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SOCS1 inhibits migration and invasion of prostate cancer cells,
attenuates tumor growth and modulates the tumor stroma
A Villalobos-Hernandez1,5, D Bobbala1,5, R Kandhi1, MGM Khan1, M Mayhue1, CM Dubois1, G Ferbeyre2, C Saucier3,
S Ramanathan1,4 and S Ilangumaran1,4

BACKGROUND: The suppressor of cytokine signaling 1 (SOCS1) gene is repressed in prostate cancer (PCa) by epigenetic silencing
and microRNA miR30d. Increased expression of the SOCS1-targeting miR30d correlates with higher biochemical recurrence,
suggesting a tumor suppressor role of SOCS1 in PCa, but the underlying mechanisms are unclear. We have shown that SOCS1
inhibits MET receptor kinase signaling, a key oncogenic pathway in cancer progression. Here we evaluated the role of SOCS1 in
attenuating MET signaling in PCa cells and tumor growth in vivo.
METHODS: MET-overexpressing human DU145 and PC3 PCa cell lines were stably transduced with SOCS1, and their growth,
migration and invasion of collagen matrix were evaluated in vitro. Cells expressing SOCS1 or the control vector were evaluated for
tumor growth in NOD.scid.gamma mice as xenograft or orthotopic tumors.
RESULTS: HGF-induced MET signaling was attenuated in SOCS1-expressing DU145 and PC3 cells. Compared with vector control
cells, SOCS1-expressing cells showed reduced proliferation and impaired migration following HGF stimulation. DU145 and PC3 cells
showed marked ability to invade the collagen matrix following HGF stimulation and this was attenuated by SOCS1. As xenografts,
SOCS1-expressing PCa cells showed significantly reduced tumor growth compared with vector control cells. In the orthotopic
tumor model, SOCS1 reduced the growth of primary tumors and metastatic spread. Intriguingly, the SOCS1-expressing DU145 and
PC3 tumors showed increased collagen deposition, associated with increased frequency of myofibroblasts.
CONCLUSIONS: Our findings support the tumor suppressor role of SOCS1 in PCa and suggest that attenuation of MET signaling is
one of the underlying mechanisms. SOCS1 in PCa cells also appears to prevent the tumor-promoting functions of cancer-associated
fibroblasts.
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INTRODUCTION
Prostate cancer (PCa) accounts for 21% of annual cancer incidence
and 8% of cancer deaths among men.1 Despite advances in
screening and improved treatment methods,2 clinical manage-
ment of PCa remains challenging. Further progress in distinguish-
ing indolent and malignant lesions and developing new therapies
for aggressive disease depend on identifying biomarkers with
greater prognostic value, elucidating signaling pathways that
render PCa refractory to treatment and understanding the
mechanisms of metastatic progression.3

Besides androgen receptor stimulation, interleukin-6 (IL-6) and
other proinflammatory cytokines contribute to PCa patho-
genesis.4,5 In many cell types, IL-6 signaling induces a negative
feedback regulator called the suppressor of cytokine signaling 1
(SOCS1).6 A SOCS1-mimetic peptide has been shown to inhibit
IL-6-induced STAT3 phosphorylation and proliferation in PCa
cells.7 SOCS1 induced by IL-6 and androgens inhibits cell growth
by downmodulating cyclins and cyclin-dependent kinases.8 These
studies indicated that SOCS1 controls proliferation of PCa cells by
attenuating IL-6 and androgen-stimulated oncogenic signaling.
The SOCS1 gene promoter is repressed by methylation in many

cancers including hepatocellular carcinoma, leukemia and

pancreatic adenocarcinoma, and hence SOCS1 is considered a
tumor suppressor.9–13 Accordingly, SOCS1-deficient fibroblasts
show increased susceptibility to oncogenic transformation and
Socs1-null mice develop colorectal cancer and hepatocellular
carcinoma.14–16 SOCS1 is also targeted by microRNAs miR-155 and
miR-19 in human cancers.17,18 Although the SOCS1 promoter is
methylated only in 20% of PCa,19 elevated expression of miR-30d,
which also targets SOCS1, often occurs in PCa biopsies and
correlates with early biochemical recurrence.20

Recently, we have shown that SOCS1 is dispensable to control
IL-6 signaling in hepatocytes, but is essential to attenuate HGF
signaling via its receptor, the MET receptor tyrosine kinase
(RTK).16,21 Indeed, MET and other RTKs activated by growth
factors are implicated in PCa progression.22–24 MET expression
occurs in 40% of localized PCa that correlates with Gleason score,
and MET positivity increases with lymph node metastasis, reaching
nearly 100% in bone metastases.25–28 Serum HGF and urinary MET
levels, which increase during metastatic PCa, predict aggressive
disease and recurrence even in the absence of elevated PSA
levels.29–31 Therefore, we investigated whether SOCS1 regulates
MET signaling in human PCa by stably expressing SOCS1 in DU145
and PC3 cell lines.
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MATERIALS AND METHODS
Establishment of stable SOCS1-expressing PCa cell lines
Human PCa cell lines PC3, DU145 and LNCaP, purchased from American
Type Culture Collection (Manassas, VA, USA), were kindly provided by Dr
Robert Day (Université de Sherbrooke). Cells were transduced with a
lentiviral vector expressing HA-tagged SOCS1 also carrying mouse CD8
marker, or the control vector expressing green fluorescent protein.21 The
SOCS1-transfected cells were enriched by magnetic selection using anti-
mouse CD8 antibody and then cloned by limiting dilution. Cells transduced
with the control vector were sorted by flow cytometry based on green
fluorescent protein expression.

Cytokines and antibodies
Human INFγ, IL-6 and HGF were from R&D Systems (Minneapolis, MN, USA)
or Peprotech (Rocky Hill, NJ, USA). Antibodies used for western blotting
and immunohistochemistry are listed in Supplementary Table 1.

Tumor growth in NOD.scid.gamma mice
NOD.scid.gamma mice were from the Jackson Laboratory (Bar Harbor, ME,
USA). Male mice (8–12 weeks old) were used to evaluate xenograft and
orthotopic tumor growth under protocols approved by the Université de
Sherbrooke ethics committee in accordance with Canadian Council on
Animal Care guidelines (Protocol number 117-15B) as detailed in
Supplementary Methods.

Histopathology
Sections of formalin-fixed paraffin-embedded tumors and prostate glands
were stained with hematoxylin and eosin. Sirius red, Masson’s trichrome
and immunohistochemical staining is detailed in Supplementary Methods.
All histopathology images were acquired using Nanozoomer 2.0-RS
scanner (Hamamatsu Photonics, Hamamatsu, Japan) and analyzed
using the Nanozoomer digital pathology (NDP) software (Hamamatsu
Photonics). Positively staining areas were quantified using the ImageJ
software (NIH).

Supplementary methods
Methylation-specific PCR of the SOCS1 gene, PCR with reverse transcrip-
tion, western blot, thymidine incorporation, wound-healing assay and
analysis of the PCa data sets are detailed in Supplementary Methods.

Statistical analysis
Statistical analyses were done using GraphPad Prism 6 (GraphPad
Software, San Diego, CA, USA).

RESULTS
Generation of stable SOCS1-expressing PCa cells
The androgen-resistant PC3 and DU145 cells express high levels of
MET compared with the androgen-sensitive LNCaP cells.32 There-
fore, we selected DU145 and PC3 cells to investigate the role of
SOCS1 in regulating MET signaling in PCa. First, we examined
the methylation status of the SOCS1 gene in PCa cell lines by
methylation-specific PCR (Figure 1a). The SOCS1 gene was

not methylated in PC3 cells, whereas DU145 cells harbored
one methylated SOCS1 allele and LNCaP cells had both alleles
methylated (Figure 1b). Following exposure to IFNγ, a potent
inducer of SOCS1, both DU145 and PC3 cells showed comparable
SOCS1 expression (Figures 1c and d), even though DU145 cells
harbored only one unmethylated allele compared with the two in
PC3 cells. IL-6 failed to induce SOCS1 in both PC3 and DU145 cells,
despite being an autocrine growth factor and its known ability to
induce SOCS1.6,33 HGF elicited strong SOCS1 gene expression in
DU145 cells and caused only modest upregulation in PC3 cells
(Figures 1c and d). These observations indicate that SOCS1 is an
HGF-responsive gene in PCa cells and suggest differential
induction and/or post-transcriptional control of SOCS1 mRNA in
these cells.
Following lentiviral transduction, SOCS1-expressing PC3 and

DU145 cells were enriched based on the expression of CD8
marker, and stable SOCS1-expressing clones were established by
limiting dilution (Figures 1e and f). After verifying SOCS1
expression by its HA tag, we tested its ability at inhibiting IFNγ-
induced STAT phosphorylation, which was attenuated to a
variable extent in different SOCS1-expresing clones of PC3 and
DU145 (Figures 1g and h). On the other hand, PC3 and DU145
expressing the control vector showed constitutive STAT3 phos-
phorylation, which was completely abrogated by SOCS1 in all PC3
clones, but to a variable extent in DU145 clones. SOCS1-
expressing clones of DU145 (DU145-S26) and PC3 (PC3-S14),
which showed a strong capacity to attenuate IFNγ-induced STAT1
phosphorylation and significant inhibition of constitutive STAT3
phosphorylation, were selected to investigate the role of SOCS1 in
regulating MET signaling in PCa cells.

SOCS1 expression in PCa cells attenuates HGF-induced MET
signaling, cell proliferation and migration
We stimulated DU145 and PC3 cells expressing SOCS1 (DU145-
SOCS1 and PC3-SOCS1) or the control vector (DU145-Vector and
PC3-Vector) with HGF and assessed activation of the MET receptor
and downstream signaling molecules. Although SOCS1 did not
abrogate HGF-induced MET phosphorylation in DU145-Vector or
PC3-Vector cells, DU145-SOCS1 cells showed a discernible
reduction in phospho- and total MET levels after prolonged HGF
stimulation (Figures 2a and b), suggesting SOCS1-mediated MET
downmodulation.34 Both DU145-SOCS1 and PC3-SOCS1 cells
showed marked reduction in HGF-induced ERK phosphorylation.
SOCS1 also caused a pronounced reduction in AKT phosphoryla-
tion in DU145 cells, although this was only minimally affected in
PC3-SOCS1 cells. These results indicated that SOCS1 attenuates
different components of the HGF-MET signaling pathway to a
variable extent in PCa cell lines.
Next we evaluated the effect of SOCS1 on HGF-induced

proliferation and cell migration. In both DU145-Vector and
PC3-Vector cells, HGF caused a small, but significant increase in
proliferation (Figures 2c and d). SOCS1 markedly reduced both

Figure 1. SOCS1 gene methylation status in PCa cell lines and selection of stable SOCS1-expressing clones. (a) Genomic DNA from PC3, LNCaP
and DU145 cell lines were treated with sodium bisulfite and analyzed by methylation-specific PCR for the SOCS1 gene. (b and c) DU145 and PC3
cell lines were stimulated with IFNγ (1 ng ml− 1), IL-6 (5 ng ml− 1) or HGF (10 ng ml− 1), and SOCS1 gene expression was analyzed by real-time
RT–PCR. Cumulative data from three experiments are shown. Data were compared by one-way ANOVA with Dunnett's multiple comparisons
test: *Po 0.05, ****Po 0.0001. (d) DU145 and PC3 cell lines were transduced by a lentiviral SOCS1 expression construct that also expressed
mouse CD8 from an internal ribosome entry site or the control vector expressing GFP. Transduced cells were analyzed for SOCS1 expression by
evaluating mCD8 expression by flow cytometry. SOCS1-transduced cells were purified using anti-CD8 antibody-coated magnetic beads. (e)
Purified cells were cloned by limiting dilution and CD8 expression in three clones for each cell line is shown. (f and g) Representative clones of
DU145 (l) and PC3 (g) were stimulated with IFNγ for the indicated periods of time and phosphorylation of the indicated STAT proteins was
assessed by western blot. SOCS1 expression was verified with an antibody to the HA epitope tag. Actin was used as protein loading control.
Representative data from two similar experiments are shown. ANOVA, analysis of variance; GFP, green fluorescent protein; IL-6, interleukin-6;
NTC, non-template controls; PCa, prostate cancer; RT–PCR, PCR with reverse transcription; SOCS1, suppressor of cytokine signaling 1.
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basal and HGF-induced proliferation of DU145 and PC3 cells. In
wound-healing assays, addition of HGF accelerated the migration
of both DU145 and PC3 vector control cells (Figures 2e–h). Stable
SOCS1 expression caused a significant reduction in wound-closure
in both non-stimulated and HGF-stimulated cells. These results
indicated that SOCS1 inhibits HGF-induced cell proliferation and
migration in PCa cells.

SOCS1 blocks PCa cell invasion
HGF-dependent MET activation in tumor cells not only promotes
cell proliferation and motility but also enhances cell, invasion of
the extracellular matrix (ECM) and subsequent metastasis.35

Therefore, we tested whether SOCS1 inhibited HGF/MET-induced
invasion of PCa cells through the collagen matrix. After HGF
stimulation, vector control cells showed increased matrix invasion
(Figures 3a-f). SOCS1 expression almost completely abrogated
HGF-induced invasive behavior in both DU145 and PC3 cells,
bringing it to the basal level (Figures 3e and f).
SOCS1 has been reported to inhibit matrix metalloproteinases

(MMP) in PCa cells.20 As MMPs are involved in ECM degradation,36

we determined whether HGF induced the expression of MMP
genes and assessed the effect of SOCS1 on this induction. HGF did
not upregulate MMP1, MMP2, MMP3 and MMP9 genes in either
DU145-Vector or PC3-Vector cells (Figure 3g). However, SOCS1
markedly reduced the expression of all these genes in DU145 cells
but not in PC3 cells (Figure 3g), even though the SOCS1-mediated
inhibition of HGF-induced invasion was more pronounced in the
latter (Figure 3d). These observations suggested that the HGF-
induced invasion of ECM is likely mediated by diverse mechanisms
in DU145 and PC3 cells, and that SOCS1 attenuates all these
pathways.

SOCS1 expression in PCa cells decreases tumorigenesis
We implanted SOCS1-expressing and vector control DU145 and
PC3 cells into the flanks of NOD.scid.gamma mice and assessed
the growth of xenografts. SOCS1-expressing DU145 and PC3 cells
showed a significantly decreased tumor growth compared with
vector control cells (Figures 4a and b). The SOCS1-expressing
tumors contained fewer and more dispersed cells than the control
tumors (Figures 4c and d), and displayed significantly reduced
number of PCNA-positive cells (Figures 4e and f), supporting the
anti-proliferative function of SOCS1 in PCa growth.
Next, we assessed phosphorylation of MET and downstream

signaling molecules in the tumors. The SOCS1-expressing tumors
did not show appreciable change in MET phosphorylation or
expression (Figures 4g and h). However, SOCS1-expressing PC3
tumors showed a discernible reduction in STAT3 and ERK
phosphorylation, although DU145-SOCS1 tumors did not show
any appreciable change. The results suggested that the reduced
growth of SOCS1-expressing tumors result not only from
attenuation of growth factor-induced signaling but also from
other tumor suppressor mechanisms of SOCS1.

SOCS1 inhibits orthotopic tumor growth and metastasis by PCa
cells
Metastasis is the main cause of PCa patient morbidity and
mortality. Repression of the SOCS1 gene positively correlates with
disease progression in prostate and other cancers.20 Given that
SOCS1 attenuates the ability of PCa cell lines to penetrate collagen
matrix (Figure 3), we evaluated its role in attenuating PCa
metastasis in an orthotopic model.37 SOCS1-expressing DU145
and PC3 cells developed significantly smaller tumors at the
primary site when compared with vector control cells
(Figures 5a and b) and showed reduced numbers of PCNA-
positive cells (Figures 5c and d). Macroscopic metastatic nodules
in the viscera, adrenal gland, pancreas and pleura were observed
in 50 and 75% of control vector-transduced DU145 and PC3
cells, respectively, while none of the mice bearing SOCS1-
expressing tumors showed macro-metastasis (Figures 5e and f).
These results indicated that SOCS1 suppressed the metastatic
potential of PCa cells.

SOCS1 expression increases collagen deposition and
myofibroblast content in PCa xenografts
Cells in SOCS1-expressing DU145 and PC3 xenografts appeared to
be separated by amorphous material (Figures 4c and d). To
determine if this amorphous material was ECM, we stained the
tumor sections with Sirius Red and Masson’s trichrome, which
detect type-I and type-III collagen fibrils, respectively.38 SOCS1-
expressing tumors showed significantly higher collagen content
compared with control tumors (Figures 6a-d). As ECM in the
cancer stroma is produced by cancer-associated fibroblasts
(CAFs),39 we stained the tumor sections for the myofibroblast
marker α-smooth muscle actin (α-SMA), which revealed signifi-
cantly more α-SMA-positive cells in SOCS1-expressing tumors
(Figures 6e and f).
As the accumulation of ECM in tumors is influenced by not only

its production but also its dynamic modulation by MMPs and
tissue inhibitors of MMPs (TIMP),36 we examined the expression of
candidate MMP and TIMP genes. As shown in Figure 6g, DU145-
SOCS1 tumors showed reduced expression of MMP1, MMP3 and
TIMP1 and increased expression of MMP2, whereas PC3-SOCS1
tumors showed reduced expression of MMP9, TIMP1 and TIMP3.
These results indicated that SOCS1 differentially affected the ECM
remodeling enzymes, and that this modulation occurred in a cell-
specific manner.

Expression of SOCS1 and MET genes in human PCa specimens
Induction of the SOCS1 gene by HGF in PC3 and DU145 cells
(Figures 1c and d) suggested a negative feedback regulation of
MET signaling by SOCS1. The higher level of SOCS1 gene induction
in DU145 cells than in PC3 cells is consistent with elevated MET
expression in the former.40 Therefore, we analyzed the association
between SOCS1 and MET gene expression in the human PCa
databases available from Memorial Sloan Kettering Cancer Center

Figure 2. SOCS1 attenuates HGF-induced signaling, proliferation and migration of PCa cells. (a and b) DU145 (a) and PC3 (b) cells expressing
the control vector or SOCS1 were stimulated with HGF (10 ng ml− 1) for the indicated periods, lysed and evaluated by western blot for
phosphorylation of the MET receptor and downstream effectors AKT and ERK. The blots were stripped and reprobed for the total proteins.
SOCS1 expression was verified by antibody to the HA epitope tag. Actin was used as protein loading control. Representative results from three
experiments with similar results are shown. (c, d) Control and SOCS1-expressing DU145 (c) and PC3 (d) cells were seeded in 96-well-plates
(5000 cells per well) in triplicates in serum-deprived medium for 18 h, in the presence or absence of human HGF (10 ng ml− 1). After adding
[3H]-thymidine for 6 h, the cells were harvested to evaluate thymidine incorporation. Representative results of three independent experiments
are shown. Data represent mean± s.d.. Data were compared by one-way ANOVA with Tukey’s multiple comparisons: *Po 0.05, **Po 0.01,
***Po 0.001. (e–h) Confluent cultures of Control and SOCS1-expressing DU145 (c) and PC3 (d) cells were tested for wound-healing ability in
the presence or absence of HGF (30 ng ml− 1) at the indicated time points. Representative images (e and f) and cumulative data (g and h;
mean± s.d.) from results from three experiments are shown. Data were compared by two-way ANOVA with Sidak's multiple comparisons test:
*Po 0.05, **Po 0.01, ***Po 0.001. ANOVA, analysis of variance; PCa, prostate cancer; SOCS1, suppressor of cytokine signaling 1.
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Figure 3. SOCS1 expression in PCa cells inhibits HGF-induced invasion of collagen matrix, but differentially affects the expression of genes
involved in matrix degradation. (a–f) DU145 (a,c and e) and PC3 (b,d and f) cells expressing the control vector or SOCS1 were allowed to
invade a collagen gel matrix layered over semi-solid agar in the presence or absence of HGF (20 ng ml− 1) in 96-well microtiter plates. After
24 hours, the cells were stained with calcein-AM and examined by confocal microscopy and the z-stage images were acquired at incremental
5 μM depth from the top. The images were reconstructed to measure the depth of invasion as assessed by green fluorescence. Cross-sectional
images (a and b) and fluorescence intensity at different depths (c and d) from a representative experiment are shown. Quantification of the
maximal depth of invasion (mean± s.d.) from three independent experiments is shown in (e and f). Data were compared by Kruskal–Wallis
test: *Po0.05; **Po0.01. (g) Control and SOCS1-expressing DU145 and PC3 cells were cultured to 80% confluence, stimulated with HGF
(10 ng ml− 1) for 2 h and the expression of the indicated matrix metalloproteinase genes was assessed by real-time RT–PCR. Expression level
of the indicated genes over the housekeeping gene GAPDH in non-stimulated vector control cells was used as reference to calculate the
fold induction in HGF-stimulated and SOCS1-expressing cells. Mean± s.d. values from three independent experiments are shown. Data
(mean± s.d.) were compared by one-way ANOVA with Tukey’s multiple comparisons: *Po 0.05, ***Po 0.001, ****Po 0.0001. MMP, matrix
metalloproteinases; PCa, prostate cancer; RT–PCR, PCR with reverse transcription; SOCS1, suppressor of cytokine signaling 1.
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Figure 4. SOCS1 inhibits tumor growth of PCa cells in a xenograft model. (a and b) DU145 and PC3 cells expressing SOCS1or control vector
were injected subcutaneously into the flanks (106 cells) of NSG mice, and tumor growth was evaluated at day 46 post-inoculation.
Representative tumors and cumulative data on tumor volume (mean± s.d.) from three independent experiments are shown. Data were
compared by unpaired t-test: ***Po 0.001. (c and d) Hematoxylin and eosin-stained (H&E) sections of the above tumors. SOCS1-expressing
tumors showed fewer cells than control tumors that are separated by amorphous extracellular material. (e and f) Immunohistochemical
evaluation of PCNA in the tumor sections shown in (a and b). The PCNA-staining areas were quantified in at least 10 random fields of
tumor sections from at least three mice per group. Data represent the mean± s.d., which was compared by unpaired t-test: ***Po 0.001. (g
and h) Western blot evaluation of phosphor-MET, MET and signaling proteins from representative tumors of the indicated cell types.
NSG, NOD.scid.gamma; PCa, prostate cancer; SOCS1, suppressor of cytokine signaling 1.
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(MKSCC),41 Fred Hutchinson Cancer Research Center (FHCRC)42

and The Cancer Genome Atlas (TCGA)43 studies. The expression of
SOCS1 and MET, and that of KLK3 (coding for PSA) and EGFR
(another member of the RPTK family) were not significantly

altered across the patient groups with different Gleason scores in
all three PCa data sets (Figure 7a). However, metastatic PCa
showed significantly reduced expression of all four genes
compared with localized or primary PCa in the MKSCC study but

Figure 5. SOCS1 inhibits orthotopic tumor growth of human PCa cells and metastasis. (a and b) DU145 and PC3 PCa cells transduced with
SOCS1 or an empty vector were injected into the prostate glands of NSG mice. After 6 weeks, prostate glands were resected and weighed.
Representative images of the prostate glands and cumulative data from two experiments are shown. Data represent mean± s.d. and were
compared by Mann–Whitney test: *Po0.05, **Po0.01. (c and d) IHC staining of PCNA in formalin-fixed, paraffin-embedded sections of the
orthotopic tumors formed by SOCS1-expressing and control DU145 and PC3 cells. Representative images and quantification of the PCNA-
staining areas are shown. Data represent mean± s.d. and were compared by unpaired t-test: ****Po 0.0001. (e and f) The formation of distant
metastasis in mice bearing orthotopic tumors of control and SOCS1-expressing DU145 and PC3 cells was assessed by macroscopic
examination for metastatic nodules in peripheral organs at 6 weeks of post inoculation. Representative images and cumulative data from two
separate experiments are shown. IHC, immunohistochemical; NSG, NOD.scid.gamma; PCa, prostate cancer; SOCS1, suppressor of cytokine
signaling 1.
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not in the FHCRC data set (Figure 7b). SOCS1 gene expression
showed a negative correlation with that of KLK3, while the inverse
relationship between SOCS1 and EGFR was significant only in the
provisional TCGA data set (Figure 8). SOCS1 and MET gene
expression showed a significant positive correlation in the TCGA
data set and a similar tendency in the FHCRC data set, whereas an
inverse relationship was observed in the MKSCC data set
(Figure 8).

DISCUSSION
In several human neoplasms including PCa, the SOCS1 gene
is repressed by CpG methylation and microRNA.9–13,17–20 The
tumor suppressor mechanism of SOCS1 in PCa is not yet well

understood. The feedback inhibition of the JAK-STAT pathway
by SOCS1 could contribute to tumor suppression in a cancer
cell-intrinsic manner as well as by reducing inflammation within
the tumor microenvironment. In PCa cells, SOCS1 has been shown
to block IL-6-induced STAT3 activation and downmodulate
cyclins and cyclin-dependent kinases and thereby inhibit
cell growth.7,8 Accruing evidence indicates that SOCS1 also
regulates RTK signaling pathways.44 SOCS1 inhibits MET signaling
by promoting its ubiquitination and proteasomal degradation.21,34

In this study, we have shown that SOCS1 attenuates MET signaling
in PCa cells and inhibits HGF-induced cell proliferation,
migration and invasion. We also show that SOCS1 attenuates
tumor growth in vivo, accompanied by increased deposition
of ECM.

Figure 6. SOCS1 expression in PCa cells induces collagen deposition in xenograft models. (a–d) formalin-fixed, paraffin-embedded tumor sections
of SOCS1-expressing and control tumors formed by DU145 and PC3 cells were stained by Sirius Red (a and b) or Masson’s trichrome (c and d) to
reveal type-I collagen fibers. Representative images (a and c) and quantification of collagen staining from at least 10 random fields of tumor
sections from three mice per group (b and d) are shown. (e and f) Immunohistochemical (IHC) evaluation of α-smooth muscle actin (SMA) to
reveal myofibroblasts. Representative images (e) and quantification of SMA-positive cells (f) are shown. Data represent the mean± s.d. (b, d and f)
and statistical significance was determined by unpaired t-test: **Po 0.01, ***Po 0.001, ****Po 0.0001. (g) Expression of the indicated MMP and
TIMP genes was assessed by real-time RT–PCR. Expression level of the indicated genes over the housekeeping gene GAPDH in each tumor sample
is shown. Mean± s.d. values from 9 to 12 tumors per group are shown. Statistical comparisons were performed using one-way ANOVA with
Tukey’s multiple comparisons test: *Po0.05, ***Po0.001, ****Po0.0001. ANOVA, analysis of variance; MMP, matrix metalloproteinases; PCa,
prostate cancer; RT–PCR, PCR with reverse transcription; SOCS1, suppressor of cytokine signaling 1; TIMP, tissue inhibitors of MMPs.
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Suppression of SOCS1 in the normal prostate epithelial cell line
RWPE-1 has been reported to increase their ability to invade
Matrigel matrix, which contains ECM proteins and growth factors,
whereas restoration of SOCS1 in PC3 and LNCaP attenuates Matrigel
invasion.20,45 Indeed, HGF-stimulated DU145 and PC3 cells displayed
heightened invasion of the collagen matrix that was inhibited by
SOCS1. As aberrantly high MET expression occurs in metastatic PCa,
and the loss of SOCS1 expression correlates with biochemical
recurrence,20,27,28,35 our findings support the idea that SOCS1 is an
important regulator of deregulated MET-mediated metastasis in PCa.
Mechanistically, SOCS1 has been shown to reduce the expression of
MMP2 and MMP9 in PCa cells, which has been correlated to its
ability to inhibit Matrigel invasion.20 In agreement with this report,
SOCS1 attenuated the expression of MMP1, MMP2, MMP3 and MMP9
genes in DU145 cells.20 However, HGF, which markedly enhanced
the invasive potential in DU145 and PC3 cells, did not increase the
expression of these MMP genes. It is possible that the MMP genes

are highly expressed in metastatic cell lines, so that HGF stimulation
does not further augment their expression. In addition, HGF-induced
modulation of other cellular behavior such as increased cell motility
could contribute to their highly invasive behavior. Consistent with
reduced growth and invasive potential in vitro, SOCS1-expressing
PCa cells showed decreased tumor growth and metastasis in vivo,
which corroborated with the findings of Kobayashi et al.20

Intriguingly, SOCS1-mediated attenuation of PCa cell growth
was accompanied by increased deposition of collagen and higher
content of myofibroblasts. Although CAFs generally promote
cancer growth and metastasis,39 CAFs can develop plasticity and
exert tumor-inhibitory effects in a highly context-dependent
manner that is influenced by not only the CAF-derived factors
but also the interacting malignant counterpart.46 Our findings
suggest that SOCS1 expression in PCa cells modulates the tumor
stroma and attenuates the tumor-promoting potential of CAFs.
Increase in collagen deposition and inhibition of tumor cell

Figure 7. Expression of SOCS1 and MET genes in human PCa specimens. The expression of SOCS1, KLK3 (PSA), MET and EGFR genes was
analyzed in a. PCa specimens grouped according to the Gleason score in MKSCC, FHCRC and TCGA data sets, and (b) in localized/primary (L/P)
and metastatic (M) PCa in MKSCC and FHCRC data sets. Difference in gene expression between groups was evaluated by Mann-Whittney test:
* o0.05, ** o0.01, **** o0.0001. FHCRC, Fred Hutchinson Cancer Research Center; MKSCC, Memorial Sloan Kettering Cancer Center; PCa,
prostate cancer; SOCS1, suppressor of cytokine signaling 1; TCGA, The Cancer Genome Atlas.
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growth have been reported for certain other tumor
suppressors.47,48 Clearly further studies are needed to understand
how SOCS1 expression in cancer cells modulates the tumor
stroma and functions of CAFs in PCa.
While SOCS1 regulates oncogenic JAK-STAT signaling in hema-

topoietic cancers, regulation of RTK signaling, co-operation with
p53 and control of the oncogenic potential of p21CIP1/WAF1 are
potential tumor suppressor mechanisms of SOCS1 in
epithelial and other cancers.16,34,49 Our findings indicate that
attenuation of MET signaling and inhibiting the tumor-promoting
potential of CAFs within the tumor microenvironment
could be potential tumor suppression mechanisms of SOCS1 in
PCa. Hence, evaluating SOCS1 expression in prostatectomy speci-
mens could help to identify patients who would benefit from MET
inhibitors. In this context, a recent phase III clinical trial of the MET/
VGEFR inhibitor Cabozantinib on metastatic castration-resistant PCa
failed to improve overall survival.50 Nevertheless, this trial showed
improvement of several other disease parameters such as
progression-free survival, circulating tumor cell conversion and
bone scan response, indicating that the drug did affect the tumor
cells and the bone microenvironment.50 Even though the failure of
this phase III trial to achieve the primary objective can be attributed
to many factors including the study design, this study highlighted
the need for developing biomarkers to reliably identify patients,
who would respond to MET inhibitor therapy.50,51 We posit that
SOCS1 could be one such potential biomarker. However, our
findings suggest that the SOCS1 gene expression may not truly
reflect SOCS1 protein expression. First, there is no plausible
explanation for the difference in SOCS1 gene expression in

metastatic PCa between the MSKCC and FHCRC data sets, and
the discordant correlation between SOCS1 and MET gene expres-
sion in MKSCC and TCGA data sets. Second, methylation analysis of
specific regions of the SOCS1 gene also may not be useful. For
instance, even though both alleles of SOCS1 are methylated in
LNCaP cells for the region that we have examined, these cells have
been reported to express SOCS1 protein.8,52 As SOCS1 gene can be
methylated on multiple CpG islands in human cancers,9 methyla-
tion of one or a few sites need not necessarily result in the loss of
gene expression. Third, microRNA miR30d-mediated downmodula-
tion SOCS1 protein expression appears to be more predominant in
PCa than epigenetic repression of the SOCS1 gene by CpG
methylation.20 Fourth, SOCS1 affects MET at the protein level by
promoting its ubiquitination and proteasomal degradation.34

Hence, developing tools such as clinical grade antibodies and
immunohistochemical techniques to screen SOCS1 and MET
protein expression in prostatectomy specimens would be a
promising approach to identify PCa patients who would benefit
from MET inhibitor therapy.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGEMENTS
We thank Dr Robert Day for providing PCa cell lines. AVH and RK are supported by
Master’s degree scholarship from the Faculty of Medicine, Université de Sherbrooke.
DB is a recipient of a postdoctoral fellowship from FRQS. CRCHUS is an FRQS-funded

Figure 8. Correlation between SOCS1 and MET gene expression in human PCa. The SOCS1 gene expression was plotted against that of KLK3,
MET or EGFR genes in MKSCC, FHCRC and TCGA data sets. The Spearman correlation (ρ) and P-values are given at the top of each plot.
Statistically significant correlations are indicated in bold font. FHCRC, Fred Hutchinson Cancer Research Center; MKSCC, Memorial Sloan
Kettering Cancer Center; PCa, prostate cancer; SOCS1, suppressor of cytokine signaling 1; TCGA, The Cancer Genome Atlas.

SOCS1 controls MET signaling and the tumor stroma
A Villalobos-Hernandez et al

11

© 2016 Macmillan Publishers Limited, part of Springer Nature. Prostate Cancer and Prostatic Diseases (2016), 1 – 12



research center. This work was supported by Movember Discovery Grant from
Prostate Cancer Canada (Grant number D2013-20).

REFERENCES
1 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin 2016; 66:

7–30.
2 Denmeade SR, Isaacs JT. A history of prostate cancer treatment. Nat Rev Cancer

2002; 2: 389–396.
3 Shen MM, Abate-Shen C. Molecular genetics of prostate cancer: new prospects for

old challenges. Genes Dev 2010; 24: 1967–2000.
4 Haverkamp J, Charbonneau B, Ratliff TL. Prostate inflammation and its potential

impact on prostate cancer: a current review. J Cell Biochem 2008; 103: 1344–1353.
5 Culig Z, Puhr M. Interleukin-6: a multifunctional targetable cytokine in human

prostate cancer. Mol Cell Endocrinol 2012; 360: 52–58.
6 Starr R, Willson TA, Viney EM, Murray LJ, Rayner JR, Jenkins BJ et al. A family of

cytokine-inducible inhibitors of signalling. Nature 1997; 387: 917–921.
7 Flowers LO, Subramaniam PS, Johnson HM. A SOCS-1 peptide mimetic inhibits

both constitutive and IL-6 induced activation of STAT3 in prostate cancer cells.
Oncogene 2005; 24: 2114–2120.

8 Neuwirt H, Puhr M, Santer FR, Susani M, Doppler W, Marcias G et al. Suppressor of
cytokine signaling (SOCS)-1 is expressed in human prostate cancer and exerts
growth-inhibitory function through down-regulation of cyclins and cyclin-
dependent kinases. Am J Pathol 2009; 174: 1921–1930.

9 Yoshikawa H, Matsubara K, Qian GS, Jackson P, Groopman JD, Manning JE et al.
SOCS-1, a negative regulator of the JAK/STAT pathway, is silenced by methylation
in human hepatocellular carcinoma and shows growth- suppression activity. Nat
Genet 2001; 28: 29–35.

10 Galm O, Yoshikawa H, Esteller M, Osieka R, Herman JG. SOCS-1, a negative
regulator of cytokine signaling, is frequently silenced by methylation in multiple
myeloma. Blood 2003; 101: 2784–2788.

11 Liu TC, Lin SF, Chang JG, Yang MY, Hung SY, Chang CS. Epigenetic alteration of
the SOCS1 gene in chronic myeloid leukaemia. Br J Haematol 2003; 123: 654–661.

12 Fukushima N, Sato N, Sahin F, Su GH, Hruban RH, Goggins M. Aberrant
methylation of suppressor of cytokine signalling-1 (SOCS-1) gene in pancreatic
ductal neoplasms. Br J Cancer 2003; 89: 338–343.

13 Sasi W, Sharma AK, Mokbel K. The role of suppressors of cytokine signalling in
human neoplasms. Mol Biol Int 2014; 2014: 630797.

14 Rottapel R, Ilangumaran S, Neale C, La Rose J, Ho JM, Nguyen MH et al. The tumor
suppressor activity of SOCS-1. Oncogene 2002; 21: 4351–4362.

15 Hanada T, Kobayashi T, Chinen T, Saeki K, Takaki H, Koga K et al. IFNgamma-
dependent, spontaneous development of colorectal carcinomas in SOCS1-
deficient mice. J Exp Med 2006; 203: 1391–1397.

16 Yeganeh M, Gui Y, Kandhi R, Bobbala D, Tobelaim WS, Saucier C et al. Suppressor
of cytokine signaling 1-dependent regulation of the expression and oncogenic
functions of p21 in the liver. Oncogene 2016; 35: 4200–4211.

17 Pichiorri F, Suh SS, Ladetto M, Kuehl M, Palumbo T, Drandi D et al. MicroRNAs
regulate critical genes associated with multiple myeloma pathogenesis. Proc Natl
Acad Sci USA 2008; 105: 12885–12890.

18 Jiang S, Zhang HW, Lu MH, He XH, Li Y, Gu H et al. MicroRNA-155 functions as an
OncomiR in breast cancer by targeting the suppressor of cytokine signaling 1
gene. Cancer Res 2010; 70: 3119–3127.

19 Suzuki M, Shigematsu H, Shivapurkar N, Reddy J, Miyajima K, Takahashi T et al.
Methylation of apoptosis related genes in the pathogenesis and prognosis of
prostate cancer. Cancer Lett 2006; 242: 222–230.

20 Kobayashi N, Uemura H, Nagahama K, Okudela K, Furuya M, Ino Y et al.
Identification of miR-30d as a novel prognostic maker of prostate cancer. Onco-
target 2012; 3: 1455–1471.

21 Gui Y, Yeganeh M, Ramanathan S, Leblanc C, Pomerleau V, Ferbeyre G et al.
SOCS1 controls liver regeneration by regulating HGF signaling in hepatocytes.
J Hepatol 2011; 55: 1300–1308.

22 Zhu ML, Kyprianou N. Androgen receptor and growth factor signaling cross-talk in
prostate cancer cells. Endocr Relat Cancer 2008; 15: 841–849.

23 Cen B, Mahajan S, Wang W, Kraft AS. Elevation of receptor tyrosine kinases by
small molecule AKT inhibitors in prostate cancer is mediated by Pim-1. Cancer Res
2013; 73: 3402–3411.

24 Chen Y, Xin X, Li J, Xu J, Yu X, Li T et al. RTK/ERK pathway under natural selection
associated with prostate cancer. PLoS One 2013; 8: e78254.

25 Pisters LL, Troncoso P, Zhau HE, Li W, von Eschenbach AC, Chung LW. c-met
proto-oncogene expression in benign and malignant human prostate tissues.
J Urol 1995; 154: 293–298.

26 Humphrey PA, Zhu X, Zarnegar R, Swanson PE, Ratliff TL, Vollmer RT et al.
Hepatocyte growth factor and its receptor (c-MET) in prostatic carcinoma.
Am J Pathol 1995; 147: 386–396.

27 Knudsen BS, Gmyrek GA, Inra J, Scherr DS, Vaughan ED, Nanus DM et al. High
expression of the Met receptor in prostate cancer metastasis to bone. Urology
2002; 60: 1113–1117.

28 Varkaris A, Corn PG, Gaur S, Dayyani F, Logothetis CJ, Gallick GE. The role of
HGF/c-Met signaling in prostate cancer progression and c-Met inhibitors in
clinical trials. Expert Opin Investig Drugs 2011; 20: 1677–1684.

29 Yasuda K, Nagakawa O, Akashi T, Fujiuchi Y, Koizumi K, Komiya A et al.
Serum active hepatocyte growth factor (AHGF) in benign prostatic disease and
prostate cancer. Prostate 2009; 69: 346–351.

30 Gupta A, Karakiewicz PI, Roehrborn CG, Lotan Y, Zlotta AR, Shariat SF. Predictive
value of plasma hepatocyte growth factor/scatter factor levels in patients with
clinically localized prostate cancer. Clin Cancer Res 2008; 14: 7385–7390.

31 Russo AL, Jedlicka K, Wernick M, McNally D, Kirk M, Sproull M et al. Urine analysis
and protein networking identify met as a marker of metastatic prostate cancer.
Clin Cancer Res 2009; 15: 4292–4298.

32 Hurle RA, Davies G, Parr C, Mason MD, Jenkins SA, Kynaston HG et al. Hepatocyte
growth factor/scatter factor and prostate cancer: a review. Histol Histopathol 2005;
20: 1339–1349.

33 Okamoto M, Lee C, Oyasu R. Interleukin-6 as a paracrine and autocrine
growth factor in human prostatic carcinoma cells in vitro. Cancer Res 1997; 57:
141–146.

34 Gui Y, Yeganeh M, Donates YC, Tobelaim WS, Chababi W, Mayhue M et al.
Regulation of MET receptor tyrosine kinase signaling by suppressor of cytokine
signaling 1 in hepatocellular carcinoma. Oncogene 2015; 34: 5718–5728.

35 Birchmeier C, Birchmeier W, Gherardi E, Vande Woude GF. Met, metastasis,
motility and more. Nat Rev Mol Cell Biol 2003; 4: 915–925.

36 Lu P, Weaver VM, Werb Z. The extracellular matrix: a dynamic niche in cancer
progression. J Cell Biol 2012; 196: 395–406.

37 Havens AM, Pedersen EA, Shiozawa Y, Ying C, Jung Y, Sun Y et al. An in vivomouse
model for human prostate cancer metastasis. Neoplasia 2008; 10: 371–380.

38 Calvi EN, Nahas FX, Barbosa MV, Calil JA, Ihara SS, Silva Mde S et al.
An experimental model for the study of collagen fibers in skeletal muscle.
Acta Cir Bras 2012; 27: 681–686.

39 Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer 2006; 6: 392–401.
40 Davies G, Jiang WG, Mason MD. Cell-cell adhesion molecules and signaling

intermediates and their role in the invasive potential of prostate cancer cells.
J Urol 2000; 163: 985–992.

41 Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS et al. Integrative
genomic profiling of human prostate cancer. Cancer Cell 2010; 18: 11–22.

42 Kumar A, Coleman I, Morrissey C, Zhang X, True LD, Gulati R et al. Substantial
interindividual and limited intraindividual genomic diversity among tumors from
men with metastatic prostate cancer. Nat Med 2016; 22: 369–378.

43 Cancer Genome Atlas Research N. The molecular taxonomy of primary
prostate cancer. Cell 2015; 163: 1011–1025.

44 Kazi JU, Kabir NN, Flores-Morales A, Ronnstrand L. SOCS proteins in regulation of
receptor tyrosine kinase signaling. Cell Mol Life Sci 2014; 71: 3297–3310.

45 Kleinman HK, Martin GR. Matrigel: basement membrane matrix with biological
activity. Semin Cancer Biol 2005; 15: 378–386.

46 Augsten M. Cancer-associated fibroblasts as another polarized cell type of the
tumor microenvironment. Front Oncol 2014; 4: 62.

47 Chlenski A, Liu S, Guerrero LJ, Yang Q, Tian Y, Salwen HR et al. SPARC expression is
associated with impaired tumor growth, inhibited angiogenesis and changes in
the extracellular matrix. Int J Cancer 2006; 118: 310–316.

48 Haroon ZA, Amin K, Lichtlen P, Sato B, Huynh NT, Wang Z et al. Loss of metal
transcription factor-1 suppresses tumor growth through enhanced matrix
deposition. FASEB J 2004; 18: 1176–1184.

49 Calabrese V, Mallette FA, Deschenes-Simard X, Ramanathan S, Gagnon J,
Moores A et al. SOCS1 links cytokine signaling to p53 and senescence.
Mol Cell 2009; 36: 754–767.

50 Smith M, De Bono J, Sternberg C, Le Moulec S, Oudard S, De Giorgi U et al.
Phase III study of cabozantinib in previously treated metastatic
castration-resistant prostate cancer: COMET-1. J Clin Oncol 2016; 34:
3005–3013.

51 Alumkal JJ, Beer TM. Raising the bar for therapeutic trials in advanced
prostate cancer. J Clin Oncol 2016; 34: 2958–2960.

52 Ge D, Gao AC, Zhang Q, Liu S, Xue Y, You Z. LNCaP prostate cancer cells with
autocrine interleukin-6 expression are resistant to IL-6-induced neuroendocrine
differentiation due to increased expression of suppressors of cytokine signaling.
Prostate 2012; 72: 1306–1316.

Supplementary Information accompanies the paper on the Prostate Cancer and Prostatic Diseases website (http://www.nature.com/pcan)

SOCS1 controls MET signaling and the tumor stroma
A Villalobos-Hernandez et al

12

Prostate Cancer and Prostatic Diseases (2016), 1 – 12 © 2016 Macmillan Publishers Limited, part of Springer Nature.


