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Progression to metastatic castration resistant prostate cancer (CRPC) is the major lethal pathway of prostate cancer (PC).

Herein, we demonstrated that tumor progression locus 2 (Tpl2) kinase is the fundamental molecule provoking progression and

metastasis of CRPC. Tpl2 upregulates CXCR4 and focal adhesion kinase (FAK) to activate CXCL12/CXCR4 and FAK/Akt signalling

pathway. Consequently, epithelial–mesenchymal transition (EMT) and stemness of androgen depletion independent (ADI) PC

cells are induced, which is dependent on the kinase activity of Tpl2. In vitro, proliferation, clonogenicity, migration, invasion

and chemoresistance of ADI PC cells were enhanced by Tpl2. In vivo, Tpl2 overexpression and downregulation showed signifi-

cant stimulatory and inhibitory effects on tumorigenic and metastatic potential of ADI PC cells, respectively. Moreover, the

prognostic effects of Tpl2 and expressional correlation between Tpl2 and EMT-related molecules/CXCR4 were validated in clini-

cal PC databases. Since Tpl2 exerts metastatic progression promoting activities in CRPC, Tpl2 could serve as a novel therapeu-

tic target for metastatic CRPC.

Prostate cancer (PC) is the most common cancer and second
leading cause of cancer-related deaths in males in the United
States.1 Although androgen depletion therapy is highly effec-
tive in suppressing PC growth, persistent androgen ablation
often results in the development of metastatic castration
resistant prostate cancer (CRPC).2 Currently, patients with
metastatic CRPC are treated with taxane-based chemothera-
peutic drugs. However, the treatment only serves as a pallia-
tive, and distant metastasis is the main cause of PC-related
death.3 Therefore, the identification of novel therapeutic tar-
gets in metastatic CRPC is the most urgent clinical require-
ment that remains unmet.

Tumors contain a reservoir of cancer stem cells (CSCs)
that are responsible for tumor initiation, progression, metas-
tasis and therapeutic resistance.4 Since emerging evidence
suggests that PC CSCs represent the “bad seeds” of tumor,
the molecular mechanisms that maintain PC CSCs could
potentially serve as therapeutic targets for metastatic
CRPC.5,6 Although aldehyde dehydrogenase (ALDH) activity7

and expression of CD448 and Bmi-19 have been suggested as
specific PC CSC markers, using these markers as therapeutic
targets is challenging because the molecules lack specific
functional and/or enzymatic activities.

Tumor progression locus 2 [Tpl2/MAP3 kinase 8
(MAP3K8)], a serine/threonine protein kinase, has been sug-
gested to enhance tumor growth and metastatic progression
in distinct types of human cancers.10–12 Previously, we
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reported that Tpl2 is a novel oncogene linked to the disease
progression and metastasis of clear cell renal cell carcinoma
(ccRCC).13 Intriguingly, Tpl2 is a key signal transducer of
arsenite, which is a critical risk factor of PC.14 Moreover, a
recent study suggested that Tpl2 is a crucial player associated
with the progression of PC to the CRPC state.15 Since Tpl2
expression increases considerably more in metastatic PC than
in localized PC cases,15 Tpl2 may also be associated with the
metastatic progression of CRPC.

In this study, we translationally demonstrated a crucial
role of Tpl2 in the tumor progression and metastasis of
CRPC and, for the first time, investigated underlying molecu-
lar mechanisms that enable Tpl2 to function as a metastasis
promoting gene in androgen depletion independent (ADI)
PC cells.

Material and Methods
PC genomic datasets

Transcriptome and clinical data of three PC cohorts, the Uni-
versity of Pittsburgh Cancer Institute,10 the Memorial Sloan-
Kettering Cancer Center (MSKCC) and The Cancer Genome
Atlas (TCGA), were downloaded from http://www.ncbi.nlm.
nih.gov/geo (GSE6919), http://cbio.mskcc.org/prostate-portal/
(GSE21032) and http://cancergenome.nih.gov/, respectively.

Cell culture and sublines

Human ADI PC cell lines, 22Rv1, PC3 and DU145, were
purchased from American Type Culture Collection. C4-2B
cell line, a CRPC-mimicking subline of human LNCaP cell
line, was kindly provided by Prof. Jeong (Medical College of
Wisconsin). All cell lines were maintained in RPMI-1640
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (GIBCO). In some experiments using
C4-2B cells, charcoal stripped FBS (Life technologies) was
alternatively used. PC3 and C4-2B cells that stably express
either a nontargeting or Tpl2-targeting shRNA PLKO vector
(Prof. Jeong) and 22Rv1 cells that stably express either a
pLenti-GIII-CMV empty or Tpl2 vector were established by
lentiviral transduction (Invitrogen) and puromycin selection
(3 lg/mL, GIBCO).

Reagents

The Tpl2-specific kinase inhibitor (KI) [4-(3-chlor-4flu-
orophenylamino)-6-(pyridin-3-yl-methylamino)-3-cyano-1,7-
naphthylridine], chemokine (C-X-C motif) receptor 4

(CXCR4) antagonist (AMD3100, Calbiochem), focal adhe-
sion kinase (FAK) inhibitor (PF-573,228), pan-Akt inhibitor
(GSK690,693), docetaxel (Selleck Chemicals) and chemokine
(C-X-C motif) ligand 12 (CXCL12; PeproTech) were
utilized.

Western blotting and quantitative real time-PCR

For WB, cells were lysed in RIPA lysis buffer. Equal amounts
of protein were subjected to SDS-polyacrylamide gels electro-
phoresis and then transferred to PVDF membranes (What-
man). Membranes were blocked in 5% skim milk or bovine
serum albumin for 1 hr at room temperature (RT), incubated
with indicated primary antibodies overnight and then blotted
with the appropriate secondary antibodies. Primary antibod-
ies: Tpl2 (Santa Cruz); FAK, Akt, p-Akt (Thr308, Ser473),
ERK, p-ERK, c-Jun N-terminal kinase (JNK) and p-JNK (Cell
Signaling); p-FAK (Tyr397, Tyr576), E-cadherin, vimentin,
ZEB1, CXCR4, CD44 and Bmi-1 (Abcam); GAPDH (Santa
Cruz). For quantitative real time-polymerase chain reaction
(qRT-PCR), mRNA was extracted using a RNeasy kit (Qia-
gen) and then used for subsequent RT using SuperScript III
First-Strand Synthesis SuperMix (Invitrogen). The cDNA
obtained was used for PCR performed using power SYBRVR

Green PCR Master Mix (Applied Biosystems) and gene-
specific primers (Supporting Information Table S1).

Orthotopic PC xenografts

Six to eight-week-old male athymic nude mice were obtained
from Orient Bio (Korea). All animal experiments were
approved by the Institutional Review Boards of Samsung
Medical Center (Seoul, Korea) and conducted in accord with
the “National Institute of Health Guide for the Care and Use
of Laboratory Animals” (NIH publication No. 80-23, revised
in 1996). Two million cells in 40 lL Hank’s balanced salt
solution were injected into the right prostatic lobe through a
midline lower-abdominal incision using a 1-mL syringe with
a 27-gauge needle. A well-localized bleb within the injected
prostatic lobe was considered as an acceptable injection.

Immunohistochemistry

Endogenous peroxidase activity was blocked by 0.3% hydro-
gen peroxide. Antigens were retrieved by heating sections in
10 mM sodium citrate (pH 6.0) at 95�C for 30 min. Primary
antibodies (4�C, overnight), biotinylated secondary antibodies
(1 hr, RT) and then avidin–biotin complex (Vector

What’s new?

Prostate cancer turns deadly when it metastasizes and the removal of available androgens – castration -- can no longer hinder

it. In this paper, the authors report that the kinase Tpl2 spurs this transition to metastasis. Not only did they find more Tpl2

mRNA in metastatic cells than in non-metastatic, they also showed that Tpl2 upregulates two signaling pathways integral to

metastasis. The kinase activity of Tpl2 also support the development of stem cell capabilities in the cancer cells. These results

suggest that targeting Tpl2 could impede the spread of prostate cancer.
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Laboratories, 1 hr, RT) were incubated with the sections. Pri-
mary antibodies; Tpl2, ZEB1 (Santa Sruz), E-cadherin,
vimentin (Dako), CD44, Bmi-1, p-FAK (Y397; Abcam), p-
Akt (S473; Cell Signaling) and CXCR4 (Novus).

Proliferation assay

Cells (3 3 103 cells/well in 100 lL 10% FBS/RPMI) were seeded
in 96-well plates. After 1, 24, 48 or 72 hr, cell viability was meas-
ured using an EZ-Cytox cell viability assay kit (Daeil Lab)
according to the manufacturer’s instructions. Alternatively, cells
plated were incubated overnight, treated with indicated concen-
trations of each inhibitor for 72 hr and then analyzed.

Focus forming assay

Three hundred cells per well in 6-well plates were maintained
in 10% FBS/RPMI for 2 weeks with or without indicated
inhibitors. The number of colonies/well was determined.

Migration/invasion assay

Serum starved cells for 24 hr (1 3 105 cells) were suspended
in 300 lL serum-free RPMI media, added to the upper
chamber of modified Boyden chamber (Corning), and then
allowed either to migrate through an 8-lm-pore polycarbon-
ate filter in the migration assay, or to invade through the fil-
ter precoated with 100 lg of Matrigel (BD Bioscience) in the
invasion assay. RPMI media containing 10% FBS or 200 ng/
mL CXCL12 in the lower compartment stimulated the cells
to migrate or invade. After 24-hr incubation, the cells present
on the lower surface of the membrane were counted in five
random fields at 1003 magnification. The degree of migra-
tion and invasion was adjusted based on the cell proliferation
effects of FBS or CXCL12. Alternatively, cells were pretreated
with an indicated inhibitor for 30 min and then loaded into
the upper chambers. The inhibitors were present in both
chambers for the duration of the assays.

Tumor sphere formation assay

PC cells (1 3 103 cells/mL) were plated on ultralow-
attachment plates (Corning) in DMEM/F12 medium contain-
ing 1% Insulin-Transferrin-Selenium-X (Invitrogen), 2% B27
(GIBCO), 20 ng/mL epidermal growth factor and 20 ng/mL
basic fibroblast growth factor (R&D systems). After up to 7
days, tumor spheres >100 lm in diameter were counted. In
the limiting-dilution assay, PC cells were plated at various
seeding densities and incubated for 1 week. Each well was
observed to quantify sphere formation. Clonogenic cell fre-
quency was calculated using the Extreme Limiting Dilution
Analysis software.

Statistical analysis

Significance of differences was assessed using unpaired Stu-
dent’s t test or 1-way ANOVA test followed by the Student–
Newman–Keuls test. Overall survival (OS) rates were esti-
mated using the Kaplan-Meier method and compared using

the log-rank test. Tumor metastasis rates were compared
using Fisher’s exact test, two tailed. Difference was considered
significant if p< 0.05.

Results
Tpl2 enhances in vivo tumorigenesis and metastasis of ADI

PC cells

To evaluate the clinical implication of Tpl2 in the progres-
sion and metastasis of CRPCs, we confirmed that Tpl2
mRNA levels of metastatic CRPCs (n5 25) were significantly
higher than those of localized PCs (n5 66; p< 0.001, Sup-
porting Information Fig. 1a) in a public database.10 Consis-
tently, Tpl2 mRNA expression in human ADI PC cells PC3,
DU145 and C4-2B cells, which exhibit in vivo tumorigenic/
metastatic potential, was higher than that in the weakly
tumorigenic/nonmetastatic 22Rv1 human ADI PC cells (Sup-
porting Information Fig. 1b).16 The cell lines expressing the
highest and lowest levels of Tpl2, PC3 and 22Rv1, respec-
tively, were chosen for further studies. The differential
expression of Tpl2 was confirmed at the protein level (Sup-
porting Information Fig. 1c). We established Tpl2-
knockdown (KD) PC3 (PC3-shTpl2) and Tpl2-
overexpressing 22Rv1 (22Rv1-Tpl2 OE) stable sublines,
together with corresponding controls (a scrambled shRNA
for PC3-shCon and an empty vector for 22Rv1-Con). Down-
and upregulation of Tpl2 was verified in vitro and in vivo
(Fig. 1a).

2 3 106 PC3-shCon (n5 13) or PC3-shTpl2 (n5 11) cells
were implanted in the prostate of immune-deficient male
mice. When mice were euthanized upon loss of >20% body-
weight or signs of serious distress, significantly longer OS
was observed in the Tpl2-KD group [median (range); 58
(32–71) days] compared with the control group [19 (15–22)
days](Fig. 1b, left). Sacrificed mice usually showed bilateral
renal ischemic changes, hydronephrosis, bladder distension
and urinary ascites. Those urinary flow blockage symptoms
and larger implanted cell number than previous PC3 ortho-
topic animal models17,18 would provoke the relatively shorter
OS in this study than the previous animal models. Tpl2
silencing also significantly reduced the number of spontane-
ous metastatic foci in periaortic lymph nodes (LNs) and lung
(Fig. 1b, right). Moreover, when mice were simultaneously
sacrificed at 3 weeks after tumor-cell transplantation, the
Tpl2 downregulation had significantly inhibited both primary
tumor formation and spontaneous metastasis (Fig. 1c). The
mice injected with PC3-shTpl2 cells showed a clear margin
of primary tumors in contrast to the invasive growth patterns
observed in the PC3-shCon group (Fig. 1c, lower left).

To further examine whether primary tumorigenesis and
spontaneous metastasis are enhanced by Tpl2 overexpression,
we orthotopically implanted 2 3 106 22Rv1-Con (n5 7) or
22Rv1-Tpl2 OE (n5 8) cells in the prostate of immune-
deficient male mice. As expected, 22Rv1-Tpl2 OE cells
formed significantly larger prostate tumors than 22Rv1-Con
cells (p< 0.001, Fig. 1d, upper left). Furthermore, primary
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tumors derived from 22Rv1-Tpl2 OE cells showed infiltration
of cancer cells to the stroma, whereas 22Rv1-Con cells gener-
ated primary tumors with well-defined margins (Fig. 1d,
upper right). At 4 weeks postimplantation no LN metastasis
was detected in any mice bearing tumors derived from
22Rv1-Con cells. In contrast, 22Rv1-Tpl2 OE cells induced
spontaneous metastasis to periaortic LNs in six of the eight
mice (p5 0.003, Fig. 1d, lower). Metastatic nodules were not
observed in the other organs including the lung.

The specific effects of Tpl2 on the metastatic properties of
ADI PC cells were also analyzed by intracardiac injection of
2 3 105 PC3-shCon or PC3-shTpl2 cells. Survival of mice
was significantly increased following Tpl2 KD [PC3-shTpl2,
84 (57–90) days; PC3-shCon, 34 (25–36) days; Supporting
Information Fig. 2a]. When systemic metastasis was concur-

rently analyzed at 4 weeks after injection, the ratio of mice
exhibiting distant metastases was significantly reduced in the
Tpl2 KD group (Supporting Information Fig. 2a). To recapit-
ulate bone metastasis, 23105 PC3-shCon or PC3-shTpl2 cells
were directly injected into the bone-marrow space of tibia.
When mice were sacrificed at 3 weeks after injection, PC3-
shCon cells have reproducibly generated intratibial tumors
with osteolytic activity in 86% of the mice, whereas PC3-
shTpl2 cells generated an intratibial mass in only 11% of
injected mouse (Supporting Information Fig. 2b, p5 0.0008).

In vitro oncogenic effects of Tpl2 in ADI PC cells

To elucidate the underlying mechanisms, we evaluated vari-
ous in vitro phenotypic changes in ADI PC cells in relation
to Tpl2 expression. Whereas in vitro proliferation was

Figure 1. Tpl2 increases tumorigenic and metastatic potential of ADI PC cells in vivo. (a) Tpl2 knockdown and overexpression was verified

using qRT-PCR (n 5 4 for each group; left), Western blotting (middle) and immunohistochemistry against orthotopic xenograft tumors (right).

One of triplicated experiments was illustrated. Internal control for qRT-PCR 5 18S RNA. GAPDH5loading control. (b) Kaplan–Meier curve

shows the survival rate of mice (left, mortality: >20% total body weight loss). Spontaneous periaortic LNs and lung metastasis were eval-

uated by histologic examination (right). (c) Primary tumor growth and spontaneous metastasis were simultaneously analyzed at 3 weeks

postinjection. Data 5 mean 6 SEM (left). Arrows 5 tumor margin (left), periaortic LNs (middle upper) and metastatic foci (middle lower and

right). (d) Tumor weights of orthotopic tumors and incidences of LN metastasis at 28 days postimplantation were presented. Arrows 5 tumor

margin (upper) and metastasized tumor cells in LN (lower). *p<0.05, **p<0.01 and ***p<0.001.
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significantly impaired following Tpl2 silencing in PC3 cells,
Tpl2 overexpression significantly increased the proliferation
of 22Rv1 cells (Supporting Information Fig. 3a). Moreover,
in vitro clonogenicity of PC3 cells decreased significantly
when Tpl2 was silenced, whereas upregulating Tpl2 in 22Rv1
cells increased in vitro clonogenicity significantly (Fig. 2a).
To confirm that the in vitro effects of shRNA-mediated Tpl2
KD depend on the kinase activity of Tpl2, the effects of a
Tpl2-specific KI19 were additionally tested. Agreeing with the
Tpl2-targeting shRNA results, Tpl2-specific KI potently sup-
pressed in vitro proliferation (Supporting Information Fig.
3b) and clonogenicity (Supporting Information Fig. 3c) of
PC3 cells. Moreover, in 22Rv1-Tpl2 OE cells, the in vitro
effects of Tpl2 overexpression were completely reversed by
the Tpl2-KI (Fig. 2b).

We further tested the effects of Tpl2 expression on ADI
PC cells by using in vitro migration and invasion assays. As
shown in Fig. 2c (top), Tpl2 KD significantly attenuated the
migration/invasion of PC3 cells. Conversely, 22Rv1-Tpl2 OE
cells showed significantly higher migration/invasion capacities
than 22Rv1-Con cells (Fig. 2c, bottom). The inhibitory effects
of the Tpl2-targeting shRNA were reproduced by the Tpl2-KI
(Fig. 2d). We analyzed whether these aggravated characteris-
tics are related to epithelial–mesenchymal transition (EMT).
Interestingly, cellular morphologies of Tpl2 KD PC3 and Tpl2
overexpressing 22Rv1 sublines, transformed into epithelial
and mesenchymal cell-like, respectively (Fig. 3a). These mor-
phological changes were accompanied with increased E-
cadherin and diminished vimentin expression in the case of
Tpl2 KD, with the reverse effects being observed with Tpl2
overexpression (Fig. 3b). Moreover, the expression of ZEB1, a
master transcription factor of EMT,20 was positively correlated
with the expression of Tpl2 (Fig. 3b). The correlations
between the expression of Tpl2 and of EMT-related molecules
were verified in both in vivo orthotopic xenografts (Fig. 3c)
and MSKCC clinical dataset (n5 127, Fig. 3d).

In vitro Tpl2 KD effects on PC3 cells were reproduced using
C4-2B cells. C4-2B cells express androgen receptor but prolifer-
ate without androgen, therefore, simulate androgen receptor
expressing ADI PCs more precisely than PC3 cells.21 Androgen
withdrawal in the culture medium induced upregulation of Tpl2
in C4-2B cells (Supporting Information Figs. 4a and 4b). In the
androgen depletion status, Tpl2 KD significantly reduced the in
vitro clonogenicity (Supporting Information Fig. 4d) and migra-
tion/invasion (Supporting Information Fig. 4e) of C4-2B cells.
In contrast, in vitro proliferation of C4-2B cells was not signifi-
cantly impaired by Tpl2 silencing (Supporting Information Fig.
4c). Since effects of Tpl2-KD was reproduced in two independ-
ent ADI PC cell lines, the effects of Tpl2 silencing would not be
cell line-specific.

Tpl2 regulates stem-like characteristics of ADI PC cells

Recently, induction of EMT has been shown to generate cells
with stem-like properties,22 and CSCs have been shown to
exhibit EMT-like molecular phenotypes.23 Since we observed

that Tpl2 strongly promotes in vitro clonogenicity, a vital
property of stemness, we hypothesized that multiple in vitro
and in vivo effects of Tpl2 on ADI PC cells could be medi-
ated by enhanced cancer stemness.

Since in vitro sphere formation is widely considered to
reflect the stemness, ADI PC cells were plated in a serum-
free suspension culture system to make tumor spheres. PC3-
shCon cells formed spheres (>100 mm diameter), but treat-
ment with both Tpl2-specific shRNA (Fig. 4a) and KI (Fig.
4b) significantly reduced the numbers of spheres. By contrast,
in 22Rv1 cells, the number of spheres increased significantly
following Tpl2 overexpression (Fig. 4a), and this enhanced
ability was completely reversed by Tpl2-KI (Fig. 4b). Further-
more, when we performed in vitro limiting-dilution assays to
determine the ratio of clonogenic cancer cells, expression of
the Tpl2-targeting shRNA in PC3 cells significantly decreased
the ratio; conversely, Tpl2 overexpression in 22Rv1 cells sig-
nificantly increased the ratio (Fig. 4c).

In addition, to examine whether Tpl2 is associated with
the chemoresistance, which is another key property of
CSCs,24,25 we compared the sensitivity of PC3-shCon and
PC3-shTpl2 cells to docetaxel in vitro. After 72-hr docetaxel
treatment, the viability of PC3-shCon cells was significantly
higher than that of PC3-shTpl2 cells (Supporting Information
Fig. 5). We also screened for changes in stemness-related
phenotypic markers in relation to changes in Tpl2 expression.
Upregulation of Tpl2 in 22Rv1 cells substantially increased the
expression of CD44 and Bmi-1 in vitro (Fig. 4d) and in vivo
(Fig. 4e), whereas Tpl2 depletion in PC3 cells produced the
opposite effects (Figs. 4d and 4e). It has been reported that
CD44high subpopulations contained CSC populations in PC,5,26

demonstrating that CD44high PC cells are more proliferative,
clonogenic, tumorigenic and metastatic than the isogenic
CD44low cells.5 The expressional changes in CD44 were also
confirmed by flow cytometric analysis (Supporting Informa-
tion Fig. 6), which showed that CD44 expressional changes
occurred in the whole population. Moreover, the ALDH
activity-positive (ALDH1) population was decreased in PC3-
shTpl2 cells, whereas Tpl2 upregulation in 22Rv1 cells
increased the ratio (Supporting Information Fig. 7).

The most convincing demonstration of stemness is
enhanced tumor-initiating capacity in vivo. We conducted
orthotopic tumor development experiments by using various
numbers of viable ADI-PC cells. In agreement with the in
vitro data, Tpl2 depletion in PC3 cells exhibited 502-fold
lower in vivo tumor initiating cell (TIC) frequency compared
with that of the control group, whereas in 22Rv1 cells, Tpl2
overexpression led to a 243-fold increase in the TIC fre-
quency (Fig. 4f). Moreover, not only primary tumor forma-
tion but also spontaneous LN metastasis was dramatically
influenced by Tpl2 (Fig. 4f).

FAK and Akt mediate oncogenic effects of Tpl2 in ADI PC cells

The aforementioned results indicate that Tpl2 is a critical fac-
tor that promotes the acquisition of tumorigenic and
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metastatic potential in ADI PC cells. To address the mecha-
nism, we investigated the activation status of several onco-
genic signaling pathways that regulate EMT and stem cell-
like traits. Among these pathways, the activation of FAK and
Akt has been reported to be closely associated with cell pro-

liferation, anoikis resistance, migration, invasion and stem-
ness of PC cells.27–31 In PC3-shTpl2 cells, depletion of Tpl2
led to a remarkable decrease in the phosphorylation levels of
FAK and Akt, compared with those of control cells (Fig. 5a).
By contrast, Tpl2 reconstitution in 22Rv1 cells dramatically

Figure 2. In vitro oncogenic effects of Tpl2 on ADI PC cells. (a) Clonal growth of ADI PC cells was compared using focus formation assay.

(b) Effects of Tpl2-KI treatment on proliferation (left) and clonogenicity (right) of 22Rv1-Tpl2 OE cells. (c and d) Effect of Tpl2 expression (c)

and KI (d) on in vitro cell migration and invasion. Data 5 mean 6 SD, n 5 4 for each group (a and d). One of triplicated experiments was

illustrated for (a) and (d). **p<0.01 and ***p<0.001.
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enhanced the activation of FAK and Akt (Fig. 5a). However,
the expected activation of ERK and JNK, major downstream
signaling components of Tpl2, was not observed in our Tpl2-
manipulated ADI PC cells (Fig. 5a). Interestingly, the expres-
sion of FAK (Fig. 5a and Supporting Information Fig. 8) was
also positively associated with Tpl2 expression, which, how-

ever, did not markedly change Akt expression (Fig. 5a). The
activation of FAK and Akt and the upregulation of FAK
were confirmed in orthotopic xenografts (Fig. 5b).

To determine whether the activation of FAK and Akt is
required for Tpl2-mediated effects on ADI PC cells, effects of
specific FAK and Akt inhibitors on in vitro phenotypes

Figure 3. EMT of ADI PC cells was induced by Tpl2. (a) Morphological transformation of ADI PC cells upon Tpl2 manipulation. (b) The mRNA

and protein levels of EMT makers were determined by qRT-PCR (right, n 5 4 for each group, data 5 mean 6 SD), Western blotting (left upper)

and immunocytochemistry (left lower). DAPI 5 nuclei. (c) E-cadherin, vimentin and ZEB1 expression were determined by immunohistochem-

istry in orthotopic xenograft tumors. One of triplicated experiments was illustrated for (a) and (c). (d) Correlation analysis between E-cad-

herin/vimentin/ZEB1 and Tpl2 expression in the MSKCC dataset. R 5 Spearman’s correlation coefficient. ***p<0.001. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of ADI PC cells were assessed. Both PF-573,228
(an ATP-competitive, reversible inhibitor of FAK)32 and
GSK690,693 (an ATP-competitive, pan-Akt inhibitor)33 sig-
nificantly suppressed proliferation (Supporting Information
Fig. 9), clonogenicity (Fig. 5c) and migration/invasion (Fig.

5d) of PC3 cells. Demonstrating specificity further, the prolif-
eration (Supporting Information Fig. 9), clonogenicity (Fig.
5c) and migration/invasion (Fig. 5d) of 22Rv1 cells that were
increased by Tpl2 overexpression were potently reversed by
the specific inhibitors.

Figure 4. Involvement of Tpl2 in the stem-cell like characteristics of ADI PC cells. (a) Sphere-formation of ADI PC cells was analyzed. (b) The

effects of Tpl2-KI on tumor sphere-forming ability of ADI PC cells in vitro. Data 5 mean 6 SD, n 5 4 for each group (a and b). (c) In vitro lim-

iting dilution assays were performed to determine clonogenic potentials of ADI PC cells (n 5 3 for each group). (d) The mRNA and protein

expression of CD44 and Bmi-1 of ADI PC cells were analyzed by qRT-PCR (n 5 4 for each group, data 5 mean 6 SD, left), Western blot (right

upper) and immunocytochemistry (right lower), in vitro. DAPI5nuclei. One of triplicated experiments was illustrated for (a) and (d).

**p<0.01 and ***p<0.001. (e) Expression of CD44 and Bmi-1 were analyzed by immunohistochemistry in orthotopic xenograft tumors. (f)

In vivo tumorigenicity titration assay was performed by orthotopic injection of various numbers of ADI PC cells. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. The activation of FAK and Akt signaling mediates oncogenic effects of Tpl2 in ADI PC cells. (a) Comparison of oncogenic signaling

pathways in relation to Tpl2 expression. GAPDH 5 loading control. (b) Levels of FAK, p-FAK(Y397) and p-Akt(S473) were detected by immu-

nohistochemistry in orthotopic xenograft tumors. (c) The effects of FAK (PF-573,228, 1 mM) and Akt (GSK690,693, 1 mM) specific inhibitor

on the clonogenicity of ADI PC cells. (d) Inhibition of FAK (PF-573,228, 1 lM) and Akt (GSK690,693, 1 mM) activity suppressed in vitro

migration and invasion of ADI PC cells. Data 5 mean 6 SD, n 5 4 for each group (c and d). One of triplicated experiments was illustrated for

(a) and (d). ***p<0.001. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Tpl2 activates FAK and Akt through the CXCL12/CXCR4

signaling pathway in ADI PC cells

FAK and Akt were found to function downstream from Tpl2,
but how Tpl2 signals to these effectors is unknown. Previously,
we reported that Tpl2 enhances the tumorigenic and meta-
static potential of ccRCC through the CXCL12/CXCR4 signal-
ing pathway.13 CXCR4 is activated by its exclusive ligand
CXCL12, which leads to the activation of diverse intracellular

signaling pathways including the Akt pathway.34 Moreover,
CXCL12 evoked FAK upregulation and enhanced FAK phos-
phorylation.35 Therefore, CXCR4 could be a missing link
between Tpl2 and FAK/Akt.

We examined the association of CXCR4 and Tpl2 expres-
sion in two independent PC databases, which revealed that
their expression is significantly correlated in human PCs (Fig.
6a). Moreover, for Tpl2 and CXCR4 as a two-gene classifier,

Figure 6. Tpl2 upregulated CXCR4 expression of ADI PC cells and potentiated CXCR4 signaling pathway. (a) Correlation analysis between

Tpl2 and CXCR4 mRNA levels in human PCs. R 5 Spearman’s correlation coefficient. (b) Kaplan–Meier graphs represent the probability of

cumulative OS of human PCs (MSKCC dataset). (c) Expression of CXCR4 mRNA and protein in relation to Tpl2 levels in PC3 and 22Rv1 cells

was evaluated by qRT-PCR (n 5 4 for each group, data 5 mean 6 SD, left upper), Western blot (left lower) and immunocytochemistry (right).

DAPI 5 nuclei. (d) CXCR4 expression was analyzed by immunohistochemistry in orthotopic xenograft tumors. (e) Changes in CXCL12/CXCR4-

mediated signal transduction following Tpl2 silencing in PC3 cells (left) and Tpl2 reconstitution in 22Rv1 cells (right) upon in vitro stimula-

tion by CXCL12 (200 ng/mL) were analyzed by Western blotting. GAPDH 5 loading control. (f) Effects of CXCR4 inhibition (AMD3100, 10 mM)

on the FAK expression of ADI PC cells were analyzed by Western blotting. GAPDH 5 loading control. One of triplicated experiments was illus-

trated for C-F. ***p<0.001. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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we defined the PCs that exhibited CXCR4 and Tpl2 expres-
sion above the averages across all PCs in the MSKCC dataset
as Tpl2 high/CXCR4 high. Although Tpl2 or CXCR4 expres-
sion level alone could not differentiate the clinical outcome
of PC patients (p5 0.16 and p5 0.070, respectively, Support-
ing Information Fig. 10), Tpl2 high/CXCR4 high PCs showed
significantly worse OS than the other PCs (Fig. 6b), suggest-
ing that enhanced Tpl2 activity could be associated with
worse clinical prognosis as a result of CXCR4 upregulation.

Supporting the clinical observations, Tpl2 silencing in PC3
cells resulted in significantly decreased CXCR4 expression
and reconstitution of Tpl2 in 22Rv1 cells upregulated CXCR4
expression in vitro (Fig. 6c) and in vivo (Fig. 6d). Function-
ally, treating PC3-shCon cells with CXCL12 induced FAK
and Akt phosphorylation, which was dramatically inhibited
by shRNA-mediated Tpl2 KD (Fig. 6e, left). By contrast,
Tpl2 overexpression in 22Rv1 cells potentiated CXCL12-
mediated FAK and Akt phosphorylation (Fig. 6e, right).
However, FAK expression was not significantly altered by
exposure to CXCL12 for 60 min, and activation of ERK and
JNK was not observed following either Tpl2 overexpression
or CXCL12 treatment (Fig. 6e).

To confirm that CXCR4 activation is an essential part of
the diverse effects produced by Tpl2 on ADI PC cells, we uti-
lized AMD3100, a specific CXCR4 antagonist. At a molecular
level, the CXCR4 antagonist potently impaired the phospho-
rylation of FAK and Akt induced by CXCL12 in PC3-shCon
and 22Rv1-Tpl2 OE cells, but FAK expression itself was not
changed (Fig. 6f). Although the CXCR4 antagonist had no
effect on the growth of ADI PC cells in vitro (data not
shown), clonogenicity of PC3 cells were strongly suppressed
by the CXCR4 antagonist (Supporting Information Figs. 11a
and 11b). More importantly, the increased clonogenicity of
22Rv1 cells induced by Tpl2 overexpression was eliminated
by CXCR4 inhibition (Supporting Information Figs. 11c and
11d). Furthermore, although PC3-shCon and 22Rv1-Tpl2 OE
cells showed prominent chemotaxis and chemoinvasion
toward CXCL12, CXCL12 failed to induce these behaviors in
PC3 Tpl2 KD cells (Supporting Information Figs. 11e and
11f). Moreover, the enhancement of CXCL12-dependent che-
motaxis and chemoinvasion in Tpl2-overexpressing 22Rv1
cells was completely reversed by the CXCR4 specific antago-
nist (Supporting Information Fig. 11f).

Discussion
Tpl2 has been implicated in the progression of PC to the
CRPC stage,15 but the molecular pathophysiology of Tpl2-
stimulated tumor progression and metastasis of CRPC
remains poorly elucidated. This study has demonstrated the
functional roles of Tpl2 in tumor progression and metasta-
sis of CRPC, promoting EMT and maintaining stemness,
which would enhance cell proliferation, clonogenicity,
migration and invasion. Our mechanistic studies revealed
that Tpl2 regulates the tumorigenic and metastatic potential
of ADI PC cells at least in part by upregulating CXCR4

and FAK and consequently activating FAK/Akt downstream
signaling pathways (Supporting Information Fig. 12). The
experimental results were strongly supported by the results
of our analysis of two independent clinical PC databases
(MSKCC and TCGA), which enhance the clinical relevance
of this study.

The phenotypic association between EMT and tumor-
initiating properties has been firmly established.22 However,
the underlying common mechanisms that regulate these two
independent characteristics remain largely unknown.
Recently, activation of the PI3K/Akt signaling pathway is
associated with enhanced PC cell proliferation, invasion,
metastasis, chemo-/radio-resistance, stemness and EMT,
which would indicate that PI3K-targeting modalities could be
a promising method to eliminate CSCs and to overcome
treatment-resistance of PC.36–38 In this study, we identified
Tpl2 as a master regulator that controls the EMT and stem-
ness of CRPC. Although Tpl2 protein kinase does not
directly phosphorylate PI3K, PI3K is a downstream compo-
nent of FAK/Akt and CXCL12/CXCR4 signaling pathways.

Tpl2 protein kinase can directly activate the MAP and JNK
kinases.10,14,15,39 However, the expected changes in ERK and
JNK phosphorylation were not induced by either downregula-
tion or overexpression of Tpl2 in ADI PC cells in this study
although the mechanisms underlying the differential Tpl2-
mediated downstream signaling was not elucidated in detail.
Instead, upregulation of FAK and CXCR4 and activation of
FAK/Akt and CXCL12/CXCR4 signaling pathways were asso-
ciated with Tpl2 expression in ADI PC cells. The activation of
FAK and Akt has been reported to be closely associated with
cell proliferation, anoikis resistance, migration, invasion and
stemness of PC cells.27–31,40–42 CXCR4 leads to the activation
of diverse intracellular signaling pathways including the Akt
pathway,34,43,44 and CXCL12 evoked increased expression of
FAK and enhanced FAK phosphorylation.35 Furthermore, it
has been established that the tumorigenic and metastatic pro-
cess of PC is regulated by CXCL12/CXCR4 axis. CXCR4
expression increases during the progression of PC and is asso-
ciated with poor survival of PC patients.45,46 In a previous
study,13 we demonstrated that Tpl2 promotes the progression
and metastasis of ccRCC through CXCL12/CXCR4 signaling
pathways. In contrast to its function in urogenital tumors,
Tpl2 acts as a tumor suppressor gene in lung carcinogenesis
through p53 response to genotoxic stress.47 Therefore, Tpl2
exerts its unique functions according to the characteristic
molecular environments of biological systems. Specifically, in
urogenital cancers, Tpl2 acts as a principal driver of the pro-
gression and metastasis by activating FAK/Akt and CXCL12/
CXCR4 signaling pathways.

Developing therapeutic strategies for chemoresistant
CRPC remains a challenging problem in clinical oncology
because no optimal therapeutic target has been identified.
Recently, docetaxel treatment was shown to constitutively
activate the CXCR4, ERK1/2 and c-Myc signaling loop in
docetaxel-resistant residual PC cells.48 The CXCL12/CXCR4
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pathway, in particular, is highly activated in the CD1331/
CD441 prostate progenitor population, which is self-
renewing and exhibits strong in vivo tumorigenic poten-
tial.5,6,36 Combining a PC CSC-targeting CXCR4 antagonist,
AMD3100, with a conventional chemotherapeutic drug was
considerably more effective than monotherapy in eradicating
tumors.49 Our data suggest that Tpl2 is a potential therapeu-
tic target for metastatic and docetaxel-resistant ADI PC and
that Tpl2 activates CXCL12/CXCR4 signaling. Moreover,
Tpl2 directly upregulated the expression of FAK and CXCR4.
Although the CXCR4-specific inhibitor suppressed the clono-
genicity, migration and invasion of ADI PC cells, it did not
affect cell proliferation in this study. Therefore, using strat-
egies to target Tpl2, an upstream regulator of CXCL12/
CXCR4 signaling, could be more effective.

Collectively, this study provides important new insights
into the molecular mechanisms by which Tpl2 promotes tumor
progression and metastasis of CRPC. Because Tpl2 protein
kinase is a major effector that modulates the expression and
activation of various CRPC progression and metastasis-related
molecules, Tpl2 could be a novel therapeutic target for CRPCs.
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