAGGGACA -3'
5'- GTTGCTGGGCTCGGCTCGTT -3'
5'- GCGGCTTCTTGGTGGCCAGT -3'
5'- TGCCCCAACCTCATCCGCCT -3'
5'- ACCGGCTGAGCGAGAGGTGT -3'
5'-GGACGATCTGTTGCTGCCCCGAGA-3'
5'- TGACAGGGGCCATGGAGTGGCT -3'
5’-CATGTACGTTGCTATCCAGGC-3’
5’-CTCCTTAATGTCACGCACGAT-3’

NM_013633.3

To identify the cell clones in which the
expressions of four factors (OSKM) had been induced
by the exposure to DOX, the mRNAs of OSKM were
analyzed by RT-QPCR in three stable cell clones
which had been transfected with the vector in which
the transcription of the four factors was controlled by
the Tet-on system. The results are shown in Fig. 1. In
all three tested cell clones OSKM mRNAs were highly
induced by DOX treatment, compared to the cells
without exposure to DOX and the parental melanoma
cells without transfection (Fig. 1A). We also analyzed
the expression of both Oct4 and c-Myc protein in one
cell clone (1#) by immunochemistry and western blot.
Fig. 1B and Fig. 1C show representative results of the
immunochemistry staining and western blot,
respectively. Fig. 1D shows the results of statistical
analysis. The high induction of both Oct4 and c-Myc
protein was also observed in the cell clone (Fig. 1B,
1C, and 1D). These results indicate that we
successfully obtained a cell clone in which expression
of four factors could be regulated by DOX. This cell
clone was used in all later parts of the present study.

NM_011443.4
NM_010637.3
NM_010849.4
NM_011486.5
NM_007628.3
NM_007659.3
NM_013787.3
NM_011640.3
NM_001101

Sphere formation efficiency (SFE) assay
Melanoma sphere formation efficiency assay was
performed with a detailed procedure as described
previously [20]. Briefly, cells were planted at a density
of 1000 cells in 24-well ultra low attachment plates
(Corning, Inc.) in H-DMEM with 5% FBS and bFGF
(20ng/ml). Fresh aliquots of bFGF were added every 2
days. After 2 weeks in culture, the cell spheres, whose
diameters are greater than 50 micrometer, were
counted under inverted phase contrast microscopy.

Tumor formation
Two groups of 10 C57BL/6 female mice aged 8
to 10 weeks, with an average weight of 20g were
injected subcutaneously with one thousand of
B16-F10 melanoma cells, suspended in 100μl PBS.
Drinking water containing 2% sucrose, with or
without addition of DOX (5mg/ml), was given to the
induced and control mice, respectively. Mice were
sacrificed after 2 weeks and the tumors were
detached. The weights and the diameters of the
tumors were measured. The longest and the shortest
diameters of each tumor were named “a” and “b”,

Induced expression of OSKM remodeled the
phenotype of the cells in vitro
To test if induced OSKM expression could
change the phenotype of the cells from melanoma
cells to melanoma stem cells, the cell sphere formation
culture technique, which has been broadly used to
estimate the numbers of CSCs were used, combined
with the addition of basic fibroblast growth factor
(bFGF) which helps to maintain the “stemness” of the
cells in culture. The cells were cultured in the presence
or absence of DOX. Fig. 2A shows representative
microscopic appearances. Fig. 2B shows the
statistically analyzed results. The cell sphere numbers
were significantly increased in the cells cultured with
DOX, compare with the cells without DOX treatment
(Fig. 2A and 2B). These results indicate that the
induction of OSKM in melanoma cells by DOX
increased the number of tumor initiating cells and
http://www.medsci.org
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suggest that the induced expression of the four factors
could remodel the phenotype of the cells from
melanoma cells into MSCs in vitro.

Induced expression of OSKM up-regulated
stat3 expression
In order to explore the underlying mechanism,
by which OSKM remodels the phenotype of the cells,
the mRNAs of related genes were analyzed with
RT-QPCR. These genes include signal transducer and
activator of transcription 3 (Stat3), Cyclin-A1, cyclin
dependent
kinase
1
(CDK1),
S-phase
kinase-associated
protein
2
(SKP2)
and
transformation related protein 53 (Trp53, P53). Stat3
has been reported to maintain the stemness of radial
glia at mid-neurogenesis [21]; to enhance the in vitro
self-renewal and in vivo repopulating activities of
hematopoietic stem cells [22] and to enhance stemness
in human pancreatic cancer [23]. Downregulation of
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Cyclin B1/CDK1 signaling has been reported being
involved in inducing G2/M arrest and suppressing
tumorigenesis of renal cell carcinoma [24]. It has been
reported that the beta-TrCP-FBXW2-SKP2 axis forms
an oncogene-tumour suppressor-oncogene cascade to
control cancer cell growth [25]. p53 has been
recognized as a promising molecular target in
therapeutic perspectives of malignant tumors with an
emphasis on clinical trial results to date [26]. The
results are shown in Table 2. Among all analyzed
mRNAs, only the mRNA of Stat3 was significantly
increased after exposure of the cells to DOX. All the
other parameters were unchanged by DOX. Based on
the basal function of Stat3 in maintaining “stemness”
of normal and malignant stem cells, it is reasonable to
postulate that increased expression of Stat3 might be
responsible for remodeling of the cell phenotype.

Figure 1. Induction of OSKM by DOX treatment Cell clones, transfected with TetO-FUW-OSKM, were cultured in the presence or absence of DOX. The
mRNAs and proteins were analyzed by RT-QPCR (A), immunochemistry (B) and western blot (C and D), respectively. The amount of mRNAs and proteins were
normalized to beta-actin mRNA or protein. Relative fold activation was obtained based on the ratio of the normalized values of each group cells induced by DOX to
that of the cells without exposure to DOX (A and D). The data are expressed as the mean ± SD, N = 6, *P ＜0.01 versus DOX (-)

http://www.medsci.org
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Figure 2. Induction of OSKM increased the number of tumor initiating cells in vitro Cell sphere formation culture was used to estimate the numbers of
CSCs in the presence or absence of DOX. A: representative microscopic appearances and B: the statistically analyzed results. The data were expressed as the mean
± SD, N = 6, *P ＜0.05 versus DOX (-).

Table 2. Effects of the induction of OSKM on the expression of related genes.
-DOX
+DOX

Stat3
1.00
4.30±0.42**

CyclinA1
1.00
1.11±0.10

CDK1
1.00
0.90±0.07

SKP2
1.00
1.22±0.05

P53
1.00
1.39±0.17

The mRNAs were analyzed by RT-QPCR and were normalized to β-actin mRNA. Relative fold activation was calculated based on the ratio of the normalized values of the
cells induced by DOX to that of the cells without exposure to DOX. The data are expressed as the mean ± SD, N = 6, **P ＜0.01, versus DOX (-).

Induced expression of OSKM remodeled the
phenotype of the cells in vivo
In order to determine if the induced expression
of OSKM can remodel the phenotype of the cells, in
vivo, B16-F10 melanoma cells were injected into
C57BL/6 mice, to generate subcutaneous tumors.
Drinking water with or without addition of DOX was
given to the mice. After two weeks, the mice were
sacrificed to obtain the subcutaneous tumor. Volume
and weight of the tumors were measured. Fig. 3A

shows specimens of the subcutaneous tumors and Fig.
3B shows statistically analyzed results. The average
volume and weight of the subcutaneous tumors, from
the mice receiving DOX, were significantly greater
than those from the mice not receiving DOX (Fig. 3B),
suggesting that the induction of OSKM by DOX also
increased the number of tumor-initiating cells in vivo.
These results verify the conclusion that the induced
expression of the four factors could remodeled the
phenotype of the cells from melanoma cells into MSCs
in vivo also.
http://www.medsci.org
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Figure 3. Induction of OSKM increased the numbers of tumor initiating cells in vivo The cells were injected into C57BL/6 mice subcutaneously and
drinking water with or without addition of DOX was supplied. The mice were sacrificed and subcutaneous tumors were taken. The volume and weight of the tumors
were measured. A: general specimen of subcutaneous tumors and B: statistically analyzed results. The data are expressed as the mean ± SD, N = 6, *P ＜0.05 versus
DOX (-).

Discussion
The limited availability of MSCs, which play a
crucial role in melanoma recurrence, relapse, and
drug resistance, and are therefore a promising target
for novel therapeutic reagents [9-14], restricts the
potential for studies on molecular mechanisms and
anti tumor therapeutic reagent screening [27]. In the
present study, mouse melanoma F10-B16 cells were
co-transfected with the plasmids TetO-FUW-OSKM
and FUW-M2rtTA, which have been used to
reprogram somatic cells and as a drug-inducible
system [28, 29]. As expected, in all analyzed three
stable cell clones, the mRNAs of Oct4, Sox2, Klf4 and
c-Myc (and, in one stable cell clone), the protein
expression of Oct4 and c-Myc were highly induced

after treatment with DOX. The result is supported by
the knowledge that plasmid TetO-FUW-OSKM is a
single polycistronic vector encoding the four
transcription factors driven by Tet-On element and
indicates that we have successfully obtained the cell
clone in which expression of four factors could be
regulated by DOX. The result provided the
preliminary basis for the next part of this study.
Tumor initiating ability has been accepted as
characteristics of cancer stem cells in the field [5]. In
the present study, we found that the induced
expression of the four transcription factors in
melanoma F10-B16 cells significantly increased the
number of tumor initiating cells in the cultured cell
population. We concluded that the phenotypic
remodeling of the cells from melanoma into its stem
http://www.medsci.org
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cells had happened due to induced expression of
these factors. This conclusion was further supported
by the observation that these four factors also
increased the number of tumor initiating cells of
melanoma cells in vivo in the present study. It also
corroborates data from other published studies
showing that these factors remodel the cell phenotype
of osteosarcoma and breast cancer cells into
osteosarcoma stem cells and breast cancer stem cells
respectively [16-18].
The expression of particular genes determines
the characteristic phenotype and the function of the
cells. To explore the molecular mechanism by which
the induced expression of these four factors affected
the phenotype of the melanoma cells, the mRNA level
of the related genes was analyzed. We paid special
attention to the genes, whose functions have been
involved in maintaining stem cell characteristics, cell
cycle regulation, cell proliferation and apoptosis. We
found that among all analyzed mRNAs, exclusively
the mRNA of signal transducer and activator of
transcription 3 (Stat3), was significantly increased due
to induced expression of the four factors and all the
others, including those who control cell cycle
progression and those who play roles in cell
proliferation and apoptosis, were unchanged. This
result once more supports our argument that the
phenotypic remodeling of the cells from melanoma
into its stem cells had happened due to induced
expression of the four factors, because that function of
Stat3 has been reported to be associated with stem cell
maintenance of normal [21, 22] and malignant cells
[23]. It is unknown either how these factors, used in
the present study, enhance stat3 expression or which
one of them plays a crucial role in the activation.
However, recent study has shown that Oct4 or Klf4
alone, but not Sox2, can successfully reprogram
fibroblasts into induced pluripotent stem cells with
the help of epithelial cell adhesion molecule (a
trans-membrane protein) and its extracellular domain
(a soluble protein), via activation of Stat3, which leads
to the nuclear-translocation of HIF2α [30]. This study
provides an evidence to show that Oct4 and Klf4 of
the four factors may play a crucial role in activation of
Stat3 and again supports our above argument. The
result further reveals that the Stat3 might be a crucial
link between the induction of four factors and the cell
remodeling. It indicates that Stat3 up-regulation
might play an important role in sustaining the
phenotype of MSCs, suggesting it might serve as the
potential target against MSCs to overcome malignant
melanoma. Present study could not answer a detail
molecular mechanism on how Stat3 change naive
melanoma towards a tumor-initiating cell phenotype.
Furthermore, there is no direct report found from
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published literature on it until now. However, a study
has shown that Stat3 changes naive melanoma to a
melanoma-initiating cell phenotype, by up-regulation
of FN1, SNAIL, OCT4 and NANOG, that could favor
chemotherapy resistance and relapse [31]

Conclusions
In the present study, we found that induced
expression of four stem cell factors remodeled the
phenotype of melanoma cells. This conclusion was
supported by increasing the numbers of melanoma
stem cells in both in vitro and in vivo experimental
models and by exclusively increasing the expression
of stat3. The phenotypic remodeling of melanoma
cells following the induction of these four factors
provided a simple and optimal means to constantly
obtain melanoma stem cells for screening new
therapeutic reagents. The result also reveals that Stat3
may be a crucial link between the induction of the
four factors and the cell remodeling, suggesting its
potential role as a target to fight melanoma.
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