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Co-occurrence of aberrant hepatocyte growth factor (HGF)/
MET proto-oncogene receptor tyrosine kinase (MET) and Wnt/
�-catenin signaling pathways has been observed in advanced
and metastatic prostate cancers. This co-occurrence positively
correlates with prostate cancer progression and castration-re-
sistant prostate cancer development. However, the biological
consequences of these abnormalities in these disease processes
remain largely unknown. Here, we investigated the aberrant
activation of HGF/MET and Wnt/�-catenin cascades in pros-
tate tumorigenesis by using a newly generated mouse model in
which both murine Met transgene and stabilized �-catenin are
conditionally co-expressed in prostatic epithelial cells. These
compound mice displayed accelerated prostate tumor forma-
tion and invasion compared with their littermates that ex-
pressed only stabilized �-catenin. RNA-Seq and quantitative
RT-PCR analyses revealed increased expression of genes associ-
ated with tumor cell proliferation, progression, and metastasis.
Moreover, Wnt signaling pathways were robustly enriched in
prostate tumor samples from the compound mice. ChIP-qPCR
experiments revealed increased �-catenin recruitment within
the regulatory regions of the Myc gene in tumor cells of the
compound mice. Interestingly, the occupancy of MET on the
Myc promoter also appeared in the compound mouse tumor
samples, implicating a novel role of MET in �-catenin–
mediated transcription. Results from implanting prostate graft
tissues derived from the compound mice and controls into
HGF-transgenic mice further uncovered that HGF induces
prostatic oncogenic transformation and cell growth. These
results indicate a role of HGF/MET in �-catenin–mediated
prostate cancer cell growth and progression and implicate a
molecular mechanism whereby nuclear MET promotes aber-
rant Wnt/�-catenin signaling–mediated prostate tumorigene-
sis.

Prostate cancer is the most common malignancy and the
second leading cause of cancer mortality in men in the United
States (1). Approximately 90% of patients with metastatic cas-
trate-resistant prostate cancer (CRPC)3 develop distal second-
ary bone metastasis, and nearly every patient with bone metas-
tasis eventually succumbs to the disease, resulting in 250,000
deaths worldwide each year (2). Emerging evidence has shown
the critical role of the interaction between tumor cells and their
surrounding microenvironment in prostatic tumorigenesis.
Hepatocyte growth factor (HGF) plays a critical role in the reg-
ulation of cell growth, cell motility, morphogenesis, and angio-
genesis (3). It has been shown that HGF derived from prostate
stroma significantly increases proliferation, motility, and inva-
sion of malignant cells through its receptor, Met (4, 5). The Met
receptor tyrosine kinase (RTK) is encoded by Met, a proto-
oncogene, and has been shown to play a promotional role in the
proliferation and progression of a wide variety of human malig-
nancies, including prostate cancer (4, 6). The aberrant expres-
sion of HGF and Met often correlates with poor prognosis in
cancer patients (7). HGF is abundantly expressed in the tumor
microenvironment, leading to Met activation and downstream
signaling that promotes several properties of tumor progres-
sion and metastasis. Up-regulation of Met expression was
observed in a majority of metastatic prostate cancer lesions (6,
8 –11). A nuclear form of MET, nMET, has been identified in
human CRPC samples (12). Androgen deprivation can induce
nMET expression and promotes cell proliferation and stemlike
cell self-renewal in androgen-independent prostate cancer cells
(12), implicating a novel role of Met in prostate cancer progres-
sion and CRPC development.

Whereas increased expression of Met is frequently observed
in advanced and metastatic prostate cancer (13, 14), the effect
of up-regulation of Met expression in the pathogenesis of pros-
tate cancer is largely unknown. Previously, we developed a con-
ditional Met transgenic mouse strain, H11Met/�:PB-Cre4 (15),
in which the murine Met transgene was targeted into the H11b
locus (16), and its expression is activated by a modified probasin
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promoter-driven Cre expression (17). H11Met/�:PB-Cre4 mice
only developed low-grade prostatic intraepithelial neoplasia
(PIN) with exogenous HGF administration but failed to develop
prostate carcinomas (15), suggesting that other additional fac-
tors may be required in initiating prostate tumor development.

Wnt signaling pathways play a significant role in prostate
tumorigenesis (18, 19). Aberrant activation of Wnt signaling
pathways was revealed as one of the most frequent abnormali-
ties in advanced human prostate cancer (20). Abnormal expres-
sion of Wnt ligands, receptors, and effectors has been identified
in prostate tumors and surrounding cells, suggesting paracrine
regulatory mechanisms in prostate tumorigenesis (21, 22). Cas-
tration can elevate Wnt signaling and promote cell survival in
the mouse prostate (23). An increase in nuclear �-catenin
expression has been shown to promote prostate cancer cell pro-
liferation (24). Conditional expression of stabilized �-catenin in
prostate epithelium induces the development of squamous
metaplasia and PIN (25, 26). An interaction between the andro-
gen receptor (AR) and �-catenin proteins has been shown in
prostate cancer cells (27–29). Interestingly, it has been shown
that nMET regulates SRY (sex-determining region Y)-box9,
�-catenin, and Nanog homeobox proteins predominately in
CRPC cells (12).

Aberrant activation of HGF/Met and Wnt/�-catenin signal-
ing pathways has been observed in advanced and metastatic
prostate cancers and positively correlates with prostate cancer
progression and CRPC development (20, 30). However, the bio-
logical roles of these abnormalities in prostate cancer progres-
sion and CRPC development are still largely unknown. In this
study, we developed a compound mouse line through inter-
crossing our previously developed H11Met/� mouse strain with
Ctnnb1(Ex3)L/�:PB-Cre4 mice (15, 31), in which conditional
expression of both murine Met transgene and stabilized
�-catenin simultaneously co-occur in prostatic epithelial cells.
The H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound mice mimic
the condition of human prostate cancer cells with increased
Met and �-catenin expression. Using this biologically relevant
mouse model, we directly assessed the aberrant activation of
HGF/Met and Wnt/�-catenin cascades in prostate tumorigen-
esis. The compound mice showed accelerated prostate cancer
development, progression, and aggressive tumor invasion.
RNA-Seq and RT-qPCR analyses showed a robust induction of
�-catenin downstream target gene expression, including Myc,
Lef1, Onecut2, Sox2, Sp6, and Ccnd1 in samples isolated from
the H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound mice com-
pared with those from Ctnnb1(Ex3)L/�:PB-Cre4 littermate con-
trols. Using ChIP-PCR approaches, we demonstrated increased
recruitment of �-catenin within the regulatory region of the
Myc gene in tumor cells of the compound mice. Interestingly,
the occupancy of Met on the above regulator region of the Myc
gene was also observed in the above compound mouse tumor
samples, implicating the involvement of Met in �-catenin–
containing transcriptional complexes. These results demon-
strate a promotional role of Met in �-catenin signaling–
mediated tumorigenesis and provide fresh mechanistic insight
into aberrant activation HGF/Met in regulating Wnt/�-catenin
activation.

Results

Development of a mouse model with conditional expression of
Met and stabilized �-catenin in the mouse prostate epithelium

Both aberrant activation of HGF/MET axis and alterations in
Wnt/�-catenin signaling have been observed in advanced and
metastatic prostate cancers (4, 8). Recent studies further sug-
gest that these two alterations co-exist in human prostate can-
cer samples (32). Aberrant activation of HGF/Met-mediated
signaling pathways was detected in 158 of 2687 patients (�6%)
analyzed in seven different studies (33, 34) (Fig. 1A and Table
S1). Among those patients, �36 patients (�23%) also bore
aberrant alteration of Wnt/�-catenin signaling pathways (Fig.
1B). Specifically, a statistically significant correlation was re-
vealed in the patient cohorts bearing aberrant activation of
Wnt/�-catenin with abnormal HGF/MET activation (Fig. S1).
Given the significance and prevalence of the HGF/Met and
Wnt/�-catenin abnormalities in human prostate cancers, we
generated a new mouse model, H11L-Met/�:Ctnnb1(Ex3)L/�:PB-
Cre4, and directly assessed the effect of increased expression of
Met and stabilized �-catenin in the mouse prostate. As detailed
in Fig. 1C, we intercrossed Ctnnb1(Ex3)L/�:PB-Cre4 mice (31,
35, 36) with our recently developed Met transgenic mice,
H11Met/� (15) to generate the H11L-Met/�:Ctnnb1(Ex3)L/�:PB-
Cre4 compound mice. In this mouse model, both conditional
expression of murine Met transgene and stabilized �-catenin
co-occur simultaneously in mouse prostate epithelia (Fig. 1C).
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 and Ctnnb1(Ex3)L/�:PB-
Cre4 mice were born at the expected Mendelian ratios and
appeared normal with no obvious differences from their WT
littermates at birth. Using genomic PCR approaches, we
assessed the presence of PB-Cre4 as well as both the Met trans-
gene and Ctnnb1 exon 3–floxed alleles in H11L-Met/�:
Ctnnb1(Ex3)L/�:PB-Cre4 and Ctnnb1(Ex3)L/�:PB-Cre4 samples.
A 450-bp (Fig. 1D, blue arrow) PCR fragment, corresponding
to the exon 3–targeting allele of the Ctnnb gene, was detected in
tissues of both H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 and
Ctnnb1(Ex3)L/�:PB-Cre4 mice. A 340-bp fragment, correspond-
ing to the Met transgene allele, was only detected in tissues of
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound mice (Fig. 1D,
purple arrow). Immunoblotting analyses further demonstrated
the expression of transgenic Met protein with the FLAG anti-
body in prostate tissues of H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4
(Fig. 1E, top). Both endogenous and stabilized �-catenin pro-
tein were detected in prostate tissues of H11L-Met/�:
Ctnnb1(Ex3)L/�PB-Cre4 and Ctnnb1(Ex3)L/�:PB-Cre4 mice (Fig.
1E, middle). The expression of both transgenic Met and
stabilized �-catenin was further assessed using immunohisto-
chemistry analyses in adjacent prostate tissue sections from
age- and sex-matched H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 and
Ctnnb1(Ex3)L/�:PB-Cre4 mice. Cytoplasmic and nuclear �-
catenin expression was detected within PIN areas in samples
isolated from either H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 or
Ctnnb1(Ex3)L/�:PB-Cre4 (Fig. 1, panels G and G� and panels J
and J�). Positive staining for Met protein was only revealed in
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound mice (Fig. 1, K
and K�). The above results demonstrated the co-expression of
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transgenic Met and stabilized �-catenin in the H11L-Met/�:
Ctnnb1(Ex3)L/�:PB-Cre4 compound mouse prostatic tissues.

Synergistic activity of MET and �-catenin accelerates mouse
PIN development in the prostate

To evaluate the collaborative role of Met and stabilized
�-catenin expression in the mouse prostate, we examined both
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 and Ctnnb1(Ex3)L/�:PB-Cre4
mice, adhering to recommendations of the Mouse Models of
Human Cancers Consortium Prostate Pathology Committee
(37). Although both H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 and
Ctnnb1(Ex3)L/�:PB-Cre4 mice developed PIN lesions starting at
ages of 4 – 6 weeks, H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 com-
pound mice developed much more severe PIN lesions and

revealed faster disease progression (Fig. 2, D–F�). Lesions in the
anterior (AP), dorsal (DP), and lateral (LP) prostate lobes
appear more severe than in the ventral prostate (VP) (Fig. 2,
panels D and D� and panels E and E� versus panels F and F�).
Typical cribriform and papilliferous structures completely filled
the lumen of prostatic glands of H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4
compound mice (Fig. 2, panels D and D� and panels E and E�). In
contrast, relatively mild pathological changes were observed in
prostatic tissues of age-matched Ctnnb1(Ex3)L/�:PB-Cre4 mice
(Fig. 2, panels A and A�, panels B and B�, and panels C and C�).
Positive staining for stabilized �-catenin was observed in atyp-
ical cells within PIN lesions in samples of both H11L-Met/�:
Ctnnb1(Ex3)L/�:PB-Cre4 and Ctnnb1(Ex3)L/�:PB-Cre4 mice (Fig.
2, G� and H�). In addition, positive staining for Met also

Figure 1. Generation of mice with conditional expression of Met and stabilized �-catenin in the mouse prostate. A, Oncoprint (http://www.cbioportal.
org) (please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any other third party hosted site) generated from
human prostate cancer samples showing significant co-occurrence of aberrations in HGF/MET signaling pathways and aberrant alterations and mutations in
Ctnnb1. B, numbers and percentages of prostate cancer samples in the patient cohort showing alterations of HGF and/or Met and �-catenin mutations. C,
schematic of the conditional mouse Met transgene and Ctnnb1 exon 3–targeting constructs. Blue triangles, LoxP sequences. D, genomic PCR analysis of
expression of Met transgene and Ctnnb1 exon 3–targeting allele. E, immunoblotting of whole prostate extracts from 6-month-old H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 or Ctnnb1(Ex3)L/�:PB-Cre4 mice with the indicated antibody. F–J, histological and immunohistochemical analysis of 8-week-old H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 or Ctnnb1(Ex3)L/�:PB-Cre4 mice. F and I, low and high magnification of H&E staining. Shown is immunohistochemical analysis of �-catenin (G and J) and
Met (H and K) expression on sequential sections. Scale bar, 50 �m (12.5 �m for high-magnification images).
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appeared within PIN lesions in prostate tissues of H11L-Met/�:
Ctnnb1(Ex3)L/�:PB-Cre4 mice (Fig. 2H�) but not in those of
Ctnnb1(Ex3)L/�:PB-Cre4 mice (Fig. 2G�). These data provide a
direct link between the expression of stabilized �-catenin and
murine Met transgene with PIN development in the above mice.
Interestingly, some atypical cells in H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 mice showed positive nuclear staining for Met (Fig.
2H�, arrows). As age progresses, H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 compound mice showed faster disease progression
compared with Ctnnb1(Ex3)L/�:PB-Cre4 mice and developed
adenocarcinomas and invasive adenocarcinomas (Fig. 2I). The
above data demonstrate a collaborative role of aberrant activa-
tion of Met and �-catenin in enhancing prostate cancer
progression.

Development of invasive adenocarcinoma is promoted by Met
and �-catenin expression in the mouse prostate

Our scrutiny of H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 com-
pound mice revealed an invasive tumor phenotype with aggres-

sive adenocarcinoma that occurred with much higher frequency
than seen in prostatic lesions of Ctnnb1(Ex3)L/�:PB-Cre4 mice
(Fig. 2I). We then continued our analysis of aged H11L-Met/�:
Ctnnb1(Ex3)L/�:PB-Cre4 and Ctnnb1(Ex3)L/�:PB-Cre4 mice up to
16 months of age. We observed that H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 mice developed prostatic invasive adenocarcinomas as
early as 7 months of age. However, Ctnnb1(Ex3)L/�:PB-Cre4 mice
developed less frequent invasive adenocarcinomas than the
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound mice in this
cohort (Fig. 2I). Representative images from 12-month-old
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound mice display
large, poorly differentiated carcinomas with areas of invasion (Fig.
3B), where the epithelial tumor cells have crossed the basement
membrane into the surrounding stroma (Fig. 3 (B1 and B2),
arrows). In contrast, prostatic tumor tissues isolated from
Ctnnb1(Ex3)L/�:PB-Cre4 mice showed pathological changes con-
sistent with prostatic intracystic adenocarcinomas (37) (Fig. 3, A
and A2). Immunohistochemistry analyses of the above tumor
regions in both genotype mice showed positive staining for stabi-

Figure 2. Synergistic activity of Met and �-catenin accelerates PIN formation in the mouse prostate. A–F, histology of different lobes of 10-week-old
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 or Ctnnb1(Ex3)L/�:PB-Cre4 mouse prostates. G and H, immunohistochemical analysis of 10-week-old H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 or Ctnnb1(Ex3)L/�:PB-Cre4 mouse prostates with different antibodies as labeled. I, table of pathological abnormalities in the prostate of H11L-Met/�:
Ctnnb1(Ex3)L/�:PB-Cre4 or Ctnnb1(Ex3)L/�:PB-Cre4 mice. AP, anterior prostate; D/LP, dorsolateral prostate; VP, ventral prostate.

Dysregulation of Met and �-catenin in prostate tumorigenesis

634 J. Biol. Chem. (2020) 295(2) 631–644



lized �-catenin (Fig. 3, panels C3 and C3� and panels D3 and D3�).
However, positive staining for Met was only observed in prostatic
tumor tissues of H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound
mice (Fig. 3, D2 and D2�). Interestingly, as observed previously,
positive nuclear staining for Met was revealed in some tumor cells
(Fig. 3D2�, arrows). Similar immunoreactivities with AR, CK8, and
CK5 were observed in prostate tissues of both genotype mice (Fig.
3, C4–C6� and D4–D6�). These data further demonstrate a pro-
motional role of transgenic Met protein in enhancing �-catenin–
induced prostate tumor growth and progression.

Met enhances �-catenin–mediated tumor progression in a
xenograft model

The expression of stabilized �-catenin was initiated by
ARR2PB, a modified probasin promoter– driven Cre in the
above compound mice (36). It has been shown that �-catenin is
an AR activator and enhances AR-mediated transcription (18,
29). To reduce additional factors and specifically assess the

effect of Met and stabilized �-catenin in prostate tissues, we
implanted prostate tissues that were isolated from 3-week-old
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 and Ctnnb1(Ex3)L/�:PB-
Cre4 mice under the kidney capsule of naive SCID male mice
(Fig. 4A). The tissue grafts were harvested and analyzed after 12
weeks (Fig. 4A). The weight of tissue grafts derived from
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 was significantly higher
than those from Ctnnb1(Ex3)L/�PB-Cre littermates (Fig. 4B).
Histological analyses of prostatic graft tissues of the compound
mice showed severe pathologic changes resembling prostatic
adenocarcinoma (Fig. 4D). Tumor cells showed cellular abnor-
malities, including loss of normal polarity and an increase in
nuclear to cytoplasmic ratio as well as nuclear pleiomorphism
(Fig. 4, D1 and D2). An increase in Ki67-positive cells was also
observed in prostatic graft samples of the compound mice
compared with those of Ctnnb1(Ex3)L/�:PB-Cre4 mice (Fig. 4B).
The graft tissues isolated from Ctnnb1(Ex3)L/�:PB-Cre4 mice
showed less severe pathologic changes than those of the com-

Figure 3. A collaborative role of Met and �-catenin in enhancing prostatic tumor formation and invasion. Representative histology of a 12-month-old
Ctnnb1(Ex3)L/�:PB-Cre4 (A) or H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 (B) mouse prostate. High-magnification images show invasive prostatic adenocarcinoma (B1 and
B2). C and D, histological and immunohistochemical analyses of Ctnnb1(Ex3)L/�:PB-Cre4 (C) or H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 (D) mouse prostate using the
indicated antibodies: Met (C2 and D2), �-catenin (�-cat) (C3 and D3), CK5 (C4 and D4), AR (C5 and D5), and CK8 (C6 and D6). Scale bars, 400 �m (A and B), 25 �m
(panels A1 and A2 and panels B1 and B2), 50 �m (C1–D6), or 12.5 �m (C1�–D6�).
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pound mice (Fig. 4, C–C2), resembling PIN lesions. Graft tis-
sues from both genotype mice showed positive staining for
�-catenin (Fig. 4, panels C6 and C7 and panels D6 and D7).
However, only graft tissues from H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 mice showed positive staining for Met (Fig. 4, D4 and
D5). These results provided an additional line of evidence dem-
onstrating the promotional role of MET expression in enhanc-
ing stabilized �-catenin–initiated prostate tumor development
and progression.

Conditional expression of Met enhances Wnt signaling to
promote cellular survival, proliferation, and migration

In search of the molecular basis for the collaborative role of
transgenic Met and stabilized �-catenin expression in prostate
tumorigenesis, we performed RNA-Seq to examine the global
transcriptome profiles in the tumor tissue of different genotype
mice. We microscopically confirmed that the tumor tissues used

to prepare RNA samples were composed of more than 80% tumor
cells. Analyses of the gene expression profiles of H11L-Met/�:
Ctnnb1(Ex3)L/�:PB-Cre4 compared with Ctnnb1(Ex3)L/�:PB-Cre4
mice yielded 3240 differentially expressed genes (DEGs), of which
894 genes were up-regulated (�1 log2 -fold change) and 2346
genes were down-regulated (�	1 log2 -fold change) (Table S2). A
heat map (Fig. 5A) depicts potential target genes that are associ-
ated with prostate differentiation and growth, tumor progression,
proliferation, metastasis, and apoptosis within the context of pros-
tate cancer (39–60) In support of our previous observations,
GSEA analyses with hallmark gene sets revealed significant enrich-
ment of the Wnt signaling pathway based on the DEGs of
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 versus Ctnnb1(Ex3)L/�:PB-
Cre4 prostate tumor tissues (Fig. 5B and Table S3), suggesting a
promotional role of Met in �-catenin–mediated signaling path-
ways. Using RT-qPCR, we further investigated the expression of
�-catenin downstream target genes using RNA samples isolated

Figure 4. Met enhances �-catenin–mediated tumor progression in xenograft model for prostate cancer. A, schematic representation of experimental
design. B, graphical representation of weights of xenografts derived from H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 or Ctnnb1(Ex3)L/�:PB-Cre4 mouse prostate tissues
(left) or Ki67 expression (right) in prostate tissues of the indicated genotypes. Shown are representative images of H&E-stained prostate tumors from
Ctnnb1(Ex3)L/�:PB-Cre4 (C) or H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 (D) mice. C1–D2, high-magnification images from the indicated mice. Immunohistochemical
analysis of Met (panels C4 and C5 and panels D4 and D5) and �-catenin (panels C6 and C7 and panels D6 and D7) in prostate tissues from the indicated mice. Scale
bar, 50 �m (12.5 �m for high-magnification images).
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from H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 versus Ctnnb1(Ex3)L/�:
PB-Cre4. As shown in Fig. 5C, an increase in the expression of
�-catenin downstream target genes involved in cell proliferation

and tumor progression, including Lef1, Myc, Sp6, Onecut2,
Sox2, and Ccnd1, was observed in RNA samples isolated
from H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 mice compared

Figure 5. Conditional expression of mouse Met transgene enhances �-catenin–mediated transcription in prostatic tumor cells. A, heat map of repre-
sentative gene sets that are altered in Ctnnb1(Ex3)L/�:PB-Cre4 and H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 tumors. B, enrichment plot for expression of genes involved
in the Wnt signaling pathway. C, RT-qPCR validation of the gene expression in Ctnnb1(Ex3)L/�:PB-Cre4 and H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 tumors. The data are
presented as the mean 
 S.D. (error bars) for three independent samples: *, p � 0.05; **, p � 0.01. D and E, immunohistochemical analysis of �-catenin (D1 and
E1), CCND1 (D2 and E2), Lef1 (D3 and E3), and Myc (D4 and E4) expression in prostate tumors of Ctnnb1(Ex3)L/�:PB-Cre4 and H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4
mice, respectively. F, schematic of the two �-catenin– binding sites in the mouse Myc locus. G, chromatin immunoprecipitation qPCR results from ChIP with
different antibodies and IgG using the indicated conditions. Scale bar, 25 �m.
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with those of Ctnnb1(Ex3)L/�:PB-Cre4 littermates. Using immu-
nohistochemistry, we further demonstrated increased expression
of �-catenin, cyclin D1, Lef1, and Myc proteins in prostatic tumor
samples of H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 mice compared
with the samples of Ctnnb1(Ex3)L/�:PB-Cre4 mice (Fig. 5, D1–D4
and E1–E4). To directly determine the role of Met in �-catenin–
mediated transcription, we performed ChIP-qPCR analyses using
the immunoprecipitated genomic DNA samples isolated from
prostatic tumor cells of H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 and
Ctnnb1(Ex3)L/�:PB-Cre4 mice to examine the occupancy of stabi-
lized �-catenin and Met on the mouse Myc locus (Fig. 5F), a bona
fide �-catenin downstream target gene (61). We observed a signif-
icant increase in recruitment of �-catenin within both binding
sites in the regulatory region of the Myc in tumor samples isolated
from H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound mice com-
pared with the ones from Ctnnb1(Ex3)L/�:PB-Cre4 only mice (Fig.
5G). However, there is no significant recruitment with IgG or on
the locus of Untr4, used as a negative control (62). A previous
report has shown a nuclear localization of Met in prostate tumor
cells (12). In this study, we also observed nuclear staining of Met in
prostate tumor cells of H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 com-
pound mice (Figs. 2H� and 3D2�). To further explore the potential
role of Met in the nuclei of prostatic tumor cells in the above
mouse models, we further examined the involvement of Met in
�-catenin–mediated transcription using the above immunopre-
cipitated genomic DNA samples. Interestingly, we observed the
occupancy of Met on both binding sites within the regulatory
region of the Myc in tumor samples of H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 compound mice but not in those of Ctnnb1(Ex3)L/�:PB-
Cre4 mice (Fig. 5G). The recruitment of Met in �-catenin–
mediated transcriptional complexes on the promoters of
�-catenin–regulated downstream target genes, Lef1 and Ccnd1,
was also identified in the tumor samples of the above compound
mice using ChIP-qPCR approaches (Fig. S2). These data suggest a
potential role of Met in �-catenin–involved transcription com-
plexes, providing new mechanistic insight into the effect of Met in
promoting �-catenin–mediated tumor growth and progression.

HGF facilitates �-catenin–mediated tumor progression in a
xenograft model

Met is the RTK for HGF/SF and is activated by HGF/SF (3).
Conditional expression of the murine Met gene did not shown
notable abnormalities in the prostate of H11Met/�:PB-Cre4
mice (15). In this study, we assessed the direct role of activation
of Met through HGF in promoting �-catenin–mediated pros-
tate tumor growth in H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 com-
pound mice. We implanted prostate tissues isolated from
3-week-old H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound
mice and their Ctnnb1(Ex3)L/�:PB-Cre4 littermates under the
kidney capsule of hHGF transgenic SCID male mice (63) (Fig.
6A). Examination of 6 –9-week-old hHGF transgenic SCID
mice showed higher levels of HGF in sera of these mice than
those of age- and sex-matched BL6/C57 and regular SCID mice
(Fig. 6B), which is consistent with the previous report (63).
Gross examination showed that the grafts derived from
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound mice were
larger and heavier than those derived from Ctnnb1(Ex3)L/�:PB-
Cre4 (Fig. 6, C and D). Increased Ki67-positive cells were

revealed in grafts from the above compound mice than those
from the controls (Fig. 6E). Histologically, graft tissues derived
from H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 compound mice
showed pathological lesions resembling HGPIN lesions (Fig. 6,
G–G2). In contrast, only LGPIN lesions were revealed in graft
tissues of Ctnnb1(Ex3)L/�:PB-Cre4 mice (Fig. 6, F–F2). Whereas
graft tissues from H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 and
Ctnnb1(Ex3)L/�:PB-Cre4 mice showed strong cytoplasmic and
nuclear staining for �-catenin (Fig. 6, F3 and G3), positive stain-
ing for Met and pMet only appeared in focal cells in grafts of the
compound mice. Specifically, some cells showed clear nuclear
staining of Met (Fig. 6, G4 and G5, arrows). There was no visible
staining for HGF in both graft tissues (Fig. 6, F6 and G6). Posi-
tive staining for other prostate cellular markers, such as AR,
CK8, and CK5, appeared in both graft tissues (Fig. 6, F7–F9 and
G7–G9). Taken together, these results provide direct evidence
demonstrating that the activation of Met by HGF promotes
�-catenin–mediated prostatic tumor growth.

Discussion

The HGF/Met signaling pathway plays a critical role in
prostate tumorigenesis. Up-regulation of Met expression
appeared in a majority of advanced and metastatic prostate
cancer lesions (6, 8 –11). In addition, aberrant activation of
Wnt signaling pathways has also been shown to be one of the
most frequent abnormalities in advanced human prostate
cancer (20). Recent studies from human prostate cancer
samples further suggest that these two alterations co-exist in
human prostate cancer, particularly in the late stages of dis-
ease (32). Particularly, aberrant co-amplification and activa-
tion of Wnt/�-catenin with abnormal MET or HGF activa-
tion were also seen in the above-referenced prostate cancer
samples, and an inverse correlation exists between these
abnormalities and survival rates (Fig. S1). Given this biolog-
ical significance and clinical relevance, we directly assessed
the collaborative role of aberrant activation Met and
�-catenin in prostate tumorigenesis using a newly generated
mouse model, H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4. As de-
scribed above, conditional expression of the murine Met
gene and stabilized �-catenin co-occurred in prostatic epi-
thelial cells of the above mice. This clinically relevant mouse
model enables us to recapitulate the aberrant activation of
Met and �-catenin during prostate cancer development and
progression. The H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 com-
pound mice showed accelerated prostate tumor develop-
ment and progression compared with their Ctnnb1(Ex3)L/�:
PB-Cre4 littermates, demonstrating a promotional role of
the HGF/Met signaling axis in Wnt/�-catenin–mediated
prostate tumorigenesis. The H11L-Met/�:Ctnnb1(Ex3)L/�:PB-
Cre4 compound mouse model will be a biologically relevant
and useful tool for further characterizing the molecular
mechanisms underlying HGF/Met signaling in prostate can-
cer development, progression, and metastasis.

Emerging evidence has shown the significance of the HGF/
Met signaling pathway in prostate cancer progression and
CRPC development (64). HGF plays a critical role in the regu-
lation of cell growth, cell motility, morphogenesis, and angio-
genesis (3). The HGF-Met signaling axis is known to be impor-

Dysregulation of Met and �-catenin in prostate tumorigenesis

638 J. Biol. Chem. (2020) 295(2) 631–644

http://www.jbc.org/cgi/content/full/RA119.011137/DC1
http://www.jbc.org/cgi/content/full/RA119.011137/DC1


tant to bone remodeling. An increase in expression of both the
Met receptor and the HGF ligand has been observed at sites of
prostate cancer bone metastasis, suggesting that this pathway
may be active during bone metastasis (8). Up-regulation of Met
expression has been observed in most metastatic prostate can-

cer lesions (6, 8 –11). A significant challenge within the field of
prostate cancer has been the lack of clinically relevant models
for examining the biological role of Met in prostate tumor pro-
gression and metastasis. Therefore, we recently developed
H11Met/�:PB-Cre4 mice, where expression of the mouse Met

Figure 6. Expression of HGF promotes prostatic tumor formation in H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 mice. A, schematic representation of experimental
design. B, ELISA results for serum levels of HGF in mice of the indicated genotypes. C, representative gross images for xenografts derived from prostate tissues
of the indicated genotypes. D, graphical representation of the average weight of xenografts from the indicated genotypes. E, graphical representation of Ki67
expression in xenografts derived from Ctnnb1(Ex3)L/�:PB-Cre4 and H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 mice. F and G, representative images of H&E-stained pros-
tate tumors from Ctnnb1(Ex3)L/�:PB-Cre4 (F-F2) or H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 (G-G2) mice. Shown is immunohistochemical analysis of �-catenin (F3 and
G3), MET (F4 and G4), phosphorylated Met (F5 and G5), HGF (F6 and G6), AR (F7 and G7), CK8 (F8 and G8), or CK5 (F9 and G9) expression in prostate tumors of
Ctnnb1(Ex3)L/�:PB-Cre4 and H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 mice, respectively. Scale bar, 1 mm (C), 400 �m (F and G), 50 �m (F1 and G1), and 12.5 �m (F2–F9
and G2–G9). The data are presented as the mean S.D. � (error bars) for three independent samples. *, p � 0.05.
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gene is specifically activated in prostatic epithelial cells through
Cre-LoxP–mediated recombination (15). Although activation
of murine Met gene expression with the addition of HGF
administration induced prostatic intraepithelial neoplasia
development, no prostate tumor formation was revealed in
H11Met/�:PB-Cre4 mice. These data suggest that other onco-
genic hits may be required in HGF/Met signaling axis–induced
prostate tumor formation and progression. Therefore, in this
study, we used stabilized �-catenin mice (31), a well-established
Wnt signaling tumor model, to directly assess the promotional
role of Met in prostate tumor formation and progression. We
observed the development of more aggressive and invasive
prostate tumors in H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 com-
pound mice compared with their Ctnnb1(Ex3)L/�:PB-Cre4 lit-
termates. However, we did not observe tumor metastasis in the
above compound mice. Despite the evidence indicating that
HGF/Met activation is closely associated with bone metastases
in human prostate cancer, the failure of metastatic prostate
tumor development in the above mouse models indicates that
many biological differences may exist between human and
murine prostate tissues. The data collected in this study have
led us to pursue several more in-depth characterizations of the
HGF/Met signaling axis.

The Met is an RTK for HGF (3, 4, 6). It has been shown that Met
activation through binding HGF regulates prostate cell prolifera-
tion, motility, and invasion (4, 5). Low and inconsistent levels of
HGF have been reported in mice (65). To address this caveat, we
implanted prostatic tissues isolated from either 3-week-old
H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 or Ctnnb1(Ex3)L/�:PB-Cre4
mice under the kidney capsules of HGF transgenic SCID male
mice (63). We analyzed graft tissues after 8 weeks of implantation,
rather than the 12-week period that we routinely use. We observed
robust atypical cell growth and pathologic changes resembling
HGPIN lesions in grafts derived from H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 mice. In contrast, only a few local LGPIN lesions were
revealed in graft tissues of Ctnnb1(Ex3)L/�:PB-Cre4 mice. The
above pathological differences clearly reflect a promotional role of
transgenic HGF expression in activating Met in inducing onco-
genic transformation in the mouse prostate and promoting tumor
cell growth. Establishing a new mouse strain with both transgenic
HGF and Met expression may more closely mimic the pathologic
conditions of human prostate cancer, and this should be devel-
oped and further investigated. Particularly, using this double
transgenic mouse strain in the presence of other oncogenic hits
may produce more aggressive and metastatic prostate tumor phe-
notypes in future mouse models.

To further understand the molecular mechanism underlying
Met-mediated tumor progression and metastasis, we examined
the transcriptional profile in prostate tumor tissues isolated from
both H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4 or Ctnnb1(Ex3)L/�:
PB-Cre4 mice using RNA-Seq approaches. Increased expres-
sion of genes related to tumor development and progression
was observed in the samples from H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 mice. An enrichment in Wnt signaling was also iden-
tified in DEGs between H11L-Met/�:Ctnnb1(Ex3)L/�:PB-Cre4
and Ctnnb1(Ex3)L/�:PB-Cre4 mice, suggesting a promotional
role of transgenic Met expression in enhancing �-catenin
mediated transcription. An increase in �-catenin downstream

target genes was further shown in tumor samples from the
compound mice. Interestingly, a significant increase of One-
cut2, a newly defined master regulator in prostate tumor pro-
gression (66), was revealed in tumor samples of the compound
mice. A previous study has shown a nuclear form of Met in
castrated Pten/Trp53 null prostate tumor cells, which can acti-
vate Sox9, �-catenin, and Nanog transcription factors (12).
Using ChIP-qPCR approaches, we observed the recruitment of
Met in �-catenin–involved transcription complexes on the
promoters and other regulatory regions of �-catenin–regulated
downstream target genes, including Myc, cyclin D1, and Lef1,
in prostatic tumor cells of the H11L-Met/�:Ctnnb1(Ex3)L/�:PB-
Cre4 compound mice. Our data support the previous observa-
tion of nuclear Met and provide additional scientific evidence
demonstrating a novel role of Met in facilitating �-catenin–
mediated transcription in prostate cancer cells. Identification
of the nuclear role of transgenic Met protein beyond its canon-
ical role on the membrane in tumor cells of H11L-Met/�:
Ctnnb1(Ex3)L/�:PB-Cre4 is novel and interesting. Further char-
acterization of nuclear Met using H11L-Met/�:Ctnnb1(Ex3)L/�:
PB-Cre4 mice will provide fresh insight into the role and the
regulatory mechanism for HGF/Met-mediated oncogenic
signaling in promoting prostate tumor development and
progression.

Experimental procedures

Mouse breeding and genotyping

The founder mice were bred with WT C57Bl6/J, and proge-
nies were genotyped to confirm the presence of the transgene.
To generate conditional Met transgenic mice, the LSL-Met
transgenic mice (H11Met/�) were intercrossed with the PB-
Cre4 strain (15), carrying the Cre transgene under the control of
a modified probasin promoter (ARR2PB) (36, 67). Mice
homozygous for floxed �-catenin exon 3, Ctnnb1Ex3(L)/Ex3(L),
were obtained from the Jackson Laboratory (Bar Harbor, ME)
(strain 004597). All animals used in this study were on a
C57BL/6 background, and all experiments were performed in
accordance with animal care guidelines approved by the Insti-
tutional Animal Care and Use Committee at Beckman Research
Institute and City of Hope.

For genotyping, mouse tail tips were incubated in lysis buffer
(catalog no. 102-T, VIAGEN Biotech, Los Angeles, CA) for
genomic DNA. The conditional expression of H11Met/� was
detected with the forward 5�-AGCGCATCGCCTTCTATCG-
CCTTC-3� and reverse primers 5�-AAACAATCTGGGTGT-
TCC-3�. PCR was performed as follows: 5 min at 94 °C and then
34 cycles of 94 °C for 30 s, 62 °C for 30 s, and 72 °C for 70 s,
followed by a final step at 72 °C for 5 min. For Ctnnb1(ex3)
allele, the forward (5�-AACTGGCTTTTGGTGTCGGG-3�)
and reverse (5�-TCGGTGGCTTGCTGATTATTTC-3�) prim-
ers were used to distinguish the WT and floxed alleles (68). For
PB-Cre4, the forward (5�-GCAGGAAGCTACTCTGCACC-
TTG-3�) and reverse (5�-GATCCTGGCAATTTCGGCTAT-3�)
primers were used (69).

In vivo prostate regeneration assay

Prostatic tissues were collected from 3-week-old mice and
implanted under the renal capsule of SCID mice or hHGFtg
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SCID mice (35, 70). The SCID or hHGFtg SCID mice were
sacrificed after 12 or 8 weeks, respectively, and the grafted tis-
sues were collected and used for histological analyses.

Western blotting

Prostates from H11Met/�/Ctnnb1(Ex3)L/�PB-Cre4 and
Ctnnb1(Ex3)L/�PB-Cre4 mice were cut into small pieces,
homogenized, and isolated with radioimmune precipitation
assay buffer (0.5% Nonidet P-40, 0.3% Triton X-100, 15 mM

MgCl2, 5 mM EDTA, 150 mM NaCl, 50 mM Tris-HCl, pH 7.8) as
described previously (69, 71). Whole-cell lysates were dena-
tured by boiling in SDS-sample buffer and then resolved by 8%
SDS-PAGE. The proteins were transferred onto a nitrocellulose
membrane and probed with anti-FLAG antibody (F3165, Sig-
ma-Aldrich), anti-�-catenin (BD 610154, BD Transduction
Laboratories, Sparks, MD), or anti-tubulin antibody (MS-581,
Thermo Scientific). Detection was performed with ECL re-
agents (Amersham Biosciences).

Histological analyses and immunostaining

Mouse tissues were fixed and processed as described in our
previous study (72). For histological analysis, 5-�m serial sec-
tions were processed from Clearify to water through a decreas-
ing ethanol gradient, stained with 5% (w/v) Harris hematoxylin
and eosin, and processed back to Clearify through an increasing
ethanol gradient.

For immunohistochemical assays, 5-�m sections were
boiled in 0.01 M citrate buffer (pH 6.0) for 20 min after rehy-
dration from Clearify to water, placed in 0.3% H2O2/metha-
nol for 15 min, and blocked by 5% goat serum or 5% donkey
serum. Tissue slides were then exposed to first antibodies in
PBS with 1% goat (or donkey serum) at 4 °C overnight. The
following dilutions were used: 1:150 dilution of anti-MET
(AF527, R&D Systems, Minneapolis, MN), 1:100 anti-pMET
(3077, Cell Signaling, Danvers, MA), 1:1000 anti-mouse/hu-
man AR (PA5-16750, Invitrogen, Carlsbad, CA), 1:200 anti-
E-cadherin (c20820, BD Transduction Laboratories), 1:2000
anti-CK8 (MMS-162P, Covance, Brea, CA), 1:2600 anti-CK5
(PRB-160P, Covance), 1:400 anti-Ki67 (D3B5, Cell Signaling,
Danvers, MA), 1:150 anti-HGF (52445, Cell Signaling), 1:200
anti-Lef1 (sc374522, Santa Cruz Biotechnology, Dallas, TX).
Tissues were then incubated with biotinylated goat anti-
mouse, goat anti-rabbit (Vector Laboratories, BA-1000 or
BA-9200), or donkey anti-goat (ab6987, Abcam, Cambridge,
MA) at 1:750 dilution for 1 h at room temperature followed
by a 45-min incubation with horseradish peroxidase–
conjugated streptavidin (Vector Laboratories, SA-5004).
Immunostainings were visualized using a DAB kit (Vector
Laboratories, SK-4100). Slides were counterstained with
hematoxylin, and coverslips were mounted with Permount
Mounting Medium (SP15-500, Fisher).

RNA isolation, RNA-Seq, and RT-qPCR

RNA samples were isolated from age-matched mice of differ-
ent genotypes. The prostate tissues were homogenized in RNA-
Bee (TEL-TEST, Inc., Friendswood, TX), and total RNA was
isolated as recommended by the manufacturer. The purified
RNA libraries were then sequenced using the Illumina HiSeq

2000 at the City of Hope Integrative Genomics Core. Pathway
analysis of hallmark gene sets was performed using preranked
gene set enrichment analysis (GSEA 4.0.1).

RT was carried out as described in our previous report (73). For
quantitative PCR, cDNA samples were mixed with Power SYBR
Green qPCR Mix (4367569, Applied Biosystems) and specific
primers, and quantitative PCR was performed according to the
manufacturer’s protocol. Relative mRNA levels were calculated by
the ��C(T) method (74). Reactions were done in triplicate, and
the values were normalized by PPIA (peptidylprolyl isomerase A)
expression levels. Primers for Ccnd1 (5�-GTGACACTTATGAG-
CGCCCTA-3�; 5�-CCACTTGTCGCCAATCTTGTA-3�), Lef1
(5�-CCAGCAGATTTCAAGGTGGAC-3�; 5�-TTACAGCTAC-
CTGCCACTTTTC-3�), Myc (5�-CCACGCAGTGAGCATC-
GAA-3�; 5�-CAGGTGGCAGGTCATTTTCTT-3�), Sox2 (5�-
AGACGGACACACATGGAGGT-3�; 5�-AAAGACTCAAT-
GCATGCCAC-3�), Onecut2 (5�-AGACGGACACACATGG-
AGGT-3�; 5�-AAAGACTCAATGCATGCCAC-3�), Sp6 (5�-
AGACGGACACACATGGAGGT-3�; 5�-AAAGACTCAAT-
GCATGCCAC-3�), and Ppia (5�-TGTGCCAGGGTGGTGA-
CTTT-3�; 5�-CGTTTGTGTTTGGTCCAGCAT-3�) were
synthesized and used in the qPCRs, respectively.

ChIP assays

ChIP assays were performed as described previously (75).
Briefly, mouse tissues were minced and incubated with 1%
formaldehyde for 15 min and quenched with 0.150 M glycine for
10 min. Samples were washed sequentially with cold PBS and
resuspended in cell lysis buffer (50 mM Tris-HCl (pH 8.0), 140
mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40, and
0.25% Triton X-100) and then homogenized. The chromatin
was sheared in nuclear lysis buffer (10 mM Tris-HCl, pH 8.0, 1
mM EDTA, 0.5 mM EGTA, and 0.2% SDS) to an average size of
200 –500 bp by sonication and then diluted 3-fold in ChIP dilu-
tion buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7
mM Tris-HCl, pH 8.1, and 167 mM NaCl) and was subjected to
immunoprecipitation by magnetic protein G beads (Invitro-
gen) conjugated with �-catenin (BD 610154) or Met antibody
(3D4, R&D Systems, Minneapolis, MN). Cross-links were
reversed, and chromatin DNA fragments were analyzed by real-
time qPCR with the indicated primers: Myc-A (5�-ACTCATT-
CGTTCGTCCTTC-3�; 5�-CCTCGCTCCACACAATAC-3�);
Myc-B (5�-CTCACTGGAACTTACAATCTG-3�; 5�-CAACG-
CCCAAAGGAAATC-3�); Ccnd1 (5�-CCGGCTTTGATCTC-
TGCTTA-3�; 5�-CGCGGAGTCTGTAGCTCTCT-3�); Lef1
(5�-CTGCGGGCTGGAACATTT-3�; 5�-CGGAGGAGGAG-
GGGAGAA-3�).

ELISA

Mouse sera were collected from different genotype mice and
separated by centrifugation from total blood following cardiac
puncture as described previously (38). The serum concentra-
tion of HGF was measured by the Quantikine ELISA human
HGF immunoassay (DHG00B, R&D Systems). Measurements
were performed in in accordance with the manufacturer’s
instructions.
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Statistical analyses

Data are shown as the mean 
 S.D. Differences between
groups were examined by two-tailed Student’s t test or two-
way analysis of variance for comparisons among multiple
groups. For all analyses, p � 0.05 was considered statistically
significant.
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