
Crosstalk Between Nuclear MET and SOX9/�-Catenin
Correlates with Castration-Resistant Prostate Cancer

Yingqiu Xie, Wenfu Lu, Shenji Liu, Qing Yang, Brett S. Carver, Estelle Li,
Yuzhuo Wang, Ladan Fazli, Martin Gleave, and Zhenbang Chen

Department of Biochemistry and Cancer Biology (Y.X., W.L., S.L., Q.Y., Z.C.), Meharry Medical College,
Nashville, Tennessee 37208; Department of Surgery and Division of Urology (B.S.C.), Memorial Sloan-
Kettering Cancer Center, New York, New York 10065; and Vancouver Prostate Centre and Department
of Urologic Sciences (E.L., Y.W., L.F., M.G.), The University of British Columbia, Vancouver, British
Columbia, Canada V6H 3Z6

Castration-resistant prostate cancer (PCa) (CRPC) is relapse after various forms of androgen abla-
tion therapy and causes a major mortality in PCa patients, yet the mechanism remains poorly
understood. Here, we report the nuclear form of mesenchymal epithelial transition factor (nMET)
is essential for CRPC. Specifically, nMET is remarkably increased in human CRPC samples compared
with naïve samples. Androgen deprivation induces endogenous nMET and promotes cell prolif-
eration and stem-like cell self-renewal in androgen-nonresponsive PCa cells. Mechanistically,
nMET activates SRY (sex determining region Y)-box9, �-catenin, and Nanog homeobox and pro-
motes sphere formation in the absence of androgen stimulus. Combined treatment of MET and
�-catenin enhances the inhibition of PCa cell growth. Importantly, MET accumulation is detected
in nucleus of recurrent prostate tumors of castrated Pten/Trp53 null mice, whereas MET elevation
is predominantly found in membrane of naïve tumors. Our findings reveal for the first time an
essential role of nMET association with SOX9/�-catenin in CRPC in vitro and in vivo, highlighting
that nuclear RTK activate cell reprogramming to drive recurrence, and targeting nMET would be
a new avenue to treat recurrent cancers. (Molecular Endocrinology 28: 1629–1639, 2014)

Prostate cancer (PCa) is the second leading cause of
cancer-related deaths among American men. Andro-

gen deprivation therapy is commonly used to treat ad-
vanced PCa, but the development of castration-resistant
PCa (CRPC) resulted in the failure to androgen depriva-
tion therapy (1). Nonhormone therapy, such as do-
cetaxel-related chemotherapy, is also employed to treat
CRPC (2), yet multiple drug resistance often occurs or
arises through Notch/hedgehog signaling (3) or repro-
gramming factors-mediated tumor initiation (4). The pro-
gressive malignancy of CRPC is contributed by aberrant
activations of oncogenic signaling pathways, including
AKT (5, 6), Pim-1 proto-oncogene (7), and Rous sarcoma

virus (8), through the altered expression (9) or activity
(10) of androgen receptor (AR). MET (mesenchymal ep-
ithelial transition factor) is a membrane-bound receptor
tyrosine kinase (RTK) activated by hepatocyte growth
factor (HGF) to promote tumor growth and metastasis in
various cancers, including PCa (11). Upon HGF binding,
the membrane bound or membraneous form of MET
(mMET) (or c-MET, also called MET) with the autophos-
phorylation at Y1234/1235 provides a docking site for
growth factor receptor bound protein binding followed
by the activation of downstream signaling, such as AKT
and MAPK (11). AR inhibits MET transcription in pros-
tates (12), suggesting that AR antagonist in turn may
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result in the up-regulation of MET in CRPC. MET inhi-
bition by crizotinib, approved for the treatment of nons-
mall cell lung cancer in the United States, reduced PCa
growth in mice (13). However, drugs targeting elevations
of mMET (or c-MET) often are revoked by resistance in
cancers (14). Recently, MET was detected in nucleus of
breast cancer (15) and hepatocellular carcinoma cells
(16). Interestingly, nuclear form of MET (nMET) showed
an activity of ectodomain shedding kinase in breast can-
cer cells in a ligand-independent manner (17, 18). The
molecular mechanisms and downstream signaling of ab-
errant nMET remain elusive, and its relevance to malig-
nancy recurrence is not known.

SOX9, a transcription factor of SOX (SRY [sex deter-
mining region Y]-related high mobility group box) fam-
ily, is required to activate autoregulatory programs to
induce and maintain the stem cell state in mammary
glands (19), the progenitor cell pool in pancreas (20), as
well as cancer development in prostates (21). Moreover,
SOX9 expression requires �-catenin to generate the im-
pact in PCa growth (22), whereas Wingless-related inte-
gration site (Wnt)/�-catenin activation shows its essential
role in CRPC by targeting downstream targets, including
AR (23). Most recently, the role of Wnt/�-catenin was
reported to associate with the reprogramming of retinal
neurons (24). Strikingly, SOX9 or �-catenin (25) cooper-
ates with phosphatase and tensin homolog deleted on
chromosome 10 (Pten) inactivation to accelerate PCa pro-
gression, which may contribute to CRPC growth of pros-
tate tumors in mice (26). On another hand, the resistance
traits of CRPC growth caused by Pten inactivation with
an additional deletion of either Trp53 or Zbtb7a can be
significantly suppressed by the combined inhibition of
X-linked inhibitor of apoptosis protein, steroid 5-alpha-
reductase type I, and AR signaling pathways in vivo (27).
Therefore, besides PTEN/phosphatidylinositol 3-kinase
(PI3K)/AKT pathway, combined targeting of additional
pathways, such as SOX9 or �-catenin, may be an effective
strategy to control PTEN loss-induced CRPC progres-
sion. Here, we demonstrated a novel oncogenic role of
nuclear MET in CRPC in vitro using androgen-nonre-
sponsive cell culture systems and in vivo using a unique
Pten/Trp53 mouse model and human CRPC specimens.

Materials and Methods

Additional details are described in Supplemental Figures 1–6.

Cell culture and establishment of stable cell line
C4–2B (M.D. Anderson, Houston, Texas), PC3 (American

Type Culture Collection), and human PCa cells were main-
tained in RPMI 1640 supplemented with 10% fetal bovine se-

rum (FBS) (Life Technologies) and 1% penicillin/streptomycin
(Life Technologies) at 37°C with 5% CO2. LAPC4 (a gift from
Dr Charles L. Sawyers) and 22Rv1 and 293FT (American Type
Culture Collection) cells were grown in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin at 37°C with 5%
CO2. PCa cell lines with MET overexpression were established
by lentiviral infection and selection. Briefly, 293FT cells were
cotransfected using Lipofectamine 2000 (Life Technologies)
with lentivirus packaging plasmid and MET plasmid (Addgene
plasmid 37560, 37561) or Vector-green fluorescent protein
(GFP) (Addgene 17448). Forty-eight hours after transfection,
viral supernatants were collected for viral infection, and infected
PCa cells were selected by puromycin (2 �g/mL) for 2 days.

Immunoblotting (IB), protein ubiquitination assay,
and immunofluorescence (IF)

For IB, cell lysates were harvested in buffer (20mM Tris-HCl
[pH 7.4], 150mM NaCl, 1mM EDTA, 1mM EGTA, and 1%
Triton X-100) with protease inhibitor cocktail (Roche) followed
by standard procedures of SDS-PAGE and antibody detection.
To study protein ubiquitination, cells in serum starvation for 48
hours were treated with MG-132 (an inhibitor of proteasome)
(Sigma-Aldrich) at 15�M for 4 hours, and cell lysates were
collected using denatured buffer (8M urea and 0.1M Na2HPO4/
NaH2PO4) followed by 1:20 dilution, immunoprecipitation and
IB for ubiquitination assay as described previously (28, 29). For
IF analysis, cells grown on coverslips for 2 days were fixed in 4%
paraformaldehyde or ice-cold methanol for 15 minutes. Cells on
slides were probed using primary antibodies: MET (C28, sc-
161, 1:100; Santa Cruz Biotechnology, Inc), MET (D1C2, 1:50;
Cell Signaling), MET (3D4, 1:100; Life Technologies), SOX9
(H90, sc-20095, 1:00; Santa Cruz Biotechnology, Inc), Nanog
homebox (NANOG) (D73G4, 4903, 1:50; Cell Signaling),
octamer-binding transcription factor 4 (OCT4) (C30A3, 2840,
1:50; Cell Signaling), or �-catenin (6B3, 9582, 1:100; Cell Sig-
naling) overnight at 4°C, followed by incubation with second-
ary antibodies Alexa Fluor 568 (A10042 and A10037, 1:200;
Life Technologies) or Alexa Fluor 488 (A11070 and A11017,
1:200; Life Technologies). Slides were washed with PBS, stained
with 4�,6-diamidino-2-phenylindole (DAPI) and mounted with
Vectashield (Vector Laboratories), and images were scanned
with laser confocal microscopy (Nikon A1R).

Mutant mice, tumor analysis, and
immunohistochemistry (IHC)

Mice were bred and maintained in accordance with the
guidelines of the protocol approved by the Institutional Animal
Care and Use Committee of Meharry Medical College. Ptenlox/lox,
Trp53lox/lox, and PB-Cre4 mice were maintained as described
previously (30). All experimental animals were kept in a mixed
genetic background of C57BL/6J X129/DBA2. All genotypes
were verified by PCR with primers and conditions as described
previously. Mice of desired genotypes were randomly divided
into 2 groups with or without castration at 3 months of age.
Mice were euthanized at 6 months of age, and anterior prostates
or prostate tumors were dissected and collected. Tissues were
fixed and processed according to standard protocols, and tissue
sections in 5-�m thickness were used for hematoxylin and eosin
(H&E) and IHC staining. For IHC analysis, sections were
stained using primary antibodies to MET (C28, sc-161, 1:500;
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Santa Cruz Biotechnology, Inc), SOX9 (H90, sc-20095, 1:00;
Santa Cruz Biotechnology, Inc), �-catenin (6B3, 9582, 1:100;
Cell Signaling), or Ki67 (SP6, ab16667, 1:200; Abcam).

Human prostate tissue microarrays (TMAs)
For CRPC TMA, human prostate TMAs slides containing

paraffin-embedded 28 CRPC tumors and 25 primary tumor
control samples were obtained from Vancouver Prostate Centre
Tissue Bank (http://www.prostatecentre.com). H&E slides were
reviewed, the desired areas were marked, and their correspon-
dent paraffin blocks were used for manually TMA construction
(Beecher Instruments) by punching duplicate or triplicate cores
of 1 mm for each sample. All specimens were from radical pros-
tatectomy with consents from patients at Vancouver Prostate
Centre (http://www.prostatecentre.com). Tissue sections were
stained using primary antibodies MET (3D4, 1:50; Life Tech-
nologies) and MET (EP1454Y, 1:50; Abcam). The staining in-
tensity and extent were evaluated blindly and graded on a scale
of 0 (negative) to 3 (strong positive). Scores were compared with
different stages of cancer.

Results

Nuclear MET is accumulated in malignant cells of
human CRPC specimens

In order to understand the oncogenic contribution of
MET to CRPC growth, we applied CRPC TMA of human

PCa samples to compare the levels of mMET (or c-MET)
between naïve PCa and CRPC specimens. As expected,
mMET levels, confirmed by MET (EP1454Y) antibody
that is raised against the N terminus (transmembrane do-
main) of MET, are elevated in both naïve PCa and CRPC
specimens. However, mMET were strikingly elevated for
most malignant cells in CRPC samples as compared with
some lesions in naïve PCa specimens (Supplemental Fig-
ure 1). Paradoxically, the positivity for mMET (89%,
25/28) in CRPC specimens was comparable with that
(100%, 25/25) in naïve PCa specimens (P � .42) (Figure
1, A and B), indicating that mMET may not directly con-
tribute to CRPC growth. We then went to investigate
whether nMET accumulation was differentially elevated
between CRPC groups and naïve PCa groups of those
human PCa specimens. Because nMET is the nMET
cleaved the N-terminal transmembrane domain (15), we
chose to use the MET antibody (3D4) raised against the
C-terminal fragment of MET, which contains the cyto-
plasmic but not the transmembrane domain, to compare
the nMET expression levels between CRPC and naïve
PCa samples. Surprisingly, cases positive for nMET were
much higher in CRPC (75%, 21/28) than that in naïve
PCa samples (44%, 11/25) (Figure 1A). nMET expression
level in CRPC specimens was significantly increased than

that in naïve PCa (P � .01) (Figure
1B), and the localization of nMET
was restrained to the nucleus of ma-
lignant cells (Figure 1C). nMET pos-
itivity occurs significantly delayed
than mMET positivity in CRPC
cases (Figure 1D), supporting the
notion that nMET is likely derived
from mMET with an important role
in recurrence.

Androgen deprivation induces
the elevation of endogenous
nuclear MET

We wished to understand the reg-
ulation and biological function of
nMET in PCa cells and then exam-
ined the expression of total MET
in both androgen-nonresponsive
(DU145, PC3, C4–2B, and 22Rv1)
and androgen-responsive (LAPC4
and LNCaP) cell lines. IB results
showed that MET level is strikingly
elevated in DU145 and PC3 cell lines
that are AR negative, as compared
with other cell lines (Supplemental
Figure 2A). Activations of tyrosine

Figure 1. Nuclear MET is elevated in human CRPC specimens. A, The positivity of MET (mMET
and nMET) among individual PCa specimens. B, The scores of MET staining among individual PCa
specimens. Scores are presented as the average for individual patient samples in duplicate or
triplicate. P � .05, mMET for CRPC vs naïve PCa; P � .01, nMET for CRPC vs naïve PCa. C, IHC
images to show the localizations of nuclear MET in naïve and CRPC specimens. Scale bars, 100
�m. Patient samples were stained in duplicate or triplicate. D, Kaplan-Meijer plot to show the
recurrence percentage of mMET and nMET in CRPC samples; n � 97 samples, P � .0001.
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kinases and their abnormal accumulations in cellular
compartments are the consequent oncogenic events fre-
quently observed in various cancers (31). Given the re-
markable elevations of MET in PCa specimens, we asked
ourselves whether the elevation and the nuclear accumu-
lation of MET occurred in PCa cells in a concomitant
fashion. IF staining showed that, in addition to the mem-

brane localization, MET is also detected in nucleus of PC3
cells as detected by 3 different MET antibodies (Figure 2,
A and B). To examine whether nMET is derived from the
full-length MET (mMET), we treated PC3 cells with
L685,456 (at 10�M for 1.5 h), a specific inhibitor of
�-secretase that has an catalytic cleavage activity on

mMET. Our results showed that
nMET accumulation was signifi-
cantly decreased upon �-secretase
inhibitor treatment as compared
with the control (Figure 2B). These
data indicate that nMET is indeed
the truncate form of the full-length
MET in PCa cells, in agreement with
the previous report (17). Cellular
fractionation analysis confirmed
that the MET detected in nucleus
displayed a reduced molecular
weight as compared with the full-
length MET in cytosolic of both PC3
cells (Figure 2C) and DU145 cells
(Supplemental Figure 2, B and C).
These data demonstrated that en-
dogenous nMET is found in human
PCa cells, implicating a potential
role in oncogenic function in vitro.

Because MET gene transcription
is repressed by AR (12), we reasoned
that the level and the accumulation
of MET in nucleus would be ele-
vated upon androgen deprivation, a
common approach of inhibiting AR.
To this end, we chose to use LAPC4,
an androgen-responsive PCa cell
line expressing AR but a low level of
MET. As demonstrated by IB and IF,
levels of both endogenous nMET
and SOX9 in LAPC4 cells were in-
deed increased upon androgen de-
privation by culturing cells with me-
dium containing charcoal-stripped
FBS (cFBS) as compared with nor-
mal FBS (Figure 3, A–C). To further
understand the biological relevance
of the up-regulation of endogenous
nMET and SOX9 in cells, we com-
pared the growth of LAPC4-c cells
(continuously cultured in cFBS, with
elevated nMET and SOX9) with
that of parental LAPC4 cells. As ex-
pected, parental LAPC4 cells prolif-
erated slowly in cFBS culture condi-

Figure 2. Endogenous expression of nuclear MET in human PCa cells. A, Endogenous MET
protein in nuclei of PC3 cells using different MET antibodies. IF staining was performed with MET
antibody (C28 or D1C2), and images were recorded with confocal microscopy. Representative
images are shown from 3 independent experiments. Scale bars, 25 �m (top) and 15 �m
(bottom). B, The decrease of nuclear MET expression in PC3 cells by �-secretase inhibitor. PC3
cells were treated with �-secretase inhibitor L685,456 (Abcam) at 10�M for 1.5 hours. IF was
performed with MET antibody (3D4). Representative images are shown from 3 independent
experiments. Scale bars, 25 �m. C, Cytoplasmic (C) and nuclear (N) fractionations of MET
proteins in PC3 cells. PARP and HSP90 were used as markers for nuclear and cytosolic extracts of
proteins, respectively. DAPI, 4� 6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide.
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tion. Surprisingly, LAPC4-c cells showed a significant
increase of proliferation as compared with parental
LAPC4 cells (Figure 3D). Moreover, spheroids formed in
LAPC4-c cells were significantly increased under matrigel
culture condition, companying with the induction of
NANOG and OCT4 reprogramming factors (Figure 3E
and Supplemental Figure 3A), whereas LAPC4 cells with-
out spheres cells were negative for NANOG and OCT4.
Consequently, the individual cells of spheres from
LAPC4-c cells showed an increase in self-renewal ability

as compared with that of parental cells (Figure 3F and
Supplemental Figure 3, B and C). Consistent with the
results above, LAPC4-c cells formed more primary
spheres than that of parental LAPC4 cells under non-
matrigel sphere culture condition (Figure 3G). By con-
trast, MET knockdown by short hairpin RNA signifi-
cantly reduced the spheres in LAPC4-c cells as compared
with the control (Figure 3, H and I, and Supplemental Figure
3D). These data demonstrate that coup-regulation of endog-
enous nMET and SOX9 upon androgen deprivation may

activate cell reprogramming to pro-
mote transformation and androgen-
nonresponsive growth.

Nuclear MET up-regulates SOX9
and activates �-catenin in PCa
cells

Despite the full-length MET does
not contain the nuclear localization
sequence, yet MET can translocate
into nonmembrane compartments
of cells, including nucleus by cleav-
age (15). To further elucidate the on-
cogenic functions of nMET in PCa
cells, we used the nMET construct in
which the N-terminal transmem-
brane domain is deleted but the C-
terminal cytoplasmic domain and
kinase domain of MET are fused
with GFP (15). We then wished to
investigate downstream signaling
pathways activated by nMET upon
androgen deprivation. To this end,
we chose to use 22Rv1 cells, in
which the level of endogenous MET
is low (Supplemental Figure 2A), to
determine the changes of SOX9, an
important factor in PCa. Our results
showed that nMET overexpression
resulted in a noticeable elevation of
SOX9, and nMET was colocalized
with SOX9 in nucleus of 22Rv1 cells
(Supplemental Figure 4, A and B). In
contrast, mMET overexpression or
vector alone (expressing GFP tag)
did not result in the induction of
SOX9 in cells. To investigate the
mechanism on SOX9 elevation in-
duced by nMET, we overexpressed
nMET in 293FT cells that express
the endogenous SOX9 to under-
stand the effect on the protein deg-

Figure 3. Androgen deprivation up-regulates endogenous nuclear MET and promotes stem-like
cells self-renewal in androgen-responsive cells. A–C, Coup-regulation of endogenous nuclear
MET and SOX9 in LAPC4 cells upon androgen depletion. LAPC4 cells were androgen depleted in
cFBS medium for 10 days, and IB was performed using cytoplasmic and nuclear protein extracts
(A). Representative images of IF probed with indicated antibodies (B and C). Scale bars, 25 �m.
D, A comparison of growth curves between LAPC4-c and parental LAPC4 cells in androgen
deprivation medium. E, IF staining on OCT4 reprogramming marker in spheroids of LAPC4-c cells
in matrigel basement growth in medium with 2.5% cFBS. F, The self-renewal ability of LAPC4-c
cells. Single spheroid forming cells were cultured in 96-well plates with nonmatrigel basement
sphere culture medium described in Materials and Methods. G, Sphere formation of LAPC4-c
cells in nonmatrigel basement sphere culture medium. Single cells were cultured in 96-well plates
with sphere culture medium. Scale bars, 100 �m. H, The reduction of MET protein expression
upon shMET knockdown in Western blotting. I, Suppression of the primary sphere formation in
LAPC4-c cells upon MET knockdown. Single cells were cultured at a density of 500 cells/well in
96-well plates with sphere culture medium as described in Materials and Methods, and spheres
were counted at 14 days. Error bars indicate SD.
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radation, whereas mMET and empty vector were used as the
control. The immunoprecipitation and IB results showed
that nMET overexpression resulted in a remarkable de-
crease of SOX9 polyubiquitination as compared with
mMET and the empty vector (Supplemental Figure 4C).
These results indicated that nMET elevation may contribute
to the accumulation of SOX9 protein through preventing
the ubiquitin-mediated proteasomal degradation. Together,
these lines of evidence suggest a novel mechanism on SOX9
up-regulation by MET for cell functions in general.

Given the critical role of �-catenin in SOX9 expression
and function (22), we then examined the effect of nMET
on �-catenin in PCa cells. However, nMET overexpres-
sion in 293FT cells did not result in a significant increase

of �-catenin level when whole-cell lysates were analyzed
(data not shown). Because the active form of �-catenin is
mainly localized in nucleus of cancer cells, we then per-
formed cellular fractionations to examine the �-catenin
level in the nuclear compartment of LAPC4 cells under
androgen deprivation. Our results showed that the level
of nuclear �-catenin was elevated upon mMET overex-
pression in the normal FBS condition as compared with
nMET and the empty vector. Surprisingly, in androgen
deprivation condition, nMET overexpression induced a
noticeable increase of nuclear �-catenin than mMET (Fig-
ure 4A). In line with this finding, nMET overexpression in
LAPC4 cells also remarkably increased the protein level
of AR, a downstream target of �-catenin, as compared

with mMET overexpression (Figure
4B). Consistent with the up-regula-
tion of AR, nMET overexpression
resulted in a significant increase of
AR-mediated transcription of target
genes determined by ARR2-PB-Luc
reporter assay in an androgen depri-
vation condition (Figure 4C). Col-
lectively, these results suggest that
nMET may contribute to CRPC
growth by activating SOX9 and
�-catenin/AR signaling axis.

A combined inhibition of MET
and �-catenin signaling
efficiently suppresses the
growth of hormone refractory
PCa cells

The results above encouraged us
to evaluate whether targeting both
mMET and nMET/SOX9/�-catenin
pathways would improve the effi-
cacy of inhibiting the growth of PCa
cells. Single treatment with either
MET inhibitor, crizotinib (13), or
�-catenin inhibitor, iCRT3, was re-
ported to inhibit the growth of pros-
tate or colon cancer cells (32). Our
results showed that crizotinib treat-
ment in PC3 cells resulted in a strik-
ing reduction of phospho-MET
activity measured by autophosphor-
ylation at Y1234/Y1235, whereas
total �-catenin level decreased mar-
ginally (Figure 4D). To investigate
the synergistic inhibitory effects of
MET and nMET/SOX9/�-catenin
pathways on the growth of castra-

Figure 4. Nuclear MET activates �-catenin pathway and a combined inhibition of MET and �-
catenin increases the efficiency. A, The level of nuclear �-catenin was increased by nMET
overexpression in LAPC4 cells. B, The level of AR was increased by nMET overexpression in LAPC4
cells. C, ARR2-PB-Luc reporter assay showed that nMET contributes to AR activity. *, P � .05;
**, P � .01 in Student’s t test. D, MET inhibitor crizotinib decreased MET activity measured by
autophosphorylation (pMET) at Tyr1234/1235 and slightly decreased �-catenin in PC3 cells. E,
Combined inhibition of MET and �-catenin by crizotinib and iCRT3 suppressed the growth of
PC3 and DU145 PCa cells. *, P � .05; **, P � .01 in Student’s t test.
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tion-resistant cells, we performed a series of combinations
of 2 inhibitors for treatment of PCa cells. Markedly, a
combination treatment with crizotinib and iCRT3 re-
sulted in a significant reduction of cell growth in PC3 and
DU145 PCa cells (Figure 4E), both of which are androgen
nonresponsive, with high levels MET/nMET and SOX9/
�-catenin. The effective regimens were achieved with
60nM crizotinib and 15�M iCRT3 for PC3 cells and
80nM crizotinib and 10�M iCRT3 for DU145 cells. Our
results indicated that crizotinib in combination with
iCRT3 efficiently inhibited the growth of androgen-non-
responsive PCa cells.

Nuclear MET induces cell reprogramming in
hormone refractory PCa cells

Due to the crucial role of cell reprogramming in the de-
velopment and the progression of recurrent cancers, we as-
sessed whether nMET overexpression contributes to the re-
programming process of PCa cells. We sought to choose
C4–2B cell line because of its low level of MET expression
and features in hormone refractory. Given that nMET is
constitutively activated in cancer cells independent of HGF
stimulus, we performed our experiments without addition
of HGF. Consistent with these results above, expression of
nMET, but not mMET or vector, led to elevations of SOX9

and nuclear �-catenin in C4–2B cells
(Figure 5, A and B, and Supplemental
Figure 5, A and B). We then wished to
understand the biological implication
of nMET overexpression in essential
traits of stem cells. Because C4–2B
cells have the high ability of forming
spheroids in nonadherent sphere cul-
ture condition (33), we cultured
C4–2B cells expressing nMET in the
adherent matrigel condition to mini-
mize the background. Importantly, an
increased expression of NANOG was
found in spheroids of C4–2B cells in-
duced by nMET but barely detected in
spheroids induced by mMET or the
vector control (Figure 5C and Supple-
mental Figure 5C). In agreement with
this notion, nMET overexpression
significantly promoted spheroid for-
mation of C4–2B cells in cFBS condi-
tion (Figure 5D). Similarly, overex-
pression of nMET, not mMET,
increased the self-renewal ability of
sphere forming cells in 22Rv1 cells
(Figure 5E). Our results were in agree-
ment with previous reports that
22Rv1 cells have low abilities in
sphere formation and self-renewal
(33). Our data suggest that nMET
promotes 3-dimensional growth and
transformation through inducing cell
reprogramming in hormone refrac-
tory PCa cells.

Elevations of nuclear Met in
recurrent tumors in Pten/Trp53
mutant mice in vivo

Literature reported that Pten/
Trp53 prostate-specific knockout

Figure 5. Nuclear MET overexpression promotes spheroid formation and self-renewal capacity.
A, IB shows that nMET overexpression induces SOX9 levels in C4–2B cells. B, IF images show that
nMET overexpression induces �-catenin in nuclei of C4–2B cells. Scale bars, 25 �m. The data are
representatives of 3 independent experiments. C, nMET induces NANOG protein in nuclei of
spheroids in C4–2B cells. Scale bars, 50 �m. D, nMET induces spheroids on matrigel in C4–2B
cells. The spheroids were seeded into matrigel-treated plates and counted in triplicate. **, P �
.01. Scale bars, 200 �m. The data are representatives of 3 independent experiments. E, nMET
increases the self-renewal of spheroid forming cells. Prostate spheroids from matrigel basement
growth were dissociated and diluted to single cells and then plated in 96-well plates for sphere
forming assay in the sphere culture condition. Scale bars, 100 �m. **, P � .01. Error bars
indicate SD. DAPI, 4� 6-diamidino-2-phenylindole.
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mice develop aggressive PCa and display the recurrent
growth of CRPC (29, 30). Therefore, we decided to take
advantage of this unique mouse model to validate the
contributions of nuclear Met in prostate tumors and
CRPC growth in vivo. We performed the surgical castra-
tion on Pten/Trp53 mice at 3 months of age and then
harvested recurrent prostate tumors from mutant mice 3
months after castration (Figure 6A). All castrated Pten/
Trp53 mice died of recurrent growth of PCa at 5–6
months of age (data not shown), so we examined whether
Met was associated to the recurrent growth of PCa. Con-
sistent with previous reports, prostate tumors of Pten/
Trp53 mice were full of poorly differentiated cancer cells

(Figure 6B). Interestingly, IHC analysis revealed that Met
accumulation in membrane was predominantly detected
in malignant cells in naïve tumors but rarely found in
recurrent tumors of castrated mutant mice (Figure 6C and
Supplemental Figure 6). Surprisingly, Met accumulation
in nucleus was predominantly detected in malignant cells
in recurrent tumors of Pten/Trp53 mice but rarely found
in naïve tumors of age-matched control mice (Figure 6C).
To confirm our findings on nMet, Sox9, and �-catenin in
vivo in mice, we investigated whether Sox9 and �-catenin
proteins were also up-regulated together with nMet in
CRPC tumors of Pten/Trp53 mice. As shown, Sox9 (Fig-
ure 6D) and �-catenin (Figure 6E) were strikingly elevated

in nucleus of recurrent tumors as
compared with naïve tumors of
Pten/Trp53 mice. Quantification
analysis revealed the elevations of
nMet, Sox9, and nuclear �-catenin
in recurrent tumors (Figure 6, F and
G), and these elevations were posi-
tively correlated with Ki67 expres-
sion, a proliferation marker of can-
cer cells (Supplemental Figure 6).
Our in vivo data further supported
that nMet plays a decisive role in
CRPC growth by interacting with
Sox9 and �-catenin pathways.

In summary, we have demon-
strated that MET is found in nucleus
of malignant cells in human CRPC
samples, PCa cell lines, and CRPC
tumors in mice. nMET activates
SOX9, �-catenin/AR pathway to
promote androgen-nonresponsive
cell growth, and NANOG-mediated
self-renewal of stem-like cells. Our
findings revealed a novel nMET sig-
naling pathway driving CRPC
growth through cell reprogramming
(Figure 6H).

Discussion

In this study, we reported for the
first time both in vitro and in vivo a
novel mechanism that MET contrib-
utes to CRPC through the disloca-
tion in nucleus. RTKs implement es-
sential biological functions, such
as transcriptional regulation (34),
DNA replication (35), DNA repair

Figure 6. Up-regulation of nuclear MET in castration-resistant tumors of mice. A, A schematic
outline to generate CRPC tumors in Pten/Trp53 mutant mice. B, H&E staining and representative
images of IHC staining of Met (C), Sox9 (D), and �-catenin (E) in naïve and recurrent prostate
tumors of Pten/Trp53 double null mice. Arrows indicate the staining in nucleus (N), membrane
(M), or cytosol (C). Scale bars, 40 �m. F and G, Quantifications of IHC staining showed the
percentage of cells with positive staining. **, P � .01. All data are shown as the mean � SD. H,
A working model on the network of nMET, SOX9, and �-catenin in CRPC progression.
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(36), and drug resistance (37), through their locations in
nuclei of cancer cells. Although full-length RTKs may
shuttle between membrane and nuclear compartments
(38), yet truncated forms of epidermal growth factor re-
ceptor (EGFR) (39) and erythroblastic leukemia viral on-
cogene homolog 4 (40) are found in nuclei of cancer cells.
The full-length MET translocated into nucleus plays an
important role in activating calcium signals (16). Interest-
ingly, the truncated MET containing the cytoplasmic do-
main (or the C-terminal kinase domain) is termed as the
nMET, which is fundamentally localized in nuclei of ma-
lignant cells (15), suggesting its connection with cancers.
However, the oncogenic relevance and impact of nMET
in PCa is unknown. In this study, we showed that the
nMET overexpression is predominately localized in nu-
cleus of PCa cells, such as C4–2B and LAPC4 cells, but
with some distributions in cytoplasm of 22Rv1 cells (Sup-
plemental Figure 4A). These lines of evidence indicate
that distinct signaling pathways in 22Rv1 cells may mod-
ulate the cellular localization or stability of nMET in a
cellular environment-dependent manner, because AR
variants are highly expressed. Moreover, we found that
nMET overexpression in LAPC4 cells increased AR levels
but with a minimum transcriptional activity under andro-
gen deprivation. Further investigation is needed to under-
stand how the feedback loop of AR/mMET and
nMET/AR is regulated, because AR level and activity are
2 distinct cascade events in CRPC (41). Understanding
this nMET pathway will provide valuable insights into
the development of efficient treatment of CRPC.

It is intriguing that NANOG, a reprogramming factor,
is up-regulated upon nMET but not mMET overexpres-
sion under normal physiological conditions without HGF
stimulation. NANOG overexpression has been shown to
promote cell growth of CRPC both in vitro and in vivo
(42), but the mechanism on the activation of reprogram-
ming factors by androgen depletion is elusive. Our find-
ings revealed the HGF-independent induction of
NANOG but not other reprogramming factors by nMET
(data not shown), indicating the specific role of nMET in
the tissue-specific reprogramming to drive CRPC growth
from PCa. HGF is required for MET-induced cell repro-
gramming in glioblastoma (43) and PCa stem-like pheno-
types (44). However, there is no report on how MET
contributes to the cell reprogramming leading to the an-
drogen-nonresponsive growth of PCa. Our results sup-
port that MET is essential for sphere formation in PCa
cells, and MET knockdown by short hairpin RNA signif-
icantly decreased the sizes and numbers of spheroids.
Given the potential role of cancer stem cells in CRPC (45),
our data further suggest that nMET may impact CRPC

growth through stem-like cells self-renewal induced by
androgen deprivation.

Drug resistance still remains a big challenge to success-
fully treat advanced PCa, particularly for CRPC. Eleva-
tions of RTKs contribute to the drug resistance through
activation of multiple downstream pathways, such as
PI3K (46), MAPK (47), breast cancer resistance protein
(48), and Pim-1 proto-oncogene/tumor suppressor gene
p53 (49). Single treatment with 1 RTK inhibitor fre-
quently failed to drug resistance caused by activation of
other signaling pathways. For example, MET amplifica-
tion is likely associated to the resistance of lung cancer
cells to EGFR inhibitors (47), and HGF-mediated reacti-
vation of MAPK and PI3K-AKT through MET contrib-
utes to the resistance to RAF inhibitor (14). Moreover, a
combined application of RAF and MET inhibitors signif-
icantly inhibited cell proliferation than single application
(14), indicating that a synergistic suppression of 2 signal-
ing pathways may improve the efficacy on restraining
tumor growth. We discovered a novel mechanism that
nMET activated both SOX9 and �-catenin to drive CRPC
growth. We revealed that the SOX9 elevation by nMET
may be caused by the decreased ubiquitination in PCa
cells, yet the detailed mechanisms on the contributions of
posttranslational modifications in PCa deserve the fur-
ther investigation (29). In addition, nMET-mediated reg-
ulation on �-catenin seems more challenging due to the
complexity of canonical Wnt signaling pathways in can-
cers. We demonstrated that a combined inhibition of
nMET/�-catenin and mMET efficiently suppressed the
growth of hormone refractory PCa cells, and moreover,
nMET is significantly elevated in CRPC specimens than
naive PCa specimens. This notion suggests that targeting
nMET would be a novel avenue for treatment of CRPC.
Moreover, we found that nuclear EGFR was also up-
regulated upon androgen depletion (data not shown).
These data suggest that nuclear homeostasis of RTKs
maybe act as a general oncogenic mechanism for prolif-
erations of castration-resistant cells. Collectively, we elu-
cidated that the subcellular dislocation of RTKs to nu-
cleus under androgen ablation contributes to cell
reprogramming in CRPC. Targeting these aberrantly sub-
cellular-localized RTKs would provide a novel avenue for
treatment of advanced and recurrent cancers.
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