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The contextual signals that regulate the expansion of prostate tumor progenitor cells are poorly defined. We 
found that a significant fraction of advanced human prostate cancers and castration-resistant metastases 
express high levels of the β4 integrin, which binds to laminin-5. Targeted deletion of the signaling domain of 
β4 inhibited prostate tumor growth and progression in response to loss of p53 and Rb function in a mouse 
model of prostate cancer (PB-TAg mice). Additionally, it suppressed Pten loss-driven prostate tumorigenesis 
in tissue recombination experiments. We traced this defect back to an inability of signaling-defective β4 to 
sustain self-renewal of putative cancer stem cells in vitro and proliferation of transit-amplifying cells in vivo. 
Mechanistic studies indicated that mutant β4 fails to promote transactivation of ErbB2 and c-Met in prostate 
tumor progenitor cells and human cancer cell lines. Pharmacological inhibition of ErbB2 and c-Met reduced 
the ability of prostate tumor progenitor cells to undergo self-renewal in vitro. Finally, we found that β4 is 
often coexpressed with c-Met and ErbB2 in human prostate cancers and that combined pharmacological 
inhibition of these receptor tyrosine kinases exerts antitumor activity in a mouse xenograft model. These 
findings indicate that the β4 integrin promotes prostate tumorigenesis by amplifying ErbB2 and c-Met sig-
naling in tumor progenitor cells.

Introduction
Prostate cancer, the most common noncutaneous malignancy diag-
nosed in men, progresses from carcinoma in situ, termed prostatic 
intraepithelial neoplasia (PIN), to invasive and metastatic cancer, 
suggesting that multiple genetic and epigenetic lesions contribute 
to its development. Although significant progress has been made 
toward early detection and treatment, once it has become metastat-
ic, prostate cancer cannot be cured (1, 2). Patterns of allelic loss in 
human prostate cancer specimens and reverse genetic approaches 
in the mouse have suggested that loss of function mutations in 
NKX3.1, PTEN, RB, and P53 and overexpression of MYC promote 
prostate cancer progression (3). Studies using outlier gene expres-
sion analysis have revealed that oncogenic gene fusions juxtapos-
ing 5′ androgen-controlled regulatory elements to Ets transcription 
factors, such as ERG, are prevalent in human prostate cancer (4). In 
addition, integrative genomic profiling of a large data set (n = 218) 
has provided evidence that allelic losses and gains disrupting the 
Rb and p53 signaling networks and activating the PI-3K and the 
Ras/Raf signaling pathways are also common in primary prostate 
cancers, whereas amplifications and mutations of the androgen 
receptor (AR) are restricted to metastatic lesions (5).

Increasing evidence suggests that oncogenic mutations exert 
their action by transforming adult stem cells or transit-amplifying 
cells into neoplastic progenitor cells, thereby spurring the develop-

ment of cancers that consist of tumor progenitor cells as well as 
aberrantly differentiated cells (6–8). The tumor progenitor cells are 
operationally defined by their ability to undergo self-renewal in 
vitro and to initiate secondary tumors upon xenotransplantation 
in mice. Furthermore, these cells are relatively resistant to both 
chemotherapy and oncogene-targeted therapies, suggesting that 
their expansion might drive most of the relapses observed in the 
clinic (9). In spite of significant recent progress, the contextual 
cues that regulate normal stem cells and their rapidly proliferating 
immediate progeny, the transit-amplifying cells, remain unknown.

Prostatic glands are composed of a continuous layer of columnar 
secretory cells resting on a layer comprising basal cells and scattered 
neuroendocrine cells, both of which are in direct contact with a base-
ment membrane (10). Prospective identification and lineage-tracing 
experiments have led to the identification of potential stem cells in 
both the basal and the luminal compartments of the mouse (11, 12). 
Since human prostate cancers are characterized by a loss of normal 
basal cells, and by an expansion of cells that morphologically and 
biochemically resemble luminal cells, it has been hypothesized that 
these tumors arise from neoplastic conversion of a luminal pro-
genitor (13, 14). In agreement with this hypothesis, lineage-tracing 
experiments have suggested that the luminal layer of the mouse 
prostate contains Nkx3-1–positive bipotential progenitors, which 
can be directly converted into neoplastic cells by inactivation of Pten 
(12). Basal cells are seemingly resistant to direct transformation, 
unless loss of Pten induces them to differentiate into transforma-
tion-competent luminal cells (15). In contrast, the luminal com-
partment of the human prostate is refractory to transformation in 

Authorship note: Toshiaki Yoshioka and Javier Otero contributed equally to this work.

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J Clin Invest. 2013;123(2):682–699. doi:10.1172/JCI60720.

  Related Commentary, page 563



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 2   February 2013 683

vitro by simultaneous introduction of activated Akt, ERG, and AR, 
whereas the basal cells contain bipotential progenitors that can be 
transformed by this combination of oncogenes (16, 17).

The signaling pathways that govern the expansion of prostate 
tumor progenitor cells are incompletely understood. Adult stem 
cells undergo self-renewal and differentiation in response to con-
textual cues originating from the specialized microenvironment 
(“niche”) in which they reside (18). Because of its ability to support 
cell adhesion and signaling by binding to integrins and its pres-
ence in many stem cell niches, the basement membrane appears 
to be especially well-suited to regulate stem cell behavior (19). 
Among laminin-binding integrins, the α6 subunit–containing 
integrins, α6β1 and α6β4, are excellent candidates to mediate the 
effects of basement membranes on stem cells. In fact, the α6 sub-
unit (CD49f) has been broadly used for enrichment of adult stem 
cells and tumor progenitor cells from many tissues, including the 
mammary gland (20) and the prostate gland (11, 16). Moreover, a 
recent study has shown that silencing of α6 reduces the self-renew-
al and tumor formation capacity of glioblastoma stem cells (21).

The α6β4 integrin (referred to herein as β4 integrin because β4 
pairs only with α6) binds to laminin-5, a major component of the 
basement membrane of the prostate (22), and is characterized by a 
signaling mechanism that is unique among integrins (23, 24). Fol-
lowing β4 binding to laminin-5, the distal segment of the large cyto-
plasmic domain of β4 (referred to herein as the signaling domain) 
is phosphorylated by a Src family kinase and recruits the signaling 
adaptor protein Shc, causing activation of Ras and PI-3K (25–28). 
In addition, the β4 integrin can combine with multiple recep-
tor tyrosine kinases (RTKs) to promote joint signaling (29–32). 
Intriguingly, in vitro studies have indicated that oncogenic forms 
of c-Met can induce invasive signaling through phosphorylation of 
the β4 cytoplasmic domain (30). Furthermore, genetic analysis has 
revealed that the β4 integrin promotes mammary tumorigenesis by 
combining with ErbB2 and amplifying its signaling capacity (32). In 
spite of these advances, it is not clear whether β4 can exert a proneo-
plastic function in cancers that do not carry activating mutations or 
genomic amplifications of its partner RTKs, such as prostate carci-
nomas (5), and, if so, by what mechanism.

In this study, we provide evidence that a significant frac-
tion of human prostate adenocarcinomas and androgen-
independent metastases express elevated levels of the β4 
integrin. We demonstrate that targeted deletion of the β4 
signaling domain inhibits tumor growth and delays tumor 
progression in PB-TAg mice, which undergo prostate-spe-
cific inactivation of p53 and Rb, as well as in a allogeneic 
transplantation model of Pten loss-dependent prostate 
tumorigenesis. We trace this defect back to an inability of 
signaling-defective β4 to sustain ErbB2 and Met signaling 
in prostate tumor progenitor cells. Finally, we show that 
β4 is often coexpressed with c-Met and ErbB2 in human 
prostate cancers and demonstrate that combined pharma-
cological inhibition of these RTKs exerts antitumor activ-
ity in a xenograft model. These findings indicate that the 
β4 integrin promotes prostate tumorigenesis by amplify-
ing ErbB2 and c-Met signaling in tumor progenitor cells.

Results
Human PIN lesions and many invasive prostate cancers express 
the β4 integrin. To study the expression of the β4 integrin 
in human prostate cancer, we examined multiple exist-

ing DNA microarray data sets using Oncomine 4.4. Since prostate 
cancer is a biologically and clinically heterogeneous disease, we 
investigated whether ITGB4 was overexpressed in a subset of cases 
by using Cancer Outlier Profile Analysis (COPA), a methodology 
that has been successful in uncovering candidate oncogenes, such 
as ERG and ETV1, in prostate cancer (33). Interestingly, COPA 
identified ITGB4 as markedly overexpressed in a subset of tumor 
samples in 11 out of 16 available data sets (gene rank, top 10%; fold 
change, >2; P < 1 × 10–4). Using the same statistical filters, ITGB4 
exhibited a COPA score comparable to or higher than that of ERG 
in several data sets (Table 1). Notably, analysis of the LaTulippe 
data set, which includes 23 primary tumors and 9 metastases (34), 
indicated that 9.4% of the cases, including the 2 bone metastases 
present in this data set, were outliers at the 90th percentile (Figure 
1A). In agreement with this finding, differential analysis indicated 
that high-level expression of ITGB4 was strongly associated with 
advanced Gleason score in the LaTulippe as well as the Singh data 
set (34, 35) (Figure 1A and Figure 1B). Taken together, these find-
ings suggest that the β4 integrin is overexpressed in a subset of 
prostate tumors characterized by an aggressive phenotype.

To examine further the expression of β4 in human prostate can-
cer, we interrogated a MSKCC DNA microarray data set compris-
ing 23 naive primary prostate cancers, 17 tumors resected after  
3 months of androgen ablation therapy, and 9 castration-resistant 
metastatic lesions (36). LNCaP cells and microdissected normal 
stroma were used as negative controls, and microdissected nor-
mal epithelium was used as a positive control. Whereas a subset of 
naive primary prostate cancers expressed ITGB4 at levels compa-
rable to those present in the normal epithelium, a substantial frac-
tion of those resected from patients who had undergone androgen 
ablation therapy and of those who had developed bone metastases 
expressed elevated levels of ITGB4 (Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI60720DS1). These results suggest that the expression of ITGB4 
is upregulated during progression to castration resistance.

Prior immunohistochemical studies on a small number of frozen 
low-grade prostate cancer specimens have led to the suggestion that 
β4 is downregulated during progression to invasive prostate cancer 

Table 1
COPA of ITGB4 and ERG in prostate cancer data sets

 ITGB4 ERG Data  Refs.
Score Rank % Score Rank % set 
26.6 1% 90 1.8 8 75 Welsh 93
25.5 4% 75 39.3 3 95 Magee 94
7.4 10% 75 3.6 10 75 Luo 95
5.5 1% 95 1.2 10 75 Nanni 96
4.4 3% 95 1.7 1 75 LaTulippe 34
3.0 7% 95 4.2 1 75 Varambally 97
2.8 8% 90 n.d. n.d. n.d. True 98
2.0 10% 75 5.8 6 95 Singh 35
2.0 8% 90 2.3 1 75 BittnerA 
1.1 7% 75 4.0 1 75 Vanaja 63
1.0 4% 75 6.6 1 90 Wallace 61

COPA identified ITGB4 as markedly overexpressed in a subset of tumor samples in 
11 out of 16 data sets available from Oncomine (gene rank, top 10%; fold change, 
>2; P < 1 × 10–4). Using the same statistical filters, ITGB4 exhibited a COPA score 
comparable to or higher than that of ERG in several data sets. n.d., not determined. 
AGEO accesion no. GSE2109.
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(37). We reasoned that ex vivo proteolysis of β4 by cancer-associated 
proteases might have interfered with the detection of β4 in these 
studies. In order to study the expression of β4 under conditions that 
minimize this potential problem, we developed a protocol of staining 
with the ELF1 mAb that allows efficient detection of β4 on forma-
lin-fixed and paraffin-embedded sections. Preliminary experiments 
confirmed that the ELF1 mAb reacts selectively with recombinant 
human β4 in transfected LNCaP cells (Figure 1C) and that it spe-
cifically stains basal cells in normal prostatic glands and endothelial 
cells in blood vessels (Figure 1D, left, microvessel indicated by aster-
isk), as anticipated from the known pattern of expression of β4 in the 
normal human prostate (37). Furthermore, the antibody produced 
an identical pattern of staining on frozen or paraffin-embedded sec-
tions of surgical specimens of prostate cancer that had been selected 
on the basis of their moderate levels of expression of ITGB4 mRNA 
(Supplemental Figure 1, B and C). Pathological diagnosis of prostate 
cancer had been confirmed by α-methylacyl-CoA racemase staining.

Immunostaining of a tissue microarray (TMA) containing 104 
cases of primary prostate cancer indicated that all high-grade PIN 
lesions expressed elevated levels of β4 (staining intensity, 2+ to 
3+) (Supplemental Table 1). In invasive cancer, β4 was expressed 
not only in residual basal cells but also in neoplastic cells (Figure 
1D, top middle panel, purple arrow). Although 65% of invasive 
carcinomas in this data set exhibited weak or no expression of β4 
(staining intensity, 0 to 1+), 35% of these cases expressed elevated 
levels of β4 (staining intensity, 2+ to 3+) (Supplemental Table 1). 
Figure 1D includes examples of β4-positive and β4-negative cases 
(middle panels). Finally, the tumor cells within a large fraction of 
metastatic lesions (14 out of 36 lymph node, 3 out of 4 soft tissue, 
2 out of 4 lung, and 6 out of 31 bone metastases) exhibited high 
levels of β4 at the cell surface (Figure 1D, right panels).

To validate these results, we tested a second mAb to β4, 439-9B, 
which has been used to stain paraffin-embedded sections of breast 
cancer cases (38). This antibody reacted selectively with recombi-

Figure 1
Expression of the β4 integrin in 
human prostate cancer. (A) Sum-
mary of COPA of ITGB4 in 11 
prostate cancer DNA microarray 
data sets (source Oncomine). 
COPA of ITGB4 in the LaTulippe 
data set reveals ITGB4 as outlier 
in 2 bone metastases (mets) (34). 
(B) COPA of ITGB4 in the Singh 
and LaTulippe data sets (34, 35), 
in which samples were classified 
on the basis of Gleason grade. 
(C) Total lysates of LNCaP cells 
transduced with empty vector or 
vector encoding human β4 were 
subjected to immunoblotting with 
the anti-β4 mAb ELF1. (D) Sec-
tions from the indicated samples 
were stained with anti-β4 and 
counterstained with hematoxy-
lin. The asterisk indicates blood 
vessels, the purple arrow points 
to high-grade PIN lesions, and 
red arrows point to invasive ade-
nocarcinomas. The metastatic 
lesions are from bone (top) and 
soft tissue (bottom). The anti-β4 
staining intensity of prostate can-
cer samples was as indicated in 
the top right corner of each of the 
relevant panels (neg, negative; 
++, moderate; +++, strong). Scale 
bar: 50 μm (metastases and bot-
tom normal prostate); 100 μm 
(prostate adenocarcinoma and 
top normal prostate).
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nant human β4 transduced in LNCaP cells (Supplemental Figure 
1D) and produced a pattern of staining identical to that generated 
by the ELF-1 antibody on 2 additional distinct prostate cancer 
TMAs (Supplemental Figure 1E and Supplemental Tables 2 and 3).  
Moreover, χ2 testing indicated that the ELF-1 and 439-9B mAbs 
generated a similarly intense staining in each case from the 2 data 
sets. These results reveal that a significant fraction of invasive pros-
tate cancers express elevated levels of the β4 integrin, suggesting 
that it may play a role in prostate tumor initiation or progression.

Deletion of the β4 signaling domain does not affect prostate development. 
To examine the role of β4 signaling in prostate tumorigenesis, we 
decided to cross mice carrying a targeted deletion of the β4 sig-
naling domain (β41355T/1355T mice; referred to herein as β4-1355T 
mice) to mice genetically engineered to develop prostate cancer. 
The β4-1355T mice express a truncated form of the β4 integrin, 
which retains an intact adhesive function but lacks all major tyro-
sine phosphorylation sites and is unable to amplify RTK signaling 
(refs. 32, 39, 40 and Supplemental Figure 2A).

To exclude the possibility that deletion of the β4 signaling 
domain affects prostate organogenesis, we examined 3-month-old 
β4-1355T mice. The prostates of these mice weighed as much as 
those of control mice (data not shown) and appeared macroscopi-
cally normal: all lobes were properly developed and had normal 
relationships with adjacent tissues (Supplemental Figure 2B). 
Histological analysis did not reveal any differences between β4 
mutant and control prostates. Basal and secretory cells had nor-
mal morphology, and abundant secretory material was present in 
the lumen of most glands (Supplemental Figure 2B). Vessels in the 
stroma were normal in number, distribution, and size (data not 
shown). The β4 integrin was expressed in basal cells, and laminin-5 
was expressed in the basement membrane supporting the secre-
tory cells, as expected. E-cadherin was correctly localized at cell-to-
cell junctions. The AR accumulated in the nuclei of secretory cells 
as well as in stromal cells (Supplemental Figure 2B). In addition, 
anti-K14 staining indicated that the β4 mutant prostates contain 
a regular complement of basal cells (data not shown). These results 
suggest that loss of β4 signaling does not interfere with the specifi-
cation of different cell types and overall development of the pros-
tate, in agreement with the hypothesis that other laminin-binding 
integrins may function redundantly during this process.

Loss of β4 signaling inhibits prostate tumorigenesis in PB-TAg mice. 
To examine the effect of loss of β4 signaling on prostate tumori-
genesis, we crossed the mice carrying a targeted deletion of the 
β4 signaling domain to PB-TAg mice, because this mouse model 
of prostate tumorigenesis is driven by inactivation of Rb and p53 
signaling networks (41, 42), which are commonly inactivated in 
human prostate cancer (3, 5). Moreover, the PB-TAg mice repro-
duce several aspects of the histological progression of human 
prostate cancer, including the expansion of a seemingly luminal 
compartment expressing the AR (42).

As shown in Figure 2A, deletion of the β4 signaling domain 
significantly inhibited prostate tumor growth in PB-TAg mice. 
Prostate expansion became appreciable at 4 months of age in 
control PB-TAg; β4+/+ mice (PB-TAg; β4-WT mice) but only after  
6 months in PB-TAg; β41355T/1355T mice (PB-TAg; β4-1355T mice). 
At 7 months, the tumors of control mice averaged 6 cm3, where-
as those of β4 mutant mice were about 2.5-times smaller. By  
8 months, the majority of PB-TAg; β4-WT mice became moribund 
and had to be sacrificed, precluding a statistically significant mea-
surement of tumor volumes beyond this time point (Figure 2A). In 

addition, Kaplan-Meier analysis indicated that the median surviv-
al of PB-TAg; β4-1355T mice was prolonged by 2.4 months when 
compared with that of PB-TAg; β4-WT mice (Figure 2B). These 
results indicate that deletion of the β4 signaling domain inhibits 
prostate cancer growth and prolongs survival of PB-TAg mice.

Histological analysis indicated that at 3.5 months of age the 
majority of PB-TAg; β4-1355T mice exhibited hyperplasia or low-
grade PIN and only a small fraction exhibited high-grade PIN. 
In contrast, a significant fraction of PB-TAg; β4-WT mice had 
progressed to high-grade PIN and a small percentage of them 
to well-differentiated carcinoma at this time (Figure 2C). At  
5.5 months, the PB-TAg; β4-1355T mice exhibited predominantly 
high-grade PIN and moderately differentiated and well-differen-
tiated adenocarcinomas. In contrast, a large fraction of PB-TAg; 
β4-WT mice had poorly differentiated carcinomas (Figure 2C). 
At 7.5 months, the proportion of various histotypes in both types 
of mice became similar (Figure 2C), presumably because most of 
PB-TAg; β4-WT mice carrying advanced tumors had already been 
sacrificed, whereas the remaining mice carried fewer malignant 
tumors (Figure 2A). These results suggest that loss of β4 signaling 
delays histological progression.

Macroscopic and microscopic analysis indicated that the tumors 
of β4 mutant mice invaded regional lymph nodes much less effi-
ciently as compared with those of control mice. Furthermore, colo-
nization to the lung and liver was substantially delayed in these 
mice (Figure 2D). Since most metastatic lesions in both PB-TAg; 
β4-WT and PB-TAg; β4-1355T mice were poorly differentiated 
(WT mice, 14 out of 14 lymph node, 14 out of 14 lung, and 8 out 
of 9 liver lesions; 1355T mice, 4 out of 5 lymph node, 6 out of 8 
lung, and 6 out of 7 liver lesions), the delay in the outgrowth of 
metastases in β4 mutant mice likely reflects the slower histologi-
cal progression of their primary tumors. Interestingly, a similar 
percentage of PB-TAg; β4-WT and PB-TAg; β4-1355T mice exhib-
ited distant metastases at 8.5 months, consistent with the hypoth-
esis that the small group of PB-TAg; β4-WT mice surviving to this 
time point carried tumors less malignant than those in the bulk of 
their cohort but as malignant as those of the majority of PB-TAg; 
β4-1355T mice, which were still alive at this time point.

Selective expression of the β4 integrin in the basal tumor compartment. 
To gain insight into the mechanism by which β4 signaling pro-
motes prostate tumorigenesis, we examined the pattern of expres-
sion of β4 at various stages of histological progression in PB-TAg 
mice. We observed that the high-grade PIN lesions arising in these 
mice retained a substantial number of K14+ basal cells, whereas the 
invasive edges of the carcinomas did not contain K14+ cells (Fig-
ure 3A). In both types of lesion, the K14– neoplastic cells adhering 
to the basement membrane (heretofore referred to as basal tumor 
cells) exhibited high levels of β4, whereas those above them (supra-
basal tumor cells) expressed much lower levels of the integrin (Fig-
ure 3A). In fact, the basal tumor cells exhibited levels of β4 that 
were much higher than those of normal basal cells (Figure 3B, left 
row; yellow arrows point to basal cancer cells and white arrows 
point to normal basal cells). Interestingly, both basal and supra-
basal tumor cells expressed high levels of the AR (Figure 3A). Inva-
sive adenocarcinomas retained high-level expression of β4, in spite 
of a decrease in laminin-5 and E-cadherin staining (Figure 3B).  
Even cells at the invasive edges of these tumors, which are demar-
cated by reduced laminin-5 staining, retained expression of β4 
(Figure 3B, yellow arrows). In contrast, β4 levels decreased in 
poorly differentiated, invasive cancers characterized by loss of 
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E-cadherin staining (Figure 3B). Since the poorly differentiated 
carcinomas, which arise in a fraction of PB-TAg mice, exhibit 
neuroendocrine markers (42), the loss of β4 expression that we 
observed may be a reflection of this specific tumor progression 
pathway. In fact, it has been hypothesized that the neuroendocrine 
tumors of PB-TAg mice develop from a distinct progenitor type 
(43). These results indicate that the basal tumor cells of high-grade 
PIN lesions and well-differentiated and invasive adenocarcinomas 
arising in PB-TAg mice express elevated levels of the β4 integrin 
and of the AR. In contrast, the suprabasal tumor cells express 
much lower levels of β4 but retain expression of the AR. Control 
experiments indicated that deletion of the signaling domain does 
not alter the level of expression and subcellular localization of β4 
or the TAg in PIN lesions and adenocarcinomas (Supplemental 
Figure 3, A and B, and data not shown). These results indicate that 

deletion of the β4 signaling domain specifically affects prostate 
tumor initiation and/or progression.

Loss of β4 signaling does not inhibit prostate tumorigenesis by suppress-
ing angiogenesis. Since β4 signaling promotes endothelial cell inva-
sion during neoangiogenesis in certain tumor models (32, 39), we 
examined whether loss of β4 signaling inhibits tumor angiogene-
sis in PB-TAg mice. The angiogenic switch occurs at the high-grade 
PIN stage in this mouse model (44), and we found that the high-
grade PIN lesions of β4 mutant mice exhibited significantly fewer 
intraductal microvessels as compared with those of age-matched 
wild-type β4 mice (Supplemental Figure 4, A and B). However, 
although the PIN lesions of PB-TAg; β4-1355T mice contained a 
slightly higher number of apoptotic cells as compared with cor-
responding lesions from PB-TAg; β4-WT mice (Supplemental 
Figure 3C), the percentage of tumor cells undergoing apoptosis 

Figure 2
Deletion of the β4 signaling domain 
inhibits prostate tumorigenesis in 
PB-TAg mice. (A) The average pri-
mary tumor growth (± SD) in PB-
TAg; β4-WT and PB-TAg; β4-1355T 
mice. Tumor volumes were deter-
mined by excision and weighing 
up to 5 months of age and by MRI 
thereafter. Fold increases are over 
age-matched normal mice. Most 
PB-TAg; β4-WT mice died before 
8 months of age, precluding a 
comparison of tumor growth at  
9 months (X). Numbers in columns 
represent the number of mice. 
Representative MRI images at  
6 months are shown. *P < 0.002. 
(B) Kaplan-Meier analysis of sur-
vival in the indicated cohorts of 
mice. (C) Distribution of tumor his-
totypes at the indicated ages. The 
percentages of hyperplasia, low-
grade PIN (LG-PIN), high-grade 
PIN (HG-PIN), well-differentiated 
and moderately differentiated car-
cinoma (W/M diff ca), and poorly 
differentiated carcinoma (Poorly 
diff ca) were assessed by double 
blind histological analysis (PB-TAg; 
β4-WT mice: n = 10 at 3.5 months, 
n = 14 at 5.5 months, and n = 8 
at 7.5 months; PB-TAg; β4-1355T 
mice: n = 8 at 3.5 months and n = 6 
at 5.5 and 7.5 months). P < 0.0001 
at 5.5 months. (D) Percentage of 
mice that had developed metastat-
ic lesions to lymph nodes, lungs, 
or liver at the indicated ages (PB-
TAg; β4-WT: n = 3 at 2.5 months, 
n = 16 at 4.5 months, n = 13 at 6.5 
months, and n = 7 at 8.5 months; 
PB-TAg; β4-1355T: n = 3 at 2.5 
months, n = 10 at 4.5 months, n = 5  
at 6.5 months, and n = 9 at 8.5 
months).
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in these lesions was very low in both genotypes (<2%). In addi-
tion, we did not detect elevated levels of hypoxia-induced Glut1 
or histological signs of necrosis in the PIN lesions of β4 mutant 
mice (Supplemental Figure 4D and data not shown). Finally, we 
did not detect differences in neoangiogenesis when we grouped 
the samples according to histological classification instead of age 
(Supplemental Figure 4E), suggesting that the difference in neoan-
giogenesis observed in age-matched mice was largely attributable 

to a slower histological progression of the high-grade PIN lesions 
of β4 mutant mice. These results suggest that loss of β4 signaling 
does not impair prostate tumor growth and histological progres-
sion by reducing tumor angiogenesis but rather by a tumor cell-
intrinsic mechanism.

Integrin β4 signaling promotes self-renewal of tumor progenitor cells 
and rapid proliferation of transit-amplifying tumor cells. To examine the 
effect of β4 signaling on tumor cell proliferation, we subjected 

Figure 3
The tumor cells located in the basal com-
partment of high-grade PIN and invasive 
adenocarcinomas express elevated levels 
of the β4 integrin. (A) Consecutive sec-
tions of high-grade PIN and well-differenti-
ated adenocarcinomas were subjected to 
double staining with anti-β4 and anti-K14 
followed by counterstaining with DAPI. 
Similar grade histological sections were 
immunostained for AR and counterstained 
with H&E. Whereas the PIN lesions retain 
K14+ basal cells, the adenocarcinomas 
have lost basal cells (yellow arrows). In 
both cases, the neoplastic cells adhering 
to the basement membrane express high 
levels of β4 as well as the AR. (B) Sections 
of high-grade PIN, invasive adenocarci-
noma, and poorly differentiated adenocar-
cinoma from PB-TAg; β4-WT mice were 
stained with H&E, DAPI, and antibodies 
to β4, laminin-5, or E-cadherin. In PIN 
lesions, prostate carcinoma cells adher-
ing to laminin-5 express high levels of β4 
(yellow arrows), whereas suprabasal cells 
express lower levels of the integrin. The 
white arrows indicate the β4-positive basal 
cells beneath the basement membrane of 
adjacent normal gland. The β4 integrin 
continues to be expressed at high levels 
in invasive adenocarcinomas. At invasion 
fronts (yellow arrows), β4 losses its basal 
concentration and the staining for lam-
inin-5 becomes fragmented. The poorly  
differentiated adenocarcinomas arising 
in this model exhibit neuroendocrine fea-
tures. In these lesions, β4, E-cadherin, 
and laminin-5 are no longer detectable. 
β4 is still expressed in blood vessels (yel-
low arrows). The white asterisk marks a 
normal gland, and yellow asterisks mark 
laminin-5–positive muscle fibers. Scale 
bar: 50 μm.
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high-grade PIN lesions and well-differentiated adenocarcinomas 
from PB-TAg mice expressing wild-type or mutant β4 to anti–Ki-67 
staining. Examination of control lesions indicated that the tumor 
cells adhering to the basement membrane proliferate at a much 
higher rate compared with those above them, in agreement with 
the hypothesis that integrin-mediated adhesion promotes mito-
genic signaling (Figure 4A, top). Notably, the proliferative index 
of advanced PIN lesions and well-differentiated adenocarcinomas 
from mice expressing mutant β4 was significantly lower than that 
of histologically similar lesions from control mice, suggesting that 
β4 signaling promotes tumor cell proliferation (Figure 4, A and B).

To directly examine this hypothesis, we used in vivo DNA label-
ing with 5-ethynyl-2′-deoxyuridine (EdU). PB-TAg; β4-WT and PB-
TAg; β4-1355T mice were injected with EdU daily for 3 days prior 
to isolation of prostate cells. FACS analysis indicated that most 
of the tumor cells that incorporated EdU over the 3-day period 
in both types of mice were β4+, in agreement with the conclusion 
that tumor cell proliferation is restricted to the subpopulation 
of tumor cells expressing the β4 integrin and adhering to the 
basement membrane (Figure 4C). Interestingly, the β4+ tumor 
cells from PB-TAg; β4-1355T mice incorporated EdU in vivo at a 
severely reduced rate as compared with that of relative controls, 
indicating that deletion of the β4 signaling domain suppresses 
the proliferative potential of this compartment (Figure 4C). In 
spite of this significant proliferative impairment, tumors arising 
in β4 mutant mice did not exhibit a lower proportion of β4+ cells 
as compared with tumors of similar histology arising in control 
mice (data not shown), suggesting that defective proliferation is 
accompanied by defective transit into more a differentiated com-
partment in β4 mutant mice. These results provide evidence that 
β4 signaling promotes prostate tumor growth by enhancing the 
proliferation of tumor cells that have characteristics similar to 
those of transit-amplifying cells.

Prospective identification experiments have indicated that the 
basal compartment of the mouse prostate contains a subpopula-
tion of stem cells that express Sca-1 and high levels of CD49 (α6 
integrin) and can initiate prostate tumorigenesis (17, 45). We have 
recently observed that these normal stem cells express the β4 integ-
rin, but not α6β1, and they can therefore be better identified using 
Sca-1 and β4 as markers (J. Otero et al., unpublished observations). 
To examine the expression and signaling function of the β4 integ-
rin in prostate tumor progenitor cells, we used flow cytometry to 
sort tumor cells from PB-TAg; β4-WT and PB-TAg; β4-1355TT mice 
into 4 subpopulations characterized by differential expression of 
Sca-1 and β4 and subjected them to prostatosphere assays. Dis-
sociated tumor cells were depleted of endothelial cells and leuko-
cytes (Lin–) and sorted into Sca-1hi (single Sca-1+ cells), β4hiSca-1hi  
(double-positive [DP] cells), β4hiSca-1lo (single β4+ cells), and 
β4loSca-1lo (double-negative [DN] cells) subpopulations (Figure 
4D). Since the DN cells comprise also stromal cells, the epithe-
lial cells in this subpopulation were further sorted using anti-
EpCAM. Upon plating on nonadherent plates, the DP cells from 
PB-TAg; β4-WT mice exhibited a significantly higher capacity to 
form prostatospheres as compared with the other subpopulations 
of tumor cells, suggesting that the DP tumor cells possess self-
renewal capability (Figure 4E, left). Notably, the DP tumor cells 
from β4 mutant mice formed significantly fewer prostatospheres 
as compared with the control DP wild-type cells (Figure 4E, right), 
suggesting that deletion of the β4 signaling domain inhibits the 
ability of tumor progenitor cells to undergo self-renewal in vitro.

To test whether loss of β4 signaling affects the ability of tumor 
progenitor cells to seed tumors in vivo, we implanted 50,000 
freshly sorted Sca-1+ single-positive, DP, β4+ single-positive, or DN 
EpCAM+ cells from PB-TAg; β4-WT or PB-TAg; β4-1355T tumors 
into the anterior prostate of NOD/SCID/Il2rg–/– mice. Ninety days 
later, the mice were sacrificed and prostate sections were subjected 
to immunohistochemistry for large TAg to identify secondary 
lesions. The results indicated that the DP and single β4+ cells from 
PB-TAg; β4-WT mice were able to form, albeit at a very low fre-
quency, secondary tumors that contained areas of high-grade PIN 
and adenocarcinomas (Supplemental Figure 5A, top row), sug-
gesting that the β4+ tumor cells comprise progenitors endowed 
with transplantation capacity. In contrast, none of the cells from  
PB-TAg; β4-1355T mice were able to initiate secondary tumors 
under the same conditions (Supplemental Figure 5A, bottom 
row). These observations suggest that loss of β4 signaling inhibits 
the ability of putative cancer stem cells and transit-amplifying cells 
to initiate secondary tumors in vivo.

To examine the hypothesis that β4 signaling promotes tumor 
initiation, we examined the effect of prostate epithelial-specific 
deletion of the β4 signaling domain on oncogenesis driven by 
inactivation of Pten, a common lesion in human prostate cancer. 
Prostate epithelial cells derived from β4 wild-type and mutant 
mice were infected with lentiviruses encoding an shRNA targeting 
Pten, mixed with embryonic rat urogenital sinus mesenchymal 
cells, and injected under the renal capsule under conditions that 
are state of the art for the evaluation of cancer stem cell potential 
(16, 45, 46). Whereas the β4 wild-type tumor cells formed numer-
ous, large PIN lesions as well as normal glands, the β4 mutant 
cells generated only a few, small PIN lesions against a similar 
background of normal glands (Figure 4, F and G). Interestingly, 
the PIN lesions generated by β4 mutant cells displayed reduced 
P-AKT staining as compared with similarly sized control lesions 
(Supplemental Figure 5B). These observations suggest that β4 
signaling promotes prostate tumor initiation in a model driven by 
inactivation of Pten. Taken together, these findings suggest that 
the β4 integrin promotes prostate tumor growth by enhancing 
the self-renewal capability of putative stem cells and rapid prolif-
eration of transit-amplifying cells.

The β4 integrin amplifies ErbB2 and Met signaling in prostate tumor 
progenitor cells. The β4 integrin potentiates signaling by multiple 
RTKs, including ErbB2 and c-Met (47), which have been impli-
cated in human prostate tumorigenesis (48, 49). To obtain insight 
into the mechanism by which β4 promotes the expansion of tumor 
progenitor cells, we examined the level of expression of a panel of 
RTKs in Sca-1+ (β4–), DP, β4+ (Sca-1–), and DN cells isolated from 
PB-TAg tumors. Semiquantitative RT-PCR indicated that the DP 
tumor cells express ErbB2 and ErbB3 and low levels of EGFR but 
not ErbB4. In addition, these cells expressed c-Met, but not RON, 
and low levels of IGF-R1 and FGF-R1 but not FGF-R2, FGF-R3, 
or FGF-R4 (Figure 5A). Immunofluorescent staining confirmed 
the expression of ErbB2 and c-Met in the high-grade PIN lesions of 
PB-TAg mice (Figure 5B). Whereas ErbB2 was concentrated at the 
basal surface of tumor cells adhering to the basement membrane, 
Met was also expressed in suprabasal tumor cells (Figure 5B). High-
grade PIN lesions from β4 mutant mice exhibited a similar pattern 
of staining (data not shown). Interestingly, the DP cells expressed 
neuregulin-1 (NRG-1; which binds to ErbB2/ErbB3 dimers) and 
HGF (c-Met ligand), suggesting that autocrine stimulation can 
sustain ErbB2 and c-Met signaling in these cells (Figure 5C). These 
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Figure 4
Deletion of the β4 signaling domain inhibits the manifestation of cancer stem cell traits. (A) High-grade PIN lesions from 3- and 4-month-old 
PB-TAg; β4-WT and PB-TAg; β4-1355T mice were stained with anti–Ki-67 and counterstained with hematoxylin (H). Scale bar: 50 μm. (B) The 
mean percentage of Ki-67–positive cells (± SD) at the indicated times (n = 3 per group). (C) Mice were injected with EdU for 3 consecutive days. 
Lin– cells were stained for β4 and EdU and analyzed by FACS. The graph shows the mean (± SEM) percentage of EdU+ cells in the indicated 
subpopulations of cells (n = 4 per group). (D) Tumors cells from 4.5-month-old PB-TAg; β4-WT and 6.5-month-old PB-TAg; β4-1355T mice were 
sorted into 4 subpopulations after gating for Lin– cells. EpCAM– cells were excluded from the DN cells. (E) The mean (± SEM) spheres (n = 6 per 
group). (F) Prostate epithelial cells from β4-WT and β4-1355T mice were infected in vitro with a lentiviral vector encoding a shRNA targeting Pten 
and xenotransplanted together with urogenital sinus mesenchymal cells under the renal capsule of NOD/SCID/Il2rg–/– mice. The graphs show 
the mean (± SD) number of PIN lesions per transplanted kidney and the mean (± SD) number of normal glands per section (right). (G) Sections 
across the subcapsular injection site were stained with anti–P-AKT and counterstained with hematoxylin. Adjacent sections were stained with 
H&E. Arrows point to PIN lesions exhibiting high-level activation of AKT. Representative images are shown. Scale bar: 500 μm.
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results raise the hypothesis that β4 cooperates with ErbB2 and 
c-Met to promote the expansion of putative stem cells and transit-
amplifying cells located in the basal layer of prostate tumors.

To examine whether the β4 integrin amplifies ErbB2 or c-Met 
signaling in primary prostate tumor cells, β4+ tumor cells isolated 
from PB-TAg; β4-WT and PB-TAg; β4-1355T mice were plated on 
laminin-5 and treated with either NRG or HGF. Immunoblot-
ting revealed that the tumor cells isolated from β4 mutant mice 
exhibited reduced activation of ErbB2 and c-Met and defective 
downstream signaling to AKT and ERK in response to stimula-
tion by their cognate ligands (Figure 5D). These results suggest 
that the β4 signaling domain potentiates ErbB2 and Met signal-
ing in prostate tumor cells.

To assess the biological significance of ErbB2 and c-Met signal-
ing in prostate tumor progenitor cells, we treated DP tumor cells 
from PB-TAg; β4-WT mice with the c-Met inhibitor PHA665752, 
the ErbB2/EGFR inhibitor lapatinib, or a combination of both 
inhibitors. The inhibitors were used at 100 nM, a concentration 
just above their apparent IC50 in DU145 prostate carcinoma 
cells (Figure 5E). Interestingly, whereas each of the 2 compounds 
inhibited the ability of DP cells expressing wild-type β4 to form 
prostatospheres in vitro to a similar extent, the combination of 
the 2 inhibitors displayed a higher efficacy (Figure 5F). Notably, 
pharmacological inhibition of ErbB2 and c-Met inhibited the 
self-renewal capacity of DP tumor cells as efficiently as deletion 
of the β4 signaling domain did in the same cells (compare Fig-
ure 4E and Figure 5F). These findings indicate that inhibition of 
joint β4-ErbB2/c-Met signaling reduces the self-renewal capacity 
of prostate tumor progenitor cells.

To evaluate the generality of these findings, we examined 2 addi-
tional mouse models of prostate cancer: the ARR2PB-Myc (Hi-Myc) 
mice, which overexpress c-Myc in their prostate epithelium (50), 
and the PB-Cre4; Ptenfl/fl (PtenPC/PC) mice, which carry a prostate-
specific inactivation of PTEN (51). Semiquantitative RT-PCR indi-
cated that the DP tumor cells isolated from Hi-Myc and PtenPC/PC 

mice express high levels of ErbB2/ErbB3 and c-Met (Supplemental 
Figure 6A). In addition, upon plating on nonadherent plates, the 
DP cells from both types of mice formed prostatospheres (Supple-
mental Figure 6B) as efficiently as those isolated from PB-TAg mice 
(Figure 4E). Finally, PHA665752 and lapatinib inhibited the ability 
of DP cells from Hi-Myc and PtenPC/PC mice to undergo self-renewal 
in vitro, although they did not produce an additive or synergistic 
effect when used in combination (Supplemental Figure 5B). These 
results suggest that joint β4-ErbB2/c-Met signaling promotes the 
expansion of tumor progenitor cells independently of the specific 
underlying oncogenic mutation.

The β4 integrin amplifies ErbB2 and c-Met oncogenic signaling in human 
prostate carcinoma cells. To study the role of β4 in human prostate 
tumorigenesis, we examined the expression of β4, ErbB2, ErbB3, 
EGFR, and c-Met in a panel of human prostate carcinoma cell lines. 
We found that the androgen-dependent, luminal-like LNCaP and 
VCaP cells do not express readily detectable levels of β4. In contrast, 
the androgen-independent DU145, PC3, and PC3M cells expressed 
high levels of β4 (Figure 6A). In agreement with prior results (49, 
52), both androgen-independent and luminal-like cells expressed 
ErbB2 and — with the exception of LNCaP cells — EGFR, whereas 
the androgen-independent cell lines exhibited high levels of c-Met. 
Furthermore, the expression of ErbB3 was restricted to LNCaP and 
DU145 cells (Figure 6A). Interestingly, the normal prostate epithe-
lial cells, PrEC cells, which possess a phenotype similar to basal-like 
transit-amplifying cells (53, 54), were found to express high levels of 
β4 and a repertoire of RTKs similar to those of androgen-indepen-
dent prostate carcinoma cell lines (Figure 6A).

To examine the mechanism by which the β4 integrin promotes 
ErbB2 and c-Met signaling, we silenced β4 expression in DU145 
cells, because these cells express ErbB2/ErbB3 and c-Met, similar to 
the DP tumor progenitor cells isolated from PB-TAg, Hi-Myc, and 
PtenPC/PC mice. In addition, the DU145 cells expressed high levels of 
CD44 and Trop2 (Figure 6B), like the recently characterized human 
prostate stem cells (16), and have additional attributes of cancer 
stem cells (55). Immunoprecipitation experiments indicated that 
β4 combines with ErbB2 and c-Met in DU145 cells. As anticipated, 
knockdown of β4 led to depletion of total β4 (Figure 6C, top) as well 
as a disappearance of ErbB2 and c-Met from β4 immunoprecipitates, 
supporting the specificity of the coimmunoprecipitation observed 
in control cells expressing β4 (Figure 6C, bottom). Notably, silenc-
ing of β4 suppressed NRG-induced phosphorylation of ErbB2 at 
Tyr 877, which is located in the P loop and is involved in kinase 
activation, and at Tyr 1248, which mediates recruitment of Shc (ref. 
56 and Figure 6D). In addition, knockdown of β4 inhibited HGF-
induced phosphorylation of c-Met at Tyr 1349, which is involved in 
activation of Ras- and PI3K-dependent pathways (ref. 57 and Figure 
6D). These results suggest that the β4 integrin promotes ErbB2 and 
c-Met signaling in human prostate cancer cells.

To examine the functional consequences of depletion of β4, we 
first compared the ability of control and β4-silenced DU145 cells 
to proliferate and invade in vitro. BrdU incorporation experiments 
showed that knockdown of β4 suppresses the ability of DU145 
cells to undergo mitogenesis in response to NRG and HGF, but 
it does not affect FBS-induced cell proliferation to a significant 
extent (Figure 6E). In addition, Matrigel invasion assays indicated 
that silencing of β4 inhibits invasion in vitro in response to NRG 
and HGF but not FBS (Figure 6F). These results suggest that β4 
cooperates with ErbB2/3 and Met to promote prostate carcinoma 
cell proliferation and invasion in vitro.

Figure 5
The β4 integrin amplifies ErbB2 and c-Met signaling in tumor progenitor 
cells. (A) Dissociated total tumor cells and the indicated subpopula-
tions from 4.5-month-old PB-TAg; β4-WT mice were subjected to semi-
quantitative RT-PCR to assess expression of the indicated mRNAs. (B) 
Adjacent sections of high-grade PIN lesions from PB-TAg; β4-WT mice 
were stained with H&E and antibodies to β4, followed by counterstain-
ing with DAPI, and anti-Ki-67, followed by counterstaining with hema-
toxylin, anti-ErbB2, or anti-c-Met. Basal tumor cells in high-grade PIN 
lesions (arrows) express elevated levels of β4 and ErbB2 as compared 
with normal basal cells (asterisk). The levels of c-Met are increased 
in both basal and suprabasal tumor cells (arrows). Scale bar: 50 μm. 
(C) DP cells from 3 tumors arising in 4.5-month-old PB-TAg; β4-WT 
mice were subjected to semiquantitative RT-PCR to assess expression 
of the indicated mRNAs. Total tumor cells served as positive controls. 
(D) β4-positive cells were sorted from 4.5-month-old PB-TAg; β4-WT 
and 6.5-month-old PB-TAg; β4-1355T mice after gating for Lin– cells, 
plated on laminin-5–coated plates, and stimulated or not with HGF or 
NRG-1 for 20 minutes. Equal amounts of total protein were subjected to 
immuno blotting. (E) DU145 cells were treated with varying concentra-
tions of lapatinib (EGFR/HER2 inhibitor) or PHA665752 (c-Met inhibi-
tor) and subjected to immunoblotting. (F) DP cells from PB-TAg; β4-WT 
mice were assayed for sphere-forming capability in the presence of 100 
nM PHA665752, 100 nM lapatinib, or both. The graph shows the mean 
(± SEM) number of spheres per 10,000 cells after 12 days of culture.
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Figure 6
Silencing of β4 suppresses ErbB2 and c-Met signaling and inhibits the oncogenic behavior of castration-resistant human prostate cancer cells. 
(A) Total proteins from the indicated cells lines were subjected to immunoblotting. The asterisk indicates the c-Met precursor. (B) FACS analysis 
of CD44 and Trop2 in LNCaP and DU145 cells. (C) DU145 cells were transduced with a control shRNA (Co) or 2 shRNAs targeting β4 (no. 1 
and no. 2). Lysates were subjected to immunoblotting (top) or immunoprecipitated with control or anti-β4 antibodies followed by immunoblotting 
(bottom). Vinc, Vinculin. (D) Control and β4-silenced DU145 cells were treated with NRG or HGF for 30 minutes and subjected to immunoblotting. 
(E) The indicated cells were synchronized by a double block with 1 mM hydroxyurea; deprived of growth factors; treated with serum-free medium 
(–), 10% FBS, 10 ng/ml HGF, or 10 ng/ml NRG for 10 hours; and subjected to BrdU incorporation assay. The graph represents (mean ± SD) the 
percentage of BrdU+ cells. **P < 0.01. (F) The indicated cells were subjected to Matrigel invasion assay. 10% FBS, 10 or 100 ng/ml NRG, and  
10 or 100 ng/ml HGF were used as chemoattractants. The graph shows the mean fold invasion (± SD) over control. *P < 0.05; **P < 0.01. (G) The 
indicated cells were injected subcutaneously in nude mice. The graph shows the average tumor weight (indicated by horizontal lines) 32 days 
after injection. Symbols on the baseline indicate injections that did not generate tumors. The inset shows the mean percentage of Ki-67+ tumor 
cells (± SD) in the indicated xenografts. Numbers in columns represent the number of mice.
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To examine the effect of β4 on tumorigenicity, control and 
β4-silenced DU145 cells were injected subcutaneously in nude 
mice. The β4-silenced cells formed subcutaneous tumors much 
less efficiently as compared with control cells expressing endog-
enous β4. In addition, these tumors grew to a significantly smaller 
size as compared with controls (Figure 6G). Anti–Ki-67 staining of 
tumor sections indicated that this effect was at least in part attrib-
utable to decreased tumor cell proliferation (Figure 6G, insert). 
Thus, knockdown of β4 suppresses DU145 tumor cell growth in 
vivo. Together, these results suggest that the β4 integrin enhances 
human prostate cancer cell proliferation, invasion, and tumorige-
nicity by amplifying RTK signaling.

To further examine the effect of β4 on human prostate carcino-
ma cells, we expressed β4-WT or β4-1355T in LNCaP cells at levels 
similar to those of endogenous β4 in HaCat keratinocytes (Supple-
mental Figure 7A). In agreement with prior results indicating that 
ErbB2/ErbB3 induces phosphorylation of the β4 signaling domain 
(32), immunoprecipitation and immunoblotting showed that NRG 
promotes tyrosine phosphorylation of wild-type but not of mutant 
β4 (Supplemental Figure 7B). NRG induced a higher level of phos-
phorylation of ErbB2 and recruitment and phosphorylation of the 
66-kDa isoform of Shc in LNCaP cells expressing wild-type β4 than 
it did in those expressing β4-1355T or no β4 (Supplemental Fig-
ure 7C). Since p66 Shc mediates proliferative signaling in LNCaP 
cells (58), these observations suggest that the β4 signaling domain 
promotes activation of ErbB2 and downstream mitogenic signal-
ing through p66 Shc. In addition, NRG activated ERK and JNK 
more potently in cells expressing wild-type β4 than it did in those 
expressing β4-1355T or no β4 (Supplemental Figure 7D). β4 signal-
ing did not affect activation of Akt, presumably because LNCaP 
cells lack PTEN and thus display constitutive activation of PI-3K 
(59). These experiments indicate that β4 can also potentiate ErbB2 
signaling in androgen-dependent cells.

Cell proliferation assays indicated that LNCaP cells expressing 
wild-type β4 proliferate in vitro at a rate higher than control cells 
or those expressing β4-1355T, both in the absence and in the pres-
ence of NRG1 (Supplemental Figure 7E). The ability of β4 signaling 
to promote LNCaP mitogenesis also in the absence of exogenous 
growth factors is consistent with the existence of an autocrine loop 
involving ErbB receptors in these cells (60). Finally, upon subcuta-
neous injection in nude mice, LNCaP cells expressing wild-type β4 
formed tumors about 2-fold larger than those generated by LNCaP 
cells expressing similar levels of β4-1355T or no β4 (Supplemental 
Figure 7F). Anti–Ki-67 staining of tumor sections indicated that 
this effect was attributable to increased tumor cell proliferation 
(Supplemental Figure 7G). These results indicate that expression 
of β4 enhances the ability of LNCaP cells to form tumors upon 
xenotransplantation in nude mice. Taken together, the results of 
silencing and positive expression support the hypothesis that the 
β4 integrin sustains the oncogenic behavior of human prostate 
cancer cells by amplifying ErbB2 and c-Met signaling.

The β4 integrin is coexpressed with ErbB2 and c-Met in human prostate 
cancer cells. We reasoned that the elevated expression of β4 in a sub-
set of invasive prostate cancers (Figure 1, Supplemental Figure 1, 
and Supplemental Tables 1–3) might reflect a higher proportion 
of basal-like tumor progenitor cells in these tumors. Interestingly, 
coexpression analysis of the Wallace data set (61) revealed that the 
expression of ITGB4 correlated positively with that of several genes 
known to be expressed in basally localized transit-amplifying cells 
and in cells of intermediate phenotype, such as TP63, KRT5 (encod-

ing keratin 5), LAMB3 (encoding the laminin-5 β3 subunit) (cor-
relation coefficient [CC], 0.83), and MET (CC, 0.39) (P < 1 × 10–6). 
Examination of the Glinsky data set validated these correlations 
(TP63 CC, 0.8; KRT5 CC, 0.79; LAMB3 CC, 0.77; MET CC, 0.56)  
(P < 1 × 10–6) (62). Moreover, the expression of ITGB4 strongly cor-
related with that of KRT15 (encoding keratin 15) in multiple data 
sets (as published by Vanaja [CC, 0.87, ref. 63]; Wallace [CC, 0.83, 
ref. 61]; Glinsky [CC, 0.79, ref. 62]; the Bittner data set [CC, 0.4, 
GEO accession no. GSE2109]). Intriguingly, keratin 15 marks hair 
follicle stem cells, which function as the cells of origin in basal cell 
carcinomas arising in Ptch1+/– mice, and is enriched in human mam-
mary progenitor cells (64, 65). Taken together, these findings sug-
gest that the β4 integrin is expressed in prostate tumors containing 
a high percentage of basal-like progenitor cells and are consistent 
with the hypothesis that β4 promotes a more aggressive phenotype.

To examine whether β4 was coexpressed with ErbB2 and Met 
in individual tumor cells, we examined a TMA data set, including 
35 primary adenocarcinomas, representing varying pathological 
grades and clinical stages (Supplemental Tables 4 and 5). Interest-
ingly, virtually all of the cases that were moderately or strongly 
positive for β4 staining were also moderately or strongly positive 
for ErbB2 (23 out of 35), c-Met (22 out of 35), or both RTKs (22 
out of 35) (Figure 7A). Since CD44 can be used in conjunction 
with other markers to identify human prostate cancer progenitor 
cells (66, 67), we also examined its expression in the microarray 
data set. High-level expression of CD44 correlated with high-level 
expression of β4, ErbB2, and c-Met in a large fraction of samples 
(14 out of 22) (Figure 7A). Examination of the samples indicated 
that β4, ErbB2, and c-Met were expressed at similar levels in most 
tumor cells, whereas the levels of expression of CD44 were more 
variable (Figure 7B, labeled Carcinoma; Supplemental Figure 8). 
As anticipated, the 4 proteins were coexpressed in normal basal 
cells but not in luminal cells in unaffected glands (Figure 7B, 
labeled N), suggesting that they define a human basal compart-
ment that includes both stem cells and transit-amplifying cells.  
χ2 testing indicated that the correlation of the expression of β4 
with that of ErbB2 ot c-Met was statistically significant, whereas 
that of β4 with CD44 was not. Taken together, these results sug-
gest that the β4 integrin is coexpressed with ErbB2 and c-Met in a 
subpopulation of tumor cells that may include putative stem cells 
and transit-amplifying cells and may be expanded in aggressive 
forms of prostate cancer.

Combined pharmacological inhibition of HER2 and c-Met exhibits antitu-
mor activity in vivo. To begin to assess the potential therapeutic rel-
evance of our findings, we evaluated whether combined inhibition 
of ErbB2 with lapatinib (68) and c-Met with crizotinib (69) exerted 
antitumor activity in the DU145 xenograft model. We chose these 
drugs because they are approved for clinical use. To improve tumor 
initiation, the tumor cells were injected in NOD/SCID/Il2rg–/– 
mice. When used as single agents, lapatinib and crizotinib inhib-
ited tumor growth to a similar extent. Intriguingly, the inhibitory 
effect of the 2 inhibitors in combination was significantly larger 
(Figure 8A). We did not note any toxic effect of the combination of 
drugs, and the mice that received it maintained a relatively stable 
weight during the treatment course (Figure 8B). Immunoblotting 
of tumor lysates confirmed correct target inhibition under the vari-
ous treatment regimens (Supplemental Figure 9).

To obtain insight into the antitumor effect of the combination 
of drugs, we conducted immunohistochemical studies on tumor 
sections. Interestingly, lapatinib and crizotinib inhibited tumor 
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cell proliferation to a similar extent, either as single agents or in 
combination (Figure 8C). In contrast, the combination of the 2 
drugs induced tumor cell apoptosis and inhibited tumor angio-
genesis to a significantly larger extent as compared with each drug 
when used as single agent (Figure 8, D and E). Taken together, 
these results suggest that combined inhibition of ErbB2 and c-Met 
may display therapeutic efficacy in the relatively large fraction of 
prostate cancers that express elevated levels of the 2 RTKs.

Discussion
We have used an integrated approach, combining analysis of 
mouse models, genetic manipulation of human cancer cell lines, 
and molecular pathology to dissect the role of the β4 integrin in 
prostate cancer. Our results provide evidence that the β4 inte-
grin promotes prostate tumorigenesis by enhancing the self-
renewal capacity of putative cancer stem cells and the prolifera-

tive ability of their immediate progeny, the transit-amplifying 
cells. Furthermore, mechanistic studies have revealed that β4 
promotes the expansion of both types of prostate tumor pro-
genitor cells by buttressing ErbB2 and c-Met signaling. These 
results suggest that prostate progenitor cells remain dependent 
on niche signals that presumably operate, although in a redun-
dant fashion, in their normal counterpart. In addition, they 
identify a form of non-oncogene dependency that should be 
amenable to pharmacological inhibition.

Many adult stem cells reside in niches spatially organized by a 
basement membrane (19), raising the possibility that laminin-
binding integrins regulate their behavior. In agreement with this 
hypothesis, inactivation of multiple β1 integrins, which also com-
prise various laminin receptors, causes defects in the orientation of 
the basal cell division axis and impairs the regenerative potential 
of skin and mammary epithelium (70–72). Furthermore, genetic 

Figure 7
The β4 integrin is often coexpressed with ErbB2 and c-Met in human prostate cancer. (A) TMA slides comprising adjacent sections from 35 
prostate adenocarcinomas (TMA-35) were stained with the indicated antibodies. The graphs show the staining intensity generated by each anti-
body across all samples. The concordance of staining intensity between the 2 anti-β4 mAbs and the coexpression of β4 with ErbB2 and c-Met 
were validated by the χ2 test. (B) Serial sections of a primary prostate cancer (carcinoma) and adjacent normal glands (N) were subjected to 
immunohistochemistry with the indicated antibodies, followed by counterstaining with hematoxylin. Scale bar: 50 μm.
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membrane, our results support the model that prostate tumors 
contain a basal compartment consisting of putative stem cells able 
to undergo self-renewal as well as transit-amplifying cells undergo-
ing rapid proliferation. In agreement with the hypothesis that inte-
grin β4 signaling plays a unique role in prostate tumorigenesis, 
others have shown that genetic ablation of FAK does not impair 
tumor initiation or progression to adenocarcinoma in PB-TAg 
mice (80), suggesting that the β1 integrin/FAK signaling axis does 
not contribute to prostate tumorigenesis.

Biochemical studies revealed that the β4 integrin supports the 
expansion of prostate tumor progenitors in PB-TAg mice by but-
tressing activation of ErbB2 and c-Met and downstream signaling. 
Interestingly, we found that the putative tumor progenitor cells 
isolated from Hi-Myc and PtenPC/PC mice also expressed high levels 
of ErbB2/ErbB3 and c-Met, suggesting that these 2 tyrosine kinases  
sustain tumor progenitor cells independently of the oncogenic 
mutations that they possess. In agreement with this hypothesis, 
pharmacological inactivation of ErbB2/ErbB3 and c-Met inhibited 
the ability of tumor progenitor cells from all 3 mouse models to 
form prostatospheres in vitro. These results indicate that the β4 
integrin promotes prostate tumorigenesis by buttressing mitogen-
ic signaling in 2 distinct progenitor compartments across 3 mouse 
models of prostate tumorigenesis.

Prior studies have identified critical roles for ErbB2 and c-Met 
signaling in promoting progression of prostate cancer to andro-
gen independence (49, 81–83). Since AR signaling suppresses the 
expression of β4, c-Met, and ErbB2 (84, 85), androgen withdrawal 

experiments have suggested that focal adhesion kinase, which 
is activated by multiple β1 integrins, promotes the expansion of 
tumor progenitor cells in mouse models of mammary and intesti-
nal tumorigenesis (73–75). Finally, although not directly focusing 
on tumor progenitor cells, prior studies have emphasized a role 
for β1 integrins, but not for β4, in prostate cancer (37, 76–79). Our 
observation that β4 signaling is dispensable for prostate develop-
ment but not tumorigenesis is consistent with the hypothesis that 
tumor cells are exquisitely dependent on certain integrin signal-
ing pathways, such as those activated by β4, whereas their normal 
counterpart are not (32, 74).

Motivated by the prior observation that the expression of β4 is 
restricted to the basal compartment of the normal prostate and 
our finding that a subset of seemingly aggressive human prostate 
cancers overexpresses the β4 integrin, we introduced a targeted 
deletion of the β4 signaling domain in PB-TAg mice. We found 
that loss of β4 signaling inhibits tumor growth and delays pro-
gression to metastasis in these mice. Intriguingly, deletion of 
the β4 signaling domain impaired the ability of prostate tumor 
progenitors to form tumor spheres in vitro and to proliferate in 
vivo. Moreover, tissue recombination experiments revealed that 
prostate epithelial-specific deletion of the β4 signaling domain 
suppresses oncogenesis driven by loss of Pten, a common lesion 
in human prostate cancer. These findings suggest that integrin 
β4 signaling sustains both self-renewal and rapid proliferation of 
tumor progenitors in vivo. Moreover, since the expression of β4 is 
restricted to the fraction of tumor cells attached to the basement 

Figure 8
Simultaneous pharmacological inhibition of ErbB2 
and c-Met inhibits prostate cancer growth in vivo. 
(A) 5 × 106 DU1455 cells were injected subcutane-
ously together with Matrigel in 8-week-old NOD/
SCID/Il2rg–/– mice. Once tumors reached approxi-
mately 200 mm3, mice were randomized to receive 
lapatinib alone, crizotinib alone, lapatinib and crizo-
tinib in combination, or vehicle control. The following 
doses were given: 150 mg/kg lapatinib p.o. daily for 
5 days per week for 3 weeks and 50 mg/kg crizo-
tinib p.o. daily for 5 days per week for 3 weeks. The 
graph shows the mean (± SD) tumor size at the indi-
cated times. (B) The mean weight of mice treated as 
indicated at the indicated times. (C) Tumor sections 
were stained with anti–Ki-67. The graph shows the 
mean (± SD) percentage of Ki-67+ tumor cells in the 
indicated treatment groups. (D) Tumor sections were 
stained with anti-cleaved caspase-3 (Casp-3). The 
graph shows the mean (± SD) percentage of apop-
totic tumor cells in the indicated treatment groups. 
(E) Tumor sections were stained with anti–PECAM-1.  
The graph shows the mean (± SD) number of 
microvessels per microscopic field in the indicated 
treatment groups. Numbers in columns represent the 
number of mice.
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Accutase (Innovative Cell Technology) for 2 hours at 37°C. The cell sus-
pension was passed through a 40-μm cell strainer. Dissociated prostate 
cells were suspended in PBS with 10% FBS and stained with the indicated 
antibody for 30 minutes at 4°C. Dead cells were sorted out by staining with 
DAPI. Cell sorting was done using the BD FACSAria II.

FACS analysis and EdU incorporation. Cell surface expression was per-
formed using the Dako CyAN flow cytometer, followed by analysis with 
FlowJo software. For EdU labeling of mouse prostate, 25 μg/g/d EdU was 
injected intraperitoneally for the indicated time. Tissue was harvested as 
described above, and samples were depleted of Lin+ cells using magnetic 
beads coated with antibodies against CD31 (MEC 13.3, BD Pharmingen) 
and CD45 (30-F11, BD Pharmingen) and then stained with the LIVE/
DEAD Fixable Dead Cell Staining Kit (Invitrogen) prior to fixation. EdU 
staining was subsequently performed using the Click-iT Edu Flow Cytom-
etry Assay Kit (Invitrogen).

Sphere-forming assay and immunocytochemistry. The sphere-forming assay 
was performed following the conditions previously described (12). The dif-
ferent cell subpopulations were sorted by FACS, diluted to a concentration 
of 30,000 cells in 1.5 ml of prostatosphere medium (DMEM with high glu-
cose, 2 mM l-glutamine, penicillin-streptomycin-fluconazole, supplement 
B27 [Gibco], 20 ng/ml EGF, 20 ng/ml bFGF, 4 μg/ml heparin, 5 μg/ml  
insulin, 0.5 μg/ml hydrocortisone), and seeded in triplicate in 24-well 
ultra-low-attachment plates (Costar). After 12 days, spheres were counted, 
and live cells were counted following trypan blue staining.

To assay for sphere-forming capability in the presence of RTK inhibi-
tors, DP cells from 4.5-month-old PB-TAg; β4-WT mice were sorted and 
cultured as described above and treated with DMSO alone, 100 nM 
PHA665752 (S1070, Selleck), 100 nM lapatinib (S1028, Selleck), or a com-
bination of both inhibitors.

Tumor allografts. For subrenal prostate regeneration assay, whole pros-
tates were digested successively with a mix of Collagenase/Hyaluronidase 
(07912, StemCell Technologies) in 5% FBS DMEM/F12, then with 0.25% 
Trypsin/EDTA all in a cold room for 1 hour, and finally with prewarmed 
Dispase (07913, StemCell Technologies) with Dnase. The cell suspension 
was strained with a 40-μm filter, and 300,000 of total cells were spin infected  
with 1.25 × 107 PFUs of the respective lentivirus (Sigma-Aldrich). After that 
step, 250,000 rat UGM cells freshly isolated from E18 rat embryos were 
added to the cell suspension, pelleted, resuspended in 10 μl of Collagen I 
(BD 354249), plated in 6-well dishes to allow the collagen recomb graft to 
solidify, and, lastly, incubated overnight in DMEM 10% FBS 100 nM DHT. 
The following morning anesthetized NOD/SCID/Il2rg–/– mice were used to 
implant the recomb plugs underneath the renal capsule. The kidneys were 
harvested at 12 weeks after surgery.

For orthotopic implantation of tumors of PB-TAg mice, 50,000 sorted 
cells from each population of PB-TAg; β4-WT and PB-TAg; β4-1355T mice 
were resuspended in Matrigel diluted 1:1 in PrENC medium (Lonza) and 
injected in the right anterior prostatic lobe of NOD/SCID/Il2rg–/– mice. 
These mice were also implanted with 90-day release testosterone pellets 
(12.5 mg/pellet; Innovative Research of America). 90 days after implanta-
tion, mice were euthanized, and prostate lobes were dissected and fixed 
in 4% paraformaldehyde, mounted in paraffin, sectioned, and subjected 
to immunohistochemistry.

RNA extraction and RT-PCR. RNA was extracted from sorted cells using 
the RNAqueous-Micro Scale RNA Isolation Kit (Ambion). RT-PCR was 
performed using the SuperScript III One Step RT-PCR System (Invitrogen).

Mouse pathology. Pathological examination and histological classification 
of the tumors were performed according to previous guidelines (42, 88). 
To examine histological progression, we estimated the percentage of each 
prostate sample containing hyperplasia, low-grade PIN, high-grade PIN, 
well-differentiated and moderately differentiated carcinoma, and poorly 

may lead to a concordant upregulation of β4 and its partner RTKs, 
favoring the outgrowth of androgen-independent progenitor 
cells, which express β4 and the aforementioned RTKs. In agree-
ment with this hypothesis, we found that primary prostate cancers 
treated with androgen ablation therapy exhibited elevated levels of 
ITGB4 mRNA. Furthermore, we observed that the androgen-inde-
pendent human prostate cancer DU145 and PC3 cells expressed 
high levels of β4, ErbB2, and c-Met, whereas the androgen-depen-
dent LNCaP cells did not. Mechanistic studies indicated that 
silencing of β4 attenuates ErbB2 and c-Met signaling in DU145 
cells and suppresses the ability of these cells to form subcutaneous 
tumors in nude mice. Conversely, ectopic expression of wild-type, 
but not mutant, β4 caused transactivation of ErbB2 and thereby 
tyrosine phosphorylation of the β4 signaling domain in LNCaP 
cells, enhancing subcutaneous growth in nude mice. These results 
indicate that the β4 integrin promotes the oncogenic behavior of 
human prostate cancer cells by amplifying RTK signaling, in agree-
ment with the results of our genetic analysis in mice.

Although a prior pathological study of low Gleason grade 
prostate cancer suggested that the β4 integrin is downregulated 
(37), COPA identified ITGB4 as markedly overexpressed in a sub-
set of tumor samples in 11 out of 16 available DNA microarray 
data sets. Interestingly, high-level expression of ITGB4 was 
associated with high Gleason grade in primary tumors as well 
as with androgen-independent metastases to bone. In addition, 
immuno histo chemistry on paraffin-embedded sections indi-
cated that the neoplastic cells in virtually all PIN lesions and a 
significant fraction of invasive prostate cancers expressed the β4 
integrin, often in combination with c-Met and ErbB2. Since the 
phenotype of human prostate cancer stem cells is incompletely 
defined, we were not able to examine whether these cells coex-
press the β4 integrin, ErbB2, and c-Met. Nevertheless, our stud-
ies strongly suggest that the β4 integrin can sustain ErbB2 and 
c-Met signaling in human prostate cancer.

ErbB2 and c-Met appear to be activated in a fraction of human 
prostate cancers, either because of overexpression or in response 
to a paracrine signaling loop (49, 86, 87). Our results indicate that 
the β4 integrin is required for efficient activation of both RTKs 
and for downstream mitogenic signaling in both cancer stem cells 
and transit-amplifying cells. In addition, we found that the ErbB2 
inhibitor lapatinib and the c-Met inhibitor crizotinib cooperate to 
suppress prostate cancer growth in the DU145 xenograft model. 
These results raise the possibility that these or similar agents may 
display therapeutic efficacy in castration-resistant prostate cancer, 
or even in the androgen-dependent phase of the disease, in combi-
nation with drugs targeting the AR.

Methods
Mouse strains. PB-TAg, Hi-Myc (ARR2-Pb-cMyc), and PtenPC/PC (PB-Cre4; 
Ptenfl/fl) mice were previously described (50, 51). To generate control and 
β4 mutant PB-TAg mice, cohorts of PB-TAg; β4-1355T/WT littermates 
were intercrossed to yield PB-TAg; β4-1355T and PB-TAg; β4-WT mice. 
Mice were genotyped by PCR as previously described (39). All experi-
ments were conducted in compliance with MSKCC IACUC guidelines. 
Wild-type C57BL/6J mice and NOD/SCID/Il2rg–/– mice were purchased 
from The Jackson Laboratory. Timed-pregnant Sprague Dawley rats were 
purchased from Taconic.

Prostate cell preparation and sorting. The anterior lobe of the prostate was 
collected from mice at the indicated age, minced into small fragments, 
washed once in DMEM containing 0.5 mM EDTA, and digested with 
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were fixed with 4% paraformaldehyde for 10 minutes at room temperature 
and stained with 0.5% crystal violet.

To measure cell proliferation in vivo, cryostat sections of prostate tumors 
or xenografts were subjected to immunohistochemical staining with 
anti–Ki-67 antibody. To estimate cell death in vivo, TUNEL assays were 
performed on frozen sections (In Situ Cell Death Detection Kit; Roche). 
Intraductal microvessel density was estimated as previously described (44).

To make tumor xenografts, 5 × 106 LNCaP transfectants and 2 × 106 
DU145 derivatives were resuspended in Matrigel diluted 1:1 in PBS and 
injected subcutaneously in the flanks of 6- to 8-week-old male athymic 
nude mice. The tumors generated by LNCaP transfectants were excised 
17 days after implantation, and those formed by DU145 derivatives were 
excised 32 days after implantation. Tumors were weighed and then sub-
jected to H&E staining and immunohistochemical analysis.

To examine the preclinical efficacy of combined pharmacological inhibi-
tion of HER2 and c-Met, 8-week-old NOD/SCID male mice (Taconic) were 
injected subcutaneously with 5 × 106 DU1455 cells together with Matri-
gel (BD Biosciences). Once tumors reached approximately 200 mm3, mice 
were randomized to receive lapatinib alone, crizotinib alone, lapatinib and 
crizotinib in combination, or vehicle control. Dosing schedule was as fol-
lows: 150 mg/kg lapatinib p.o. daily 5 times for 3 weeks; 50 mg/kg crizo-
tinib p.o. daily 5 times for 3 weeks. Tumor size was measured twice weekly 
by caliper in control and treatment groups, and the average tumor volume 
in each group was expressed in cubic millimeter and calculated using the 
following formula: π/6 × (large diameter) × (small diameter)2. At the end of 
treatment, a subset of tumors was dissected and cut in half, and one part 
was frozen in liquid nitrogen to be used in biochemical studies and one 
part was processed for immunohistochemical analysis.

Biochemical studies. Primary β4-positive cells from PB-TAg; β4-WT or PB-
TAg; β41355T tumors were sorted by FACS, plated onto laminin-coated 
plates, starved for 6 hours, and then treated with 50 ng/ml NRG1 (R&D 
Systems), 50 ng/ml HGF (Biosource), or maintained in starvation. Cells 
were lysed in SDS buffer with protease and phosphatase inhibitors. 
Human prostate cell lines were lysed in 10 mM Tris, pH 7.6, 50 mM NaCl, 
1% NP40, 10% glycerol with protease, and phosphatase inhibitors and sub-
jected to immunoprecipitation and immunoblotting analyses.

Other antibodies and reagents. Goat antibody to β4 (C-20), rabbit antibod-
ies to β4 (H101), EGFR (1005), Met (C-28), ErbB2 (C-18), and mouse mAb 
to Shc (pG-797) were from Santa Cruz Biotechnology. Rabbit antibodies 
to ErbB2, P-ERK1/2, P-AKT (Ser473), P-JNK, and P-Shc (Tyr317) were 
from Cell Signaling Technology. Mouse mAbs to Vinculin (clone hVIN-1)  
and Actin (clone AC-40) were from Sigma-Aldrich. Rat mAbs to P-Tyr 
(RC-20) and mouse mAb to SV40 LT (clone Pab101) were from BD Biosci-
ences. Affinity-purified mouse mAb 3E1 to β4 was described previously 
(91). PE anti–integrin β4 antibody (clone 346-11A, Abcam), PerCP/Cy5.5 
anti–Sca-1 (clone D7, BioLegend), Alexa Fluor 488 anti-CD44 (clone IM7, 
BioLegend), and anti–TROP-2 (AF650, R&D Systems) were also used. Bio-
tinylated secondary antibodies were from Vector Laboratories, and HRP-
conjugated secondary antibodies were from Santa Cruz Biotechnology. 
Laminin-5 matrices were prepared as previously described (92). Human 
fibronectin (BD Biosciences) and recombinant human NRG-1-β1 and 
HGF were from R&D Systems. Pepsin and DAB were from Sigma-Aldrich. 

Statistics. For Kaplan-Meier analysis of survival, statistical significance 
was determined by the log-rank test. Two-tailed Student’s or Welch t test, 
χ2 test, and 2-way ANOVA tests were otherwise used to determine statisti-
cal significance between experimental groups.

Study approval. All animal studies received prior approval by the IACUC 
of MSKCC and were conducted in compliance with its recommendations. 
All human studies were reviewed and approved by the IRB of MSKCC, and 
written informed consent was provided for human samples.

differentiated carcinoma at the indicated time points. These tissues and 
xenografts were embedded in paraffin or snap frozen in OCT compound. 
Paraffin-embedded or frozen sections were subjected to immunoperoxi-
dase staining with mouse mAb to Ki-67 (NCC-Ki-67-MM1, Novocastra), 
rabbit antibody to AR (PG-21, Upstate Biotechnology) performed with the 
ABC or MOM Kit (Vector Laboratories), and immunofluorescent staining 
on fresh frozen sections with rat mAb to β4 (346-11A, BD Biosciences), 
to PECAM-1 (MEC 13.3, BD Biosciences), and to E-cadherin (ECCD-2, 
Zymed) as well as rabbit antibody to keratin 14 (MK 14, Babco), to ErbB2 
(Cell Signaling), to p-Akt (Ser473, Cell Signaling), to Met (C-28, Santa 
Cruz Biotechnology), and to the LE4-6 modules of the mouse laminin γ2 
chain (89), with FITC- and Cy3-conjugated (both from Jackson Immuno-
Research Laboratories) and Alexa Fluor 488– and Alexa Fluor 594–conju-
gated (both from Invitrogen) secondary antibodies.

MRI analysis. Mice were anesthetized with isoflurane. Images were 
obtained on a 1.5-T General Electric Horizon Signa Scanner (General Elec-
tric Medical Systems) using a homemade foil solenoid coil with a 27-mm 
inner diameter. After obtaining low-resolution sagittal and axial images, 
high spatial resolution axial imaging using a fast spin echo sequence (rep-
etition interval = 2,000–3,000 ms, effective echo time = 102 ms, 12 echoes 
per phase encoding step, spatial resolution = 1.5-mm slice thickness,  
156 × 156 mm or 156 × 208 mm in plane resolution, and 6 to 12 repeti-
tions, 6–8 minutes of data acquisition) was performed. Tumor volumes 
were estimated from the sum of the pixels occupied by the enlarged pros-
tate in each of the slices and the interval between slices. Normal mice were 
examined in parallel to obtain the volume of the normal prostate.

Human pathology. We analyzed an existing DNA microarray data set as 
previously described (90). Values for the probes to either β4 or α6 were 
averaged. LNCaP cells grown in the presence of androgen were used as a 
negative control for the expression of β4. Tissue arrays containing 104 
paraffin-embedded sections from primary prostate cancer (MSKCC tis-
sue collection) as well other commercially available arrays containing 35 
and 39 paraffin-embedded sections from primary prostate cancer and 
metastasis (Biomax) were deparaffinized in a descending ethanol series, 
quenched with 3% H2O2, digested with 0.1% pepsin at room temperature 
for 10 minutes, subjected to steam antigen retrieval or with Target Retrival 
Solution (DAKO) for 40 minutes, and then stained with the mouse mAb 
to β4 (ELF1, Novocastra), rat mAb to β4 (439-9B, BD Biosciences), rabbit 
pAb to ErbB2 (DAKO) and to Met (C-28, Santa Cruz Biotechnology), and 
mouse mAb to CD44 (R&D Systems) using the ABC Staining Kit (Vector 
Laboratories) or LSAB Staining Kit (DAKO).

DNA transfection and RNA interference. LNCaP cells were transfected with 
vectors encoding human β4-WT or β4-1355T (25) using Lipofectamine 
2000 (Invitrogen). Stable transfectants were selected with 500 μg/ml G418 
(Gibco). DU145 cells were transduced with a retrovirus (LTRHI-hygro) 
directing the expression of a shRNA to β4 (targeting GAGCUGCACG-
GAGUGUGUC) or a control shRNA (targeting AGCCACACACTTGTG-
GAAC) and selected with 30 μg/ml Hygromycin (Calbiochem) or a len-
tivirus directing the expression of a shRNA against β4 or a nontargeting 
control and selected with puromycin 3 μg/ml (clone TRCN0000057768 
and TRCN0000057771, Open Biosystem).

Cell biology studies and tumor xenografts. To measure cell proliferation in 
vitro, cells were deprived of growth factors and then incubated in medium 
containing 1% FBS and BrdU with or without 50 ng/ml NRG for 14 hours. 
Then, they were subjected to immunofluorescent staining with anti-BrdU 
antibody using the BrdU Labeling and Detection Kit I (Roche). To estimate 
invasive ability in vitro, cells were deprived of serum and growth factors for 
24 hours, after which 1 × 105 cells were seeded, placed in the upper cham-
ber of Cell Culture Inserts (Becton Dickinson; 8-mm pores), and coated 
with 70 μl of 1 mg/ml Matrigel (BD Biosciences). After 24 hours, inserts 
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