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the growth and enhances the radiosensitivity of
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Abstract. The Janus kinase-signal transducers and
activators of transcription (JAK-STAT) pathway is one
of the most important components of cytokine signaling
cascades. JAK-STAT signaling pathway modulates various
fundamental biological processes and cancer pathogenesis.
JAK-STAT is controlled by negative regulators that include
suppressors of cytokine signaling (SOCS) proteins. Failure
of feedback suppression by SOCS proteins may result in
activated JAK-STAT signaling. Methylation-mediated
silencing of SOCS3 has been reported in non-small lung
cancer (NSCLC) and other human cancers. In this study, we
restored SOCS3 expression using adenovirus-mediated gene
transfer in NSCLC cells. Infection with a SOCS3-expressing
vector inhibited the growth of lung cancer cells, with or
without SOCS3 expression, at 2-3 days after infection. The
growth inhibition of lung cancer cells was associated with
suppressing entry into the S-phase. Restoration of SOCS3
expression induced apoptosis of NSCLC cells that did not
express SOCS3. In addition, over-expression of SOCS3 by
adenoviral transfer enhanced the radiosensitivity of treated
NSCLC cells. In conclusion, our findings may provide
insights into the development of applications of SOCS3 gene
therapy for lung cancer and, possibly, other human cancers.
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Introduction

Suppressors of cytokine signaling (SOCS) proteins comprise
a family of eight cytoplasmic proteins: cytokine-inducible
SH2-domain-containing protein (CIS) and SOCS1-7 (1,2).
SOCS proteins contain a central SH2 domain, a conserved
C-terminus (the SOCS box) and a unique N-terminus (1,2).
Expression of SOCS proteins can be stimulated by activating
Janus kinase-signal transducer and activator of transcription
(JAK-STAT) pathways. SOCS can inhibit JAK activity via
a feedback loop by binding to both a cytokine receptor and
JAK itself (3-5).

JAK-STAT pathway mediates cytokine signaling, which
control immune functions, cell growth, differentiation and
hematopoiesis (6). Aberrant activation of JAK-STAT path-
way has been implicated in many human cancers. Consti-
tutively activated JAK leads to persistent activation of
STATS3. Constitutive activation of JAK2 was found in T-cell
acute lymphoblastic leukemia of childhood (7). An activating
somatic JAK2 mutation that encodes a V617F substitution,
which promotes JAK?2 catalytic activation and cytokine-inde-
pendent signaling, was identified in the majority of patients
with myeloproliferative neoplasms (8,9). In addition, STAT3
is a well-known oncogene (10). Transfection with consti-
tutively activated STAT3 results in tumorigenesis in nude
mice (10). Constitutively active STAT3 has been found in
various human cancers, including non-small cell lung cancer
(NSCLC) (11-13).

Aberrant SOCS feedback inhibition of JAK-STAT
signaling can also result in carcinogenesis. Abnormal
STATS3 activation after SOCS3 genetic ablation has been
demonstrated (14-16). In addition, deletion of the SOCS3
gene promoted hepatitis-induced hepatocarcinogenesis (17).
Down-regulation of SOCS3 in both lung adenocarcinoma
and squamous cell carcinoma was demonstrated by cDNA
microarrays (18,19). SOCS3 silencing by promoter hyper-
methylation with enhanced STAT3 activation has been
reported in human NSCLC (11) and various other human
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cancers, including hepatocellular carcinoma, head and neck
squamous cell carcinoma, cholangiocarcinoma, glioblastoma
multiforme, myeloproliferative disorders and acute myeloid
leukemia (20-25). For NSCLC, 80% of surgically resected
specimens showed SOCS3 silencing due to promoter methy-
lation (11). In contrast, exogenous SOCS3 could suppress
growth (11,26) and induce apoptosis of human lung cancer
cells (11). Hence, exogenous SOCS3 may be a potential
therapeutic modality for NSCLC.

Genotoxic agents, such as ionizing radiation, induce cell
cycle arrest at the G1/S and G2/M checkpoints. This induced
cell arrest allows cells to repair damaged DNA before
entry into mitosis. STAT3 is a well-known key element for
controlling the G1 to S cell cycle transition (27). Kim et al
observed that phosphor-Stat3 Tyr’® levels were decreased
in human umbilical vein endothelial cells (HUVECS)
after irradiation, but not in breast cancer cells (28). Thus,
uncontrolled STAT3 signaling antagonizes G1 arrest (29)
and confers inherent radioresistance (30). Similarly, Sitko
et al reported that SOCS3-deficient fibroblasts failed to
undergo G1 arrest and accumulated in the G2/M phase
after irradiation (29). Moreover, enhanced radiation-induced
apoptosis of prostate cancer cells could be achieved with
an antisense oligonucleotide of STAT3 (31). As a feedback
inhibitor, overexpression of SOCS3 may enhance the radio-
sensitivity of cancer cells by inhibiting STAT3.

Therefore, we hypothesized that exogenous SOCS3 might
play a role in treating NSCLC by inhibiting STAT3. We
designed a SOCS-expressing adenoviral vector and studied
the effects of exogenous SOCS3 on NSCLC cells by focusing
on growth inhibition and susceptibility to irradiation.

Materials and methods

Cell lines and cell culture. Human NSCLC cell lines, NCI-
H460 (ATCC HTB-177), NCI-H838 (ATCC CRL-5844),
NCI-A549 (ATCC CCL-185), NCI-H1703 (ATCC CRL-
5889), WI-38 (ATCC CCL-75) and 293 (CRL-1573), were
purchased from the American Type Culture Collection
(Manassas, VA, USA). H460 and A549 cells were cultured
in Dulbecco's modified Eagle's medium (D-MEM)
containing 10% fetal bovine serum (FBS). H1703 and
H838 cells were cultured in RPMI-1640 complete medium
containing 10% FBS. WI-38 cells were cultured in Eagle's
minimal essential medium containing Earle's BSS, 2 mM
L-glutamine and 10% fetal bovine serum and was modified
to contain 1 mM sodium pyruvate, 0.1 mM non-essential
amino acids and 1.5 g/l sodium bicarbonate. Two hundred
and twenty-three cells were cultured in D-MEM containing
10% heat-inactivated horse serum. All cells were cultured
at 37°C in a humid incubator with 5% CO,.

Adenoviral vectors. A 579 base-pair fragment cDNA construct
of human SOCS3 (11) was cloned into an adenoviral vector
(AdEasy System) (32). Briefly, the SCOS3 complementary
DNA was first cloned into a shuttle vector, pAdTrack-CMV,
which contained cytomegalovirus promoters and a green
fluorescent protein (GFP) gene. The resultant plasmid was
then linearized by digesting with restriction endonuclease
and was subsequently co-transformed into electrocompetent
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BJ5183 cells with an adenoviral backbone plasmid,
pAdEasy-1. Recombinants were selected for kanamycin
resistance and recombination was confirmed by restriction
endonuclease analysis. The linearized recombinant plasmid
was then transfected into 293 cells (El-transformed human
embryonic kidney cells). The SOCS3 recombinant adeno-
virus Ad-SOCS3-GFP (AdSOCS3) was generated and
identified by PCR of the cell culture supernatant. The control
recombinant adenovirus Ad-GFP (AdCtrl), which was
constructed with pAdTrack and pAdEasy-1, was used as
a control in these experiments.

Western blotting. Approximately 1x10° cells were plated
in 10-cm dishes and incubated for 15 h at 37°C before
infection. The cells were mock-infected or infected with either
AdCtrl or AdSOCS3, each at a multiplicity of infection (MOI)
of 100, and incubated for 48 h. Samples were washed
twice with phosphate-buffered saline (PBS), scraped off
the plates, and lysed in cell lysis buffer [SO mM Tris-HC1
(pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate and 0.1% sodium dodecyl sulfate (SDS)].
Whole cell lysates were boiled, and protein concentrations
were determined with the Bradford assay (Bio-Rad Labo-
ratories, Hercules, CA, USA). Equal amounts of protein
(20-40 pg) were separated by SDS-polyacrylamide gel
electrophoresis under reducing conditions in 4-15% linear
gradient polyacrylamide gels. After the proteins were
transferred onto PVDF membranes (Bio-Rad Laboratories),
the membranes were blocked with 5% non-fat milk and
0.2% Tween-20 in Tris-buffered saline (TBS-T) for 1 h
at room temperature and then incubated with a primary
antibody overnight at 4°C. Membranes were washed in TBS-T
for three 5-min periods. Primary antibodies for SOCS3 and
y-tubulin were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Horseradish peroxidase-conjugated
goat anti-mouse or donkey anti-goat antibody was used as a
secondary antibody (Santa Cruz). Proteins were visualized
with chemiluminescence luminal reagents (Santa Cruz).

Cytotoxicity assay. A total of 1x10° cells were seeded into
6-well culture plates and incubated for 15 h at 37°C before
infection. Cells were then mock-infected or infected with
AdCtrl or AASOCS3 at different concentrations and incu-
bated for an additional 3 days. Cells were collected after
trypsinization and re-suspended in PBS. An equal volume of
0.4% trypan blue solution was added to the cell suspension.
Viable cells were counted with a hemocytometer. All cell
counts were done for triplicate samples.

Viability assay and growth curve. A total of 1x10° cells were
plated into 6-well culture plates as described previously.
Later, cells were mock-infected or infected with either
AdCtrl or AdSOCS3 at 20 MOI and incubated for 7 days.
Cells were collected and counted daily as mentioned in
the section on the cytotoxicity assay. All cell counts were
done for triplicate samples.

Cell cycle analysis and apoptosis assay. H460 cells (1x10°)
were plated in 10-cm dishes and incubated for 15 h at 37°C
before infection. Cells were then mock-infected or infected
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trypsinization, washed twice with PBS (sample buffer), and
then fixed in ice-cold 70% ethanol overnight at 4°C. Cells
were then centrifuged for 5 min at 1500 rpm at room tempe-
rature. After decanting the 70% ethanol without disturbing
the pellets, the cells were treated with ribonuclease A
(100 U) for 15 min at 37°C. The cells were then stained with
propidium iodide (50 mg/ml) in sample buffer. Samples
were analyzed by two-dimensional flow cytometry (Epics
ALTRA; Beckman-Coulter, Fullerton, CA, USA) to detect
both green fluorescent protein and propidium iodide. The
cell cycle distribution was analyzed by Multicycle software
for windows version 3.0 (Phoenix Flow Systems, San Diego,
CA, USA). For apoptosis assays, H460 cells were treated
with 50 and 100 MOI of adenoviral vectors. After treatments
for 48 h, cells were collected as previously described for
Western blotting. Primary antibody for full-length caspase-3
was from Cell Signal Technology (Danvers, MA, USA);
primary antibody for cleaved caspase-3 was from Chemicon
(Temecula, CA, USA). Full-length and cleaved caspase-3
were detected according to the manufacturer's instructions.

Irradiation. Cells (1x10%/well) were plated onto 6-well culture
plates and incubated for 16 h at 37°C prior to infection.
Subsequently, they were mock-infected or infected with
either AdCtrl or AASOCS3 at MOI of 10, 20 or 50. Forty-
eight hours after infection, the cells were irradiated (0, 2, 4
or 8 Gy in a single fraction) with a 6-MeV electron beam
generated by a linear accelerator (Clinac 21EX; Varian,
Palo Alto, CA, USA) at a dose rate of 300 cGy/min. On day
3 after irradiation, triplicate cultures for each combination
treatment were counted for viable cells.

Statistical analysis. Results are given as means * standard
deviations (SD). Student's unpaired t-test was used to
compare different treatments. Three-way analysis of variance
(ANOVA) was used to compare the survival proportions and
SDs at the different MOI levels (10, 20, and 50) and varying
radiation doses for treating AdCtrl or AdASOCS3. Pair-
wise comparisons were made using Tukey HSD pair-wise
comparisons. A p-value <0.05 was considered as statistically
significant. Analyses used Stata statistical software version
10.1 (StataCorp., College Station, TX, USA).

Results

Expressions of exogenous SOCS3 in human NSCLC cell
lines. To study the effects of exogenous SOCS3 expression
in NSCLC cells, we constructed a CMV promoter-driven
SOCS3-expressing adenoviral vector (AdSOCS3). We then
infected NSCLC cells with either AASOCS3 or a control
vector (AdCtrl) for further analysis. The infection efficiency
was monitored by GFP expression (Fig. 1A). After infection
with AdSOCS3 for 48 h, SOCS3 protein could be detected
by Western blotting (Fig. 1B).

Exogenous SOCS3 expression inhibits lung cancer cell
growth. Upon confirming the expression of exogenous
SOCS3 using this approach, we first conducted a dose-
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Figure 1. Infection with adenoviral vectors. (A) Cells were seeded and
incubated for 15 h at 37°C, mock-infected or infected with AdSOCS3 or
AdCtrl, and incubated for additional 3 days. Fluorescence in H460 cells, 72 h
after transfection with AdSOCS3. Original magnification, x200. (B) Cells
were plated and incubated for 15 h at 37°C before infection. The cells were
then mock infected or infected with either AdCtrl or AASOCS3 (each at a
multiplicity of infection of 100) and incubated for 48 h. The cells then
were harvested for Western blot analysis.
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Figure 2. Cytotoxicity assay. Cells were plated in triplicate wells and
incubated at 37°C for 15 h before infection. AdCtrl and AdSOCS3 were
added at various concentrations and incubated for 7 days at 37°C. Cells
were collected after trypsinization and resuspended in PBS. An equal
volume of 0.4% trypan blue solution was added to the cell suspension.
Viable cells were then counted with a hemocytometer. All cell counts were
done on triplicate samples. Data from H838 cell line were represented. The
error bars represent standard deviation (SD). AdSOCS3 versus AdCtrl, MOI
of 1, p<0.001; MOI of 10, p<0.001; MOI of 20, p<0.001; MOI of 50,
p=0.009; MOI of 100, p=0.264. “p-value <0.05, Student's t-test. Mock, mock
infection; AdCtrl, infected with control AdCtrl viral vectors; AdSOCS3,
infected with AdSOCS3 viral vectors.

titration study for the adenoviral vectors. Significant
growth inhibition was found for cells that were infected
with AdSOCS3 concentrations higher than 10 MOI in a
dose-dependent manner. Exogenous SOCS3 expression
suppressed the growth of cancer cells, irrespective of their
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Figure 3. Viability after treatment with adenoviral vectors. Cells were
seeded and incubated for 15 h at 37°C, mock-infected or infected with
AdCtr]l or AASOCS3 20 MOI, and incubated for additional 3 or 7 days. Cells
were collected after trypsinization and suspended in PBS. An equal volume
of 0.4% trypan blue solution was added to the cell suspension. Viable cells
were then counted with a hemocytometer. All cell counts were done in
triplicate. "p-value <0.05, Student's t-test, day 3, 0.00379, <0.001, 0.002,
0.0083 and 0.0035, respectively; day 7, 0.0029, <0.001, 0.00362, 0.0027 and
0.0176, respectively. Mock, mock infection; AdCtrl, infected with control
AdCtrl viral vectors; AdSOCS3, infected with AASOCS3 viral vectors.

status for constitutive SOCS3 expression. However, signi-
ficant AdCtrl toxicity was found for concentrations higher
than 50 MOI. Hence, we chose 20 MOI for most of the
experiments (Fig. 2). From growth curve studies, significant
growth inhibition was found at days 2 or 3 and up to day 7.
Growth inhibition was also found for normal WI-38 cells
treated with AdSOCS3 (Figs. 3 and 4).

Exogenous SOCS3 expression suppresses S-phase entry and
induces apoptosis. In order to identify the mechanisms of
growth inhibition that were induced by exogenous SOCS3
expression in lung cancer cells, cycle analysis was
performed. After treatment with AASOCS3 for 4 days, an
increased sub-G1 fraction was found in H460, but not A549
cells: mock, AdCtrl, AdASOCS3 percentages at 96 h were
2.07,1.56, 10.61 and 1.79, 0.52, 0.81% for H460 and A549
cells, respectively (Fig. 5A). In addition, G1 arrest was
observed for AASOCS3-treated A549 cells: G1/S mock,
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Figure 4. Growth inhibition after treatment with adenoviral vectors. (A)
H460, (B) H1703, (C) A549, (D) H838 cells. Cells were seeded and
incubated for 4 h at 37°C, mock-infected or infected with AdCtrl or
AdSOCS3, and incubated for additional 3 or 7 days. Cells were collected
after trypsinization and suspended in PBS. An equal volume of 0.4% trypan
blue solution was added to the cell suspension. Viable cells were then
counted with a hemocytometer. All cell counts were done in triplicate.
“p<0.05, Student's t-test. Mock, mock infection; AdCtrl, infected with
control AdCtrl viral vectors; AdSOCS3, infected with AdSOCS3 viral
vectors.

AdCtrl, AdSOCS3 percentages at 72 h were 63.7/27.2%,
70.7/20.7%, 85.8/6.0% (Fig. 5A). To further verify if
apoptosis could be induced by exogenous SOCS3
expression in H460 cells, we analyzed the caspase-3 levels
by Western blotting at 48 h after infection with viral vectors.
Cleaved caspase-3 increased in H460 cells treated with
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AdSOCS3, but not AdCtrl in a dose-dependent manner
(Fig. 5B).

Exogenous SOCS3 expression increases the radiosensitivity
of NSCLC cells. Because radioresistance can be reverted
by STATS3 inhibition, we examined if exogenous SOCS3
could enhance the radiosensitivity of NSCLC cells. H460
and A549 cells were treated with AdCtrl or AdASOCS3
vectors at 10, 20 and 50 MOI. The culture medium was used
as mock infection. Cells were subsequently treated with
varying radiation doses (0, 2, 4, 8 Gy) at 48 h after infection.
Survival proportions for both cell lines after radiation showed
dose-dependent patterns, irrespective of the vectors and
concentrations of the infecting vectors (three-way ANOVA,
p<0.05 in both comparisons; Fig. 6). For these vectors,
AdSOCS3 inhibited cancer cell growth to a greater extent
than did AdCtrl, regardless of the vector concentrations or
the radiation doses (p<0.05). There was no difference in the
survival proportions for cells that were treated with 10 or
20 MOI AdCtrl (p>0.05). When combined with radiation, a
higher concentration of AASOCS3 resulted in a lower survival
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Figure 5. Exogenous SOCS3-induced apoptosis. (A) Cell cycle analysis.
H460 and A549 cells were plated and incubated for 15 h at 37°C, then mock
infected or infected with either AdCtrl or AASOCS3, and incubated for
additional 120 h. The cells were collected after trypsinization, washed twice
with 1X PBS (sample buffer), and then fixed in ice-cold 70% ethanol
overnight at 4°C. Cells were then centrifuged 5 min at 1500 rpm at room
temperature. After decanting the 70% ethanol without disturbing the pellet,
we stained the cells with propidium iodide (50 mg/ml) and ribonuclease A
(100 U/ml) in sample buffer. Samples were analyzed by two-dimensional
flow cytometry to detect both green fluorescent protein and propidium
iodide. The cell cycle distribution was determined by the cell cycle analysis
software. (B) Cleaved caspase-3 increased in H460 cells after infection
with 50 or 100 MOI of AdSOCS3 for 48 h (Western blotting). MK or
Mock, mock infection; AdCtrl, infected with control AdCtrl viral vectors;
AdSOCS3, infected with AASOCS3 viral vectors.

proportion for H460 cells, but not A549 cells (p<0.05 and
p>0.05, respectively). Hence, exogenous SOCS3 expression
enhanced the radiosensitivity of H460 cells. We did not
analyze the data for 50 MOI AdSOCS3, as this combination
was too toxic for the cells (data not shown).

Discussion

A growing number of reports have shown that JAK-STAT
pathways play important roles in oncogenesis. Constitutively
active JAK?2 was reported in human leukemia (7). Similarly,
constitutive activation of STAT3, a substrate of JAK2, has
been found in various human cancers (11,33-35). Loss of
JAK-STAT feedback inhibition can also lead to consti-
tutively activated JAK-STAT signaling. Methylation-mediated
silencing of SOCS3 has been reported in lung, liver and head
and neck cancers (11,20,21).
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Figure 6. A549 and H460 cells were treated with AdCtrl or AASOCS3 at MOI of 10 and 20. The culture medium alone was used for mock infection. These
cells were subsequently treated with radiation at 0, 2, 4, or 8 Gy 48 h after infection. Triplet cultures for each combination treatment were counted for the
detection of any viable cells on day 3 after the radiation, i.e., day 5 after infection. Data for MOI 50 are not shown due to the too high toxicity when combining

exogenous SOCS3 with irradiation.

Hence, it is a rational approach to restore SOCS3
expression in cancer cells by SOCS3 silencing. Restoration
of SOCS3 using non-viral gene transfer in lung cancer
cells with methylation-mediated SOCS3 silencing decreased
phosphorylated STAT3 and led to growth suppression
and apoptosis of cancer cells (11). Therefore, we studied
SOCS3 gene therapy for lung cancer by constructing a
SOCS3 expression adenoviral vector.

The application of an adenovirus for cancer therapy
can be traced back to the 1950s when a wild-type adeno-
virus was used to treat cervical cancer (36). Adenoviral
vectors are valuable in the development of novel anti-cancer
treatments due to their high infectivity, cytotoxicity and
immunogenicity (37). Adenovirus-based vectors are
currently the most widely used platform for cancer gene
therapy where temporary gene expression is beneficial (38).
Using the AdEasy system (32), we constructed adenoviral
vectors carrying pl144RF or p16™K4A in previous cancer gene
therapy studies (39,40).

He at al reported that SOCS3 was silenced in H460
cells due to hypermethylation of its promoter region and
that there was no methylation of the SOCS3 promoter in
A549 cells (11). Likewise, 77.8% (14/18) of primary lung
cancer specimens showed methylation of the SOCS3
promoter region. In contrast, a recent study failed to detect
methylation of the SOCS3 promoter region by MethyLight
for matched lung cancer and non-cancerous tissues (41).
Another report using fluorescence-based real-time MSP
found SOCS3 methylation in 5% (2/40) of primary lung
cancer tissues (42). These inconsistencies regarding the
methylation status of the SOCS3 promoter may be due to
the different methods used.

However, in this study, exogenous SOCS3 expression
induced growth inhibition in all lung cell lines, irrespective
of their status for constitutive SOCS3 expression. There was
a significant growth inhibition by 2-3 days after AdASOCS3
infection. Nevertheless, the growth rate of normal cells was
also suppressed by AdSOCS3, although to a lesser level.

STAT3 is an oncogene that can regulate cell cycle
progression and prevent apoptosis (10). STAT3 controls the
G1 to S phase cell-cycle transition via the up-regulation
of cyclins and concomitant down-regulation of p21 and
p27 (27,29). Selective inhibition of STAT3 by dominant-
negative STAT3 induced apoptosis, G1 cell cycle arrest and
reduced S phase in anaplastic large cell lymphoma (43).
Inhibition of the JAK-STAT3 pathway also resulted in
G2 arrest (44,45). As reported previously, inhibition of
STAT3 with an anti-sense oligonucleotide induced activated
caspase-3 in nearly 88% of prostate cancer cells (46). In this
study, exogenous SOCS3 suppressed S-phase entry in A549
cells. Interestingly, SOCS3 overexpression in H460 cells led
to an increased sub-G1 population and cleaved caspase-3 in a
dose-response manner. Our findings are in agreement with
the results of STAT3 inhibition. Hence, exogenous SOCS3
expression may suppress S-phase entry and induce apoptosis
by feedback inhibition of STAT3. However, ectopic SOCS3
expression may exert its effects not only through negative
regulation of STAT3.

The suppression of S-phase entry and induction of
apoptosis in this study were induced at higher AdSOCS3
concentrations. This suggests that exogenous SOCS3 at
lower concentrations may suppress lung cancer cell growth
by mechanisms other than the induction of cell cycle arrest
and apoptosis. However, at higher concentrations, the trans-
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5. Nevertheless, cell cycle arrest and apoptosis
induction were not found in cancer cells that were infected
with higher concentrations of the empty vector AdCtrl. We
further tested the effects of combined exogenous SOCS3
and irradiation on NSCLC cells. Our results suggest that
exogenous SOCS3 can enhance the radiosensitivity of
NSCLC cells.

In this study, we successfully showed that exogenous
SOCS3 can suppress lung cell growth, even for those cells
that express SOCS3. Although the inherent toxicity of
adenoviral vectors and their cytotoxicity for normal cells are
major concerns for gene therapy, advances have been
achieved in developing more selective, safer and effective
adenoviral vectors in recent years (38). In conclusion, our
results indicate the potential of applying SOCS3 gene therapy
not only to lung cancer, but also other human cancers.
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