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Expression of E-cadherin is used to monitor the epithe-
lial phenotype, and its loss is suggestive of epithelial-
mesenchymal transition (EMT). EMT triggers tumor me-
tastasis. Exit from EMT is marked by increased
E-cadherin expression and is considered necessary for
tumor growth at sites of metastasis; however, the mech-
anisms associated with exit from EMT are poorly under-
stood. Herein are analyzed 185 prostate cancer metas-
tases, with significantly higher E-cadherin expression
in bone than in lymph node and soft tissue metastases.
To determine the molecular mechanisms of regulation
of E-cadherin expression, three stable isogenic cell lines
from DU145 were derived that differ in structure, migra-
tion, and colony formation on soft agar and Matrigel.
When injected into mouse tibia, the epithelial subline
grows most aggressively, whereas the mesenchymal
subline does not grow. In cultured cells, ZEB1 and Src
family kinases decrease E-cadherin expression. In con-
trast, in tibial xenografts, E-cadherin RNA levels in-
crease eight- to 10-fold despite persistent ZEB1 expres-
sion, and in all ZEB1-positive metastases (10 of 120),
ZEB1 and E-cadherin proteins were co-expressed. These

data suggest that transcriptional regulation of E-cad-

400
herin differs in cultured cells versus xenografts, which
more faithfully reflect E-cadherin regulation in cancers
in human beings. Furthermore, the aggressive nature of
xenografts positive for E-cadherin and the frequency of
metastases positive for E-cadherin suggest that high E-
cadherin expression in metastatic prostate cancer is as-
sociated with aggressive tumor growth. (Am J Pathol

2011, 179:400–410; DOI: 10.1016/j.ajpath.2011.03.028)

E-cadherin has been used in many studies to observe
epithelial-mesenchymal transition (EMT) after stimulation
by growth factors.1,2 E-cadherin functions as a calcium-
dependent cell-cell adhesion protein and has a key role
in regulating epithelial morphogenesis and differentia-
tion.3 Loss of E-cadherin facilitates dissociation of cancer
cells from the tumor mass and promotes tumor metasta-
sis.4 Several distinct mechanisms have been demon-
strated to regulate the level of protein expression. For
example, transcriptional repressors bind to E-boxes in
the E-cadherin promoter and can cause reversible loss of
E-cadherin. These repressors include SNAIL (SNAI1),
SLUG (SNAI2), ZEB1 (deltaEF1, TCF8, ZFHX1A, or ZFHEP),
ZEB2 (SIP1, SMADIP1, or ZFHX1B), and the basic helix-
loop-helix transcription factor TWIST, and are believed to
participate in global cellular reprogramming during
EMT.5 The repressors were discovered in model organ-
isms in which activities are temporally coordinated during
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development.6 In prostate cancer cell lines, ZEB1 is pri-
marily responsible for transcriptional repression of E-cad-
herin7,8; however, it has not been analyzed in prostate
cancer in human beings.

Other mechanisms that regulate E-cadherin are post-
translational. The rate of endocytosis and re-expression
after internalization are important factors that affect pro-
tein levels and are responsible for rapid loss of E-cad-
herin expression after growth factor stimulation or onco-
genic transformation.9 Normally, �-catenin and p120cas

anchor E-cadherin to the actin cytoskeleton via �-catenin.
This interaction is destroyed by phosphorylation through
Src family kinases (SFKs), and E-cadherin is rapidly in-
ternalized.10,11 After internalization, the MYCN (alias N-
myc) down-regulated gene NDRG1 facilitates surface re-
expression from endocytic vesicles, and its levels
correlate with those of E-cadherin in prostate cancer tis-
sue samples from patients.12

Morphologic changes of EMT that typically accom-
pany the loss of E-cadherin are notably absent even in
the most aggressive prostate cancers. Recently, partial
EMT in pre-metastatic prostate cancer cells has been
proposed.13–15 based on reduced expression of E-cad-
herin and of the tumor suppressor DAB2IP.16 Reduced
and aberrant expression of E-cadherin is predictive of
tumor recurrence17–26. However, data from prostate can-
cer metastases are limited, and the largest study exam-
ined only 33 metastatic sites. Three studies of prostate
cancer metastases have reported decreased expression
compared with the primary cancer,17,27,28 and three ad-
ditional studies have reported high expression20,29,30

Based on the complex nature of regulation of E-cad-
herin expression and the role of E-cadherin in tumor
metastasis, the present study measured E-cadherin ex-
pression in a large cohort with metastatic prostate cancer
and determined the regulation of E-cadherin expression
in a novel system of isogenic sublines from metastatic
DU145 prostate cancer cells. Together, the data demon-
strate E-cadherin regulation through transcriptional and
posttranscriptional mechanisms and highlight the difficul-
ties in identifying the causes of E-cadherin loss in pros-
tate cancer.

Materials and Methods

Cell Lines, Antibodies, and Inhibitors

DU145, PC-3, C4-2, LAPC4, LNCAP, CWR22Rv1, MDA-
PCA-2b, and 293T [American Type Culture Collection
(ATCC), Manassas, VA] were cultured in ATCC-recom-
mended media. Antibodies to SNAIL, ZEB1, E-cadherin,
�-catenin, �-actin, �-tubulin, SrcY419, and SFK were pur-
chased from Cell Signaling Technology, Inc. (Danvers,
MA). Anti-CK18 was purchased from Abcam Inc. (Cam-
bridge, MA); anti-E-cadherin (HECD1) from EMD Chem-
icals, Inc. (Gibbstown, NJ); and Ki-67 from Dako Corp.
(Carpinteria, CA). The ZEB1 antibody for IHC has been
validated previously.31 Alexa Fluor secondary antibodies
were purchased from Invitrogen Corp. (Carlsbad, CA).

The TUNEL (terminal deoxynucleotidyl transferase-medi-
ated dUTP nick-end labeling) detection kit was pur-
chased from Millipore Corp. (Billerica, MA). Cells were
treated with 10 �mol/L PP2 SFK inhibitor (EMD Chemi-
cals, Inc.) and 50 �mol/L E64 (Sigma-Aldrich Corp., St.
Louis, MO) or 100 nmol/L MG132 (EMD Chemicals, Inc.)
proteosome/lysosome inhibitors overnight without cyto-
toxic effect.

Isolation of DU145 Sublines

DU145 cells from ATCC were sorted using fluorescence-
activated cell sorting (FACS) on the basis of E-cadherin
expression and were cultured in three-dimensional Matrigel
(BD Biosciences, Franklin Lakes, NJ) at 2000 cells per well.
Spheroid structures were extracted and expanded in regu-
lar tissue culture, and cell clusters with distinct morphologic
features were retrieved via trypsinization. Two sublines,
S-DU145 and R-DU145, were obtained from the E-cadherin
surface-negative spheres, and one subline, T-DU145, was
obtained from the E-cadherin–positive spheres. Cell lines
were determined to be stable for more than 50 passages
based on morphologic appearance and standard FACS
analysis. Isolation of sublines was reproducible with two
vials of DU145 cells purchased from ATCC 3 years apart.

FACS and Analysis

To isolate subpopulations positive or negative for E-cad-
herin, five million cells were detached from plates using
EDTA and were maintained under sterile conditions dur-
ing staining and sorting. To block the cell surface, cells
were suspended in 1 mL 5% bovine serum albumin. After
15 minutes at 4°C, 10 �L HECD1 E-cadherin antibody
was added for 1 hour. After washing, cells were resus-
pended at approximately one million cells per milliliter
and sorted using FACS (Aria 2 cell sorter; BD Biosci-
ences) with a 100-�m aperture nozzle. Fractions positive
and negative for E-cadherin were counted and plated for
culture in growth medium with antibiotics. For FACS anal-
ysis, one million cells were labeled in 100 �L, and were
analyzed using the FACS Canto machine (BD Biosci-
ences). Data were analyzed and displayed using the
FACSDiva (BD Biosciences, San Jose, CA) and FloJo
(Tree Star Inc., Ashland, OR) software.

Matrigel Three-Dimensional Culture

Cells were cultured in eight-well chamber slides as de-
scribed,32 with the following modification: 80 �L 100%
growth factor–depleted Matrigel was added per well. The
chamber slide was placed in the incubator for exactly 1
hour before adding 500 to 1000 cells per well suspended
in 400 �L ice-cold 10% Matrigel in phenol red–free RPMI
medium. After 48 hours, cells were overlayed with 200 �L
RPMI 5% fetal bovine serum and fed every other day for
7 to 10 days.

Migration and Colony Formation on Soft Agar

Assays were performed as described,33 and were re-

peated twice.
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Human-Specific Quantitative PCR in Xenograft
Samples

RNA measurements of DU145 cells in mouse tibia were
performed using the SYBR green method. The human-spe-
cific primer sets were as follows: CDH1: forward, 5=-CCC-
CAAAGAAAATACACAATTATCA-3=; reverse, 5=-GTTTCT-
CAAGTGTTTTGGAGAAAAA-3= SNAI1: forward, 5=-GAAA-
GGCCTTCAACTGCAAA-3=; reverse, 5=-TGACATCTGAG-
TGGGTCTGG-3= SNAI2: forward, 5=-GGGGTCTGAAAGC-
TTGGACT-3=; reverse, 5=-ATGGCCTCTCTCCTCTTTCC-3=
ZEB1: forward, 5=-ATGCGGAAGACAGAAAATGG-3=; re-
verse, 5=-GTCACGTTCTTCCGCTTCTC-3= ZEB2: forward,
5=-GGGTTAGTGCTTTTGTTGTCC-3=; reverse, 5=-CCAAA-
CAGCTTCTCTTCTGAGG-3= RPL13A: forward, 5=-ATTG-
GAGGGCCCTATCTTGT-3=; reverse, 5=-CCTGTAACCCCT-
TGGTTGTG-3=

Primer specificity for human sequences was demon-
strated with pure mouse bone or bone marrow RNA, and
CT � 33.5 cycles were obtained (CT � 34 limits of quan-
tification). RNA input for samples from DU145 cells in
bone was adjusted to 22 to 23 CT for human RPL13A and
normalized to RPL13A cycle numbers.

Small-Interfering RNA

ON-TARGETplus SMARTpool small-interfering RNA
(siRNA) oligonucleotides (a mixture of four siRNAs) spe-
cific to ZEB1, SNAIL, SLUG, ZEB2, and glyceraldehyde-
3-phosphate dehydrogenase and scrambled pooled
siRNA control oligonucleotides were purchased from
Thermo Scientific Dharmacon RNAi Technologies (Rock-
ford, IL). Oligonucleotides were transfected using Dhar-
maFECT siRNA transfection reagent (Thermo Scientific
Dharmacon RNAi Technologies). In 35-mm dishes, 0.6 to
1 � 105 cells were cultured for 24 hours to 80% conflu-
ence, and were harvested at 48 hours after transfection
for RNA isolation and at 72 hours for imaging and protein
isolation. siRNA experiments were performed three times,
with similar results. Cells lysates were analyzed using
Western blot analysis with antibodies to ZEB1 (1:250),
SNAIL (1:500), E-cadherin (1:500), �-catenin (1:500), and
�-tubulin (1:1000). For subcellular fractionation, cells
were treated with hypotonic lysis buffer. Nuclei were iso-
lated at 800 � g and, membranes at 1 � 105 � g

Immunohistochemistry

TMA of Patients with Cancer

Tissues were obtained from the Prostate Cancer Donor
Program at the University of Washington (Seattle, WA).34

A human tissue microarray (TMA) (UWTMA21) was con-
structed using samples from 44 patients and 185 meta-
static sites. Details of metastatic sites are given in Sup-
plemental Table S1 (available at http://ajp.amjpathol.org).
IHC was performed using a standard procedure. In brief,
tissues were stained with either E-cadherin (24E10) at a
1:50 dilution, ZEB1164231 at 1:500, ZEB1 (D80D3) at
1:100, or Ki-67 (clone MIB1) at 1:50 after retrieval with

Dako Target Retrieval solution (Dako Corp.) for 30 min-
utes in a vegetable steamer (Black and Decker Corp.,
Towson, MD). Tibial xenografts were stained using the
ZEB1 (D80D3) antibody. For all other ZEB1 stains, the
1642 antibody was used. Slides were developed using
an ABC Kit (Vector Laboratories, Inc., Burlingame, CA)
and 3,3=-diaminobenzidine tetrahydrochloride as sub-
strate. TMA cores were scored by two observers (B.S.K.,
C.A.) on a scale of 0 to 2 in nuclear, cytoplasmic, and
membrane compartments. E-cadherin expression was
scored in the cytoplasm and membrane, and ZEB1 ex-
pression was scored in the nucleus. The staining intensity
was multiplied by the percentage of positive cells.

TMA of LuCaP Xenografts

LuCaP prostate cancer xenografts35 were derived as
follows: LuCaP 23.1, 35, 58, 78, 81, 92, 115, and 145.2
xenografts were derived from lymph node metastases;
LuCaP 23.12, 70, 145.1, and 147 xenografts from liver
metastases; LuCaP 49 from omental fat; LuCaP 73 from
primary prostate cancer; LuCaP 77 and 105 from bone
metastases; LuCaP 86.2 from bladder metastasis; LuCaP
93, 96 and 141 from transurethral resection of the pros-
tate; and LuCaP 136 from ascites. The staining intensities
of E-cadherin and ZEB1 were scored by two observers
(A.V. and B.S.K) on a scale of 0 to 3. All cells in the
xenografts stained uniformly. The mean score of dupli-
cate cores was calculated.

Tibial Prostate Cancer Model

Animal studies were performed in compliance with the Uni-
versity of Washington Institutional Animal Care and Use
Committee and the National Institutes of Health guide-
lines.36 Mice were sacrificed at 7 to 10 weeks after injection.
In two animals per group, tibiae were fixed in 10% formalin,
demineralized in 5 mmol/L EDTA, and embedded in paraf-
fin. In three animals, tumor cells were flushed from the tibiae
and cultured. Cancer cells that remained in the bone after
flushing were snap-frozen for RNA isolation.

Statistical Analysis

Statistical analysis of human metastasis TMA data were
performed using R software (version 2.11.1). Because
the consistency of scores between duplicate cores was
73%, averaged intensities were used for analysis. Corre-
lations between overall, membrane, and cytoplasm inten-
sity were tested using Pearson’s �2 test in pairs because
intensity associations within a patient were higher than
between patients. One-way analysis of variance was
used to examine differences between bone, liver, and
lymph nodes. Equal variance assumption was evaluated
using the F test. P � 0.05 was considered statistically
significant. Statistical analysis of laboratory data was per-
formed using functions provided by Excel (Microsoft
Corp., Redmond, WA), including Student’s t-test and the

Pearson correlation coefficient.

http://ajp.amjpathol.org
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Results

E-Cadherin Expression in Prostate Cancer
Metastases

To determine the frequency of E-cadherin expression in
metastatic prostate cancer, a large cohort of prostate
cancer metastases was analyzed. The HECD1 antibody,
which binds to an extracellular epitope of E-cadherin,
was used to measure E-cadherin expression in a cohort
of 185 prostate cancer metastases from 44 patients (Ta-
ble S1). Data were obtained from 165 metastatic sites, of
which 109 were bone and 56 were soft tissue. In meta-
static tissues, E-cadherin expression ranged from virtu-
ally no staining to intense staining (Figure 1A; see also
Supplemental Figure S1 at http://ajp.amjpathol.org).
There was a strong correlation between membrane and
cytoplasmic E-cadherin immunoreactivity (P � 0.01). In
addition to variable expression across patients, there was
considerable variability across metastatic sites from the
same patient, as demonstrated by the standard devia-
tions in Figure 1A. Overall, E-cadherin protein expression
was significantly higher in bone versus soft tissue metas-
tases (P � 0.01) (Figure 1B). The soft tissue metastases
were observed in 30 lymph nodes, 18 livers, and 8 other
sites. Within patients, 68% of lymph node and 65% of liver
and other soft tissue metastases expressed lower levels
of E-cadherin when compared with the corresponding
bone metastases (Figure 1C).

Inasmuch as transcriptional and posttranslational mech-
anisms of E-cadherin regulation have been identified,37 it
was questioned whether E-cadherin protein expression was
subject to posttranscriptional regulation in a panel of 21
LuCaP prostate cancer xenografts from various metastatic
sites (see Materials and Methods).36 The relative mRNA ex-
pression of E-cadherin was extracted from an array data
set,38 and the protein was measured using IHC (Figure 1D).
The correlation between E-cadherin RNA and protein ex-
pression was � � 0.4. As observed in the LuCaP78 xeno-
graft, even low expression of E-cadherin mRNA is sufficient
to yield high protein expression. Thus, low E-cadherin pro-
tein expression in LuCaP 93, 81, 145.2, 58, and 147 is likely
due to posttranscriptional regulation.

Characterization of Isogenic DU145 Sublines

It was postulated that prostate cancer cell lines derived
from metastatic cancers might reflect the heterogeneity of
E-cadherin expression in metastatic tissues. To test this
hypothesis, expression of E-cadherin was analyzed using
FACS in VCaP, LaPC4, LNCaP, MDA-PCA-2b, CWR22Rv1,
DU145, and PC3 cell lines (data not shown). Except for PC3
and DU145 cells, the cell lines consisted predominantly of
cells positive for E-cadherin. While PC3 cells (newly pur-
chased from ATCC) contained two distinct E-cadherin–pos-
itive and E-cadherin–negative populations, E-cadherin ex-
pression in DU145 cells ranged across a continuous
spectrum of cell surface expression (see Supplemental Fig-
ure S2A at http://ajp.amjpathol.org). Next, RNA expression
of E-cadherin and of the E-cadherin repressors SNAIL,

SLUG, ZEB1, and ZEB2 were determined. All cell lines
Figure 1. E-cadherin expression in metastatic prostate cancers. A: E-cadherin
protein in 40 patients. Bars represent average expression from all metastatic sites in
a patient, and SD demonstrates the variability of expression. B: E-cadherin expres-
sion in bone versus soft tissue metastases. Circles represent mean intensity scores
from duplicate cores. Bone metastases are from 40 patients, and soft tissue metas-
tases from 23 patients. The difference between bone and soft tissue metastases is
statistically significant (*P � 0.01). C: Contrast of E-cadherin expression between
metastatic sites in the same patient. Solid circles represent bone metastases, and
open circles represent lymph node metastases (top panel) or soft tissue metasta-
ses (bottom panel). Lines connect metastases in the same patient. D: E-cadherin
RNA and protein expression in prostate cancer xenografts. RNA data are from
expression data are from a xenograft TMA.

http://ajp.amjpathol.org
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expressed E-cadherin RNA and cell surface protein; how-
ever, only DU145 and PC3 expressed high levels SNAIL,
SLUG, and ZEB1 (see Supplemental Figure S2B at http://
ajp.amjpathol.org).

Generation of Isogenic Sublines from the
DU145 Prostate Cancer Cell Line

Because DU145 cells express a range of E-cadherin,
this cell line was selected for further analysis. However,
E-cadherin–positive and E-cadherin–negative cells
could not be stably propagated in two-dimensional
culture; therefore, an attempt was made to stabilize
cells using three-dimensional culture in Matrigel.
DU145 cells were separated into two populations: an
E-cadherin–positive population and a population that
did not express E-cadherin on the cell surface (Figure
2A). Some surface-negative cells express E-cadherin
in the cytoplasm. Cells were cultured in Matrigel, and
spheroid structures were picked at 10 days after plat-
ing. Further expansion of the cells occurred in two-
dimensional culture. After this procedure, the cells
were stable insofar as structure and E-cadherin ex-
pression for more than 50 passages. Three distinct
morphologic features were identified. The E-cadherin
surface-negative population gave rise to the fibroblas-
tic and elongated (spindle) subline S-DU145 and to the
small, epithelioid, and refractile (round) subline
R-DU145. The E-cadherin-positive population gave
rise to the tight subline T-DU145, which consisted of
large cells in cohesive colonies with smooth borders
(Figure 2A). Growth rates of S-DU145, R-DU145, and

T-DU145 sublines in culture were similar (data not
shown), as was expression of cytokeratin 18 and vi-
mentin (Figure 2C).

Parallel to the expression of surface E-cadherin pro-
tein, E-cadherin RNA expression was higher in T-DU145
cells than in S-DU145 or R-DU145 cells (Figure 2B). To
confirm that RNA expression is regulated transcriptionally
and not by RNA stability, a luciferase reporter was used,
driven by the proximal 1 Kb of the E-cadherin promoter
(see Supplemental Figure S2C at http://ajp.amjpathol.
org). Luciferase activity paralleled cellular E-cadherin ex-
pression (Figure 2B). Next was determined which repres-
sor is involved in E-cadherin silencing in DU145 cells.
ZEB1 but not ZEB2 or SNAIL RNA expression was in-
versely related to E-cadherin expression in DU145 and
PC3 cells (see Supplemental Figure S2D at http://ajp.
amjpathol.org), corroborating findings of a previous
study of PC3 cells.7 Western blot analysis demon-
strated a small amount of E-cadherin in R-DU145 cells
(Figure 2C), and ZEB1 and SNAIL protein levels in
nuclei isolated from the sublines paralleled their RNA
expression levels. The E-cadherin protein in R-DU145
cells is cytoplasmic, as visualized using immunofluo-
rescence (data not shown).

Although E-cadherin RNA was low in S-DU145, it
was clearly present, pointing to additional translational
or posttranslational inhibition of expression. The re-
sponsible known mechanisms are phosphorylation by
SFKs and proteosomal degradation.39 In all three sub-
lines, phospho-SFKs were detectable, and S-DU145
cells expressed the most SFK (Figure 2D). Treatment
with PP2 but not E64 or MG132 increased expression
of E-cadherin protein in all sublines, confirming the role
of SFKs as regulators of E-cadherin expression (Figure

Figure 2. Isolation of isogenic sublines from DU145
prostate cancer cells based on expression levels of
E-cadherin (E-cad). A: Generation of spindle (S-
DU145), round (R-DU145), and tight (T-DU145) sub-
lines. Parent DU145 cells were sorted using FACS
based on E-cadherin expression. Cells with the lowest
10% and highest 10% E-cadherin expression were
placed in three-dimensional Matrigel, and resulting
spheres were picked individually and propagated in
two dimensions. Scale bars � 50 �m. B: RNA expres-
sion of E-cadherin and E-cadherin repressors SNAIL1,
SLUG, ZEB1, and ZEB2. Quantitative PCR cycle num-
bers were normalized to RPL13A. C: Protein expres-
sion of E-cadherin and E-cadherin repressors. Fifty
micrograms of whole-cell lysates was analyzed for
E-cadherin, vimentin, and cytokeratin 18 (CK18), and
25 �g nuclear protein was analyzed for ZEB1 and
SNAIL. D: Expression of SFKs in DU145 sublines. Fifty
micrograms of membrane (mem) fraction or whole-
cell lysates (WCL) from S-DU145 (S), R-DU145 (R),
and T-DU145 (T) was analyzed for expression of
pSFK. The blot was reprobed to determine SFK and
�-tubulin expression. WCL from VCAP (V) cells were
used as a positive control. E: Regulation of E-cadherin
expression by SFK. R-DU145, S-DU145, and T-DU145
were treated with the SFK inhibitor PP2 or with the
proteosome inhibitors E64 or MG132. WCL were an-
alyzed for E-cadherin protein expression.
2E).
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Functional Characterization of DU145 Sublines

The sublines were characterized in several functional as-
says. As expected, S-DU145 cells were most migratory
(Figure 3A). R-DU145 migrated substantially more in re-
sponse to hepatocyte growth factor/Matrigel than to fetal
bovine serum or serum-free conditioned medium from bone
marrow stroma cells. T-DU145 cells were the least migra-
tory. In the soft agar colony formation assay, R-DU145
formed the largest number of colonies and the highest per-
centage of large colonies (Figure 3B). In contrast, in the
Matrigel spheroid-forming assay, T-DU145 formed the larg-
est spheroids, with a smooth edge but without a lumen
(Figure 3C), which suggests that E-cadherin expression
facilitates organized spheroid growth. In both three-dimen-
sional systems, spheroid formation by S-DU145 cells was
the slowest, and the spheres were poorly organized. In
summary, the three sublines differ significantly in multiple
functional assays. While mesenchymal S-DU145 cells are
associated with rapid cell migration, the enhanced ability of
R-DU145 cells to form colonies on soft agar suggests that
these cells are the most transformed.

Regulation of E-Cadherin Expression in Cultured
Prostate Cancer Cell Lines

Because E-cadherin and ZEB1 expression levels are in-
versely related, it was determined whether ZEB1 is re-
sponsible for suppressing E-cadherin in knockdown ex-
periments. In a comparison of cells transfected with
siZEB1, siSNAIL, siSLUG, and siZEB2, R-DU145 demon-

Figure 3. Functional characterization of DU145 sublines. A: Migration of cell
and the lower chamber contained either 1% fetal bovine serum (FBS), 1000 U
marrow stroma cells (BMSC-CM). For HGF migration, filters were coated wi
and counted. Six fields were counted per filter and averaged, and the back
formation assay. Left panel, Cells, 1 � 106, were encased in top agar and gr
colonies were counted, with the large and small colonies differentiated at 0.5
chamber slide, were grown for 10 days in Matrigel. Right panel, Wells we
strated a larger increase in E-cadherin RNA expression
than did S-DU145 after siZEB1 but not the other siRNAs
(see Supplemental Figure S3, A and B, at http://ajp.
amjpathol.org). R-DU145 was used for confirmatory protein
measurements, and S-DU145 for morphologic analysis be-
cause reversion to an epithelial structure is best observed in
these cells. Using Western blot analysis, both E-cadherin
and �-catenin protein expression increased on reduction of
ZEB1 but not of SNAIL (Figure 4A). In addition, on reduction
of ZEB1, the mesenchymal S-DU145 cells assumed an
epithelial structure (Figure 4B).

Cell Line Xenograft Model with R-DU145

To evaluate the behavior of DU145 sublines in bone, cells
were injected into mouse tibia. Whereas S-DU145 cells
could not grow, R-DU145 and T-DU145 reproducibly
formed tumors with osteolytic activity (Figure 5A).
T-DU145 cells generated the largest osteolytic lesions,
significantly greater than R-DU145 cells (P � 0.05) (Fig-
ure 5B). The rates of proliferation of cells in T-DU145 and
R-DU145 xenografts were similar; however, rates of
apoptosis differed significantly (P � 0.05) (Figure 5, C
and D). When the sublines were grown as subcutaneous
tumors to obtain more accurate growth measurements,
R-DU145 xenografts varied in onset and growth rates,
which suggests that R-DU145 cells are more heteroge-
neous (see Supplemental Figure S4 at http://ajp.amjpathol.
org).

Tibial tumors showed a marked increase in E-cadherin
RNA compared with preinjection R-DU145 cells, whereas
ZEB1 and SNAIL RNA expression remained the same

h Transwell filters. To the upper chamber, 1 � 105 cells in RPMI were added,
atocyte growth factor (HGF), or serum-free conditioned medium from bone
el, and cells were allowed to migrate for 6 hours, then were fixed, stained,
spontaneous migration (no attractant) was subtracted. B: Soft agar colony
2 weeks. Right panel, Plates were photographed at 4� magnification, and
iameter. C: Matrigel assay. Left panel, Cells, 1 � 103 per well of a four-well
graphed at 10� magnification for counting.
s throug
/mL hep
th Matrig
ground
own for
(Figure 6A). For protein measurements comparing prein-
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jection R-DU145 cells with those in tibial tumors,
R-DU145 cells were retrieved from the tibial shafts and
expanded in culture. Greater than 50% of the cells main-
tained E-cadherin expression in culture (data not shown).
Using Western blot analysis, total E-cadherin and
�-catenin levels were elevated in tibial R-DU145 cells
compared with preinjection cells (Figure 6B). In contrast,
expression of ZEB1 or SNAIL proteins varied among the
cells retrieved from xenografts; however, there was no
consistent decrease to explain increased E-cadherin lev-
els. Further, ZEB1 protein expression at IHC revealed
similar nuclear staining intensities in E-cadherin–positive
and E-cadherin–negative areas of the xenograft (Figure
6C). To determine the relationship between ZEB1 and
E-cadherin protein expression in metastatic prostate can-
cers in patients, expression of ZEB1 was analyzed in the
tissue TMA, which had been previously stained for E-
cadherin expression. ZEB1 expression in stromal or en-
dothelial cells was observed at 120 metastatic sites; how-
ever, only 10 metastases from nine individuals revealed
nuclear ZEB1 expression in cancer cells (Figure 6E; see
also Supplemental Figure S1 at http://ajp.amjpathol.org).
Except for one individual with two ZEB1-positive metas-
tases, all other individuals expressed only ZEB1 protein
in one of several metastatic sites. Expression of ZEB1
was not specific to bone, lymph node, or soft tissue
metastasis. Except for one ZEB1-positive case, which
could not be evaluated because of loss of E-cadherin

Figure 4. Transcriptional regulation of E-cadherin in DU145 sublines. A:
Knockdown of E-cadherin repressors. SNAIL, SLUG, ZEB1, or ZEB2 expres-
sion was reduced in R-DU145 cells using a SMARTpool of 4 siRNAs for each
gene. Twenty-five micrograms of protein was probed for expression of
E-cadherin (E-cad), ZEB1, SNAIL, or �-catenin. T-DU145 served as a positive
control in lanes 1, 4, and 5. B: Morphologic analysis after transfection with
siRNAs. S-DU145 cells were transfected and photographed after 72 hours.
The transfection efficiency, evaluated with GFP, was �80% (data not shown).
Scale bars � 100 �m.
tissue cores, cancer cells that expressed ZEB1 also ex-
pressed E-cadherin. Thus, both R-DU145 tumors in mice
tumors and metastatic prostate cancers in patients co-
express ZEB1 and E-cadherin.

To determine whether a difference in SFK activity might
account for the increased E-cadherin expression in tibial
xenografts, SFK activity was tested in R-DU145 cells re-

Figure 5. Growth of DU145 sublines in mouse tibia. A: Radiographs of tibial
tumors from S-DU145, R-DU145, and T-DU145 cells. Tumor growth was
followed up at radiography. Numbers indicate animals with tumors per total
animals injected. Ovals demonstrate areas of osteolysis. B: Quantification of
bone destruction in T-DU145 and R-DU145 xenografts. Bone destruction was
measured by the loss of pixels in radiographs of four mice. C: Cell prolifer-
ation. Proliferation rates were measured using Ki-67 IHC. The percentage of
Ki-67–positive tumor cells from three separate xenografts is shown. The
difference in proliferation index is insignificant (*P � 0.74). D: Apoptosis.
Apoptotic cells were visualized via TUNEL staining. The mean percentage
per 40� high-powered field from three separate T-DU145 or R-DU145 xe-

nografts is shown. The difference in the apoptotic index between T-DU145
and R-DU145 is significant (*P � 0.03).
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trieved from tibiae. SFK phosphorylation was lower in
tibial cells than in preinjection R-DU145 cells (Figure 6D),
which suggests that loss of SFK activity could have a role
in increased E-cadherin expression.

Tibial xenografts were composed of both E-cadherin–
positive and E-cadherin–negative regions. To exclude
the possibility that E-cadherin expression in R-DU145
xenografts was caused by expansion of a small pre-
existing population of E-cadherin–positive cells, Ki-67 ex-
pression was measured in adjacent E-cadherin–positive
and E-cadherin–negative areas (Figure 6C), and the
same proliferation rates were observed. Thus, E-cad-
herin–positive cells do not demonstrate a growth advan-
tage, and it was hypothesized that E-cadherin–positive
cells in R-DU145 intratibial tumors are generated by con-
version from E-cadherin–negative cells.

Discussion

Metastatic prostate cancers are extremely heteroge-
neous insofar as expression of the androgen receptor
and cell proliferation.34 Therefore, the observed hetero-
geneity of E-cadherin expression is not unexpected.
However, the significant difference between bone and
soft tissue metastases was not anticipated and might

Figure 6. Co-expression of E-cadherin and ZEB1 in xenografts and patient
mR-T4 and m-RT5. RNA for E-cadherin, ZEB1, and SNAIL was measured usi
cells cultured from three tibial xenografts. R-DU145 cells from three tibiae
E-cadherin, �-catenin, ZEB1, and SNAIL using Western blot analysis. C: E-ca
sections of tibial xenografts were stained with E-cadherin (E-cad), ZEB1, an
quantified by counting E-cadherin–positive and E-cadherin–negative areas.
were analyzed for pSFK. The Western blot membrane was reprobed for total
for SKF. E: E-cadherin and ZEB1 are co-expressed in patient tumor metasta
were scored for ZEB1 expression in the nucleus of cancer cells. Cores positi
is indicated in the column adjacent to ZEB1. ZEB1-negative metastatic sites
explain the reason for differences in published studies,
which include different ratios of bone and lymph node
metastases. Another possibility for discrepant results is
the method of decalcification of bone biopsy specimens.
Strong E-cadherin expression was observed after decal-
cification with EDTA, whereas low E-cadherin expression
was observed in bones decalcified with 7% nitric acid.28

It is likely that lower E-cadherin protein expression in
lymph node and liver metastases, the two major sites of
soft tissue metastases, is stimulated by factors in the
microenvironment of tumor cells. However, the higher
E-cadherin levels in bone are unexpected because bone
contains high concentrations of transforming growth fac-
tor-�, hepatocyte growth factor, and Wnt ligands, which
normally decrease E-cadherin expression.

Because of the complicated regulation of E-cadherin
expression, an attempt was made to study cell popula-
tions that consist of cells with homogeneous expression
levels of E-cadherin. This led to isolation of isogenic sub-
lines from DU145 cells based on E-cadherin expression
and provided three novel cell culture models with infor-
mative properties for investigation of the regulation of
E-cadherin expression. In a previous study of DU145
sublines resembling S-DU145 and T-DU145 cells, the
mechanism of E-cadherin regulation was not investi-
gated.40 In that study, DU145 cells were fractionated on

ses. A: RNA expression in preinjection R-DU145 and two tibial xenografts,
n-specific primers. B: Expression of protein in preinjection R-DU145 and in

, mR-B, and mR-C) were briefly cultured ex vivo. Cells were analyzed for
nd ZEB1 are co-expressed in R-DU145 xenografts. Top left panels, Parallel
. Bottom left panels, The percentage of ZEB1- or Ki-67-positive cells was
activity in R-DU145 cells. Cultured R-DU145 cells before and after injection
ion of SFK, vimentin, and �-actin. VCAP cells were used as a positive control
TMA used in Figure 1 was stained with the ZEB1 antibody (S1), and cores
EB1 expression are shown in blue. E-cadherin expression in the same core
wn in yellow.
metasta
ng huma

(mR-A
dherin a
d Ki-67
D: SFK
express
ses. The
the basis of speed of migration, and the resulting E-
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cadherin–positive and E-cadherin–negative sublines dif-
fered in morphologic features, ultrastructure, and inva-
sive capabilities. Our approach simply separated cells
from the parent DU145 cell line on the basis of E-cadherin
surface expression rather than functional features of cell
migration or metastasis.41,42 Because E-cadherin sur-
face-positive and surface-negative cell populations nat-
urally coexist in the DU145 cell line, it is uncertain
whether they were generated via EMT or exit from EMT.
However, the data demonstrating that R-DU145 cells are
capable of re-expressing E-cadherin in xenografts, as
well as two studies that demonstrated increased E-cad-
herin expression in co-culture with hepatocytes,43,44 sup-
port the possibility that in the right environment, DU145
cells can undergo exit from EMT.

Normally, cells that express E-cadherin are considered
indolent, and EMT is associated with aggressive tumor
behavior. Consistent with this theory, cells after EMT are
more invasive and metastatic, and in several cancer
types, high-grade tumors can assume a mesenchymal
structure. Therefore, the aggressive growth behavior of
E-cadherin–positive T-DU145 cells in mice was unex-
pected and suggests that E-cadherin–expressing cells
might be more aggressive in metastatic tumors than in
primary tumors. The link between E-cadherin expres-
sion and aggressive metastatic tumor growth was also
made with TSU-Pr1 bladder carcinoma cells.45 Similar
to observations in the present study, compared with
mesenchymal sublines of TSU-Pr1, epithelioid TSU-Pr1
cells, stabilized by expression of FGFR2IIIc, demon-
strated increased colonization of bone and soft tissues
after cardiac or tibial injection.

The DU145 model provides additional mechanistic in-
sights to previous studies in which epithelial plasticity
was observed in prostate cancer. Both transcriptional
and posttranslational regulatory mechanisms were iden-
tified involving ZEB1 and SFKs that are capable of regu-
lating E-cadherin expression and also exert a broad af-
fect on cellular structure, phenotype, and behavior. The
multifaceted effects of ZEB1 and SFK in cancer cells
suggest that E-cadherin expression might serve as a
surrogate marker in tissues for several functional end
points related to ZEB1 transcription and SFK phosphor-
ylation.46,47 The most surprising observation in the
DU145 model was the difference in the consequence of
ZEB1 expression in cultured R-DU145 cells compared
with R-DU145 cells in xenografts. Whereas ZEB1 is
clearly capable of E-cadherin repression in cell culture,
not only in R-DU145 cells but also in PC-3 and ARCaP
cells,8,7 E-cadherin suppression by ZEB1 was lost in xe-
nograft cells. It is unclear why ZEB1 cannot repress E-
cadherin transcription in these cells. It is possible that
posttranslational phosphorylation of ZEB1, which is re-
quired for ZEB1 activity, is not properly executed.48 Al-
ternatively, the silencing effects of ZEB1 may be over-
whelmed by transcription factors that positively regulate
E-cadherin transcription.

E-cadherin is critical for aggregation of embryonic
stem cells49 and is induced in the generation of pluripo-
tent stem cells from fibroblasts by OCT4, SOX2, KLF4,

and c-MYC.50 Therefore, expression of stem cell genes in
the sublines was evaluated. Among the three sublines,
R-DU145 cells demonstrate the highest expression of
genes associated with stem cells including HMGA2,
ZFP42, KLF2, NESTIN, and SLAIN.51–54 R-DU145 cells
also expressed s-SHIP mRNA, which is expressed in
activated stem cells in developing mouse mammary tis-
sue55 (data not shown). Because R-DU145 cells in
mouse xenografts express high ZEB1 and E-cadherin
levels, and ZEB1 stimulates expression of microRNA
found in stem cells, ZEB1 could maintain a stem cell
phenotype in metastatic E-cadherin–positive prostate
cancer cells.56 Therefore, R-DU145 cells might be a use-
ful model to clarify the role of stem cell features during
metastatic progression.57

The stem cell phenotype in EMT has been suggested
as the responsible mechanism for drug resistance, and
exit from EMT may change the response of cancer cells
to drug therapy. The observation that R-DU145 cells from
xenografts express reduced levels of active SFKs could
have important therapeutic implications. Reduced SFK
activity in metastasis in patients could cause resistance
to Src inhibitors. An Src signature was recently observed
in primary breast cancers to be associated with metas-
tasis to bone, and in breast cancer cell lines, Src facili-
tated cell survival.58 Thus, as a conclusion from that
study, it may be possible to kill dormant cells by inhibiting
Src. However, our results caution coming to this conclu-
sion because inhibition of Src might promote E-cadherin
expression, which is associated with escape from dor-
mancy and tumor growth. Thus, Src may have a different
role in early and late metastatic prostate cancer cells,
and as a consequence, Src inhibition may have different
effects in early metastatic cancer cells from primary tu-
mors compared with cancer cells from secondary or
more advanced metastasis.

Morphologic features of EMT are not observed in E-
cadherin–negative cells in primary or metastatic prostate
cancers in patients and have led to the concept of “partial
EMT.”59 Consequently, the recovery from EMT, that is,
exit from EMT,57 during metastatic progression, which
has been postulated on the basis of high levels of E-
cadherin expression in metastatic disease, requires fur-
ther confirmation in prostate cancer. Other cancer types
have been studied more extensively insofar as mecha-
nisms of EMT. For example, disseminated breast cancer
cells exhibit mesenchymal characteristics such as ex-
pression of TWIST and N-cadherin.60 Thus, more data
from patients with prostate cancer are needed to enable
understanding of the genetic reprogramming during
prostate cancer metastasis.

In summary, results from three stable isogenic cell
lines derived from the DU145 metastatic prostate cancer
cell line support the concepts that E-cadherin expression
in metastatic prostate cancer is associated with aggres-
sive disease; the environment of the bone marrow and
bone in patients promotes E-cadherin expression; and
ZEB1 and E-cadherin expression can be uncoupled in
metastatic prostate cancer. Further studies of E-cadherin
in metastatic prostate cancers in patients are needed to

determine how E-cadherin expression is regulated and to
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determine the connection between E-cadherin expres-
sion, stem cell features, and treatment response.
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