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Abstract Hormone-resistant (HR) prostate cancers are highly
aggressive and respond poorly to treatment. A better understand-
ing of the molecular mechanisms involved in HR should lead to
more rational approaches to therapy. The role of IL-6/STAT3
signaling in the transition of HRwith aggressive tumor behavior
and its possible link with myeloid-derived suppressor cells
(MDSCs) were identified. In the present study, murine prostate
cancer cell line (TRAMP-C1) and a hormone-resistant cell sub-
line (TRAMP-HR) were used. Changes in tumor growth, inva-
sion ability, and the responsible pathway were investigated in
vitro and in vivo. We also examined the role of IL-6 in HR
tumor progression and the recruitment of MDSCs. As seen in
both in vitro and in vivo experiments, HR had aggressive tumor

growth compared to TRAMP-C1. From mRNA and protein
analysis, a higher expression of IL-6 associated with a more
activated STAT3 was noted in HR tumor. When IL-6 signaling
in prostate cancer was blocked, aggressive tumor behavior could
be overcome. The underlying changes included decreased cell
proliferation, less epithelial–mesenchymal transition, and de-
creased STAT3 activation. In addition to tumor progression,
circulating IL-6 levels were significantly correlated with MDSC
recruitment in vivo. Inhibition of IL-6 abrogated the recruitment
ofMDSCs in tumor- bearingmice, associatedwith slower tumor
growth and attenuated angiogenesis. In conclusion, altered
IL-6/STAT3 signaling is crucial in HR transition, aggressive
behavior, and MDSC recruitment. These findings provide
evidence for therapeutically targeting IL-6 signaling in pros-
tate cancer.
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Abbreviations
HR Hormone-resistant
HS Hormone-sensitive
MDSCs Myeloid-derived suppressor cells
AR Androgen receptor
EMT Epithelial–mesenchymal transition
VEGF Vascular endothelial growth factor
WBI Whole-body irradiation
LI Local irradiation
RT Irradiation

Introduction

Inhibiting androgen receptor (AR) signaling by hormone
deprivation therapy is initially effective for prostate cancer,
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but ultimately leads to a hormone-resistant (HR) phenotype
[1, 2]. In the clinic, HR cancers are usually highly aggres-
sive and respond poorly to treatment. A better understanding
of the molecular mechanisms involved in HR could provide
insight into tumor progression and lead to more rational
approaches to therapy.

Several mechanisms are implicated in prostate cancer
progression and androgen-independent growth [3–5]. We
previously reported [6] that constitutional activation of
STAT3 is associated with the transition of HR prostate
cancer. IL-6 is a major activator of JAK/STAT3 signaling
[7, 8]. Moreover, IL-6 signaling is implicated in the regula-
tion of tumor growth and metastatic spread, and its level
could be correlated with a poor prognosis in different can-
cers [8–10]. Accordingly, we hypothesized that IL-6 might
be crucial in tumor progression and androgen-independent
growth of prostate cancer.

IL-6 is an important pro-inflammatory cytokine and is
recognized as a key regulator of immunosuppression with
advanced cancer [7, 8, 11]. Evidence supports the concept
that chronic inflammation promotes the development and
progression of cancers, and immune suppression could be
one of the mechanisms underlying the fact that inflamma-
tion facilitates tumor progression [11, 12]. Myeloid-derived
suppressor cells (MDSCs), a heterogeneous mixture of im-
mature myeloid cells, was reported to markedly expand in
tumor-bearing mice and patients with cancer and contribute
to an immunosuppressive tumor microenvironment [13, 14].
The expansions of MDSCs are associated with several in-
flammatory mediators, and STAT3 is arguably the main
transcription factor that regulates the expansion of MDSCs
[15]. Therefore, the induction of MDSCs by activated IL-6/
STAT3 signaling might mediate in part the aggressive tumor
behavior of HR prostate cancer.

Although investigations on IL-6 in carcinogenesis were
carried out, the role of IL-6 in HR prostate cancer still
remains unclear. Moreover, if inflammation-induced MDSC
is a significant factor linking inflammation and cancer, then
downregulating the inflammation factor should reduce
MDSC levels and delay tumor progression. Therefore, in
the present study, the links between IL-6 signaling, the
expansion of MDSCs, and HR prostate cancer were inves-
tigated in vitro and in vivo.

Materials and methods

Cell cultures and reagents

A transgenic adenocarcinoma of the mouse prostate cancer cell
line (TRAMP)-C1 was cultured in DMEM and 10 nM dehy-
droisoandrosterone. TRAMP-C1 cells were passaged serially in
androgen-deprived medium to establish androgen-independent

growth as TRAMP-HR. TRAMP-C1 and TRAMP-HR cells
were stably transfected with IL-6 silencing vectors or a control
vector. We also cultured 22RV1-HR and LNCaP- HR cells, as
described earlier [2]. Mice recombinant IL-6 and IL-6-
neutralized antibodies were purchased from R&D (Minneap-
olis, MN), and the IL-6 silencing vector and control vector
were purchased from Santa Cruz (Santa Cruz, CA). The
details were described in Electronic supplementary material
(ESM).

Cell growth

For time course studies, cells were seeded in six-well plates at
1×104 cells/well in androgen(+) or androgen-deprivedmedium
(ESM). The effects of IL-6 signaling on cell growth rates were
assessed using cells incubated in a drug-containing medium for
the indicated times following pre-incubation in the presence or
absence of 60 ng/ml IL-6 or 5 μg/ml IL-6 Ab for 48 h.

ELISA for IL-6 level in vitro and in vivo

The levels of IL-6 in the cellular supernatants and murine
serum samples were analyzed using Mouse IL-6 Quantikine
ELISA Kit (R&D System; ESM).

Immunofluorescence staining

Cells in exponential growth were seeded on to coverslips for
immunofluorescent staining with or without treatment. At the
stated times after treatment, they were fixed, permeabilized

Fig. 1 Aggressive tumor growth in HR cells related to IL-6 expres-
sion. a Cell growth of TRAMP-HR cancer cells compared to TRAMP-
C1 cells in culture with or without anti-androgen treatment. Equal cell
numbers (1×104 cells per well) were incubated in androgen(+) or
androgen-deprived medium. We counted the number of viable cells
after incubation for 2, 4, and 6 days. The Y-axis represents the viable
cell number. Each point represents the means of three separate experi-
ments. Bars, SD. b Tumor growth curves of HR compared to TRAMP-
C1 tumor in male and castrated mice. We also showed the representa-
tive picture of TRAMP-C1 and TRAMP-HR tumors at 18 days after
implantation in mice and H&E staining. Each point represents the
means of three separate experiments. Bars, SD. *P<0.05. c The
increases of IL-6 expression in the transition of HR cells were evalu-
ated by Western blot analysis in vitro. d The expressions of DNMT1,
AR p-STAT3, and IL-6 were evaluated by IHC staining for TRAMP-
C1 and TRAMP-HR tumors in vivo. Representative slides are shown,
with magnification ×400. e The levels of DNMT1, AR p-STAT3, and
IL-6 were evaluated by Western blot analysis in vitro. Proteins were
extracted from cells in the presence or absence of 5 μM DNMT
inhibitor or 5 μg/ml IL-6 Ab for 24 h (C, TRAMP-C1; HR,
TRAMP-HR; DI, DNMT inhibitor; IL-6 Ab, IL-6 neutralized anti-
body). f Levels of IL-6 were examined by real-time RT-PCR in vitro.
The Y-axis shows the ratio of IL-6 to GAPDH normalized by the value
of TRAMP-C1 cells under the control condition. Columns represent
the means of three separate experiments. Bars, SD. *P<0.05 (C,
TRAMP-C1; HR, TRAMP-HR; DI, DNMT inhibitor; IL-6 Ab, IL-6
neutralized antibody)

�

1344 J Mol Med (2012) 90:1343–1355



with 2 % paraformaldehyde for 5 min, and washed in
PBST. The slides were incubated for 1 h at room

temperature with antibodies against E-cadherin and IL-
6. The slides were incubated with FITC or Texas red-

J Mol Med (2012) 90:1343–1355 1345



1200

800

400

0

IL-6R

IL-6

P-stat3

STAT3

γγ -tubulin

a TRAMP-C1

Wild

TRAMP-HR

C-V Wild C-V IL-6 
S-V

IL-6 
S-V

TRAMP-HRTRAMP-C1

Control 
vector

IL6 
silencing

vector

V
ia

b
le

 c
el

l n
u

m
b

er
 (x

10
4)

b
TRAMP-C1+ control vector

TRAMP-C1+ IL-6 silencing  vector

TRAMP-HR+ control vector
TRAMP-HR+ IL-6 silencing vector

c
TRAMP-C1

IL6 shRNA (-)            (+)
TRAMP-HR
(-)            (+)

(mm3)
T

u
m

o
r v

o
lu

m
e

TRAMP-C1 TRAMP-HR
TRAMP-C1

TRAMP-C1+ IL-6 
silencing  vector TRAMP-HR

TRAMP-HR+ IL-6 
silencing  vector

d

TRAMP-HRTRAMP-C1

Control 
vector

IL6 silencing
vector

Control 
vector

IL6 silencing
vector

R
el

at
iv

e 
tu

m
o

r 
in

va
si

ve
n

es
s

*

*

Control vector

IL-6 silencing  vector

600

500

400

300

200

100

0 D0            D2           D4           D6

2000

1600

1200

800

400

00 9 18 27 0 9 18 27

Fig. 2 IL-6 linked with the aggressive behavior of HR. a IL-6
silencing vector significantly decreased IL-6 expression demon-
strated by Western blot analysis in vitro and IHC in vivo (C-V,
control vector; IL-6-SV, IL-6 silencing vector). b IL-6 silencing
vector decreased the proliferation rate of TRAMP-C1 and
TRAMP-HR cancer cells by viable cell number counting for
6 days (1×104 cells on day 0; the Y-axis represents the viable
cell number). c IL-6 silencing vector decreased tumor growth
demonstrated by ectopic tumor growth curves and the representative

pictures in male mice. Each point represents the means of three
separate experiments. Bars, SD. *P<0.05. d The effect of the IL-
6 silencing vector on the invasive capacities was evaluated by
murine orthotopic tumor implantation. The results are shown by
representative slides and quantitative data. The Y-axis represents
the relative ratio of prostate tumor invading into adjacent structure
2 weeks after implantation, normalized to the invading number of
TRAMP-C1 tumors. *P<0.05

1346 J Mol Med (2012) 90:1343–1355



a TRAMP-HRTRAMP-C1
Control 
vector

IL6 silencing
vector

Control 
vector

IL6 silencing
vector

Annexin V

P
ro

p
id

iu
m

io
d

id
e

9.9% 18.3% 4.8% 12.1%

Annexin V

DAPI

b C-V   IL-6-SV C-V IL-6-SV
TRAMP-C1 TRAMP-HR

IL-6

P-stat3

Bcl-2

p21

Cyclin B1

p53

DNMT1

E-cadherin

VEGF

MMP-9

vimentin

stat3

γ-tubulin

c
IL6 silencing 
vector

TRAMP-C1 TRAMP-HR
Control 
vector

IL6 silencing 
vector

Control 
vector

DAPI

E-cadherin

R
el

at
iv

e 
E

-c
ad

h
er

in
 e

xp
re

ss
io

n

*
*

Control vector

IL-6 silencing  vector

d
TRAMPIL6 silencing 

vector           (-)                (+)

TRAMP-HR
(-)                (+)

CD31

DAPI

TRAMP-C1

TRAMP-HR

Control vector IL6 silencing vector
CD31

F
ra

ct
io

n
 o

f 
C

D
31

 +
 a

re
a

Control

+IL6 silencing 
vector

*

*

2.5

2

1.5

1

0.5

0
TRAMP-C1 TRAMP-HR

TRAMP-C1 TRAMP-HR

3

2.5

2

1.5

1

0.5

0

Fig. 3 Mechanisms underlying the effects of IL-6 on tumor aggres-
siveness. a Effects of the IL-6 silencing vector on cell death and
apoptosis demonstrated by FACS and immunofluorescence with PI
and Annexin V staining in vitro. b Effect of IL-6 silencing vector on
the expression of apoptosis-, cell aging-, and EMT-related proteins
evaluated by Western blot in vitro (C-V, control vector; IL-6-SV, IL-6
silencing vector). c The changes of E-cadherin in prostate cancer cells
were evaluated by immunofluorescence in vitro and the results shown
by representative slides and quantitative data. The quantification for E-
cadherin expression is to calculate the value of the cell number positive

for E-cadherin immunofluorescence divided by the total cell number
for each condition. Columns are the means of three separate experiments.
Bars, SD. *P<0.05. d Effect of the IL-6 silencing vector on the expres-
sion of CD31 evaluated by immunochemical staining and immunofluo-
rescence in vivo. The results are shown by representative slides and
quantitative data. The quantification for CD31 expression is to calculate
the area of positive for CD31 immunofluorescence divided by the total
DAPI positive area for each condition. The Y-axis represents the ratio
normalized by the value of TRAMP-C1 cells. Columns are the means of
three separate experiments. Bars, SD. *P<0.05
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conjugated secondary antibody for 1 h and counterstain-
ing with DAPI for nucleus.

SA-β-Gal activity

We determined SA-β-Gal activity using a senescence
detection kit from BioVision (Mountain View, CA)
according to the manufacturer’s instructions (ESM).

Tumor model in mice (ectopic and orthotopic)

Eight-week-old male C57BL/6J mice and IL-6 knockout
mice on a C57BL/6J background (B6.129S2-Il6tm1-
Kopf/J) (IL-6KO) were used for the tumor implantation
model, with the approval of our hospital Experimental
Animal Committee. In the ectopic tumor implantation
model, TRAMP-C1 and TRAMP-HR transfectants (1×
106 cells per implantation, five animals per group) were
s.c. implanted into the dorsal gluteal region. In the
orthotopic tumor implantation model, TRAMP-C1 and
TRAMP-HR transfectants (6×106 cells per implanta-
tion, five animals per group) were intraoperatively
implanted into the lateral region of the prostate gland.
The extent of orthotopic tumor invasion was measured
2 weeks after implantation. The effects of IL-6 stimu-
lation on tumor growth were also investigated in vivo.
For the treated group, an i.p injection of IL-6 (100 ng
per mice, thrice a week) was started 1 day before tumor
implantation.

FACS for MDSC

Current data suggest that MDSCs are not a defined
subset of cells but rather a group of phenotypically
heterogeneous myeloid cells that have common biolog-
ical activity. The co-expression of myeloid cell lineage differ-
entiation antigens Gr1 and CD11b characterizes MDSCs in
mice [15, 16]. Therefore, in the present study, MDSCs are
defined as CD11b+Gr1+ in mice. Flow cytometric analysis
(FACS) was carried out on single-cell suspensions prepared
fromwhole tumors and spleen after the digestion and immu-
nostaining for CD11b and GR1 with fluorescence-labeled
monoclonal antibodies (BD PharMingen). The percent-
age of MDSCs was measured by multicolor flow cytom-
etry with the aforementioned monoclonal antibodies.
Isotype-specific antibodies were used as negative controls in
FACS.

Immunohistochemical staining and immunofluorescence
for tissue specimen

Formalin-fixed, paraffin-embedded tissues were cut into
5-μm sections andmounted on slides for immunohistochemical

staining. Frozen tissue specimen was cut into 5- to 8-μm
cryostat sections and allowed to reach room temperature for
immunofluorescence. The details were described in ESM.

Immunoblot analysis and statistical analysis

The details were described in ESM.

Results

Aggressive tumor growth in HR prostate cancer

We demonstrated that TRAMP-HR cells showed accel-
erated tumor growth `compared to TRAMP-C1 cells in
culture with or without anti-androgen treatment (Fig. 1a). The
finding was confirmed by tumor growth in either male or
castrated mice (Fig. 1b). We previously reported that consti-
tutive activation of STAT3 associated with altered DNMT1
and AR expressions can be crucial in human HR prostate
cancers [8]. IL-6 is the main activator of STAT3 signaling
and the inducer of AR expression [7, 17]. Accordingly, we
examined the activation of IL-6/STAT3 signaling in the tran-
sition of HR prostate cancer. As shown in Fig. 1c, the levels of
IL-6 and p-STAT3 were gradually increased and related to the
duration of hormone treatment. The data from IHC, Western
blotting, and real-time RT-PCR analysis (Fig. 1d–f and ESM
Fig. 1a) show that HR prostate cancer had higher levels
of IL-6 and more activated STAT3, AR, and DNMT1
compared to hormone-sensitive prostate cancer cells. When

Fig. 4 Effects of circulating IL-6 on tumor growth. a The levels
of IL-6 in serum of mice bearing tumors with or without IL-6
silencing vectors were examined by ELISA in vivo. Columns are
the means of three separate experiments. Bars, SD. *P<0.05. b
Effect of IL-6 on tumor growth evaluated by the tumor growth
curves of TRAMP-C1 stimulated with IL-6 in castrated mice
compared to that in male mice without IL-6 stimulation. We also
showed the representative picture of tumors in the male and
castrated mice. Each point represents the means of three separate
experiments. Bars, SD. c Tumor growth curves of simultaneous
implanted TRAMP-HR cells with control vectors and those with
IL-6 silencing vectors in male and castrated mice. We also
showed the representative picture of tumors at 18 days after
implantation in mice. Each point represents the means of three
separate experiments. Bars, SD. d Expressions of DNMT1, AR,
p-STAT3, STAT3, and IL-6 were evaluated by IHC for simulta-
neous implanted TRAMP-HR cells with control vectors and those
with IL-6 silencing vectors in the same male mice. Representative
slides are shown, with magnification ×100. e Tumor size of
TRAMP-C1 cells with control vectors and those with IL-6 silenc-
ing vectors at 14 days after simultaneous implantation (5×106

cells per implantation) in the same or different IL-6 KO mice.
Additionally, the IL-6 serum level of tumor-bearing mice was
examined by ELISA and the representative slides of IHC for IL-
6 and p-STAT3 demonstrated
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HRwas treated with an IL-6-neutralized antibody, the changes
were reversed. Furthermore, as shown in ESM Fig. 1b, IL-6

possessed a significant impact on the androgen-independent
growth of prostate cancer.
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IL-6 linked with the aggressive behavior of HR

To determine whether IL-6 was involved in the alteration of
aggressive behavior in prostate cancer, we stably transfected
TRAMP-C1 and TRAMP-HR with IL-6 silencing vectors.
Figure 2a and ESM Fig. 2a demonstrated that the IL-6
silencing vector significantly inhibited IL-6 expression in
both TRAMP-C1 and TRAMP-HR cells. In cellular experi-
ments and tumor growth in mice, IL-6 silencing vectors
resulted in slower tumor growth, and the inhibition effect
was independent of androgen status (Fig. 2b, c and ESM
Fig. 2b, c). Additionally, HR prostate cancer cells increased
invasion ability, as demonstrated by the migration assay
(ESM Fig. 2d) and orthotopic tumor implantation assay
(Fig. 2d). The invasiveness of HR prostate cancer was
clearly attenuated by IL-6 silencing vectors.

Mechanisms underlying the effects of IL-6

Figure 3a shows that IL-6 silencing vectors increased cell
death as measured by FACS and the Annexin V staining data.
Furthermore, cell cycle arrest and increases in cell senescence
using SA-β-gal staining occurred following IL-6 silencing
(ESM Fig. 3a, b). The role of IL-6 in tumor cell proliferation
was also evaluated in vivo. Staining for Ki-67 was higher in
HR tumor than TRAMP-C1 tumor, and IL-6 silencing vector
clearly attenuated the positive staining (ESM Fig. 3c). As
shown in Fig. 3b on the expressions of apoptosis- and cell
cycle-related proteins, IL-6 inhibition induced the increases of
p21, cyclin B1, and p53 associated with the decreases of bcl-2,
DNMT1, and p-STAT3. Because epithelial–mesenchymal
transition (EMT) is a key event in invasiveness [24], and the
activation of IL-6/STAT3 signaling may be an important in the
induction of EMT, we determined whether IL-6/STAT3 sig-
naling correlated with EMT changes in prostate cancer. As
determined by the expression of E-cadherin, vimentin, MMP-
9, and angiogenesis-related proteins, IL-6 silencing vectors
attenuated the EMT changes in vitro and in vivo (Fig. 3b–d).
Moreover, when we blocked STAT3 activation with a JAK
inhibitor, AG490, the tumor growth was inhibited associated
with decreased EMT changes in vitro (ESM Fig. 3d).

Effects of circulating IL-6 on tumor growth

We used enzyme-linked immunosorbent assay (ELISA) to
test the level of IL-6 in the supernatant of cell culture and the
serum of mice bearing tumors. As shown in Fig. 4a and ESM
Fig. 4, HR secreted significantly higher IL-6 than TRAMP-
C1 tumors, and the IL-6 silencing vector clearly attenuated
IL-6 secretion. When cancer cells with IL-6 silencing vectors
and those with control vectors were simultaneously inocu-
lated into C57BL/6J mice, the level of circulating IL-6 was
similar to that with tumors with control vectors. By our data

about tumor aggressiveness, it was seen that there was a
trend toward the IL-6 silencing vector inducing a more
pronounced tumor inhibition in mice than that noted in the
cellular experiments. We assumed that circulating IL-6 plays
a role in tumor promotion, in addition to a direct action on
malignant cells. To test whether IL-6 increased tumor growth
and abrogated the inhibitory effect induced by androgen dep-
rivation in vivo, we examined TRAMP-C1 tumor growth in
castrated mice with IL-6 stimulation compared to that with
control condition in male mice. Figure 4b shows that IL-6
stimulation could overcome the tumor-inhibiting effect in-
duced by androgen deprivation. When HR prostate cancer
cells with control vectors and those with IL-6 silencing vectors
were separately implanted into the right and left thighs of
mice, the growth-inhibiting effect induced by the IL-6 silenc-
ing vector could be overcome by simultaneously implanted
tumors with control vectors (Fig. 4c). But the IHC data
revealed that tumor with IL-6 silencing vectors still had rela-
tively lower levels of IL-6, DNMT1, and AR and less activat-
ed STAT3 (Fig. 4d). Based on the data, we suggested that the
level of circulating IL-6 positively linked with tumor growth
in mice. To further demonstrate that the level of IL-6 secreted
by the tumor is important for tumor progression, we implanted
prostate cancer cells with control vectors and/or those with IL-
6 silencing vectors into IL-6 knockout (KO) mice to abrogate
microenvironment-produced IL-6. As shown in Fig. 4e, tumor
growth was still significantly correlated with the IL-6 serum
level of mice bearing different types of tumors.

Effects of circulating IL-6 on the induction of MDSC

As shown in Fig. 5a, b and ESM Fig. 5a, b, MDSC levels in
tumor and spleen of mice inoculated with TRAMP-HR
tumor significantly increased compared to mice with
TRAMP-C1 tumors. Moreover, IL-6 silencing vectors ob-
viously blocked the accumulation of MDSCs in vivo. When
wild-type tumors and those with IL-6 silencing vectors were
simultaneously inoculated into the same mice, the level of
MDSCs in tumor was similar to that of mice bearing wild-
type tumors (Fig. 5c). To further determine whether the
accumulation of MDSCs was driven by IL-6 stimula-
tion, we examined the level of MDSCs in mice with
TRAMP-C1 tumor with or without IL-6 stimulation. As
detected by FACS and immunofluorescence analysis, IL-
6 stimulation induced more MDSC accumulation asso-
ciated with an increased expression of stromal-drived factor-1
alpha (SDF-1α), a chemokine that promotes tissue reten-
tion of bone marrow-derived cells (Fig. 5c, d and ESM
Fig. 5c). When we implanted prostate cancer cells in
IL-6 KO mice to abrogate microenvironment-produced IL-6,
the tumor-secreted IL-6 still had a significant impact on the
recruitment of MDSCs (Figs. 4e and 5e and ESM Fig. 5d).
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or without IL-6 silencing vectors. The results are shown by represen-
tative slides. b Effect of IL-6 on the recruitment of MDSC in spleen
evaluated by FACS using GrI-CD11b staining in mice bearing tumors
for 2 weeks. The results are shown by representative slides. c Effect of
IL-6 on the recruitment of MDSC in tumor (tumor size, 300–350 mm3)
evaluated by FACS using GrI-CD11b staining in mice bearing different
types of tumors (C, TRAMP-C1; HR, TRAMP-HR; IL-6-SV, IL-6
silencing vector). Columns are the means of three separate experi-
ments. Bars, SD. *P<0.05. d Effect of IL-6 on the expression of

CD11b and Gr1 detected by immunofluorescence for mice bearing
different types of tumors in vivo. The quantification for CD11b ex-
pression is to calculate the value of the cell number positive for CD11b
immunofluorescence divided by the total cell number for each condi-
tion. The Y-axis represents the ratio normalized by the value of
TRAMP-C1 cells. Columns are the means of three separate experi-
ments. Bars, SD. *P<0.05. e Effect of IL-6 on the recruitment of
MDSC in spleen evaluated by FACS using GrI-CD11b staining at
14 days after simultaneous implantation (5×106 TRAMP-C1 cells with
control vectors and those with IL-6 silencing vectors) in IL-6 KO mice.
The results are shown by representative slides
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Effects of the induction of MDSC on tumor regrowth

Our data revealed that MDSC recruitment may be responsible
for the accelerated tumor growth in mice bearing IL-6-
overexpressed tumor. It is reported that local irradiation (LI)
could induce the recruitment of immune-suppressor cells to
facilitate tumor regrowth [18]. To examine whether the induc-
tion of MDSCs underlined the tumor progression, we exam-
ined the link between irradiation, tumor regrowth, and MDSC
recruitment. Figure 6a demonstrated that LI stimulated the
recruitment of MDSCs in tumor associated with increased
IL-6 and that IL-6 silencing vector attenuated LI-induced
MDSC recruitment. The role ofMDSC accumulation in tumor
progression was further examined by whole-body irradiation
(WBI) 6 Gy with or without infusion of sorted MDSCs to
mice bearing 500-mm3 TRAMP-C1 tumors. The dose (6 Gy
WBI) is known to damage the bone marrow and depleted
leukocytes for 1.5–2 weeks [19]. By observation of the tumor
regrowth, the infusion of sortedMDSCs abrogated the growth
delay induced by WBI compared to that after LI (Fig. 6b, c).
Moreover, we demonstrated that MDSC accumulation was
associated with increased CD31 and VEGF (Fig. 6c, d).
Therefore, the induction of angiogenesis might be one of the
mechanisms responsible for tumor promotion by MDSCs. To
further investigate the dual effect of tumor cell and MDSC
recruitment on the role of IL-6 in tumor growth in vivo, we
simultaneously implanted HR cells and/or those with IL-6
silencing vectors into the mice following 6 Gy WBI to abro-
gate MDSC recruitment and examined the direct effect of IL-6
on tumor cells. As shown in Fig. 6e, the depletion of MDSCs
partially attenuated HR-induced growth stimulation on tumor
with an IL-6 silencing vector compared to that noted in
Figs. 2c and 4c. Therefore, we suggested that the IL-6-
induced growth promotion in vivo was contributed by the
dual effect on tumor cells and MDSC recruitment.

Discussion

To perform experiments in an immunocompetent model,
TRAMP-C1 prostate cancer cell line, derived from adenocar-
cinoma of mouse prostate, and TRAMP-HR, derived from
TRAMP-C1 cells cultured in an androgen-deprived medium,
were used in the present study. The androgen-independent
growth noted in the animal model confirmed the hormone
resistance of HR prostate cancer induced in vitro. In addition
to accelerated tumor growth, HR appeared with increased
invasiveness, shown by the migration assay and the orthotopic
tumor model. Constitutive activation of STAT3 contributes to
oncogenesis in a variety of malignancies including prostate
cancer [20]. IL-6 is an important transcription factor regulating
oncogenic signaling and inducing STAT3 activation [8, 21].
Moreover, in several experimental models, IL-6 seems to have

anti-apoptotic and pro-angiogenic effects [22]. Treatment with
anti-IL-6 antibody has been successfully applied in several
models representing prostate cancer [23, 24]. In the present
study, HR prostate cancer appeared with increased IL-6
expressions compared to hormone-sensitive prostate cancer.
We hypothesized that IL-6 is crucial in the transition of HR
and could be a promising target for prostate cancer, therefore,
looking at the effect of IL-6 on prostate cancer in vitro and in
vivo. By our data, inhibiting IL-6 resulted in a slower tumor
growth associated with decreased p-STAT3, and the effect was
independent of androgen status. The increases of apoptosis,
cellular senescence, and cell cycle arrest could be responsible
for the slower tumor growth induced by inhibiting IL-6. The
invasiveness of prostate cancer cells was also significantly
attenuated by the IL-6 silencing vector. EMT appears to be
functionally relevant to the invasive characteristics of epithelial
tumors [25]. Activated STAT3 signaling is an important path-
way responsible for the EMT process [20, 25]. At the molec-
ular marker level, EMT is characterized by the loss of E-
cadherin associated with a number of invasion- and
angiogenesis-related factors. Our data demonstrated that
TRAMP-HR had decreased E-cadherin associated with in-
creased MMP-9 and VEGF compared to TRAMP-C1 in vitro,
and IL-6 silencing vectors reversed the EMT-related change. It
was reported that IL-6 contributed to the conversion of prostate
cancer to an androgen-independent state in xenografts models
[17, 23], and anti-IL-6 monoclonal antibodies have been ap-
plied to treat metastatic castration-resistant prostate cancer in
clinical studies [26]. Our data also showed that IL-6/STAT3
signaling had a significant impact on androgen- independent
growth and the aggressive behavior of prostate cancer. Taken
together, these findings indicate that endogenous IL-6 plays an
important role in the aggressive tumor growth of prostate
cancer and is crucial in the transition of HR prostate cancer.

Fig. 6 Link between the induction of MDSC and tumor regrowth. a
Effects of local irradiation on the IL-6 expression and MDSC recruit-
ment examined by FACS analysis in male mice bearing tumor 48 h
after irradiation. b Tumor size of TRAMP-C1 tumor at 9 days after
irradiation. When tumor reaches 500 mm3, we observe tumor growth
after whole-body irradiation for 6 Gy with or without intravenous
infusion 1×106 sorted MDSC compared to that after local tumor
irradiation for 6 Gy. We also showed the representative picture of
tumors in the male mice. Each point represents the means of three
separate experiments. Bars, SD. c Recruitment of MDSC evaluated by
FACS using GrI-CD11b staining in tumor-bearing mice at 9 days after
whole-body irradiation for 6 Gy with or without intravenous infusion
1×106 sorted MDSC or local tumor irradiation for 6 Gy. d Expressions
of CD31 and VEGF evaluated by immunochemical staining in tumor-
bearing mice at 9 days after whole-body irradiation for 6 Gy with or
without intravenous infusion 1×106 sorted MDSC or local tumor
irradiation for 6 Gy. e Tumor size of TRAMP-HR cells and those with
IL-6 silencing vectors at 14 days after simultaneous implantation (5×
106 cells per implantation) in the same or different mice after WBI. We
also showed the representative picture of tumors. Each point represents
the means of three separate experiments. Bars, SD (HR, TRAMP-HR;
IL-6-SV, IL-6 silencing vector)

�
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In the clinic, IL-6 serum levels seem to be elevated in a
subgroup of patients with metastatic prostate cancer [27,

28]. In the present study, higher IL-6 levels were seen in
the supernatant of HR cell culture medium and the serum of
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mice bearing HR tumors. Moreover, there was a positive
correlation between the circulating level of IL-6 and tumor
growth in vivo. IL-6 have been known to positively influ-
ence tumor development and is recognized as a key regula-
tor of immunosuppression with advanced cancer [7, 8, 11].
A better understanding of systemic immunosuppression,
such as the interactions between MDSCs, systemic cyto-
kines, and their signaling pathways, could lead to new
strategies for augmenting immune response against tumors.
MDSCs are an important cell subset that contributes to an
immunosuppressive tumor microenvironment [29, 30]. The
expansion of MDSC is associated with inflammation, and
the activation of STAT3 is significantly associated with the
expansion of MDSC [15]. Based on the hypothesis that
MDSC might be the mechanism responsible for tumor pro-
motion by circulating IL-6, we checked for a correlation
between the subpopulation of MDSC and the serum level of
IL-6 in mice bearing tumors. By our data, it was shown that
higher serum levels of IL-6 were significantly linked with
more MDSC recruitment associated with increased p-
STAT3 and SDF-1α. Furthermore, in experiments with tu-
mor implanted in IL-6 KO mice, the inhibition of tumor-
produced IL-6 significantly abrogated the recruitment of
MDSC. These findings indicated that IL-6 is a major medi-
ator underlying the more expansion of MDSC noted in HR
prostate cancer.

MDSCs are thought to represent an important barrier that
limits the full potential of immune-based cancer therapies or
endogenous host response to developing tumors [29–31].
Radiotherapy is crucial for the treatment of prostate cancer.
The enhancement of antitumor responses following RT was
attributed to the ability of RT to alter the tumor microenvi-
ronment in a part. The increase in MDSCs induced by local
irradiation was reported to facilitate tumor regrowth after
irradiation [18]. Accordingly, to further investigate the link
between the recruitment of MDSC and tumor progression,
we observed tumor regrowth after depletion of MDSC by
WBI with or without infusion of sorted CD11b+Gr1+ cells
compared to that after LI. In our data, the expansion of
MDSC by LI or intravenous infusion was associated with
rapid tumor regrowth.

In addition to immunosuppression, bone marrow-derived
CD11b+ myeloid cells have been shown to mediate many
functions of myeloid cells, including migration and angio-
genesis [32, 33]. The recruitment of various blood-borne
bone marrow-derived cells might be important for tumor
neovascularization. Angiogenesis is one of the mechanisms
that promote tumor progression, and CD31 mediated endo-
thelial cell–cell interactions involved in angiogenesis [34].
In our data, the induction of MDSC recruitment accelerated
tumor growth associated with increased CD31 and VEGF
expressions in tumors. These findings indicated that MDSC
recruitment might mediate the aggressive tumor growth

noted in IL-6-expressing prostate cancer, and the promotion
of angiogenesis is one of the underlying mechanisms.

Finally, it is noteworthy that IL-6 is crucial for aggressive
tumor growth and the transition of HR process of prostate
cancer by the dual effects of IL-6 on tumor cells and MDSC
recruitment. These results suggested that the level of IL-6 in
cancer patients might be a significant clinical predictor of
prostate cancer. Moreover, targeting IL-6 could lead to some
promising strategies for the treatment of HR prostate cancer.
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