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Overexpression of SOCS3 mediated by adenovirus vector in mouse and human 1 

castration resistant prostate cancer cells increases the sensitivity to NK cells in vitro and 2 

in vivo.  3 
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Abstract 26 

Prostate cancer is one of the most common cancers in men. The over-activation of IL-27 

6/JAK/STAT3 signaling and silencing of SOCS3 are frequently observed in prostate cancer. 28 

In the present study we undertook to develop Ad-SOCS3 gene therapy for the treatment of 29 

prostate cancer and also investigated whether Ad-SOCS3 increased sensitivity to NK cells. 30 

We demonstrated that Ad-SOCS3 could significantly inhibit growth of castration-resistant 31 

prostate cancer (CRPC) cell lines expressing pSTAT3, DU-145 (at 10, 20, and 40 MOI) and 32 

TRAMP-C2 (at 40 MOI), but not the PC-3 CRPC cell line with the STAT3 gene deleted. Ad-33 

SOCS3 (40 MOI) could suppress IL-6 production in DU-145 cells and PD-L1 expression 34 

induced by IFN-γ in TRAMP-C2 cells, and increased the NK cell sensitivity of both 35 

TRAMP-C2 and DU-145 cells. In the DU-145 mouse xenograft tumor model, intratumoral 36 

injections (twice/week for 3 weeks) of 1×108 pfu of Ad-SOCS3 significantly inhibited tumor 37 

growth and combining the Ad-SOCS3 treatment with intratumoral injections (once/week for 38 

2 weeks) of 1×107 human NK cells showed the highest tumor growth inhibitory effect. These 39 

results suggested that a combination of Ad-SOCS3 gene therapy and NK cell immunotherapy 40 

could be a powerful treatment option for advanced CRPC overexpressing pSTAT3.  41 

 42 

Key word: JAK/STAT, SOCS3, Ad-SOCS3, CRPC, NK cell  43 
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INTRODUCTION 44 

The cytokine-induced Src homology (SH2)- containing protein (CIS)/Suppressor of 45 

cytokine signaling (SOCS) family consists of 8 intracellular proteins (CIS and SOCS1-7).1 46 

Among CIS/SOCS family proteins, SOCS1 and SOCS3 are strictly associated with cytokine 47 

signal control including the negative regulation of Janus kinase (JAK)/signal transducer and 48 

activator of transcription (STAT) signaling.2 Most JAK/STAT signaling pathways are 49 

extracellularly stimulated by cytokines, including interleukin (IL)-6 and interferon (IFN)-α, β, 50 

and γ, and intracellularly mediate the cytokine signals to regulate cell proliferation, 51 

migration, differentiation, and inflammation.3 While the activation of JAK/STAT signaling is 52 

quickly suppressed by negative SOCSs feedback in normal cells,4 over-activation of 53 

JAK/STAT signaling and silencing of SOCSs, especially SOCS1/3, are frequently observed in 54 

variety of cancer cells.5,6 The anti-tumor effects of SOCS1/3 targeting the IL-6/JAK/STAT 55 

signaling have also been reported elsewhere.2,7,8  56 

Prostate cancer (PCa) is one of the most common cancers in men and the sixth leading 57 

cause of cancer-related death worldwide.9 Generally metastatic PCa is initially treated with 58 

androgen deprivation therapy, after which it often progresses to castration-resistant PCa 59 

(CRPC), which is resistant to androgen deprivation therapy.10 Although several 60 

chemotherapeutic agents have been developed to treat CRPC, there is still a great need for 61 

development of novel CRPC therapies to improve overall survival (OS) and quality of life 62 

(QOL) in CRPC patients. Previously, Iwahori and colleagues reported that overexpression of 63 

SOCS3 in malignant pleural mesothelioma (MPM) cells mediated by a recombinant 64 

adenovirus vector carrying human SOCS3 gene (Ad-hSOCS3) reduced proliferation of MPM 65 

cells and induced cell apoptosis and partial G0/G1 arrest via JAK/STAT3 and another 66 

pathways.2 Since the IL-6/JAK/STAT pathway is frequently over-activated in PCa cells,11 we 67 

undertook to develop the Ad-SOCS3 therapy for CRPC treatment in the present study.  68 
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The biggest strategic obstacle to effective cancer gene therapy using viral vectors is how 69 

to induce systemic anti-tumor activity by local intratumoral injections of the viral vectors. 70 

Combination therapies with local injections of talimogene laherparepvec, which is a herpes 71 

simplex virus vector carrying the granulocyte-macrophage colony-stimulating factor (GM-72 

CSF) gene, and systemic immunotherapies including ipilimumab and pembrolizumab are 73 

currently being developed.12 In the phase II study of the talimogene laherparepvec and 74 

ipilimumab combination, treatment demonstrated a significantly higher objective response 75 

rate (ORR) compared to ipilimumab alone.13 It is crucial for the success of viral cancer 76 

therapy for local injections of viral vectors to induce systemic anti-tumor immunity. 77 

At this moment, the roles of SOCSs in the tumor immunity are controversial. Recent 78 

studies suggest that CIS, SOCS1, and SOCS3 proteins could act as immune checkpoint 79 

molecules to regulate the activities of immune cells including T cells and macrophages.1 In 80 

addition, the deletion of SOCS3 in T cells and macrophages reportedly induced anti-tumor 81 

effects in MC38 colon cancer and B16F10 melanoma mouse tumor models,1,14. On the other 82 

hand, previous studies have shown that the activation of IL-6/JAK/STAT3 signaling 83 

suppresses the antigen presentation of dendritic cells (DCs),15 and the activation of the IFN-84 

γ/JAK/STAT3 signaling pathway increased the expression of programmed death ligand 1 85 

(PD-L1) in tumor cells.16 Therefore, blocking JAK/STAT3 signaling with SOCS3 might help 86 

activate antitumor immunity in the tumor microenvironment. In the present study, we 87 

evaluated the anti-tumor activity of Ad-SOCS3 in mouse and human CRPC cells, and also 88 

investigated whether the overexpression of SOCS3 in CRPC cells mediated by Ad-SOCS3 89 

could increase sensitivity to natural killer (NK) cells in vitro and in vivo.   90 
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MATERIALS AND METHODS 91 

Cell lines   92 

Human CRPC cell lines DU-145 and PC-3 and murine CRPC cell line TRAMP-C2 were 93 

purchased from American Type Culture Collection (ATCC; Manassas, VA). DU-145, PC-3 94 

and TRAMP-C2 cell lines were maintained in minimum essential medium (MEM; Sigma 95 

Aldrich, St. Louis, MO), Roswell Park Memorial Institute 1640 medium (RPMI-1640; Sigma 96 

Aldrich), and Dulbecco’s modified Eagle’s medium (DMEM; Sigma Aldrich), supplemented 97 

with 10% fetal bovine serum (FBS; Sigma Aldrich), 100 U/mL penicillin, and 100 μg/mL 98 

streptomycin (P/S; Nacalai Tesque, Kyoto, Japan). All cell lines were grown at 37°C under a 99 

humidified atmosphere of 5% CO2. 100 

 101 

Adenoviral vectors 102 

Ad-SOCS3, replication-deficient recombinant adenoviral vectors expressing human or mouse 103 

SOCS3 gene (Ad-hSOCS3 or Ad-mSOCS3), and Ad-LacZ, a replication-deficient 104 

recombinant adenoviral vector expressing β-galactosidase (LacZ) gene, were constructed by 105 

the cosmid–adenoviral DNA terminal protein complex method.2,7,17 Ad-hSOCS3, Ad-106 

mSOCS3, and Ad-LacZ were designed to express human or mouse SOCS3 genes and LacZ 107 

gene, respectively, under the control of the CAG promoter (a modified chicken β-actin 108 

promoter with a cytomegalovirus immediate early enhancer).18,19 The viruses were amplified 109 

in 293 cells and purified using CsCl2 step gradient ultracentrifugation followed by CsCl2 110 

linear gradient ultracentrifugation. The purified viruses were dialyzed against a solution 111 

containing 10 mM Tris-HCl (pH 7.5), 1 mM MgCl2, and 10% glycerol and stored at -80°C.20 112 

Viral particle and biological titers were determined using a standard plaque-forming 113 

assay.21,22 This study was approved by the Committee for Safe Handling of Living Modified 114 

Organisms at Kobe University and carried out according to the committee guidelines. 115 
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 116 

Western blotting 117 

The CRPC cells were plated in 6-well plates at a density of 5×105 cells/well and incubated at 118 

37ºC and 5% CO2 for 24 hours. Then cells were infected with Ad-hSOCS3, Ad-mSOCS3 or 119 

Ad-LacZ at 40 multiplicity of infection (MOI) and incubated an additional 48 h. These cells 120 

were harvested and washed by phosphate buffered saline (PBS), then lysed in 8 M urea buffer 121 

containing 0.1% dithiothreitol, and protein concentration was determined. Equal amounts of 122 

each sample were added into sample buffer (Nacalai Tesque) and heated at 95°C for 5 123 

minutes. The samples were separated by SDS-PAGE and transferred to a polyvinylidene 124 

difluoride membrane. After blocking with Blocking One (Nacalai Tesque) 1 hour at room 125 

temperature (RT), followed by washing, the membranes were incubated overnight at RT with 126 

anti-SOCS3 antibody (Immno-Biological Laboratories) 1:1000, anti-pSTAT3 antibody (Cell 127 

Signaling Technology, Danvers, MA) 1:1000, anti-STAT3 antibody (Santa Cruz 128 

Biotechnology, Dallas, TX) 1:1000, or anti-beta-actin antibody (Santa Cruz Biotechnology), 129 

1:1000. PSTAT3 antibody was diluted with Can Get Signal Immunoreaction Enhancer 130 

Solution (TOYOBO, Osaka, Japan), and SOCS3, STAT3, beta-actin antibodies were diluted 131 

with PBS-Tween 20%. After another washing, membranes were incubated for 1 hour at RT 132 

with HRP conjugated goat anti-mouse IgG or anti-rabbit IgG 1:1000. Antibody binding to 133 

proteins was detected by enhanced chemiluminescence. 134 

 135 

Cell proliferation assay   136 

The CRPC cells were plated in 96-well plates at a density of 1×103 cells/well. After the tumor 137 

cells adhered, they were infected with Ad-SOCS3 at 10, 20 and 40 MOI. Six days after 138 

infection, the viable cell density was measured by Alamar Blue assay (Invitrogen, Waltham, 139 

MA). All experiments were performed in triplicate wells.  140 
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 141 

Apoptosis analysis by Annexin-V/propidium iodide assay 142 

The CRPC cells were plated in 6-well plates at a density of 5×105 cells/well and incubated at 143 

37ºC and 5% CO2 for 24 h. Then cells were infected with Ad-hSOCS3, Ad-mSOCS3 or Ad-144 

LacZ at 20 MOI and incubated an additional 48 h. The cells with apoptosis were stained 145 

using an Annexin V-FITC Apoptosis Detection Kit (Nacalai Tesque) according to the 146 

manufacturer’s instructions, and then fluorescence-activated cell sorting and analysis was 147 

performed using Explore Guava easyCyte Benchtop Flow Cytometers (Merck Millipore, 148 

Darmstadt, Germany). 149 

 150 

Flow cytometry for PD-L1 expression 151 

The expression of PD-L1 on the CRPC cell surface was assessed by flow cytometry analysis. 152 

The CRPC cells were plated in 6-well plates at a density of 1×106 cells/well and incubated at 153 

37ºC and 5% CO2 for 24 h. Then we added IFN-γ at 0, 5, 10 or 20 ng/mL and the cells were 154 

incubated an additional 48 h. The cells were harvested and re-suspended in 80 µL/tube of 155 

PBS (DU-145 and PC-3) or 100 µL/tube of PBS (TRAMP-C2). Then we added 20 µL of 156 

purified human Fc receptor binding inhibitor (eBioscience, San Diego, CA) (DU-145 and PC-157 

3) or 1 µL of purified anti-mouse CD16/32 (BioLegend, San Diego, CA) (TRAMP-C2). After 158 

10 min at RT, the CRPC cells were labeled with antibody against phycoerythrin (PE)-159 

conjugated anti-human CD274 (BioLegend) in the dark for 30 min at 4ºC. After the cells 160 

were washed once with PBS, fluorescence-activated cell sorting and analysis was performed 161 

using Explore Guava easyCyte Benchtop Flow Cytometers (Merck Millipore, Darmstadt, 162 

Germany). Then the cells expressing PD-L1 were plated in 6-well plates at a density of 1×106 163 

cells/well and incubated at 37ºC and 5% CO2 for 24 h. We then added IFN-γ at 10 ng/mL to 164 

cells expressing PD-L1 by IFN-γ stimulation, infected them with Ad-hSOCS3, Ad-mSOCS3 165 
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or Ad-LacZ at 40 MOI and incubated them an additional 48 h before performing flow 166 

cytometry as described above. 167 

 168 

Enzyme-linked immunosorbent assay (ELISA) 169 

The CRPC cells were plated in 6-well plates at a density of 5×105 cells/well and incubated at 170 

37ºC and 5% CO2 for 24 h. Then cells were infected with Ad-hSOCS3, Ad-mSOCS3 or Ad-171 

LacZ at 40 multiplicity of infection (MOI) and incubated an additional 48 h. The 172 

concentrations of IL-6 in the cell culture supernatant were measured using human IL-6 173 

Quantikine ELISA kit for human cells and mouse IL-6 Quantikine ELISA kit for murine cells 174 

(R&D Systems, Minneapolis, MN, both) according to the manufacturer’s instructions. 175 

 176 

Cell cycle assay 177 

The CRPC cells seeded at 1 × 10⁶ cells in 100mm dishes were grown to confluence to attain 178 

synchronization in G1 and subcultured at a lower density (1 × 10⁵ cells in a six-well plate) for 179 

24 hr so that most of the cells were in the S phase. Adenoviral vectors were infected by 180 

distributing suspensions of Ad-hSOCS3 or Ad-LacZ onto cells at MOI of 40, followed by 181 

incubation at 37 ℃ for an additional 48 hr. Also, human STAT3 siRNA (Dharmacon Inc, 182 

Lafayette, USA) or negative siRNA (Dharmacon Inc, Lafayette, USA) was lipofected 183 

according to Lipofectamine RNAiMAX Reagent (Invitrogen, Waltham, MA). The cells were 184 

then trypsinized and collected with the supernatants, after which the cell cycle was 185 

determined by means of propidium iodide (PI) staining according to the instructions for the 186 

Guava® Cell Cycle Reagent (Merck Millipore, Darmstadt, Germany) using the Explore 187 

Guava easyCyte Benchtop Flow Cytometers (Merck Millipore, Darmstadt, Germany). This 188 

assay was performed in duplicate. 189 

 190 
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NK cells 191 

20 mL of blood was collected from healthy adult donors. Peripheral Blood Mononuclear 192 

Cells (PBMCs) were isolated from fresh blood by Ficoll-Paque density gradient 193 

centrifugation. The PBMCs were washed one time with PBS-FBS 4%, adjusted to a final 194 

concentration of 1-3×106 cells/mL with RPMI1640 with 10% FBS and incubated at 37ºC and 195 

5 % CO2 for 2 h. Then only suspended cells were collected and cultured with KBM501 196 

containing 1,750 JRU/mL of interleukin-2 (IL-2) (KOHJIN BIO, Tokyo, Japan) in a 197 

humidified 5% CO2 incubator at 37ºC for 2 days and KBM502 (KOHJIN BIO) in a 198 

humidified 5% CO2 incubator at 37ºC for 3 days. The ratio of NK cells (CD3-, CD56+) in the 199 

culture cells was determined by flow cytometry analysis as previously described.21 For mice 200 

experiment, mouse spleens were obtained from male C57BL/6 mice (CLEA Japan, Tokyo, 201 

Japan). Mice were sacrificed and aseptically isolated splenocytes were strained, hemolyzed, 202 

and suspended in RPMI-1640 medium supplemented with 10% FBS, 100 IU/ml penicillin, 203 

100 μg/ml streptomycin and 1000 IU/mL IL-2. After 10 days of culture, murine NK cells 204 

were generated and prepared for following assays. 205 

 206 

Cytotoxicity assay 207 

The cytotoxicity of NK cells against target TRAMP-C2 and DU-145 cells with or without 40 208 

MOI of Ad-mSOCS3, Ad-hSOCS3 or Ad-LacZ infection was determined by in vitro 209 

cytotoxicity assay. In addition, the cytotoxicity of NK cells against DU-145 cells was also 210 

examined in the presence of 5 ng/ml of recombinant human IL-6 (Oriental Yeast Co., ltd., 211 

Tokyo, Japan). Target cells (TRAMP-C2 and DU-145) were plated in 96-well plates at a 212 

density of 1×104 cells/well and incubated at 37ºC and 5% CO2 for 48 h. The supernatants 213 

were removed and human or murine NK cells were added to the plate at 1-10 times the target 214 

cell numbers respectvely, and were co-cultured for 6 h in a humidified 5% CO2 incubator at 215 
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37ºC. NK cell cytotoxicity was estimated by measuring the amount of LDH from each cell 216 

type using the CytoTox 96 assay (Promega, Madison, WI). LDH measurement was performed 217 

in triplicate wells.  218 

 219 

In vivo experiments 220 

All animal experiments were conducted according to the institutional ethical guidelines for 221 

animal experimentation of the National Institute of Biomedical Innovation (Kobe, Japan). 222 

Male Balb/c nu/nu mice, 6 to 7 weeks of age, were purchased from CLEA Japan. mice were 223 

housed for 7 days and allowed ad libitum access to food and water. For subcutaneous 224 

xenograft experiments, we injected 1×106 DU-145 cells in a total volume of 100 µL of 1/1 225 

(v/v) PBS/Matrigel (Becton Dickinson, Bedford, MA) in the right flank of the Balb/c nu/nu 226 

mice. After the tumor adhered, thirty-five mice were randomized into 5 treatment groups 227 

(n=7). 1×108 plaque-forming units (pfu)/100 µL of Ad-hSOCS3 or Ad-LacZ was injected 228 

intratumorally twice/week for 3 weeks (total of 5 times) and 1×107 cells of human NK cells 229 

once/week for 2 weeks (total of 2 times). Tumor volumes were determined every third day in 230 

a non-blinded manner by measuring in two dimensions, length (L) and width (W), and 231 

calculating volume as (W2×L)/2.  232 

 233 

Immunohistochemical staining 234 

The xenograft tumor tissues were resected from mice after 2 days of the final injection of NK 235 

cells. Paraffin embedded tumor tissue sections were deparaffinized and rehydrated. Antigen 236 

retrieval was performed in Bond epitope retrieval buffer (Leica Microsystems, Wetzlar, 237 

Germany). Immunohisochemical staining was performed in automatic tissue processor (Leica 238 

Microsystems Bond-Max) according to manufacturer’s standard protocol. Briefly, tissue 239 

sections were incubated with rabbit monoclonal anti-human CD56 antibody (Nichirei 240 
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Biosciences Inc, Tokyo, Japan) to stain NK cells. After washing, sections were incubated 241 

with biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA. After 242 

incubation, sections were washed and incubated with R.T.U. Vectastain Elite ABC reagent 243 

(Vector Laboratories). After washing, sections were incubated with 3,3’-diaminobenzidine, 244 

and were counterstained with hematoxylin. Resulting tissue slides were observed under 245 

microscope BZ-X710.   246 

 247 

Statistical analysis 248 

Statistical significance was determined using a t-test for direct 2-group comparisons and 249 

analysis of variance (ANOVA) for multiple-group comparisons. All data were reported as the 250 

SD, as index of the variability of the original data points, and as the mean±SE of 3 251 

independent experiments if they were repeated. Statistical significance was set at p<0.05.   252 
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RESULTS 253 

Ad-SOCS3 induced the over-expression of SOCS3 and suppressed the expression of 254 

pSTAT3 in TRAMP-C2 and DU-145 cells. 255 

To determine whether overexpression of SOCS3 mediated by Ad-SOCS3 could inhibit the 256 

JAK/STAT3 signaling in the CRPC cells in vitro, we evaluated the expression of SOCS3, 257 

STAT3 and phosphorylated-STAT3 (pSTAT3) proteins in mouse (TRAMP-C2) and human 258 

(DU-145 and PC-3) CRPC cells with or without Ad-mSOCS3 or Ad-hSOCS3 infection by 259 

Western blotting assay. As shown in Figure 1a, Ad-mSOCS3 or Ad-hSOCS3 could induce the 260 

over-expression of SOCS3 in the all three TRAMP-C2, DU-145 and PC3, CRPC cells. The 261 

expression of STAT3 was detected in TRAMP-C2 and DU-145 cells and Ad-SOCS3 262 

infections did not decrease the expression of STAT3 in these CRPC cells. On the other hand, 263 

the expression of pSTAT3 in TRAMP-C2 and DU-145 cells was suppressed by Ad-SOCS3 264 

infection (Figure 1a). These results suggested that Ad-SOCS3 could regulate the over-265 

activation of JAK/STAT3 signaling in mouse and human CRPC cells. 266 

 267 

Ad-SOCS3 inhibited the cell proliferation of TRAMP-C2 and DU-145 cells in vitro 268 

We evaluated the in vitro inhibitory effects of Ad-mSOCS3 or Ad-hSOCS3 on cell 269 

proliferation of TRAMP-C2, DU-145 and PC-3 cells using Alamar blue assay. As shown in 270 

Figure1b, Ad-mSOCS3 significantly inhibited TRAMP-C2 cell proliferation at 40 MOI on 271 

day 6. Also, Ad-hSOCS3 significantly inhibited DU-145 cell proliferation at 10, 20 and 40 272 

MOIs, but did not show any inhibitory effects on the proliferation of PC-3 cells. These results 273 

suggested that Ad-SOCS3 could inhibit cell proliferation of JAK/STAT3 over-activating 274 

CRPC cells. 275 

 276 

Ad-SOCS3 induced cell apoptosis in TRAMP-C2 and DU-145 cells in vitro 277 



Yoneda, et al. 13 
 
To determine whether Ad-SOCS3 could induce cell apoptosis in CRPC cells in vitro, we 278 

performed an Annexin-V/propidium iodide (PI) assay using flow cytometry. Annexin-V 279 

preferentially binds to phosphatidylserine (PS) expressed on the cell surface of apoptotic 280 

cells; PI is not taken up by live or early apoptotic cells due to their intact plasma 281 

membranes.23 Therefore, the early apoptotic cells were stained with annexin-V but not with 282 

PI (upper left, Figure 2a), and the late apoptotic cells were stained with both annexin-V and 283 

PI (upper right, Figure 2a). As shown in Figure 2a and b, Ad-mSOCS3 increased the ratio of 284 

late apoptotic TRAMP-C2 cells from 12.1% to 29.2%, and the total apoptotic cells (early and 285 

late apoptotic cells) from 33.1% to 63.1%. Also, Ad-hSOCS3 increased the ratio of late 286 

apoptotic DU-145 cells from 16.4% to 56.5%, and the total apoptotic cells from 51.2% to 287 

75.4%. Ad-hSOCS3 did not show any substantial change in the numbers of apoptotic PC-3 288 

cells. These results suggested that Ad-SOCS3 could induce cell apoptosis in the JAK/STAT3 289 

over-activating CRPC cells. 290 

 291 

Ad-SOCS3 suppressed IL-6 production in DU-145 cells 292 

We performed ELISA assays to determine whether Ad-SOCS3 could suppress IL-6 293 

production in CRPC cells in vitro. While TRAMP-C2 did not produce a substantial level of 294 

IL-6 protein, DU-145 and PC-3 cells produced a high level of IL-6 protein (Figure 3a). As 295 

shown in Figure 3b, Ad-hSOCS3 significantly suppressed IL-6 protein production in DU-145 296 

cells compared with the no-infection or Ad-LacZ infection groups, but not in PC-3 cells. 297 

These results suggested that Ad-hSOCS3 could downregulate JAK/STAT3 signaling and also 298 

IL-6 production in DU-145 cells overexpressing pSTAT3, but Ad-hSOCS3 could not 299 

downregulate IL-6 protein production in PC-3 cells, which did not express pSTAT3.  300 

 301 

Ad-SOCS3 induced G0/G1 cell cycle arrest in DU-145 cells 302 



Yoneda, et al. 14 
 
The cell cycle regulation is one of the important mechanisms for inhibition of cell growth. To 303 

analyze the effect of Ad-SOCS3 on cell cycle regulation, we infected DU-145 and PC-3 cells 304 

with Ad-SOCS3 and then analyzed cell cycle distribution by flow cytometry. In addition, 305 

siRNA was introduced to suppress STAT3 expression and cell cycle distribution was 306 

determined. Ad-SOCS3 significantly increased the G0/G1 cell population compared with 307 

those treated with Ad-LacZ or no virus in DU-145 cells but not in PC-3 cells. Similarly, the 308 

human STAT3 siRNA significantly increased the G0/G1 cell population in DU-145 but not in 309 

PC-3 cells (Figure 3 c and d).  310 

 311 

Ad-SOCS3 suppressed the PD-L1 expression induced by IFN-γ in TRAMP-C2 cells but 312 

could not suppress PD-L1 expression in DU-145 cells in vitro 313 

To investigate the effect of Ad-SOCS3 infection on the expression of PD-L1 in the CRPC 314 

cells overexpressing pSTAT3, we evaluated the expression of PD-L1 with or without IFN-γ 315 

stimulation in the Ad-SOCS3 infected or non-infected TRAMP-C2 and DU-145 cells by flow 316 

cytometry. As shown in Figure 4a, without IFN-γ, DU-145 cells expressed PD-L1 (77.20%), 317 

but TRAMP-C2 cells did not express PD-L1 (only 3.14%). Stimulation with IFN-γ increased 318 

the expression of PD-L1 in TRAMP-C2 cells (90.86%) but not in DU-145 cells (77.89%). 319 

Ad-mSOCS3 decreased the expression of PD-L1 induced by IFN-γ in TRAMP-C2 cells from 320 

90.86% to 42.26%, but Ad-hSOCS3 could not decrease the expression of PD-L1 in DU-145 321 

cells (Figure 4b). These results indicated that Ad-SOCS3 could suppress PD-L1 expression 322 

via the IFN-γ/JAK/STAT pathway, while Ad-SOCS3 could not suppress IFN-γ independent 323 

PD-L1 overexpression.  324 

 325 

Ad-SOCS3 increased the sensitivity of TRAMP-C2 and DU-145 cells to NK cells in vitro  326 
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To investigate the effect of Ad-SOCS3 infection on the NK cell sensitivity of CRPC cells in 327 

vitro, we performed an in vitro cytotoxicity assay. Prior to the in vitro cytotoxicity assay, we 328 

confirmed that 24.7% of the cultured PBMCs with IL-2 had the NK cell phenotype (CD3-, 329 

CD56+). The in vitro cytotoxicity assay showed that Ad-mSOCS3 significantly increased the 330 

cytotoxicity of murine NK cells (effector cells) against TRAMP-C2 cells (target cells) at 331 

effector:target cell ratio 10:1 compared with no-infection group (Figure 5). Also, Ad-hSOCS3 332 

significantly increased the in vitro cytotoxicity of human NK cells against DU-145 cells at 333 

cell ratios of 5:1 and 10:1 compared with no-infection or Ad-LacZ infection groups (Figure 334 

5). However, in the presence of recombinant IL-6, Ad-hSOCS3 could not increase the 335 

cytotoxicity of NK cells against DU-145 cells (Figure 5). These results indicated that Ad-336 

SOCS3 infection could increase sensitivity to NK cells in JAK/STAT3 over-activated CRPC 337 

cells by suppressing the PD-L1 expression or IL-6 production.  338 

 339 

Combining Ad-SOCS3 and NK cells had synergistic anti-tumor effects in an in vivo DU-340 

145 xenograft tumor model  341 

To investigate the synergistic anti-tumor activity of combining Ad-SOCS3 and NK cells in 342 

vivo, we treated mice xenografted with DU-145 subcutaneous tumors with PBS, Ad-LacZ, 343 

NK cells, Ad-hSOCS3, and combination of Ad-hSOCS3 and NK cells. As shown in Figure 6, 344 

the combination of Ad-hSOCS3 and NK cells significantly inhibited the growth of DU-145 345 

subcutaneous tumors compared with the PBS, Ad-LacZ, and NK cell treatment groups at day 346 

42. These results indicated that a combination of Ad-SOCS3 and NK cells treatment could 347 

markedly inhibit CRPC tumor growth in a mouse xenograft model. 348 

 349 

Ad-SOCS3 could prolong the survival of tumor-infiltrating NK cells in Vivo 350 
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As the result of immunohistochemical study, CD56-positive lymphocytes were remarkably 351 

detected in tumor tissues of mice that were treated with Ad-SOCS3 and NK cells after 2 days 352 

of the final NK injection but not in tumor tissues of mice treated with NL cells alone (Fig. 7). 353 

These results indicated that Ad-SOCS3 treatment could prolong the survival of tumor-354 

infiltrating NK cells in CRPC tumors and enhance the antitumor activity of NK cells.   355 

 356 

DISCUSSION 357 

IL-6 is a multifunctional inflammatory cytokine that is frequently overexpressed in several 358 

kinds of cancer including prostate cancer.24 The association between IL-6 and prostate cancer 359 

was originally discovered by elevated IL-6 serum levels in patients with metastatic CRPC 360 

compared with healthy or localized prostate cancer patients.25 Binding of IL-6 to the IL-6 361 

receptor (IL6R) activates JAK/STAT signaling and STAT3 is most commonly phosphorylated 362 

and activated in IL-6/JAK/STAT signaling.26 Reportedly, pSTAT3 and IL6R expression was 363 

detected in 95% of metastatic CRPC, and the bone metastases showed significantly higher 364 

expressions of pSTAT3 and IL6R compared to lymph node and visceral metastases.27 In 365 

addition, the most undifferentiated stem-like PC cells expressed the highest levels of IL-6 and 366 

IL6R, and blockade of JAK/STAT3 signaling could inhibit colony-forming and tumor 367 

initiation by prostate cancer stem-like cells.28 Moreover, IL-6/JAK/STAT3 signaling could 368 

induce the overexpression of pituitary tumor transforming gene 1 (PTTG1) and subsequently 369 

induce epithelial-mesenchymal transition (EMT) to increase the cancer stem cell population 370 

in the LNCaP androgen-dependent prostate cancer cell line, and STAT3 inhibition 371 

significantly increased the sensitivity of the DU-145 androgen-independent prostate cancer 372 

(CRPC) cell line to the antiandrogen agent bicaltamide.29  373 

In the present study, we employed one mouse CRPC cell line, TRAMP-C2, and two 374 

human CRPC cell lines, DU-145 and PC-3, to investigate whether the blockade of IL-375 
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6/JAK/STAT3 signaling by the overexpression of SOCS3 mediated via Ad-SOCS3 could 376 

inhibit CRPC cell proliferation and increase the sensitivity of CRPC cells to NK cells. 377 

Previously, it was reported that the DU-145 and PC-3 human CRPC androgen-receptor 378 

negative cell lines expressed high levels of IL-6,30 while the STAT3 gene was completely 379 

deleted in the PC-3 cell line.31 In our results, Ad-SOCS3 successfully induced the 380 

overexpression of SOCS3 protein in all three CRPC cells, and suppressed the expression of 381 

pSTAT3 protein in TRAMP-C2 and DU-145 cells (Figure 1a). In PC-3 cells, we did not 382 

detect pSTAT3 protein expression even without Ad-hSOCS3 infection (Figure 1a). In cell 383 

proliferation assays, Ad-SOCS3 significantly inhibited the cell proliferation of TRAMP-C2 384 

and DU-145 cells compared to Ad-LacZ, but not that of the PC-3 cell line (Figure 1b). Also, 385 

in a cell apoptosis analysis using annexin-V and propidium iodide, Ad-SOCS3 increased both 386 

early and late apoptosis cells in TRAMP-C2 cells and increased late apoptosis and total 387 

apoptosis in DU-145 cells, but Ad-SOCS3 could not increase apoptosis in PC-3 cells (Figures 388 

2a and b). Since the STAT3 gene is deleted in PC-3 cells, Ad-SOCS3 could not inhibit cell 389 

growth or induce apoptosis in PC-3 cells. However, PC-3 cells produced the high level of IL-390 

6 in our ELISA assay (Figure 3a) and in other previous reports.32,33 IL-6 may stimulate PC-3 391 

cell growth through other signaling pathways such as the extracellular signal-regulated kinase 392 

1 and 2 (ERK1/2)-mitogen-activated protein kinase (MAPK) pathway and the 393 

phosphoinositide 3-kinase (PI3-K) pathway.26 In the ELISA assay, both human CRPC cell 394 

lines, DU-145 and PC-3, produced a high level of IL-6 protein, but the TRAMP-C2 mouse 395 

CRPC cell line did not produce a substantial level of IL-6 protein (Figure 3a). Interestingly, 396 

Ad-SOCS3 could suppress IL-6 production in DU-145 cells but not in PC-3 cells (Figure 3b). 397 

It seems likely that overexpression of SOCS3 via Ad-SOCS3 infection can interrupt the 398 

autocrine loop of IL-6/JAK/STAT3 signaling in DU-145 cells. In addition, we confirmed that 399 

both of Ad-SOCS3 and STAT3 siRNA could induce G0/G1 arrest in DU-145 cells but not in 400 
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PC-3 cells (Figure 3 c and d). These results suggested that Ad-SOCS3 could induce the 401 

G0/G1 cell cycle arrest by the suppression of STAT3 expression.   402 

Programmed death 1 (PD-1) is a member of the B7-CD28 family and an immune 403 

inhibitory receptor expressed on many types of immune cells including CD8+ and CD4+ T 404 

cells and NK cells.34 PD-1 signaling directly suppresses the activation of T cells and NK 405 

cells, and PD-1 receptor has two corresponding ligands, PD-1 ligand 1 (PD-L1) and PD-1 406 

ligand 2 (PD-L2).35 While PD-L1 is expressed on a variety of cell types including 407 

hematopoietic cells, parenchymal cells and tumor cells, PD-L2 is expressed only on 408 

professional antigen-presenting cells (APCs), which are dendritic cells and macrophages.36 409 

Recent evidences strongly suggested that the expression of PD-L1 by tumor cells could 410 

induce immune escape through PD-1/PD-L1 signaling34. Previously it was reported that IFN-411 

γ, which is an inflammatory cytokine expressed by CD8+ T cells, NK cells and macrophages, 412 

induces PD-L1 expression and the consequent immune escape of tumor cells.37 In our results, 413 

PD-L1 was highly expressed in DU-145 cells but not in TRAMP-C2 cells without IFN-γ 414 

stimulation, and IFN-γ could induce PD-L1 expression in TRAMP-C2 cells but not increase 415 

PD-L1 expression in DU-145 cells (Figure 4a). Previously Zhang et al reported that blockade 416 

of JAK/STAT3 signaling could suppress PD-L1 expression by IFN-γ in A549 human lung 417 

cancer cells.38 Similarly, Ad-SOCS3 could suppress only the PD-L1 induced by IFN-γ in 418 

TRAMP-C2 cells but not suppress the PD-L1 naturally overexpressed in DU-145 cells 419 

(Figure 4b).   420 

In the present study, we investigated whether Ad-SOCS3 could increase the sensitivity 421 

of CRPC cells to NK cells. In our in vitro cytotoxicity assay, Ad-SOCS3 significantly 422 

increased the sensitivity of both TRAMP-C2 and DU-145 cells to NK cells (Figure 5). 423 

Especially, Ad-hSOCS3 greatly increased the sensitivity of DU-145 cells to NK cells (Figure 424 

5). Kang et al. demonstrated that IL-6 inhibited the functional activity of NK cells 425 
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concomitantly with the downregulation of granzyme B and perforin.39 This finding may 426 

support our results that Ad-SOCS3 decreased IL-6 production in DU-145 and increased NK 427 

activity against DU-145 cells, but Ad-SOCS3 could not increase NK activity against DU-145 428 

cells in the presence of recombinant IL-6. In addition, Ad-SOCS3 suppressed the PD-L1 429 

expression induced by IFN-γ in TRAMP-C2 cells, and increased NK activity against 430 

TRAMP-C2 cells. We also investigated the in vivo antitumor activity of Ad-SOCS3 and 431 

synergistic effect of Ad-SOCS3 and NK cells in a DU-145 mouse xenograft model. In our 432 

model Ad-hSOCS3 significantly inhibited DU-145 tumor growth and the combination of Ad-433 

SOCS3 and NK cells showed the highest antitumor activity (Figure 6). Furthermore, the 434 

immunohistochemical study revealed that the combination of NK cell injection and Ad-435 

SOCS3 could prolong the survival of tumor-infiltrating NK cells in tumors infected with Ad-436 

SOCS3, while NK cells in tumors without Ad-SOCS3 infection disappeared at two days after 437 

the NK cells injection (Figure 7). Recently, Nakagawa et al. showed adenovirus-mediated 438 

SOCS-1 gene delivery (AdSOCS-1) in several human cancer cell lines in vitro potently 439 

inhibited IFN-γ-induced STAT1 phosphorylation and PD-L1 upregulation. In addition, 440 

intratumoral injection of AdSOCS-1 significantly inhibited the tumor growth of those cancer 441 

cells in mice, reduced PD-L1 expression on tumors and restored the activation of tumor-442 

infiltrating CD8 T cells, supporting that the inhibition of JAK-STAT signaling pathway 443 

attributable to enhancement of tumor immunity involving T cells and NK cells.40 444 

In conclusion, we demonstrated that Ad-SOCS3 can inhibit cell growth in CRPC cell 445 

lines expressing pSTAT3, DU-145and TRAMP-C2, but not the PC-3 CRPC cell line with 446 

STAT3 gene deletion. Ad-SOCS3 could suppress IL-6 production in DU-145 cells and PD-L1 447 

expression induced by IFN-γ in TRAMP-C2 cells, and increased the NK cell sensitivity of 448 

both DU-145 and TRAMP-C2 cells. Ad-SOCS3 showed in vivo antitumor activity and 449 

synergistic effects when combined with NK cells in a DU-145 xenograft tumor model. These 450 
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results suggested that the combination of Ad-SOCS3 gene therapy and NK cell 451 

immunotherapy could be a powerful treatment option for advanced CRPC overexpressing 452 

pSTAT3.  453 
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FIGURE LEGENDS 580 

Figure 1. Expression of JAK/STAT-pathway related proteins in androgen-independent PCa 581 

cell lines and determining cell proliferation after SOCS3 gene transduction with Ad-SOCS3. 582 

(a) After transduction of SOCS3 gene into androgen-independent PCa cell lines with Ad-583 

hSOCS3, Ad-mSOCS3 or Ad-LacZ, the expression of pSTAT3, STAT3 and SOCS3 in cells 584 

were determined by western blotting. The expression of phosphorylated STAT3 protein was 585 

suppressed by over expression of SOCS gene in TRAMP-C2 and DU-145, which were 586 

expressing STAT3. (b) TRAMP-C2, DU-145 and PC-3 cells were infected with any of Ad-587 

hSOCS3, Ad-mSOCS3 and Ad-LacZ as control at MOI of 10-40. After a 6-day culture, 588 

Alamar blue assay was perfomed to determine cell proliferation. Transduction of SOCS3 589 

gene significantly inhibited the growth in TRAMP-C2 and PC-3 cells which were expressing 590 

pSTAT3 protein compared with LacZ. Figures show the average (points) of 4 wells ± SE 591 

(bars); (*p<0.05, ** p<0.01). 592 

 593 

Figure 2. (a). CRPC cell lines (TRAMP-C2, DU-145 and PC-3) were stained with annexin 594 

V-FITC and PI, following infection with 40 MOI of Ad-hSOCS3, Ad-mSOCS3 or Ad-LacZ, 595 

and analyzed by flow cytometry. In each panel, lower left quadrant shows cells which are 596 

negative for both annexin V-FITC and PI, lower right shows PI positive cells, upper left 597 

shows annexin-V positive cells which are in the early stage of apoptosis, and upper right 598 

shows both annexin V and PI positive, which are in the late stage of apoptosis. (b). Bar 599 

diagram showing the distribution of early and late apoptotic cell populations. Infection of Ad-600 

SOCS3 increased the ratios of late and total (late and early) apoptotic cells in TRAMP-C2 601 

and DU-145 cells, which were expressing pSTAT3 protein, compared with non-infection or 602 

Ad-LacZ infection groups. 603 

 604 
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Figure 3. IL-6 production and cell cycle distribution in CRPC cell lines 605 

(a) IL-6 production from TRAMP-C2, DU-145 and PC-3 cells was determined by ELISA. 606 

(b) After transduction of SOCS3 gene with Ad-SOCS3 into DU-145 and PC-3, production of 607 

IL-6 was determined. Over expression of SOCS3 gene significantly suppressed the 608 

production of IL-6 from DU-145 which were expressing pSTAT3 (**p<0.01). 609 

(c) and (d) DU-145 cells (c) or PC-3 cells (d) were infected with either Ad-hSOCS3 or Ad-610 

LacZ as control at MOI of 40. Also, these cells were lipofected with either human STAT3 611 

siRNA or negative siRNA as control at 10µM. The cell cycle was determined by means of 612 

propdium iodide (PI) staining using flow cytometry. Figures show the average (columns) of 613 

duplicate wells + SD (bars). (*p<0.05, **p<0.01) 614 

 615 

Figure 4. PD-L1 expression on CRPC cell lines 616 

The expression of PD-L1 with or without IFN-γ stimulation in the Ad-SOCS3 infected or 617 

non-infected TRAMP-C2 and DU-145 cells by flow cytometry. (a) without IFN-γ, DU-145 618 

cells expressed PD-L1, but TRAMP-C2 cells did not express PD-L1. Stimulation with IFN-γ 619 

increased the expression of PD-L1 in TRAMP-C2 cells but not in DU-145 cells. (b) Ad-620 

mSOCS3 decreased the expression of PD-L1 induced by IFN-γ in TRAMP-C2 cells, but Ad-621 

hSOCS3 could not decrease the expression of PD-L1 in DU-145 cells.  622 

 623 

Figure 5. Cytotoxic effect of NK cells against TRAMP-C2 and DU-145 which were 624 

transduced SOCS3 gene. 625 

After transduction of SOCS3 gene with Ad-SOCS3 into TRAMP-C2 and DU-145, these cells 626 

were co-cultured with NK cells in vitro and cytotoxicity was determined. Ad-mSOCS3 627 

significantly increased the cytotoxicity of murine NK cells against TRAMP-C2 cells at 628 

effector:target cell ratio of 10:1 (*p<0.05). Ad-hSOCS3 significantly increased the in vitro 629 
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cytotoxicity of human NK cells against DU-145 cells at cell ratios of 5:1, and 10:1 630 

(**p<0.01, ‡p<0.005). In the presence of recombinant IL-6, Ad-hSOCS3 could not increase 631 

the in vitro cytotoxicity of NK cells against DU-145 cells at cell ratio of 10:1 Figures show 632 

the average (columns) of triplicate wells + SD (bars) (**p<0.01, ‡p<0.005). 633 

 634 

Figure 6. Tumor volume curve in DU-145 xenograft model and the synergistic anti-tumor 635 

activity of combining Ad-SOCS3 and NK cells in vivo. 636 

After subcutaneous transplantation of DU-145, PBS, Ad-LacZ, NK cells, Ad-hSOCS3, and 637 

combination of Ad-hSOCS3 and NK cells were intratumorally administered for five times 638 

(days 0, 3, 7, 10 and 14). The combination of Ad-hSOCS3 and NK cells significantly 639 

inhibited the growth of DU-145 subcutaneous tumors compared with the PBS, Ad-LacZ, and 640 

NK cell treatment groups at day 42 (**p<0.01). 641 

 642 

Figure 7. Immunohistochemical staining with anti-CD56 antibody in DU-145 xenograft 643 

tumor tissues. 644 

Two days after the final injection of NK cells, tumor tissues were resected and stained with 645 

anti-CD56 antibody. The combination of Ad-SOCS3 and NK cells treatment remarkably 646 

sustained CD56-positive NK cells in tumor tissues (e), whereas NK cells were not detected in 647 

other treatment groups; (a) PBS, (b) Ad-LacZ, (c) Ad-SOCS3 alone, and (d) NK cells alone.  648 
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