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Introduction
Notch is an evolutionarily conserved signaling pathway that is 

crucial for tissue development and homeostasis (1, 2). Deregula-

tion of Notch signaling has been shown to play critical roles in 

disease initiation and progression in many cancer models (3, 4). 

The pro-oncogenic role of Notch in malignancies such as T cell 

acute lymphoblastic leukemia has been clearly defined (5). This 

is not only implied by frequent occurrences of genetic alterations 

that lead to elevated Notch activity, but also directly demonstrat-

ed by genetic studies using various mouse models. In contrast, 

genetic alterations in Notch signaling components are rare in 

prostate cancer on the basis of current genomic analysis (6). Nev-

ertheless, a consensus has been reached that Notch signaling is 

deregulated during prostate carcinogenesis. For examples, sev-

eral tissue microarray analyses have shown that Notch receptors 

as well as the Notch ligand JAG1 are upregulated in advanced 

prostate cancer specimens (7–9). However, the role of Notch sig-

naling in prostate cancer remains inadequately defined and is 

often controversial (10).

Some studies implicated Notch as a pro-oncogenic signaling 

pathway in prostate cancer. Notch activity is positively correlated 

with the osteomimetic property of metastatic prostate cancer cells 

(11), and is enriched in prostate cancer stem cells and chemore-

sistant prostate cancer cells (12, 13). Downregulation of Notch 

ligands and receptors in prostate cancer cell lines suppresses pros-

tate cancer cell proliferation in vitro (14–16). Finally, we showed 

that prostate-specific activation of Notch signaling promotes 

proliferation of adult murine prostate luminal epithelial cells and 

confers the capacity for anoikis resistance (17). In contrast, other 

studies suggest that Notch is tumor suppressive. Overexpression 

of the Notch intracellular domain (NICD) suppresses prostate can-

cer proliferation in vitro (18). Notch activation inhibits neuroendo-

crine differentiation of human prostate cancer cells in vitro (19). 

Finally, Notch downstream targets HEY1/2 and HEYL have been 

shown to act as androgen receptor corepressors (20, 21).

Most of the above conclusions were obtained through in 

vitro studies using established prostate cancer cell lines, or by 

correlative immunohistological analyses of Notch signaling 

components in human prostate cancer specimens. These con-

troversies may be caused by many factors, such as the variability 

of prostate cancer cell lines and the lack of specificities of the 

siRNAs and antibodies used in those studies. Therefore, genetic 

studies using mouse models provide an alternative approach 

to determine the role of Notch in prostate cancer in a defined 

genetic context. Herein, we manipulated Notch activity using 

genetic approaches in a Pten-null mouse model for prostate 

cancer and examined how initiation and progression of prostate 

cancer were affected. Our results reveal that Notch signaling is 

not required for the initiation of Pten-null–induced prostate can-

cer. However, Notch activation promotes tumor cell prolifera-

tion and metastasis, and also induces cell apoptosis in the Pten-

null mouse model for prostate cancer. This study highlights a 

multifaceted impact of Notch signaling on different aspects of 

prostate cancer cell biology.

Although Notch signaling is deregulated in prostate cancer, the role of this pathway in disease development and progression 

is not fully understood. Here, we analyzed 2 human prostate cancer data sets and found that higher Notch signaling correlates 

with increased metastatic potential and worse disease survival rates. We used the Pten-null mouse prostate cancer model to 

investigate the function of Notch signaling in the initiation and progression of prostate cancer. Disruption of the transcription 

factor RBPJ in Pten-null mice revealed that endogenous canonical Notch signaling is not required for disease initiation and 

progression. However, augmentation of Notch activity in this model promoted both proliferation and apoptosis of prostate 

epithelial cells, which collectively reduced the primary tumor burden. The increase in cellular apoptosis was linked to DNA 

damage–induced p53 activation. Despite a reduced primary tumor burden, Notch activation in Pten-null mice promoted 

epithelial-mesenchymal transition and FOXC2-dependent tumor metastases but did not confer resistance to androgen 

deprivation. Notch activation also resulted in transformation of seminal vesicle epithelial cells in Pten-null mice. Our study 

highlights a multifaceted role for Notch signaling in distinct aspects of prostate cancer biology and supports Notch as a 

potential therapeutic target for metastatic prostate cancer.
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malized mRNA expression values of major 

Notch signaling components in expression 

profiling data sets of human prostate cancer 

specimens (22, 23). The major Notch signal-

ing components include the Notch ligands 

(JAG1, JAG2, DLL1, DLL3, DLL4), receptors 

(NOTCH1, 2, 3, 4), and several typical down-

stream targets (HES1, HES2, HEY1, HEY2, 

DTX1). Figure 1, A and B, shows that patients 

with a relatively higher Notch signature score 

(the top quarter) in primary prostate cancer 

specimens are more likely to develop recur-

rent disease in the data set of Taylor et al. (22) 

(log-rank test, P < 0.005). Interestingly, the 

Notch signature score is inversely correlated 

with expression of p53 transcriptional targets 

(Figure 1A; Pearson’s r = –0.263, P = 0.001). 

A higher Notch signature also predicts an 

increased probability of succumbing to the 

disease in the Swedish prostate cancer data 

set by Sboner et al. (23) (Figure 1B). In addi-

tion, as shown in Figure 1C, Notch signature 

is significantly correlated with increasing 

Gleason grade in both data sets, significantly 

correlated with the metastatic potential in 

the Taylor data set, and significantly higher 

in the lethal group (n = 116) versus the indo-

lent group (n = 165) in the Sboner data set. In 

summary, these analyses support that aug-

mented Notch signaling is associated with 

advanced prostate cancer.

Loss of function of the tumor suppressor 

PTEN is closely associated with prostate cancer progression (24). 

The Notch signature score is inversely correlated with the expres-

sion level of PTEN (Figure 1D; Pearson correlation, Spearman’s 

r = –0.53, P < 1 × 10–14). Though Notch signaling has been shown 

to suppress Pten expression (25), genetic and epigenetic changes 

Results
Higher Notch signaling predicts poor clinical outcomes in human 

prostate cancer patients. To determine the correlation between 

Notch signaling and the progression of human prostate cancer, we 

defined a Notch signature score by taking the average of the nor-

Figure 1. Higher Notch signaling predicts poor 

clinical outcomes. (A) Expression heat map of 

mRNA expression for major Notch signaling 

components in the Taylor data set of prostate 

cancer specimens (22). Notch signature score was 

generated by averaging of the normalized expres-

sion values of the genes shown. A gene signature 

of p53 transcriptional targets (http://p53.iarc.fr/

TargetGenes.aspx) is inversely correlated with the 

Notch signature as shown. (B) Kaplan-Meier plots 

for correlations of Notch signature with prostate 

cancer recurrence in the Taylor data set (22) (left) 

and survival in the Sboner data set (23) (right). 

Log-rank test: P < 1 × 10–5. (C) Box plots show 

correlations of Notch signature with increasing 

Gleason grade, metastatic potential, and lethal 

outcome. P values are by t test. Box plots repre-

sent 5%, 25%, 75%, median, and 95%. (D) Scatter 

plot shows an inverse correlation between Notch 

signature and PTEN expression levels (Spear-

man’s correlation, r = –0.59, P < 1 × 10–10).
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there was no significant difference in prostate weights between 

the PB-Pten-Rbpj and the control PB-Pten mice (Figure 2A). Mice 

in both groups developed high-grade prostatic intraepithelial neo-

plasia (PIN) lesions and prostate adenocarcinoma with no distal 

metastasis (Figure 2B). IHC staining of various lineage markers 

also indicated no difference in lineage composition between the 

tumors in the 2 groups (Figure 2C). Finally, the proliferative and 

apoptotic indices were also comparable between the 2 groups (Fig-

ure 2, D and E, and Supplemental Figure 1; supplemental mate-

rial available online with this article; doi:10.1172/JCI84637DS1). 

Collectively, these results show that canonical Notch signaling is 

dispensable for the initiation and progression of prostate cancer in 

the Pten-null mouse model for prostate cancer.

Notch activation shortens the lifespan of prostate-specific Pten-

deletion mice. We then sought to investigate how Notch activation 

affects disease progression in the PB-Pten model. A ROSA26-

are the major causes for the decreased Pten expression in prostate 

cancer (22). Therefore, we reasoned that the inverse correlation 

implies a cooperative or synergistic interaction between the 2 sig-

naling pathways, and sought to use a prostate-specific Pten-null 

mouse model (26) to investigate how Notch signaling affects the 

progression of prostate cancer and initiates metastasis.

Notch signaling is dispensable for initiation and progression of the 

Pten-null mouse model for prostate cancer. RBPJ is the transcription 

factor essential for the activation of canonical Notch signaling 

(27). We showed previously that disrupting Rbpj in adult murine 

prostate epithelial cells does not impair organ morphogenesis and 

homeostasis (28). To determine whether Notch signaling is essen-

tial for the initiation and progression of prostate cancer in the 

Pten-null model, we generated a cohort of ARR2PB-Cre Ptenfl/fl; 

Rbpjfl/fl and ARR2PB-Cre Ptenfl/fl mice (hereafter referred to as the 

PB-Pten-Rbpj and PB-Pten mice, respectively). At 1 year of age, 

Figure 2. Notch signaling is dispensable for initiation and progression of prostate cancer in the Pten-null model. (A) Bar graph shows means ± SD of 

prostate weight of 1-year-old PB-Pten and PB-Pten-Rbpj mice. n = 3 per group. No significant difference is noted between the 2 groups (Student’s t test). 

(B) H&E staining of anterior (AP), dorsolateral (DLP), and ventral (VP) prostate tissues from 1-year-old PB-Pten and PB-Pten-Rbpj mice. (C–E) Coimmuno-

staining of K5 and K8, P63, and AR (C); Ki-67 and K8 (D); and cleaved caspase 3 (CC3) and K8 (E) of prostate tissues from 1-year-old PB-Pten and PB-Pten-

Rbpj mice. Scale bars: 50 μm.
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phenotypes were rarely noted in the PB-Pten mice at this age or in 

the ARR2PB-ROSA26-LSL-NICD mice even at the age of 1.5 years 

(Supplemental Figure 2), suggesting that the phenotypes are the 

results of interaction between the two signaling.

Notch activation results in a reduction of primary prostate tumor 

burden. Surprisingly, the prostate tissues of PB-Pten-NICD mice 

were much smaller and sometimes difficult to identify by the time 

the experiment was terminated. Figure 4A shows that the aver-

age prostatic volume of the PB-Pten-NICD mice was already 30% 

smaller than that of the age-matched PB-Pten mice at 16 weeks of 

age by MRI analysis, which was further corroborated by prostate 

weights (Figure 4B). A gene expression microarray analysis was 

performed using prostate tissues of 16-week-old PB-Pten-NICD 

and PB-Pten mice. Out of approximately 60,000 probes, we iden-

tified 709 probes with 1.4- or greater fold change in expression. 

As expected, Notch1 and its downstream target genes (Hey1, Jag1, 

Nrarp, Ccnd1, Ccnd2) were all upregulated in the PB-Pten-NICD 

group, which is further corroborated by quantitative RT-PCR 

(qRT-PCR) analysis (Figure 4C). Western blot analysis shows that 

the expression level of NICD in the prostate tissues of PB-Pten-

NICD mice is approximately 3-fold that in the human prostate 

cancer cell line PC3 (Figure 4D), indicating that the increased 

level of Notch activation in this model is disease relevant.

H&E staining reveals that PB-Pten-NICD mice at 10–16 weeks 

of age developed papillary projections that form cribriform pat-

LSL-NICD transgenic line enables the expression of the active 

Notch1 intracellular domain at the endogenous ROSA26 locus 

upon excision of a floxed transcriptional stop signal (29). We 

showed previously that prostate-specific expression of NICD (the 

ARR2PB-Cre ROSA26-LSL-NICDMut/Wt model) led to the forma-

tion of PIN II lesions but is insufficient to transform prostate cells 

or drive distal metastasis even at the age of 1.5 years (17). We bred 

ROSA26-LSL-NICD, ARR2PB-Cre (30), and Pten conditional mice 

(26) and generated a cohort of ARR2PB-Cre Ptenfl/fl ROSA26-LSL-

NICDMut/Wt and ARR2PB-Cre Ptenfl/fl mice (hereafter referred to as 

the PB-Pten-NICD and PB-Pten mice, respectively). As shown in 

Figure 3A, all the PB-Pten-NICD mice had increased abdominal 

girth by 30–40 weeks of age, and displayed reduced mobility and 

decreased alertness. These mice had to be euthanized based on 

the policies of the IACUC at Baylor College of Medicine (Figure 

3B). In contrast, most of the PB-Pten littermates were still healthy 

by 60 weeks when the experiment was terminated. Dissection 

revealed that the increased abdominal girth of the PB-Pten-NICD 

mice is mainly due to enlarged seminal vesicles, vasa deferen-

tia, and epididymides. The vas deferens and epididymis often 

consisted of cystic structures with empty lumens surrounded by 

epithelia with focal hyperplasia. In comparison, seminal vesicles, 

especially their tips, were often fully packed with neoplastic cells 

(Figure 3C). These phenotypes agree with the report that the pro-

basin promoter is also active in these organs (30). However, these 

Figure 3. Notch activation shortens lifespan of PB-Pten mice. (A) Images of PB-Pten and PB-Pten-NICD mice (top) and dissected urogenital organs (bot-

tom). (B) Kaplan-Meier survival curve of PB-Pten and PB-Pten-NICD mice. Log-rank test: P < 1 × 10–4. (C) Transillumination images of urogenital systems 

and H&E staining of epididymides, vasa deferentia, and seminal vesicles of PB-Pten and PB-Pten-NICD mice. Red bars: 5 mm; black bars: 100 μm.
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Figure 4. Notch activation results in a reduction of primary tumor burden in the Pten-null model. (A) Magnetic resonance imaging of prostate tissues 

in PB-Pten and PB-Pten-NICD mice at 16 weeks of age. Bar graphs show means ± SD of tumor volume from 3 mice. *P < 0.05 by Student’s t test. (B) 

Representative images of prostate tissues from PB-Pten and PB-Pten-NICD mice at 16 weeks of age. Bar graphs show means ± SD of prostate weight from 

3 mice per group. *P < 0.05 by Student’s t test. Scale bar: 5 mm. (C) Heat map from microarray data shows upregulation of representative Notch target 

genes in PB-Pten-NICD mouse prostates. qRT-PCR validates expression changes of representative genes in microarray analysis from 3 different samples 

per group. **P < 0.001 by Student’s t test. (D) Western blot analysis of NICD in prostate tissues of 16-week-old mice. Each lane represents an independent 

specimen. NRAEV, normalized relative arbitrary expression value by β-actin. (E) H&E staining of anterior (AP), dorsolateral (DLP), and ventral (VP) prostate 

tissues from 16-week-old PB-Pten and PB-Pten-NICD mice. Red arrows point to acini inside lumen. (F) H&E staining shows prostate adenocarcinoma in 

32-week-old PB-Pten-NICD mice. (G) H&E staining shows lymphocytic infiltration (blue arrows) in prostate tumor tissues in 32-week-old PB-Pten-NICD 

mice. (H and I) IHC analyses of P63 and AR (H), K5 and K8 (I) in prostate tissues of 16-week-old PB-Pten and PB-Pten-NICD mice. Scale bars: 50 μm.
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terns in all prostatic lobes (Figure 4E). In addition, there are islands 

of acinar-like structures inside the luminal space (red arrows, Fig-

ure 4E), which likely reflect the cross-section views of papillary 

projections. In contrast, in PB-Pten mice at 16 weeks of age, the 

anterior prostatic lobes are completely filled with hyperplastic 

cells, while the ventral and dorsolateral prostatic lobes contain 

empty lumen surrounded by a thick layer of epithelial cells packed 

tightly without prominent papillary structures protruding towards 

the lumen (Figure 4E). All PB-Pten-NICD mice developed adeno-

carcinoma by the age of 30–40 weeks (boxed area, Figure 4F), 

and cystic dilation of the glandular lumens was frequently noted. 

The other distinctive phenotype observed in PB-Pten-NICD mice 

at 30–40 weeks of age is prominent lymphocytic inflammation at 

full penetrance (blue arrows, Figure 4G).

Immunostaining analysis shows that Pten was deleted effi-

ciently in prostate epithelial cells in both PB-Pten and PB-Pten-

NICD mice, suggesting that NICD does not interfere with the activ-

ity of the probasin promoter (Supplemental Figure 3). Although 

Notch activation in prostate epithelial cells is capable of activating 

AKT (17), the activation is weaker compared with that resulting 

from Pten deletion (Supplemental Figure 4), which further sup-

ports a potential synergy between the two signaling. The androgen 

receptor is expressed in the prostate tissues of both PB-Pten-NICD 

and PB-Pten mice (Figure 4H and Supplemental Figure 5A). More 

P63-expressing basal cells as well as K5-expressing cells are pres-

ent in the prostate tissues of PB-Pten-NICD mice (Figure 4, H and 

I, and Supplemental Figure 5B). In the acinar islands inside the 

luminal spaces, K5+ cells are localized in the center (bottom right 

panel, Figure 4I), further supporting that these structures reflect 

the cross-section views of the papillary projections.

Notch activation promotes both proliferation and apoptosis of 

prostate cancer cells. Ki-67 staining shows that the proliferative 

index in the prostate tissues of the PB-Pten-NICD mice is 4.9-

fold greater than that of the PB-Pten mice (Figure 5A). This is also 

consistent with our previous report showing that Notch activation 

is capable of promoting epithelial cell proliferation (17). On the 

other hand, IHC analysis of the cleaved caspase 3 shows that the 

apoptotic index in the prostate tissues of PB-Pten-NICD mice was 

also increased 3.9-fold (Figure 5B). Figure 5C and Supplemental 

Figure 5C show a dramatic increase in phosphorylated Ser139 of 

the histone variant H2AX (γH2AX) in the prostate tissues of PB-

Pten-NICD mice, suggestive of excessive DNA damage. p53 activ-

ity was elevated in the PB-Pten-NICD prostate tissues as indicated 

by increased Ser15 phosphorylation (Figure 5D) and the increased 

Figure 5. Notch activation promotes both proliferation and apoptosis of Pten-null prostate cancer cells. (A and B) Coimmunostaining of Ki-67 and K8 (A) 

and cleaved caspase 3 (CC3) and K8 (B) in 16-week-old PB-Pten and PB-Pten-NICD mouse prostates. Bar graphs show means ± SD of Ki-67+ and CC3+ cells 

in 3 mice per group. ***P < 0.001 by Student’s t test. (C) Coimmunostaining of pH2AX and K8 in 16-week-old PB-Pten and PB-Pten-NICD mouse prostates. 

(D) Western blot analysis of pSer15 p53 and total p53 in prostate tissue lysates from 16-week-old PB-Pten and PB-Pten-NICD mice. (E) qRT-PCR analysis of 

3 p53 target genes in prostate tissues of 16-week-old PB-Pten and PB-Pten-NICD mice. n = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t 

test. Scale bars: 50 μm.
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expression of p53 downstream targets Puma, Noxa, and Bax (Fig-

ure 5E). These results suggest that DNA damage–induced p53 

activation contributes to the increased apoptosis. Loss of func-

tion of p53 should alleviate apoptosis and confer growth advan-

tage, which explains why Notch signaling is usually augmented in 

human prostate cancer specimens with a lower p53 activity (Fig-

ure 1A). In summary, Notch activation in Pten-null prostate cancer 

cells promotes both proliferation and apoptosis, which collectively 

lead to a reduction in primary tumor burden.

Notch activation induces tumor metastasis in the Pten-null 

model. Despite smaller primary prostate tumor burdens, distal 

metastases in major internal organs including lung and liver were 

observed in all PB-Pten-NICD mice collected at the age of 30–40 

weeks (n = 17) (Figure 6, A and B). Notably, in 2 of the mice, tumor 

cells appeared to metastasize by directly disseminating into the 

peritoneal cavity, resulting in extensive macrometastases associ-

ated with all major peritoneal organs and even to the diaphragms 

(Figure 6C). In contrast, none of the PB-Pten mice (n = 13) that we 

analyzed at the age of 60 weeks developed distal metastasis in 

major internal organs (Figure 6A).

To facilitate detection of metastatic prostate cancer cells, an 

mTmG fluorescence reporter allele (31) was introduced (hereaf-

Figure 6. Notch activation promotes meta-

static diseases in the Pten-null model. (A) 

Pie charts summarize incidence of distal 

metastases in PB-Pten and PB-Pten-NICD 

mice. (B) Transillumination images of lung 

(Lu) and liver (Lv) with focal metastatic nod-

ules (top) and H&E staining of the metastatic 

lesions (lower panels). (C) Transillumination 

image (top) and H&E staining (lower panels) 

of a diaphragm (Dp) colonized with metastat-

ic lesions. T, tumor. (D) IHC analysis of pAKT, 

GFP, and AR in lung and liver metastases. (E) 

IHC analysis of K5 and K8 in lung and liver 

metastases. Scale bars: 50 μm.
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all metastatic tumor cells in the liver express only CK8, and most 

of them do not express AR. Bone tissues from mice in both groups 

were also examined extensively by H&E and IHC analyses, but no 

lesions in bones were definitively identified by staining with CK8 

or AR (data not shown).

The tissue origin of metastatic tumors in the PB-Pten-NICD 

model. Seminal vesicles, vasa deferentia, and epididymides sel-

ter referred to as PB-Pten-NICD-mTmG mice). Figure 6, D and E, 

shows representative images of IHC analyses of the lineage mark-

ers in the lung and liver metastases. GFP-expressing metastatic 

prostate cancer cells in the lung and liver express pAKT, indicating 

that they were derived from Pten-null cells. Lung metastases are 

composed of cells that express both CK5 and CK8 or only CK8. AR 

is expressed in the lung metastases in 16 of 17 mice. In contrast, 

Figure 7. The prostate serves as a tissue of origin for lung metastases in the PB-Pten-NICD model. (A) Image of xenografts outgrown from tissue frag-

ments of prostates, seminal vesicles, epididymides, and vasa deferentia of 4-week-old PB-Pten-NICD mice. Bar graphs show means ± SD of tissue weight. 

(B) H&E staining of xenografts. (C) Heat map on the left shows 3,528 genes differentially expressed in prostate versus seminal vesicles (SVs) (fold 1.4 

each prostate profile vs. each SV profile). Heat map on the right shows expression of these genes with the same gene ordering in 7 lung metastases and 3 

cell lines derived from PB-Pten-NICD mice. Red-blue heat map shows intersample profile correlations based on the 3,528 genes (by Pearson’s coefficient; 

red, positive). (D) Left shows absence of seminal vesicles in a mouse that has undergone surgical removal of seminal vesicle. H&E staining (right) shows 

histology of prostate tissue from this mouse. (E) PCR analysis of Pten deletion allele in circulating blood cells of PB-Pten-NICD mice that have undergone 

seminal vesicle resection. (F) Fluorescent images of lung and liver tissues from a 34-week-old PB-Pten-NICD-mTmG mouse that has undergone surgical 

removal of seminal vesicles at 4 weeks of age. Blue arrows denote GFP-positive tumor foci. Scale bars: 50 μm.
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4 weeks and formed tumors that were histologically reminiscent 

of those formed in situ. In contrast, xenografts of vasa deferen-

tia and epididymides displayed little growth and also were his-

tologically reminiscent of their respective normal organs. These 

observations indicate that both prostate and seminal vesicles are 

capable of developing dichotomous tumors in the PB-Pten-NICD 

model, and raised the question of the identity of the tissue of ori-

gin for the distal metastases.

To investigate the identity of the tissue of origin for the metas-

tases, we compared gene expression profiles of the prostate tis-

sues and seminal vesicles from PB-Pten-NICD mice and those of 

7 lung metastases from different mice. We established 3 cell lines 

dom transform in mouse models for prostate cancer or in humans. 

However, all these organs are consistently enlarged in PB-Pten-

NICD mice. Organ enlargement may reflect growth of dichoto-

mous tumors, or growth of tumor cells migrated from the prostate, 

or accumulation of secretory fluids due to outlet obstruction. To 

distinguish these possibilities, we dissected tissue fragments of 

equal size from these organs and prostate tissues from 4-week-old 

PB-Pten-NICD mice and transplanted them under the kidney cap-

sules of immunodeficient male host mice. At 4 weeks of age, all 

these organs were morphologically normal, as the probasin pro-

moter was just activated. Figure 7, A and B, shows that transplant-

ed seminal vesicles and prostate tissues propagated extensively in 

Figure 8. Notch promotes epithelial-

mesenchymal transition. (A) Heat 

map of expression of EMT-related 

genes in prostate tissue of PB-Pten 

mice (PB-Pten) and PB-Pten-NICD 

mice (PB-Pten-NICD), 2 prostate-

derived lung metastases (lung 

metastatic) from PB-Pten-NICD mice 

(nos. 4 and 5 in Figure 7C), and 2 cell 

lines (PtNI) established from prostate 

primary and metastatic prostate 

tumors of PB-Pten-NICD mice. (B) 

qRT-PCR analysis confirms differential 

expression of 8 genes. Bar graphs 

show means ± SD of gene expression 

in prostate tissues of PB-Pten and 

PB-Pten-NICD mice (n = 12 each), and 

the PtNI-Met cell line established 

from metastatic prostate tumors in 

PB-Pten-NICD mice (9 independent 

assays on the same cell line).  

*P < 0.05, **P < 0.01, ***P < 0.001 by 

ANOVA with Dunnett’s correction for 

multiple comparisons. (C) Western 

blot analysis of fibronectin (FN1), 

FOXC2, vimentin (Vim), Snail, Slug, 

AKT, and MAPK in prostate lysates of 

16-week-old PB-Pten and PB-Pten-

NICD mice. Each lane represents an 

independent specimen. NRAEV, nor-

malized relative arbitrary expression 

value by β-actin. (D) Coimmunostain-

ing of vimentin and α-smooth muscle 

actin (SMa) in prostate tissues of 

16-week-old PB-Pten and PB-Pten-

NICD mice. Scale bars: 50 µm.
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change between the seminal vesicles and prostate tumors (Figure 

7C and Supplemental Figure 7). Consistent with our hypothesis, 

the expression profiles of the 2 cell lines established from primary 

tumors resemble those of their respective tissues of origin. The 

expression profile of the metastatic cell line resembles those of 

the prostate tumor tissues, indicating the prostate as its tissue 

of origin. This is further confirmed by qRT-PCR analysis show-

from primary seminal vesicle tumors, primary prostate tumors, 

and lung metastases in PB-Pten-NICD mice, respectively (Sup-

plemental Figure 6A). These cell lines were also included in the 

microarray analysis. We hypothesized that the gene expression 

profiles of established cell lines and metastatic tumors should 

resemble those of their primary tumors of origin. Of approximate-

ly 60,000 probes, we identified 3,528 probes with at least 1.4-fold 

Figure 9. Notch promotes tumor metastasis by regulating FOXC2. (A) Schematic illustration of RBPJ binding sites in Foxc2 promoter. (B) ChIP assay for 

RBPJ and H3K27ac using the PB-Pten-NICD metastatic cell line. *P < 0.05 by Student’s t test. (C) Western blot analysis of phospho-P65 and FOXC2 in PB-

Pten-NICD metastatic cell line with and without Bay11-7085 treatment. (D) qRT-PCR and Western blot analyses of PB-Pten-NICD metastatic cells infected 

with scrambled shRNA lentivirus, Foxc2 shRNA#1 lentivirus, and both. ***P < 0.001 by ANOVA Bonferroni post hoc test. (E) Growth curves of PB-Pten-

NICD metastatic cells infected with scrambled shRNA lentivirus, Foxc2 shRNA#1 lentivirus, and both. No significant difference is detected among groups 

by 2-way ANOVA. (F) Transwell migration assay. Bar graphs show means ± SD of migrated cells per well from 3 independent experiments. *P < 0.05,  

***P < 0.001 by ANOVA Bonferroni post hoc test. (G) NOD/SCID mice were inoculated with 2 × 106 cells each in individual groups via tail vein. Mice were 

imaged 5 weeks later. Bar graphs show means ± SD of bioluminescent signals. *P < 0.05 by ANOVA Bonferroni post hoc test.

https://www.jci.org
https://www.jci.org
https://www.jci.org/126/7
https://www.jci.org/articles/view/84637#sd
https://www.jci.org/articles/view/84637#sd
https://www.jci.org/articles/view/84637#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 6 3 6 jci.org   Volume 126   Number 7   July 2016

the 2 metastatic specimens resemble those of the seminal vesicle 

tumors and the prostate tumors, respectively, while the expres-

sion profiles of the remaining 3 metastatic specimens display a 

mixed pattern. This study suggests that metastatic tumors in this 

ing that several genes expressed at high levels in murine seminal 

vesicles (32) were poorly expressed in this cell line and the cell 

line derived from primary prostate tumor (Supplemental Figure 

6B). Figure 7C also shows that the expression profiles of each of 

Figure 10. Notch activation does not confer capacity for castration resistance. (A) Magnetic resonance imaging of PB-Pten-NICD prostate tissues before 

and after castration. Bar graph shows means ± SD of prostate volume based on MRI analysis. n = 3. (B) Bar graph shows prostate weight of mice 2 months 

after castration or sham surgery. n = 3. (C) H&E staining (top), coimmunostaining of K5 and K8 (middle), and P63 and AR (bottom) in prostate tissues of 

PB-Pten-NICD mice that underwent castration and sham surgery. Scale bars: 50 μm. (D) Coimmunostaining of Ki-67 and K8 in prostate tissues of PB-Pten-

NICD mice that underwent castration and sham surgery. Scale bars: 50 μm. Bar graphs show means ± SD. *P < 0.05, **P < 0.01 by Student’s t test.
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Western blot analysis of P65 phosphorylation in prostate lysates 

of PB-Pten and PB-Pten-NICD mice (Supplemental Figure 8). Sup-

pressing the NFKB signaling using its inhibitor Bay11-7085 inhib-

ited viability and in vitro migratory capacity of the PB-Pten-NICD 

metastatic prostate cancer cell line (Supplemental Figure 9). Fig-

ure 9C shows that FOXC2 was significantly downregulated in the 

PB-Pten-NICD cells even when cells were treated with Bay11-7085 

at a dosage that did not substantially affect cell viability. Collec-

tively, these results show that Notch is capable of inducing Foxc2 

expression both directly and indirectly. The efficient suppression 

of Foxc2 by Bay11-7085 suggests the indirect regulation of Foxc2 by 

Notch via NFKB as a major mechanism.

To determine whether FOXC2 plays a critical role in Notch-

mediated prostate cancer metastasis, we examined whether sup-

pressing FOXC2 in the PB-Pten-NICD metastatic prostate cancer 

cell line would inhibit its metastatic potential. Figure 9D and Supple-

mental Figure 10A show that Foxc2 was downregulated efficiently 

by 2 independent shRNAs. Foxc2 suppression did not affect cell pro-

liferation (Figure 9E and Supplemental Figure 10B), but suppressed 

the capability of the PB-Pten-NICD metastatic cells of invading into 

Matrigel in the in vitro chamber assay (Figure 9F and Supplemental 

Figure 10C) and reduced their capacity to form distal metastases in 

the lung when injected into the tail veins of NOD/SCID mice (Fig-

ure 9G and Supplemental Figure 10D). Reintroducing a shRNA-

resistant Foxc2 into the cells abolished the suppression of in vitro 

migration and in vivo metastasis mediated by the shRNA (Figure 9, 

F and G), corroborating the specificity of the Foxc2 shRNA. These 

studies demonstrate FOXC2 as a major downstream mediator for 

Notch-induced prostate cancer metastasis.

PB-Pten-NICD tumor cells respond to androgen deprivation. 

We sought to determine whether Notch activation promotes cas-

tration-resistant prostate cancer. Briefly, 12-week-old PB-Pten-

NICD mice either were castrated or underwent mock surgeries 

as the controls. MRI analyses were performed to measure tumor 

volume before castration and 1 month and 2 months after castra-

tion. MRI showed that prostate tumor decreased in size by 45% 

two months after castration (Figure 10A), which is corroborated 

by the prostate weights (Figure 10B). IHC analysis reveals a reduc-

tion of CK8-expressing luminal cells after androgen ablation (Fig-

ure 10C). Figure 10C also shows that AR is localized in the nucleus 

of prostate tumor cells in the control group, but was exported into 

the cytoplasm after castration, corroborating successful androgen 

ablation. Ki-67 staining also shows that the proliferative index was 

reduced by 11.8% after castration (Figure 10D). These results indi-

cate that Notch signaling is insufficient to confer the capacity for 

castration resistance in the Pten-null prostate cancer model.

Discussion
A multifaceted role of Notch signaling in prostate cancer progression. 

Notch can act as either an oncogene or a tumor suppressor in dif-

ferent tumor models. For example, a definitive role of Notch as an 

oncogene has been clearly demonstrated in T cell acute lympho-

blastic leukemia (5). In contrast, Notch signaling displays tumor-

suppressive features in myeloid leukemia and skin and bladder 

cancers (39–41). The functions of opposite effects of Notch signal-

ing can even be observed in distinct tumor subtypes originated 

from the same organ (5, 40). These reports highlight a multifacet-

model may have originated from either the prostate or the semi-

nal vesicles, or both.

To further directly demonstrate that prostate tumor cells are 

capable of metastasizing in this model, we removed the seminal 

vesicles in 4-week-old experimental PB-Pten-NICD-mTmG mice 

when they were still morphologically normal. Three of seven mice 

did not have visible outgrowth of seminal vesicle tissues 32 weeks 

later, indicating the complete removal of seminal vesicles (Fig-

ure 7D). However, circulating tumor cells in the blood were read-

ily detectable by PCR analysis (Figure 7E), and micrometastases 

were observed in the lung and liver in these 3 mice (arrows, Fig-

ure 7F). This study directly demonstrates that Notch signaling is 

capable of promoting metastasis of Pten-null prostate cancer cells.

FOXC2 is critical for Notch-mediated prostate cancer metastasis. 

Gene expression array analysis revealed that the expression lev-

els of several genes related to epithelial-mesenchymal transition 

(EMT) were altered consistent with an EMT process in the primary 

and metastatic tumor tissues and the established prostate can-

cer cell lines from PB-Pten-NICD mice, as compared with those 

of the PB-Pten primary prostate tumors (Figure 8A). qRT-PCR 

analysis confirmed some of these results (Figure 8B). Figure 8C 

further shows that fibronectin, FOXC2, and vimentin were also 

upregulated at the protein level in PB-Pten-NICD mouse pros-

tates, whereas the changes in expression of Snail and Slug were not 

consistent. Western blot analysis also reveals increased AKT and 

MAPK activities in the PB-Pten-NICD group. IHC analysis further 

showed that vimentin is expressed by small patches of epithelial 

cells in PB-Pten-NICD prostate tissues (Figure 8D). These results 

suggest that Notch signaling may promote invasion and metasta-

sis by promoting EMT.

FOXC2 plays a critical role in regulating breast cancer metas-

tasis (33) and has been shown to be upregulated in other metastatic 

prostate cancer models (34). It can be induced by a variety of EMT-

inducing agents, including Snail and Twist, suggesting it is com-

monly involved in a diverse set of EMT programs (35). In addition, 

FOXC2 was significantly upregulated at both the mRNA and the 

protein level in the prostate tissues of PB-Pten-NICD mice, whereas 

other EMT mediators such as Snail and Slug were not as consistent-

ly upregulated at the protein level (Figure 8C). Finally, Notch was 

recently shown to upregulate Foxc2 to promote definitive hemato-

poiesis (36). Therefore, we reasoned that FOXC2 may play a critical 

role in tumor metastasis induced by elevated Notch activity.

There are 2 putative RBPJ binding elements (TGGGAA or 

TGAGAA) at the promoter region of Foxc2 (Figure 9A). Raw data 

from a previous genome-wide ChIP sequencing analysis by Castel 

et al. indicate that RBPJ may directly bind to these 2 loci (37). We 

confirmed that RBPJ directly bound to these 2 loci by performing 

a ChIP assay using the metastatic prostate cancer cell line estab-

lished from PB-Pten-NICD mice (Figure 9B). In contrast, RBPJ 

was not enriched at a negative control locus where RBPJ should 

not bind according to Castel et al. (37). In addition, H3K27ac, a his-

tone modification mark for active transcription, was also enriched 

in the RBPJ binding regions. These results suggest that Notch is 

capable of positively regulating Foxc2 directly. On the other hand, 

Foxc2 has been shown to be directly regulated by NFKB (38). We 

showed previously that Notch signaling augments the NFKB activ-

ity in prostate epithelial cells (17), which is further corroborated by 
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suggest that Notch may serve as a promising therapeutic target for 

metastatic and chemoresistant prostate cancers, whereas target-

ing Notch may not suppress primary tumor growth necessarily. A 

very recent study has demonstrated that the γ-secretase inhibi-

tor PF-03084014 enhances the therapeutic efficacy of docetaxol 

in prostate cancer xenograft models (53). It should be noted that 

recent studies indicated that EMT is dispensable for tumor metas-

tasis (54, 55). We showed that NFKB sits upstream of FOXC2 and 

is critical for both the survival and the migratory capacity of PB-

Pten-NICD cells (Supplemental Figure 9). Therefore, Notch may 

also promote metastasis via other NFKB-mediated FOXC2-inde-

pendent mechanisms (17).

Nevertheless, because of our inadequate understanding of the 

role of Notch in prostate cancer, caveats persist when the Notch 

signaling pathway is targeted clinically. Additional preclinical 

studies should be performed to determine how Notch affects pros-

tate cancer progression using different mouse models induced by 

distinct oncogenic signaling. In addition, the recently established 

prostate organoid assays (56, 57) may be applied to establish cor-

relations between genomic landscapes and the response to Notch 

inhibition in a rapid and cost-effective manner. These future 

studies will help determine whether and how Notch should be 

employed as a therapeutic target.

Transformation of seminal vesicle epithelial cells in the PB-Pten-

NICD model. An unexpected finding in our study is that seminal 

vesicles were transformed in this model. The prostate gland and 

seminal vesicles are the 2 major male sex-accessory glands in 

mammals. They share many histological and functional features 

(58). Interestingly, the incidence of cancer in these 2 organs is 

drastically different. Prostate cancer is the second leading cause 

of cancer-related death in men in the United States (59), whereas 

very few cases of adenocarcinoma of seminal vesicles have been 

reported in the literature (60). This observation also holds true 

in the mouse models. During the past 2 decades, a dozen mouse 

models for prostate cancer have been generated in which onco-

genic signaling is often activated via the probasin promoter. Inter-

estingly, although the probasin promoter is also active in seminal 

vesicles, transformation of seminal vesicles is rarely observed in 

these models. The distinct incidence of cancer in these 2 organs 

probably reflects the differences of their inherent properties 

shaped by their different embryonic origins. Developmentally, the 

seminal vesicles have a mesodermal origin, while the prostate is 

mainly derived from the endodermal layer (61). Thus, they may 

use different sets of master transcription factors to maintain their 

lineage identities and differentiated states. As Notch signaling has 

been shown to play a critical role in regulating lineage commit-

ment and cell fate determination (2), it is possible that enhanced 

Notch signaling interferes with the activities of the seminal vesi-

cle–specific master transcription factors and alters the differentia-

tion states of seminal vesicle epithelial cells, thereby sensitizing 

them to the transformation induced by loss of function of PTEN.

Methods
Mice and genotyping. The C57BL/6 and NOD/SCID mice were purchased 

from Charles River Laboratories. The Gt(ROSA)26Sortm1(Notch1)Dam/J (ICNf/f)  

mice were purchased from The Jackson Laboratory. The Pten fl/fl mice 

were from Hong Wu at UCLA (Los Angeles, California, USA) (26). The 

ed role of Notch signaling in different cellular contexts, which has 

been partially explained by cross-talk between Notch and other 

tissue-specific master regulators (4).

The expression of Notch pathway elements in established 

cancer cell lines, transgenic mouse models, and clinical tumor 

specimens unambiguously indicates a deregulation of the Notch 

signaling pathway in prostate cancer (7–9). However, functional 

studies in human cancer cells by modulation of Notch pathway 

components suggest either negative (18), positive (14, 15, 42), or 

neutral (16) impact of Notch on prostate cancer cell proliferation 

and apoptosis in vitro. These controversies may be explained as 

follows: First, the dosage and extent of Notch signaling are criti-

cal in dictating biological outcomes. It has been shown that a low 

level of Notch activity promoted proliferation of MCF-10A cells 

in a 3D culture while higher levels of Notch activity suppressed 

their growth (43). Second, Notch-mediated biology is also depen-

dent on specific genetic contexts. For example, Notch is capable of 

suppressing Pten expression through HES1 (25). Therefore, Notch 

activation in Pten-intact and Pten-null tumor cells may result 

in different biological outcomes (44). Finally, different Notch 

ligands and receptors may mediate distinct or even opposite bio-

logical outcomes (45, 46), and expression of individual ligands or 

receptors does not guarantee signaling activation (47).

Given the aforementioned diverse regulatory mechanisms, 

it is not unexpected that augmented Notch activity in the Pten-

null model promotes apoptosis and causes a reduction in primary 

tumor burden. The observed increase in DNA damage in the PB-

Pten-NICD mouse prostates may have resulted from stress signals 

induced by uncontrolled cellular proliferation. Excessive DNA 

damage induces p53-mediated apoptosis. p53 has been shown 

previously to serve as a barrier for progression of Pten-null pros-

tate tumor by inducing cellular senescence (48). Future studies 

are necessary to determine whether senescence also plays a role 

in the suppressed primary tumor growth in the PB-Pten-NICD 

model. In addition, Dail et al. showed previously that inhibition of 

the PI3K activity in T cell leukemia selected for resistant cells that 

possessed decreased Notch activity (49). This study suggests that 

Notch suppresses PI3K activity through yet-to-be-defined mecha-

nisms. Although our study shows a mild increase in AKT activa-

tion in prostate tissues of PB-Pten-NICD mice, Notch may affect 

the activity of upstream kinases, which in turn impairs cell survival 

independent of AKT.

On the other hand, most in vitro studies consistently sup-

port that Notch signaling promotes several malignant features of 

prostate cancer cells, such as migration and invasion (50), osteo-

mimetic properties (11), chemoresistance (13), and stemness (12). 

Our in vivo genetic study demonstrates that endogenous epi-

thelial Notch signaling is not essential for tumor initiation and 

progression in the Pten-null model. However, augmented Notch 

activity is capable of promoting tumor cell metastasis. Our study 

suggests that Notch promotes metastatic prostate cancer by pro-

moting EMT and that FOXC2 is necessary for Notch-mediated 

tumor cell metastasis. FOXC2 may promote tumor metastasis in 

the PB-Pten-NCID model by activating the PDGFR/MAPK kinase 

signaling axis (Figure 8C) (33, 51), as previous studies have shown 

that synergy between PI3K and MAPK signaling actively promotes 

metastasis (34, 52). Collectively, these in vitro and in vivo studies 
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PureLink Genomic DNA Mini Kit (Invitrogen) according to the manufac-

turer’s instructions. Pten-null cells were detected by PCR using 50 ng of 

genomic DNA template with forward primer 5′-ACTCAAGGCAGGGAT-

GAGC-3′ and reverse primer 5′-GCTTGATATCGAATTCCTGCAGC-3′. 
Final products were electrophoretically separated on agarose gels and 

visualized via ethidium bromide under UV light.

MRI analysis. MRI images in this study were acquired with a 9.4T 

Bruker Avance Biospec Spectrometer 21-cm-bore horizontal scanner 

with a 35-mm volume resonator (Bruker BioSpin). Mice were anes-

thetized with 5% isoflurane and then maintained on 2% isoflurane 

in 100% O
2
 during imaging. During imaging, respiratory rates were 

monitored and temperature was maintained at 37°C using an air heat-

ing system with model 1025 Small Animal Monitoring and Gating Sys-

tem Software (SA Instruments Inc.). Anatomical images were acquired 

using a 3D TurburRARE sequence with ParaVision 5.0 (Bruker Bio-

Spin). The field of view was 3.0 cm × 3.0 cm × 3.0 cm; the repetition 

time was 2,000 ms; the echo time was 10 ms; the rapid acquisition 

with relaxation enhancement (RARE) factor was 8; the flip angle was 

180.0°; the number of averages was set to 1; and the matrix size was 

128 × 128 × 128. Tumor and prostate volumes were analyzed using 

AMIRA software (FEI).

RNA isolation and qRT-PCR. Total RNA was isolated from cells 

using the RNeasy Plus Mini Kit (Qiagen). Reverse transcription was per-

formed using the iScript cDNA synthesis kit (Bio-Rad). qRT-PCR was 

performed using the SYBR Premix Ex Taq (Perfect Real Time; Takara 

Bio Inc.) on a StepOnePlus Real-Time PCR system (Applied Biosys-

tems). Primer sequences for qPCR are listed in Supplemental Table 2.

Western blot. Prostate tissues were lysed in RIPA buffer (20 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na
2
EDTA, 1 mM EGTA, 1% 

NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate,  

1 mM β-glycerophosphate, 1 mM Na
3
VO

4
) with protease inhibitors 

and phosphatase inhibitors (Roche Applied Science) using Tissuelyser 

LT (Qiagen). Protein concentrations were determined by a Bradford 

Assay kit (Bio-Rad). Protein was separated by 8% or 12% SDS-PAGE 

and transferred onto a PVDF membrane (Amersham Biosciences). 

The membrane was blocked in 5% skim milk, subsequently incubated 

with primary antibodies listed in Supplemental Table 3 at 4°C over-

night followed by incubation with peroxidase-conjugated goat anti-

mouse IgG or goat anti-rabbit IgG (Jackson ImmunoResearch Inc.), 

and developed with Pierce ECL reagent (Thermo Scientific). Results 

were quantified using ImageJ (NIH).

Chromatin immunoprecipitation. ChIP assays were performed 

using the ChIP-IT Express kit (Active Motif) following the manufac-

turer’s protocol except for the DNA purification step. The QIAquick 

PCR purification kit was used for DNA purification after anti–cross-

link of immunoprecipitated DNA. Purified DNA was eluted by 50 

μl of elution buffer, and 3 μl was used for quantitative PCR analysis 

using the SensiFAST SYBR Hi-ROX kit (Bioline). The negative con-

trol site is located at Chr8:123,578,394–123,578,470. The primers 

for amplification of targeting sites are: negative control forward 

5′-CCTGATGCGTGGTACACTTG-3′, negative control reverse 

5′-AAGGCAGGACCCAGAAAAAC-3′, RBPJ binding site 2653 forward 

5′-GTGGGTCGATCCATTTGAGA-3′, RBPJ binding site 2653 reverse 

5′-GCGTATGCCAAATTTAAACCA-3′, RBPJ binding site 2399 for-

ward 5′-TGGAATTTTCAGCAACATCG-3′, RBPJ binding site 2399 

reverse 5′-GAAAACGTCTTGCCCCTCAT-3′. The antibodies used in 

ChIP assays were IgG (sc-2025; Santa Cruz Biotechnology), H3K27ac 

ARR2PB-Cre transgenic mice were from Fen Wang at the Institute of 

Bioscience and Technology, Texas A&M Health Science Center (Round 

Rock, TX). The Rbpj fl/fl mice were from Tasuku Honjo at Kyoto Univer-

sity (Kyoto, Japan). The mTmG fluorescence reporter mouse line was 

generated by the group of Liqun Luo at Stanford University (Stanford, 

California) (31). Mice were genotyped by PCR using mouse genomic 

DNA from tail biopsy specimens. The sequences of genotyping prim-

ers are listed in Supplemental Table 1. PCR products were separated 

electrophoretically on 1% agarose gels and visualized via ethidium bro-

mide under UV light. Experimental mice were castrated at the age of  

8 weeks using standard techniques as described previously (62). Semi-

nal vesicles were removed by grabbing of the bottom of the seminal 

vesicles near the urethra with fine dissecting forceps.

Establishing cell lines from prostate tumors and lung metastases. 

Primary and metastatic tumor tissues were cut into small pieces of 

approximately 1 mm3. Tissues were digested in DMEM/collagenase/

hyaluronidase/FBS (Invitrogen) for 1 hour at 37°C, followed by an 

additional 1 hour of digestion in 0.25% trypsin-EDTA (Invitrogen) 

on ice. Cells were then passed through 70-μm cell strainers (BD Bio-

sciences) to get single cells. Dissociated single cells were cultured in 

10% FBS DMEM culture medium, including 6 ng/ml EGF (Invitro-

gen) and 5 μg/ml insulin (Invitrogen). Because epithelial cells in the 

PB-Pten-NICD model specifically express a low level of GFP driven by 

the ROSA26 locus, epithelial cells were further FACS-purified from 

the outgrown cell mixtures. All cell lines were maintained at 37°C in a 

humid atmosphere containing 5% CO
2
.

In vitro and in vivo cellular assays. For in vitro proliferation assay,  

2 × 103 cells were seeded in 96-well plates. Cells were counted for 3 

sequential days. The in vitro cell migration assay was performed using 

the BioCoat Matrigel Invasion Chamber (BD Biosciences). Briefly, 2 × 104 

cells were put in each chamber and incubated for 24 hours before invaded 

cells were quantified according to the manufacturer’s instruction.

Pharmacological manipulation of NFKB signaling. BAY11-7085 was 

purchased from Tocris Bioscience. Compounds were dissolved in DMSO 

and used in vitro at a concentration indicated in Figure 9C and Supple-

mental Figure 9. Cell culture medium was replaced every 24 hours.

Foxc2 overexpression and suppression in the PB-Pten-NICD cells. A 

Foxc2 shRNA (sc-45366-v) and the scrambled control (sc-45366-sh) 

lentiviruses were purchased from Santa Cruz Biotechnology. The 

results from this shRNA are presented in Supplemental Figure 10. 

The results obtained from the other Foxc2 shRNA targeting the Foxc2 

3′-UTR region (TRC0000321411; Sigma-Aldrich) are presented in 

Figure 9. The mouse Foxc2 cDNA was obtained from Sendurai Mani 

and was cloned into the FU-CGW vector (63) by a blunt-end ligation 

into a filled-in EcoRI site, resulting in the FU-Foxc2-CGW vector. The 

PB-Pten-NICD metastatic cells were infected with FU-Luciferase-

CRW lentivirus, and RFP-expressing cells were FACS sorted. Cells 

were infected with shRNA lentivirus or the FU-Foxc2-CGW lentivirus 

at an MOI of 10 and selected with puromycin or FACS-sorted based 

on GFP expression.

Bioluminescence imaging. 2 × 106 PB-Pten-NICD metastasis cells 

in 150 μl PBS were injected into 10-week-old male NOD/SCID mice 

through the tail vein. Animals were imaged weekly using an IVIS 

Lumina II (Advanced Molecular Vision) following the manufacturer’s 

recommended procedures and settings.

Detection of circulating tumor cells in blood. Blood samples were har-

vested through a heart puncher, and genomic DNA was isolated using the 
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tumors, genes were first z-normalized to SD from the median across 

the primary tumor samples, and the average of the z-normalized val-

ues for all the genes in the signature was used to represent the signa-

ture score for each sample profile.

Study approval. All animals used in this study received humane 

care that adheres to principles stated in the Guide for the Care and Use 

of Laboratory Animals (NIH publication, 1996 edition), and the proto-

col was approved by the IACUC of Baylor College of Medicine.
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(ab4729; Abcam), and RBPJ (D10A4; Cell Signaling Technology). For 

each ChIP, 3 μg of antibody was used.

Histology and immunostaining. H&E staining and immunofluo-

rescence staining were performed using standard protocols on 5-μm 

paraffin sections. Slides were incubated with 5% normal goat serum 

(Vector Laboratories) and with primary antibodies diluted in 2.5% 

normal goat serum overnight at 4°C. Primary antibodies used in 

this study are listed in Supplemental Table 4. Slides were then incu-

bated with secondary antibodies (diluted 1:500 in PBS with Tween 

20 [PBST]) labeled with Alexa Fluor 488, 594, or 633 (Invitrogen/

Molecular Probes). Sections were counterstained with DAPI (Sigma-

Aldrich). Immunofluorescence staining was imaged using an Olym-
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