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Reprogramming factors induce proliferation and inhibit apoptosis
of melanoma cells by changing the expression of particular genes
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Abstract. Uncontrolled proliferation and defective apoptosis
are two major factors responsible for maintaining the malignant
properties of melanoma cells. Our previous study demonstrated
that induced expression of four reprogramming factors
remodeled the phenotype of B16-F10 mouse melanoma cells
into melanoma stem cells. The present study was conducted
to investigate the effect of the four Yamanaka reprogramming
factors, namely Oct4, Sox2, KIf4 and c-Myc (OSKM), on the
proliferation and apoptosis of melanoma cells, and to identify
the responsible molecular signals. The results identified that
expression of the four reprogramming factors was highly
induced by doxycycline treatment in the stable melanoma
cell clone that was transfected with a plasmid expressing
these factors, driven by the Tet-On element. It was further
confirmed that induced expression of these factors enhanced
the proliferation and suppressed the apoptosis of the melanoma
cells. In addition, induced OSKM expression increased cell
proliferation, accelerated the progression of the cell cycle, and
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upregulated the mRNA expression levels of Janus kinase 2
(JAK?2) and Cyclin-Bl. Induced expression of these factors
also decreased the apoptosis, as well as upregulated B-cell
lymphoma 2 (BCL-2) and downregulated BCL-2-associated X
(BAX) mRNA expression levels. Taken together, the results
suggested that upregulated JAK2 and Cyclin-B1 may be
responsible for the enhanced proliferation of melanoma cells,
and that BCL-2 upregulation and BAX downregulation may
account for the suppressed apoptosis of these cells.

Introduction

Malignant melanoma is a highly aggressive disease exhibiting
drug-resistant behavior (1). Higher melanoma incidence
is reported in children and adolescents, whose longer life
expectancy than adult patients may be seriously affected (2).
Melanoma treatments include conventional surgery,
chemotherapy, radiotherapy and biotherapy; however, these are
not always successful. Furthermore, certain of these treatment
strategies are associated with adverse reactions and/or
emergence of drug resistance (3,4), due to the involvement of
relatively complicated cellular and molecular mechanisms.

Uncontrolled proliferation and defective apoptosis have
been recognized as major factors responsible for the trans-
formation of normal melanocytes into malignant melanoma
cells (5). This has been further proven by studies reporting that
benign nevi can be transformed into melanoma cells through
uncontrolled proliferation and decreased apoptosis (6,7).

The Yamanaka transcription factors: Oct4, Sox2, Klf4,
and c-Myc (OSKM) have been successfully used to induce the
differentiation of osteosarcoma and breast cancer cells into
osteosarcoma stem cells and breast cancer stem cells, respec-
tively (8-11). Our previous study demonstrated that the plasmid
expressing these four factors driven by the Tet-On element is
transfected into melanoma F10-B16 cells and doxycycline
(DOX) is used to induce the expression of these factors in stable
transfected cell clones; thus the expression of four reprogram-
ming factors OSKM were induced, remodeling the phenotype of
B16-F10 mouse melanoma cells into melanoma stem cells (12).
Therefore, the present study was conducted to seek evidence for
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the effect of induced expression of these four reprogramming
factors on the proliferation and apoptosis of melanoma cells, as
well as to identify the responsible molecular signals involved.

Materials and methods

Materials. High-glucose Dulbecco's modified Eagle's medium
(H-DMEM), sucrose-based solution, SYBR Green PCR Master
Mix, Lipofectamine® 2000 and Zeocin were obtained from
Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Fetal
bovine serum (FBS) was purchased from GE Healthcare Life
Science (Hyclone; Logan, UT, USA). Doxycycline (DOX) was
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
The Cell Counting kit-8 (CCK-8) assay kit was provided by
Dojindo Molecular Technologies, Inc. (Tokyo, Japan). The
Cell Cycle Detection kit was from Beyotime Institute of
Biotechnology (Jiangsu, China). The Annexin V/PI Apoptosis
Detection kit was purchased from BD Biosciences (San Jose,
CA, USA). The RNAiso Plus reagent, polymerase chain reac-
tion (PCR) primers and reverse transcription (RT) reaction kit
were purchased from Takara Biotechnology Co., Ltd. (Dalian,
China). The plasmids TetO-FUW-OSKM and FUW-M2rtTA
were kindly provided by Professor Rudolf Jaenisch (Whitehead
Institute for Biomedical Research, Cambridge, MA, USA;
Addgene plasmid nos. 20321 and 20342, respectively).

Cell culture and transfection. B16-F10 mouse melanoma cells
were obtained from the American Type Culture Collection
(Manassas, VA, USA). These cells were maintained in
H-DMEM supplemented with 10% FBS at 37°C in a humidified
atmosphere with 5% CO,. Cell transfection with the plasmid
TetO-FUW-OSKM or FUW-M2rtTA was performed using
the Lipofectamine® 2000 reagent, according to the manufac-
turer's protocol. After 24 h, the transfection was terminated
by washing away the media, following which fresh complete
medium was added to the cells. On day 3, we seeded the cells
in a 10-cm plate, and then Zeocin (400 pxg/ml) was added at
day 5 to start the selection. The cells were checked daily, and
the medium was changed when necessary in order to remove
dead cells. When the clones were clearly visible and isolated
from one another, they were selected, transferred to 96-well
plates (one clone/well) and then expanded.

Cell proliferation assay. The transfected cells were seeded
into 96-well plates at a density of 1,000 cells/well and incu-
bated at 37°C overnight to allow for cell attachment. Then, the
expression of OSKM was induced via a Tet-On inducer, DOX
(2 ug/ml,). After 0, 24, 48, 72 and 96 h of incubation with the
control group that absence of DOX, the CCK-8 assay kit was
used to respectively evaluate the cell proliferation, according
to the manufacturer's protocols. Briefly, following incubation,
the cells were incubated with CCK-8 solution, and then the
absorbance was determined at a wavelength of 450 nm with
a microplate reader. The absorbance values determined the
cell number based on a standard curve of cell numbers against
the absorbance value, which resulted from a series of samples
analyses in which the cell numbers were known.

Cell cycle progression assay. The B16-F10 cells were plated
in 6-cm diameter dishes (0.5x10° cells/dish) and allowed to
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grow for 3 days. A Cell Cycle Detection kit was then used to
determine the cell cycle status, according to the manufacturer's
protocol. Briefly, the cells were washed with cooled PBS, fixed
with 70% alcohol at for >2 h. Next, cells were treat ed with
RNase A (included in kit) and stained with PI solution. Flow
cytometry was then conducted at an excitation wavelength of
488 nm and analyzed. The percentage of S-phase cells was
calculated according to the number of cells at each phase,
as follows: SPF(%)=S/(G0/G1+S+G2M). In addition, the
proliferation index was calculated according to the following
formula: PI(%)=(S+G2M)/(GO/G1+S+G2M).

Cell apoptosis assay. The cells were plated in 6-cm diameter
dishes (0.5x10° cells/dish) and allowed to grow for 3 days.
Flow cytometry with Annexin V-FITC/PI dual staining was
conducted to detect the apoptotic cells, according to the
protocol suggested by the manufacturer. Briefly, subsequent to
staining with Annexin V-FITC and PI, the cells were analyzed
with a FACSCalibur flow cytometer (BD Biosciences). The
emitted green fluorescence of Annexin V (FL1) and red fluo-
rescence of PI (FL3) were detected at excitation wavelengths
of 488 and 546 nm, respectively, and at emission wavelengths
of 525 and 647 nm, respectively. The degrees of early and
late apoptosis were determined based on the percentages of
Annexin V*/PI' and Annexin V*/PI* cells, respectively.

RNA purification and RT-quantitative PCR (qPCR). Total
RNA purification and RT-qPCR were performed according to
the detailed procedure described in a previous study (13). The
primer sets used in the PCR amplification are listed in Table I.
Following amplification, a melting curve was generated,
and data analysis was performed using Dissociation Curve
software, version 1.0 (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The normalized value was given by the ratio of
the target gene mRNA to the reference gene (B-actin) mRNA
in each sample.

Statistical analysis. Statistical analyses were performed using
GraphPad Prism software, version 5.0 (San Diego, CA, USA).
Student's t-test was used to analyze the statistical significance
of any differences between two groups. P<0.05 was considered
to indicare a statistically significant difference.

Results

Induction of OSKM expression by DOX treatment. In
our previous study, B16-F10 mouse melanoma cells were
transfected with a plasmid expressing the four Yamanaka
transcription factors, known as OSKM, driven by the Tet-On
element. The stable cell clones were then used to study the
role of induced expression of these factors. The present study
further attempted to ensure the induction of OSKM expression
by a Tet-On inducer, DOX (2 pg/ml). The mRNA levels of
the OSKM factors were analyzed by RT-qPCR in a selected
stable cell clone, cultured in the presence or absence of
DOX. As shown in Fig. 1, the expression of the four factors
at the mRNAs level was significantly induced by the DOX
treatment, when compared with that in cells without DOX
exposure. The induction of elevated protein levels has been
proven in our previous study (12). These results indicated that



MOLECULAR MEDICINE REPORTS 19: 967-973, 2019 969

Table I. Primer sets used in reverse transcription-quantitative polymerase chain reaction.

Genes Primer Sequence GenBank no.

Oct4 Forward 5'-CAGCCAGACCACCATCTGTC-3' NM_013633.3
Reverse 5'-GTCTCCGATTTGCATATCTCCTG-3'

Sox2 Forward 5'-GCTCGCAGACCTACATGAAC-3' NM_011443.4
Reverse 5'-GCCTCGGACTTGACCACAG-3'

Klf4 Forward 5'-CTTCAGCTATCCGATCCGGG-3' NM_010637.3
Reverse 5'-GAGGGGCTCACGTCATTGAT-3'

c-Myc Forward 5'-TCTCCATCCTATGTTGCGGTC-3' NM_010849 4
Reverse 5'-TCCAAGTAACTCGGTCATCATCT-3'

JAK2 Forward 5'- CTGGCGAGGTGGTCGCTGTG -3 NM_146145.2
Reverse 5'- GCCGACCCGCACTGTAGCAC -3'

Cyclin-B1 Forward 5'- GGCGAGCCTCAAAAGCCGGA -3' NM_008655.1
Reverse 5'- GCGGCTGCCACCTGAGAAGG -3'

BCL2 Forward 5'- ATGGCGCAAGCCGGGAGAAC -3 NM_009741.5
Reverse 5'- CGCGTCCGCATCTCCAGCAT -3'

BAX Forward 5'- TCCGGGGAGCAGCTTGGGAG -3' NM_007527.3
Reverse 5'- GGCGGCTGCTCCAAGGTCAG -3'

CDK1 Forward 5'- GTTGCTGGGCTCGGCTCGTT -3' NM_007658.3
Reverse 5'- GCGGCTTCTTGGTGGCCAGT -3'

SKP2 Forward 5'- TGCCCCAACCTCATCCGCCT -3' NM_013787.3
Reverse 5'- ACCGGCTGAGCGAGAGGTGT -3'

Caspase 3 Forward 5'- TCATTCAGGCCTGCCGGGGT -3' NM_009810.3
Reverse 5'- TGGATGAACCACGACCCGTCC -3'

Caspase 9 Forward 5'- AGGGTGCGCCTAGTGAGCGA -3' NM_015733.5
Reverse 5'- CCTGATCCCGCCGAGACCCA -3'

P53 Reverse 5'-GGACGATCTGTTGCTGCCCCGAGA -3' NM_011640.3
Forward 5'- TGACAGGGGCCATGGAGTGGCT -3'

[(-actin Reverse 5'-CATGTACGTTGCTATCCAGGC-3' NM_001101
Reverse 5'-CTCCTTAATGTCACGCACGAT-3'

JAK2, Janus kinase 2; CDKI1, cyclin-dependent kinase 1; SKP2, S-phase kinase-associated protein 2; BCL-2, B-cell lymphoma 2; BAX,
BCL-2-associated X; Caspase, cysteinyl aspartate specific proteinase.

* B DOX- high expression of these factors was obtained by treating the

melanoma cells with DOX.

#*
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proliferation assay was used in cells cultured in the presence
or absence of DOX. As shown in Fig. 2, cells in the two culture
conditions proliferated in a time-dependent manner; however,
Figure 1. Induction of OSKM expression by DOX treatment. B16-F10 the cell prOhferatlon was s1gn1ﬁcantly mcrease(_l followmg
mouse melanoma cells, stably-transfected with TetO-FUW-OSKM, were exposure to DOX as C_Omp?'rec_l with that o_f cells.w1thout DOX
cultured in the presence or absence of DOX. The OSKM mRNA levels were ~ exposure. These findings indicated that induction of OSKM

analyzed using reverse transcription-quantitative polymerase chain reaction expression enhanced the proliferation of melanoma cells.

and normalized to B-actin mRNA. The relative fold activation was obtained

based on the ratio of the normalized values of the DOX-induced cells to that .

of the cells without DOX exposure. ‘P<0.01 vs. cells without exposure to Induced expression of OSKM accelerates the cell cycle

DOX. OSKM, Oct4, Sox2, K1f4 and c-Myc; DOX, doxycycline. progression. The cell proliferation rate is determined by
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the progression of the cell cycle (14). Based on the earlier
finding that the proliferation of melanoma cells is enhanced
by the induction of OSKM expression, the present study next
analyzed the percentage of melanoma cells at each cell division
phase following culture in the absence or presence of DOX.
The representative histograms of the flow cytometric assay
are shown in Fig. 3A, while statistically analyzed data are
presented in Fig. 3B. The percentage of S-phase cells and the
proliferation index significantly increased in the cells cultured
in the presence of DOX, when compared with those in cells
cultured in the absence of DOX. Taken together, these results
indicated that the induced expression of OSKM enhanced cell
proliferation by accelerating cell cycle progression.

Induced expression of OSKM inhibits the apoptosis of mela-
noma cells. Defective apoptosis is another major factor deciding
the malignancy of melanoma cells (7,14). To determine whether
induced OSKM expression was able to decrease the apoptosis of
melanoma cells, the proportion of apoptotic cells was analyzed
through a flow cytometric assay. The representative histograms
of the flow cytometric assay are shown in Fig. 4A, while
statistically analyzed results are shown in Fig. 4B. As shown in
Fig. 4, the percentage of apoptotic cells significantly decreased
following exposure to DOX as compared with that in cells
without DOX exposure. These results indicated that induction of
OSKM expression suppressed the apoptosis of melanoma cells.

Induced expression of OSKM changes the expression of
associated genes. To explore the underlying mechanism by
which OSKM factors enhance the proliferation and suppress
the apoptosis of melanoma cells, the mRNA levels of certain
associated genes were analyzed with RT-qPCR. These genes
included Janus kinase 2 (JAK?2), Cyclin-B1, cyclin-dependent
kinase 1 (CDK1) and S-phase kinase-associated protein 2
(SKP2), whose products serve crucial roles in regulating
the cell cycle progression and cell proliferation (15-17). In
addition, B-cell lymphoma 2 (BCL-2), BCL-2-associated X
(BAX), cysteinyl aspartate specific proteinase 3 (Caspase 3),
Caspase 9 and P53 (also known as transformation-related
protein 53) were detected, whose products are important in
controlling cell apoptosis (18-21).

As shown in Table II, among the analyzed genes that are
associated with cell proliferation, the mRNA expression levels
of JAK?2 and Cyclin-B1 were significantly increased when the
cells were exposed to DOX, as compared with those in cells
not exposed to DOX. By contrast, the mRNA expression levels
of CDK1 and SKP2 were unchanged in the DOX-induced
cells. Among the analyzed genes associated with cell apop-
tosis, the mRNA level of BCL-2 was increased, while the
mRNA of BAX was decreased, when the cells were exposed
to DOX. However, the expression of other genes associated
with cell apoptosis was unchanged in the DOX-induced cells.
The increased expression of JAK2 and Cyclin-B1 mRNAs
supported the observation that induced expression of the four
OSKM factors enhanced cell proliferation, suggesting that
upregulation of JAK?2 and Cyclin-Bl may be responsible for
the enhanced proliferation. Furthermore, the upregulated
BCL-2 and downregulated BAX mRNAs verified the conclu-
sion that induced expression of the OSKM factors was able to
suppress cell apoptosis, suggesting that the altered expression
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Table II. Induction of OSKM expression by DOX treatment
altered the expression levels of associated genes.

Genes Fold change (DOX+/DOX-)
JAK2 7.9+0.81*
Cyclin-B1 1.8+0.10°

CDK1 0.90+0.07

SKP2 1.22+0.05

BCL-2 2.4+0.18°

BAX 0.56+0.02*
Caspase 3 1.4+0.10

Caspase 9 1.3+0.08

P53 1.39+0.17

1P<0.01 and "P<0.05, vs. group without DOX exposure. mRNA levels
were analyzed by reverse transcription-quantitative polymerase chain
reaction and normalized to $-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 DOX exposure.
DOX, doxycycline; JAK?2, Janus kinase 2; CDK1, cyclin-dependent
kinase 1; SKP2, S-phase kinase-associated protein 2; BCL-2, B-cell
lymphoma 2; BAX, BCL-2-associated X; Caspase, cysteinyl aspar-
tate specific proteinase.

Relative cell proliferation (%)

0 24 48 72 96
Time (h)

Figure 2. Induced expression of OSKM promoted the proliferation of melanoma
cells, as examined using the Cell Counting kit-8 assay. Relative cell proliferation
was calculated based on the ratio of the number of cells at a specific time point
over the total number of cells at 0 h. "P<0.05 and “P<0.01, vs. cells without
exposure to DOX. OSKM, Oct4, Sox2, K1f4 and c-Myc; DOX, doxycycline.

levels of BCL-2 and BAX may be involved in the suppression
of apoptosis.

Discussion

The effects of induced expression of the four reprogramming
factors on the proliferation and apoptosis of melanoma cells,
which are the two major factors affecting the malignancy
of the cells, has not been extensively investigated (22). In our
previous study, stable B16-F10 mouse melanoma cell clones
that were transfected with a plasmid expressing the Yamanaka
reprogramming factors, namely OSKM, driven by the Tet-On
element, had been used to study the role of the induced
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Figure 3. Induced expression of OSKM accelerated the procession of the cell cycle. (A) Representative histograms of the flow cytometric assay, and (B) quanti-
fied results of the relative cell percentage are shown. "P<0.05 vs. cells without exposure to DOX. OSKM, Oct4, Sox2, K1f4 and c-Myc; SPF, S-phase fraction;

PI, proliferation index; DOX, doxycycline.

expression of these factors in remodeling the phenotype of
melanoma cells. In the present study, the effects of these factors
on the proliferation and apoptosis of melanoma cells, as well
as the involved mechanisms, were investigated. Initially, the
mRNA expression of these four factors in a stable cell clone
cultured in the presence or absence of DOX was analyzed to
ensure that the expression of OSKM was successfully induced.
As expected, the mRNA levels of the OSKM factors were
significantly enhanced when the cells were exposed to DOX,
indicating that high expression of these factors was achieved
by DOX exposure. This had also been reported in our earlier
study (12), in which high induction of the protein levels of these
factors had been observed. Furthermore, this was also supported
by the knowledge that the plasmid TetO-FUW-OSKM is a single
polycistronic vector encoding the four transcription factors,
driven by the Tet-On element (23,24). These results provided
the preliminary basis for the next phase of the present study.
The malignant growth of tumors is a complex process,
involving activation of sustained growth signals and inhibi-
tion of cellular death signals (22). In the present study, it was
observed that induction of the expression of the four reprogram-
ming OSKM factors in B16-F10 melanoma cells significantly

increased the proliferation and suppressed the apoptosis of
melanoma cells. These results indicated that the reprogram-
ming factors were able to elevate the malignancy of B16-F10
melanoma cells, based on the crucial role of uncontrolled cell
proliferation and defective cell apoptosis in the development
of melanoma and the development of the malignant phenotype
of other various tumors (6,25,26). This observation was also
supported by other studies reporting that induction of the repro-
gramming factors increased the cell proliferation rate of mature
epithelial cells and Kaposi's sarcoma tumorigenesis (27,28).
To explore the molecular mechanism by which the induced
expression of the four reprogramming factors affected the
proliferation and apoptosis of melanoma cells, the mRNA levels
of the associated genes was analyzed. Special attention was paid to
the genes whose functions are involved in cell cycle progression,
proliferation and apoptosis. The results revealed that among all
analyzed mRNAs associated with cell cycle progression and
proliferation, only the mRNA expression levels of JAK2 and
Cyclin-B1 were significantly increased, while the levels of other
associated genes remained unchanged. These results indicated
that JAK?2 and Cyclin-B1 upregulation may be responsible for the
increased proliferation of melanoma cells, which was induced
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by the reprogramming factors. This finding was supported
by other studies reporting that Cyclin-B1 controlled the cell
cycle progression and JAK?2 upregulated Cyclin-B1 (29,30).
Furthermore, the current study demonstrated that among all
the analyzed mRNAs that control cell apoptosis, the mRNA
expression of BCL-2 was significantly increased and that of
BAX was significantly decreased by the induced expression of
the reprogramming factors, while all other apoptosis-associated
genes were unchanged. These results indicated that the increased
expression of BCL-2 and decreased expression of BAX may
be responsible for the suppressed apoptosis of melanoma cells,
induced by the reprogramming factors. This finding was also
supported by previous studies reporting that cell apoptosis was
controlled by the upregulation of BCL-2 and downregulation of
BAX (18,19).

In conclusion, the present study observed that induced expres-
sion of four reprogramming factors enhanced the proliferation
and suppressed the apoptosis of B16-F10 mouse melanoma cells.
The enhanced proliferation, indicated by the increase in cell
proliferation and accelerated progression of the cell cycle, was
found to be associated with upregulation of JAK?2 and Cyclin-B1

expression levels. In addition, the suppression of apoptosis was
supported by the upregulation of BCL-2 and downregulation
of BAX mRNA expression levels. Taken together, the results
revealed that upregulated JAK?2 and Cyclin-B1 may be respon-
sible for enhanced proliferation, while upregulated BCL-2 and
downregulated BAX may be responsible for apoptosis suppres-
sion in melanoma cells with DOX-induced OSKM expression.
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