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Effects of suppressor of cytokine signaling 1 silencing on human
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Abstract. The aim of the current study was to observe the
effects of suppressor of cytokine signaling 1 (SOCSI) silencing
in human melanoma cells on cell biological behavior and
interferon-y (IFN-y) sensitivity, and to investigate the use of
SOCSI as a therapeutic target in the treatment of melanoma.
Western blot analysis and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) were used to verify
that SOCSI interference effectively silenced the expression of
SOCSI in the Mel526 human melanoma cell line. For IFN-y
stimulation, western blot analysis was used to observe changes
in expression levels of signal transduction and transcription
activator (STAT) 1 and phosphorylated STAT (pSTAT) 1.
Changes in the expression levels of IFN-vy regulatory factor 1
(IRF-1) were measured with RT-qPCR. Changes in the
sensitivity of melanoma cells to IFN-y were detected using
an MTT assay. The cell proliferation rate was observed by
cell counting and changes in the cell cycle were detected with
flow cytometry. The results revealed that SOCSI interference
effectively silences SOCS1 expression in Mel526 cells.
However, the S stage of the cell cycle was markedly extended.
Following the inhibition of SOCSI expression, the proliferation
experiment demonstrated that the proliferation ability of
Mel526 cells was decreased. Following IFN-vy stimulation, the
expression levels of pSTAT and IRF-1 increased significantly
compared with those in the controls. The MTT experiment
showed that SOCS] interference caused the median inhibitory
concentration (ICs) of oxaliplatin in Mel526 cells to decrease
significantly. In conclusion, SOCSI interference reduced the
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proliferation ability of Mel526 human melanoma cells and
increased their sensitivity to IFN-y.

Introduction

The suppressor of cytokine signaling (SOCS) family
consists of eight members, namely SOCSI1-SOCS7 and
CISH (cytokine-inducible SH2-containing protein). They
share a central Src homology 2 domain and a highly
conserved carboxy-terminal SOCS box (1). The SOCS family
regulates cytokine secretion through the Janus kinase signal
transduction and activators of transcription (JAK-STAT)
signal transduction pathway. Although the functions of
certain SOCS family members remain to be determined,
CISH, SOCSI, SOCS2 and SOCS3 have been identified to
negatively regulate the signal transduction of the cytokines
interleukin (IL)-2, IL-4, IL-6 and interferon (IFN)-y (2-4). It
has also been observed that SOCSI1 negatively regulates the
JAK-STAT signal transduction pathway, the signal pathway
conducted by negative feedback through the Toll-like receptor,
cell differentiation and cell maturation (5). The SOCS1 gene
suppresses the activity of dendritic cells (DCs), hence the
silencing of the SOCSI1 gene is conducive to the activation of
DCs (6). In addition, SOCS1 expression has been shown to
cause significant cancer cell immunity to antitumor therapies
in mice (7,8), and suppressing the expression of SOCS3 has
been shown to enhance the sensitivity of kidney cancer cells
to IFN-a (9,10). SOCSI serves as a target for the improvement
of antigen presentation of DCs and macrophages, and it has
been used in the research and development of vaccines for
HIV and tumors (11,12). Furthermore, SOCSI1 expression is
also observed in tumor cells, and the abnormal expression of
SOCSI has been observed in a number of types of tumors,
including liver cancer, melanoma and prostate cancer (13-15).

The role of SOCSI in tumorigenesis and the development
of cancer is controversial. While it has been shown that
SOCSI can inhibit the transformation of tumor cells, it has
additionally been verified that SOCS1 promotes tumor cell
invasion and metastasis (15). INF-y is an important mediator
in melanoma immunotherapy. Through negative feedback,
SOCSI regulates the IFN-vy signaling pathway and influences
the effect of IFN-y on cells. In order to further verify the
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correlation between SOCS1 and IFN-vy, the present study
silenced SOCSI in Mel526 human melanoma cells in order to
investigate their sensitivity to IFN-y.

Materials and methods

pshSOCSI1 vector construction. SOCSI interference was
obtaine, according to the previous study (16). The synthesized
small hairpin RNA oligonucleotide sequence (primer design
and synthesis undertaken by Shanghai Sangon Inc., Shanghai,
China) was annealed to form a double stranded DNA
fragment and cloned into an ENTR/UG6 vector (Invitrogen Life
Technologies, Carlsbad, CA, USA), thereby generating the
pshSOCSI vector. A BLOCK-iT™ U6 RNAi Entry Vector kit
was purchased from Invitrogen Life Technologies, a 2X Taq
PCR MasterMix PCR Amplification kit was purchased from
Tiangen Inc. (Beijing, China) and the PCR Amplifier used was
the Gene Amp PCR system 9600 (PerkinElmer, New York,
USA).

Cell culture and transfection. Mel-526 human melanoma
cells (American Type Culture Collection, Manassas, VA,
USA) were routinely cultured in Dulbecco's modified
Eagle's medium (DMEM) containing 10% fetal calf serum
(Hangzhou Sijiging Biological Engineering Materials Co.,
Ltd, Hangzhou, China). The solution was placed in an
incubator with 5% CO, and saturated humidity at 37°C. Every
3-4 days, one passage was conducted. Cells at the logarithmic
phase were selected and inoculated with a concentration
of ~3x10° cells/well for each experiment. One day prior to
transfection, cells were plated in a 6-pore plate. Four hours
after the transfection, the medium was replaced and then
transferred to a medium with blood serum for culturing
and further collection for analysis. Lipofectamine 2000
(Invitrogen Life Technologies) was used for cell transfection
according to the manufacturer's instructions and 48 h later
the cells were stimulated with IFN-y (Peprotech, Princeton,
NJ, USA) for 4 h.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). The transfected cells and normal cells were
collected 48 h posttransfection. TRIzol® (Invitrogen Life
Technologies) was used to extract the total RNA from the
cells. M-MLYV reverse transcriptase (Huicheng Biotechnology
Co., Ltd., Shanghai, China) was used to produce cDNA. With
the cDNA in each group as the template, a buffer primer
solution was added for PCR. The process was repeated for
each sample three times. GAPDH was used as an internal
reference. The primers used were as follows: Forward:
5'-ATGCAGTCTCCACAGCAGCAGAG-3' and reverse:
5'-CGAACGGAATGTGCGGAAGTG-3' for SOCSI;
forward: 5'"-TCTTCCCTCTTCCACTCGGAGTCG-3' and
reverse: 5'-CTTCTGACCCATGCCCACCA-3' for IRF-1; and
forward: 5-GAAGGTGAAGGTCGGAGTC-3' and reverse:
5'-GAAGATGGTGATGGGATTTC-3' for GAPDH. The
volume of the reaction system was 50 pl and the reaction
conditions were as follows: 5 min of pre-degeneration at 95°C
followed by 40 cycles of 30 sec at 94°C, 30 sec of annealing
(SOCSI, 60°C; IRF-1, 56°C; GAPDH, 55°C), 1 min at 72°C,
and finishing with 7 min of annealing at 72°C. At the end of the
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PCR, the loading buffer was added. The product was processed
by 1.5% agarose gel electrophoresis. The bands were observed
using the gel-imaging system (Bio-Rad, Hercules, CA, USA).
The PCR kit used was a Real-Time PCR kit purchased from
Takara Bio, Inc. (Dalian, China).

Western blot analysis. Transfected and normal cells were
collected 48 h post-transfection. Cells were washed twice
with cold phosphate-buffered saline (PBS), cell lysis buffer
was added (25 mmol/I Tris-HCI, 10 mmol/l EDTA, a volume
fraction of 0.01 NP-40, 150 mmol/l sodium chloride and 1 g/l
phenylmethylsulfonyl fluoride), and the solution was placed
in an ice bath for 1 h. The solution was centrifuged at 4°C
and 16,000 g for 25 min. The protein concentration of the
supernatant was measured by the Lowry method (17). Cell
lysates (50 pg) were extracted and electro-transferred to a
polyvinylidene fluoride (PVDF) membrane by SDS-PAGE
gel electrophoresis. Skimmed milk powder with the mass
fraction of 0.05 was used to block the PVDF membrane for
1 h, and STAT1 rabbit monoclonal (Abcam, London, UK),
p-STAT1 mouse monoclonal (Abcam, London, UK), SOCS-1
rabbit anti-human (Millipore, Billerica, MA, USA) and B-actin
rabbit anti-human (ORI Gene, Beijing, China) monoclonal
antibodies were added to the solution and incubated at 4°C
overnight. The membranes were washed and goat anti-mouse
or anti-rabbit antibodies labeled with horseradish peroxidase
(diluted at 1:5,000; ORI Gene, Beijing, China) were added
and the reaction was left for 2 h. The PVDF membrane was
cleaned, an Enhanced Chemiluminescence reagent was added
and the membrane was placed in an X-ray cassette, tableted,
developed in a dark room and finally fixed. A GDS8000 image
acquisition and analysis system (UVP Inc., Upland, CA, USA)
was used for image capture and quantitative analysis of the
western blots.

MTT assay. One day prior to the experiment, cells at
logarithmic phases were divided into 96-pore plates at a density
of 1.0x10* cells/pore. INF-y and fluorouracil were added at
different concentrations. The INFy and fluorouracil were
prepared with dimethyl sulfoxide (DMSO) or PBS to produce
10 mmol/I stock solutions, and the working concentrations used
were 0.625, 1.25, 2.5, 5.0, 10.0 and 20.0 umol/I. A total of six
multiple pores were set up with each concentration to reduce
deviation of the data and improve accuracy. Following a 48-h
culture, 4.5 g/l MTT solution was added and the solution was
cultured for 5 h at 37°C. The supernatant was then discarded
and 160 1 DMSO was added to each pore. Subsequently,
the light absorption values were measured at a wavelength
of 550 nm. Prism software v.4.0 (Graphpad Software, La
Jolla, CA, USA) was used to calculate the median inhibitory
concentration (ICs,). The experiments were repeated three
times.

Cell proliferation. Cells were seeded into a 96-pore plate at a
density of 3x10* cells/well, and three multiple pores were set up
for each time point to reduce deviation of the data and improve
accuracy. Cells were collected 6, 24, 48 and 72 h following the
transfection, the isopyknic living cell number was counted and
the rate of cell proliferation was calculated according to the
number of isopyknic living cells.
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Figure 1. Expression level of SOCSI in Mel526 was detected by (A) reverse transcription-quantitative polymerase chain reaction and (B) western blotting.

Cell cycle detection. Cells in the supernatant and the adherent
cells were collected 48 post-transfection, rinsed twice with
PBS and the solution was fixed for 24 h at 4°C using cold ethyl
alcohol with a volume fraction of 0.70. Subsequently, the cells
were washed twice with PBS and stained in the absence of
light with propidium iodide at 4°C for 30 min. A FACsort flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA) was
used for the cell cycle analysis.

Statistical analysis. SPSS version 16.0 statistical software
(SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
Data are expressed as the mean =+ standard deviation, and the
mean comparison was conducted with a t-test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Verification of SOCSI interference effects. SOCS1 was
effectively silenced in transfected cells compared with that in
the non-transfected cells (Fig. 1). The qPCR results showed
that SOCSI expression was silenced by 90%.

SOCS! silencing significantly increases the expression levels
of IRF-1. SOCSI efficiently regulates the signal transduction
pathway of cytokines via negative feedback. Analysis of
the impact of SOCSI expression on the IFN-vy sensitivity
of cells may aid in predicting the lethal effects of IFN-y
on cells. Transfected Mel526 cells were subjected to 6 h of
IFN-vy or isometric PBS stimulation 48-h post-transfection.
The cells were collected for RT-qPCR analysis to observe
changes in the expression levels of nuclear transcription factor
IRF-1 following the activation of IFN-y. Compared with
non-transfected cells SOCSI silencing significantly increased
the expression levels of IRF-1 (P<0.05; Fig. 2). Subsequently,
cells were gathered for STAT1 and pSTATI detection. It was
found that pSTAT1 expression was greatly increased in the
transfected cells (Fig. 3).

INF-y sensitivity of cells improved following SCOSI silencing.
The ICs, of chemotherapeutics INF-y and fluorouracil to
Mel526 cells was detected with an MTT assay. Compared
with the null vector transfection group, the ICs, of INF-y
and fluorouracil in Mel526 cells in the transfection group
was marginally reduced. There was no significant difference
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Figure 2. Expression of interferon-y (IFN-y) regulatory factor 1 (IRF-1)
in Mel526 or pshSOCSI1-Mel526 cells following stimulation with phos-
phate-buffered saline (PBS) or IFN-y. The Mel526 or pshSOCS1-Mel526
cells (48 h following transfection) were stimulated with IFN-vy for 6 h.
IFN-y stimulation significantly increased the expression levels of IRF-1 in
pshSOCS1-Mel526 cells. “P<0.05 vs Mel526.
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Figure 3. Expression of STATI and pSTAT1 following stimulation with
IFN-y. Mel526 and pshSOCS1-Mel526 cells were stimulated with IFN-y
for 6 h. pSTAT1 was significantly enhanced in the pshSOCS1-Mel526 cells
compared with the Mel526 control cells.

between the ICs, of fluorouracil in the Mel526 cells prior to
and following SCOSI silencing (P>0.05). However, there was
a significant difference between the ICy, of INF-y in Mel526
cells prior to and following SCOSI silencing (P<0.05, Table I).
This indicates that after the reduction in the expression levels
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Table I. ICs, of drugs in Mel526 cells prior to and following
SOCSI1 gene silencing.

ICy, (umol/l)
Drug Mel526 pshSOCS1-Mel526
IFN-y 10.32+0.18 4.27+0.26
Fluorouracil 4.57+0.37 3.61+0.25

P<0.05, vs. Mel536 cells. Mean + standard deviation, n=6.
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Figure 4. Proliferation of Mel526 cells. Cells were counted at 6, 24, 48 and
72 h posttransfection. The proliferation ability of the cells had reduced at
48 h compared with the control cells, with a marked difference at 72 h.
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Figure 5. Effect of SCOSI gene silencing on the Mel526 cell cycle. (A) Mel526
cells and (B) pshSOCS1-Mel526. (C) Distribution of the cell cycle in Mel526
cells and pshSCPS1-Mel526 cells."P<0.05 between the two cell groups.
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of SCOSI, the sensitivity of Mel526 cells to INF-y was greatly
improved.

Cell proliferation. The number of cells 24 h following
transfection was not markedly changed. The number of
Mel-526 cells after 48 h exceeded that in the transfection
group. The difference was clearer after 72 h (Fig. 4).

SOCSI silencing alters the cell cycle composition. Compared
with the control group, following SCOSI silencing, the ratio
of cells in the G,/G, phase significantly increased (P<0.05),
but those in the S and G,/M phases were significantly
reduced (P<0.05; Fig. 5). The results demonstrated that SCOS1
silencing caused cell cycle arrest in the G,/G, phase.

Discussion

SOCSI serves as an inhibitory molecule in a number of types
of tumors, including liver cancer (13), prostate cancer (15)
and head and neck neoplasms (18). In tumor cells, SOCSI1
expressions levels have been shown to be reduced by certain
mechanisms, including the methylation of the promoter
region (19), and SOCSI1 was found to be methylated in 60%
of liver cancers (13). Following the over-expression of SOCS1
in modified tumor cells, cell apoptosis may be induced, thus
inhibiting the tumor cell proliferation. The reduction in
expression levels of SOCSI1 also weakened its regulation of
the JAK/STAT signaling pathway through negative feedback,
increasing the sensitivity of cells to a range of inflammatory
molecules and allowing other mechanisms to induce the
transformation of cells and generate tumors. The SOCSI
expression level has been shown to negatively correlate with
the degree of tumor infiltration (15,20,21); however, the
results of studies on the role of SOCSI in tumorigenesis of
hormone-dependent malignancies were inconsistent. In breast
cancer, methylation was found to reduce the expression level
of SOCSI, and the overexpression can increase the SOCSI1
expression and result in tumor suppression (22). However,
certain studies have proposed that the expression levels of
SOCSI in breast cancer were higher than in healthy mammary
tissues, but that in the breast cancer cell line the expression did
not rise. The high expression levels of SOCSI in tumor tissues
may be caused by the stimulation of inflammation stroma,
such as GH growth hormone and prolactin (23).

Among prostate cancer patients receiving castration,
the expression levels of SOCS1 were reduced. However,
in patients with recurring prostate cancer, the expression
levels of SOCS1 were increased, indicating that androgens
may stimulate the expression of SOCSI1. This was verified
by in vitro experiments (24). Additionally, it has been found
that SOCSI could lower the expression levels of cyclin and
cyclin-dependent kinase and inhibit cell growth. Among
the different types of melanoma, 75% were shown to have
SOCSI methylation (14). Furthermore, the levels of SOCSI1
expression in melanoma transfer sites was reduced. An in vitro
study found that overexpression of SOCSI in cells inhibited
cell proliferation and metastasis (22). However, other studies
identified that compared with healthy melanophores, higher
levels of SOCSI1 expression were correlated with tumor
metastasis and invasion. Hence, SOCSI1 expression may be



a biomarker to predict tumorigenesis and development (25).
Additionally, high expression levels of SOCS1 may influence
the sensitivity of cells to diverse cytokines, for example
IFN-y. For SOCSI1-knockout mice, IFN-a enhanced their
antineoplastic activity through the action of CD4 and CDS§
T cells (26). Induction of SOCS1 expression enables the
human T-lymphocytic leukemia virus type 1 to avoid the
antiviral activity of type I IFN (27). In addition, SOCS1
eliminates the inhibitory effects of type I IFN on hepatitis C
virus replication (28). miR-122 adjusts the level of type I IFN
expression by blocking SOCSI (29).

IFN-y is an important cytokine in melanoma
immunotherapy, which regulates cell differentiation,
proliferation and other functions through the JAK/STAT
signaling pathway. SOCSI is a key negative regulator of the
JAK/STAT signaling pathway and may have a vital role in
the reduction of IFN-vy sensitivity. Clinically, a number of
patients undergoing IFN-y treatment show IFN-y resistance
or insensitivity, which further limits the use of IFN-y and
reduces its efficacy as a melanoma treatment. Thus, silencing
SOCSI expression in cells to improve the sensitivity of cells to
IFN-y may be important for the treatment of melanoma. In the
current study, with Mel526 cells as the experimental model, it
was found that silencing SOCSI can improve IFN-y sensitivity,
thus providing a novel approach to improve the efficacy of
melanoma immunotherapy. However, for different types of
melanoma as the experimental models, the experimental
results can differ (30). Thus, a number of factors should be
integrated in the clinical translational research, including
pathological features and hormone-dependency.

The experimental results of the present study showed that
following the silencing of SOCSI expression in Mel526 cells,
IFN-y stimulation increased the levels of pSTAT1 expression,
i.e. the IFN-y signaling pathway was enhanced. Thereby,
it can increase the expression of target genes and influence
the growth of tumor cells. In addition, IRF-1 expression
was increased. The aforementioned findings demonstrate
that following silencing of SOCSI, the sensitivity of cells
to IFN-y was enhanced. Furthermore, it was found that
silencing SOCSI expression in Mel526 cells could influence
the cell cycle. During SOCSI silencing, the S phase of the
cell cycle was extended. In other words, the replication time
of genetic material of cells was prolonged, which may inhibit
the proliferative ability of cells. The measurement of the cell
proliferation rate verified this phenomenon.

Enhancing the sensitivity of cells to IFN-y is an important
approach in the treatment of melanoma. The results of the
current study showed that silencing SOCS1 expression in
Mel526 cells significantly enhanced the cell sensitivity to
IFN-v and influenced the cell cycle, leading to a prolonged
S phase and inhibition of the proliferation of tumor cells.
These results indicate that SOCSI may be a vital target that
influences therapeutic effects of melanoma.
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