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Abstract: Background: Emerging evidence has suggested that Notch signaling pathway may be involved in the devel-
opment, progression and metastasis of prostate cancer (PCa). In the present study, we investigated the expression
levels of Jagged-1 and Notch-1 in human prostate tumors and their associations with PCa progression and metas-
tasis. Methods: Immunohistochemistry (IHC) for Jagged-1 and Notch-1 was performed on tissue microarray (TMA)
slides containing 286 formalin-fixed and paraffin-embedded (FFPE) tissue specimens with various prostatic patholo-
gies, including benign changes, high grade prostatic intraepithelial neoplasia (HGPIN), low- and high-grade PCas
as well as metastatic PCa. Results: Cytoplasmic and membranous IHC scores for Jagged-1 in both metastatic PCa
and high grade PCa were significantly higher than those in low grade PCa and in benign prostatic tissues. Similarly,
cytoplasmic IHC scores of Notch-1 in both metastatic PCa and high grade PCa were significantly elevated compared
with those observed in low grade PCa and in benign prostatic tissues. A statistically significant correlation was iden-
tified between the expression of Jagged-1 and Notch-1 in human prostatic tissues. Furthermore, significantly more
highly expressed Jagged-1 in membrane was observed in Caucasian patients with high-grade or metastatic PCa (vs.
African Americans) and in PCa patients with positive surgical margins (vs. negative surgical margins). Conclusion:
Our results provide strong evidence that up-regulation of Jagged1-Notch1 signaling plays a role in PCa progression
and metastasis and suggest that Jagged-1 and Notch-1 may be useful markers in distinguishing indolent and ag-
gressive PCas.

Keywords: Prostate cancer (PCa), cancer metastasis, Jagged-1, Notch-1, tissue microarray (TMA), immunohisto-
chemistry (IHC)

Introduction

Although prostate cancer (PCa) mortality has
decreased in recent years, PCa remains the
most frequent non-cutaneous male malignancy
and the second leading cause of cancer-related
deaths in men in the United States [1].
Significant efforts have been made to under-
stand the biological and molecular mecha-
nisms driving PCa development, progression
and metastasis. Localized disease is rarely
fatal, while the vast majority of PCa-related
mortality is due to metastatic disease. It is
essential to reveal the molecular determinants
involved in the processes of PCa progression
and metastasis, to develop novel prognostic
biomarkers as well as mechanism-based tar-
geted prevention and/or treatment strategies
against metastatic PCa.

Notch signaling pathway plays a crucial role in
the development and homeostasis of tissues
by regulating cell-fate decision, proliferation,
differentiation, and apoptosis. Four Notch
receptors (Notch1-4) and five ligands (Jagged-1,
2, Delta-1, 3, 4) have been described in mam-
mals [2, 3]. Generally, the modular structure of
Notch receptors consists of an extracellular
ligand binding domain (N) and a transmem-
brane domain (N™), which is cleaved upon
ligand-mediated receptor activation to gener-
ate a Notch intracellular domain (N'). Upon
ligand binding, N dissociates from N™, and
N™ undergoes a series of programmed proteo-
lytic events, first at the extracellular surface by
o-secretase (ADAM10O, or in some cases,
ADAM17), and then within the phospholipid
bilayer. This intramembranous cleavage is
mediated by y-secretase. N'¢ is then released
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from the inner surface of cell membranes and
translocated into nucleus where it activates the
transcription of the target genes [4]. Additionally,
cytoplasmic signaling by N'° has also been
described in some cell types [5, 6]. Because
Notch signaling plays a key role in cell fate deci-
sions including cell proliferation and apoptosis,
dysregulated activity of Notch signaling is often
associated with tumorigenesis. Up-regulated
expression of Notch receptors and their ligands
has been reported in numerous solid and some
hematopoietic malignancies [7-27]. Moreover,
a number of studies have suggested an involve-
ment of Notch signaling in cancer angiogenesis
and metastasis [28-31].

Several studies have demonstrated that Notch
signaling is required for embryonic and postna-
tal prostatic growth and development, for prop-
er cell lineage specification within the prostate,
as well as for adult prostate maintenance and
regeneration following castration and hormone
replacement [32, 33]. Emerging evidence has
also suggested that Notch signaling may play
an important role in PCa development, progres-
sion and metastasis [34]. It was reported that
Notch signaling was overexpressed in various
PCa cell lines, including highly metastatic PCa
cell lines, as compared with prostate cell lines
derived from normal tissue [35-37]. Elevated
expression of Notch-1 was also observed in
malignant prostatic epithelial cells of primary
and metastatic tumors of transgenic mouse
models of PCa [35, 38]. Furthermore, it was
shown that Notch ligand Jagged-1 was overex-
pressed in metastatic human PCa when com-
pared with localized PCa or benign prostatic
tissue [39] and down-regulation of Notch-1 and
Jagged-1 inhibited PCa cell growth, migration,
and invasion [40-42]. More recently, Sethi et al
reported that Notch-1 expression was signifi-
cantly elevated in human PCa bone metastasis
[43]. Finally, Notch and Hedgehog signaling
have been recently found to be necessary for
the maintenance of PCa tumor-initiating cells or
“cancer stem-like cells” [44]. Taken together,
these studies imply that up-regulation of Notch
signaling may have a crucial role in the develop-
ment, progression and metastasis of PCa.

However, the literature is not unanimous on the
role of Notch in PCa. For example, Shou et al.
reported that the expression of Notch ligands
was low or undetectable in PCa cells, and that
overexpression of a constitutively active form
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of Notch-1 inhibited the proliferation of various
PCa cells, suggesting that Notch acts as a
tumor suppressor [35]. Wang et al reported
that expression of Notch-1 and its effector
Hey-1 gene in human prostate adenocarcinoma
were found significantly down-regulated com-
pared with normal control tissues [33]. Whelan
et al reported that Notch-1 signaling is lost in
prostate adenocarcinoma and Notch-1 may
play a protective role in human prostate tumor
formation by promoting PTEN gene expression
[45]. These seemingly contradictory findings
may be a reflection of the heterogeneity of
prostate cancers, with Notch playing different
roles within different tumor cell types, and/or
during different stages of tumor progression.
Therefore, more in-depth investigations are
necessary to address this controversy. In the
present study, we describe IHC analysis of
Jagged-1 and Notch-1 proteins in human PCa
and demonstrate elevated expression of
Jagged-1 and Notch-1 in high grade and meta-
static PCas, but not in low-grade PCas or HGPIN
lesions. Our findings support a model in which
Notch-1 signaling is involved in high-grade and
metastatic PCa, but not in low-grade lesions. It
is possible that, like TGF-B in breast cancer,
Notch signaling may have dual and opposite
roles in early versus late stages of tumor pro-
gression. Additionally, our findings suggest that
expression of Notch-1 and Jagged-1 may be a
candidate biomarker for aggressive, metasta-
sis-prone disease.

Materials and methods

Patient population, tissue collection, and tis-
sue microarray (TMA) construction

The protocol was approved by the University of
Mississippi Medical Center Institutional Review
Board. Clinical information and pathological
reports were retrieved from the University data-
base. This study included 166 patients who
had undergone prostatectomy, transurethral
resection of the prostate, or resection of tissue
with metastatic prostate cancer at the
University of Mississippi Medical Center from
1992 to 2010. Ninety-four out of 166 patients
were African American and seventy-two were
Caucasian. From formalin-fixed and paraffin-
embedded (FFPE) surgical specimens of 166
patients, 286 sites including benign prostatic
changes, high grade prostatic intraepithelial
neoplasia (HGPIN), localized PCa and metastat-
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ic PCa were selected. The localized prostate
cancers were further divided into two groups
according to the Gleason grade (not Gleason
Sum): The localized prostate cancers with
Gleason grade lll and below were defined as a
low grade group, while those with Gleason
grade IV and above were defined as high grade
group. After histological features in hematoxy-
lin and eosin stained slides were re-confirmed
by two researchers including one pathologist,
they were topographically correlated with the
corresponding paraffin blocks. A 2 mm cylindri-
cal core from each selected site of the primary
FFPE block was transferred to the composite
paraffin blocks to construct TMA blocks by
using a Beecher MTA1 Manual Tissue Arrayer.
The resulting TMA blocks were then sectioned
at 5um in thickness for IHC study.

Immunohistochemical staining

TMA sections were placed in a 58-60°C oven
overnight for tissue to adhere. The sections
were deparaffinized in xylene, rehydrated
through graded ethanol and washed with PBS
before being treated with 1X Reveal in a
Decloaking Chamber (Biocare Medical, CA) for
antigen retrieval following the manufacturer’s
protocol. After rinsed in PBS for 15 min, the
sections were soaked in 3% H,0, in PBS for 20
min. to quench endogenous peroxidase activi-
ty. Sections were incubated for 60 min in 3%
normal rabbit serum (Vector Laboratories, CA)
in PBS at room temperature to block non-spe-
cific binding sites and then probed with primary
antibodies (anti-Jagged 1 (C-20) and anti-Notch
1 (C-20), Santa Cruz Biotechnologies, CA).
Sections were incubated with diluted primary
antibodies (1ug/ml for both anti-Jagged 1 and
anti-Notch 1 antibodies) prepared in PBS con-
taining 1.5% normal rabbit serum for one hour
(Jagged-1) or two hours (Notch-1) in a hydrated
chamber at room temperature. TMA sections
incubated with 1ug/ml normal goat IgG (Santa
Cruz Biotechnologies, CA), run in parallel with
each stain, were used as negative controls.
Following extensive washing, antigen-antibody
complexes were detected using the Vectastain
Elite ABC kit (Vector Laboratories, CA) accord-
ing to the manufacturer’'s protocol. Staining
was performed with ImmPact™ DAB peroxidase
substrate kit (Vector Laboratories, CA). Sections
were then counterstained in Gill's hematoxylin
and dehydrated in ascending grades of ethanol
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before clearing in xylene and mounting under a
coverslip using Cytoseal XYL. The levels of
Jagged-1 and Notch-1 expression in each speci-
men were scored according to the extent (per-
cent of stained cells) and intensity of staining.
The score for the extent of the IHC stained area
was scaled as O for no IHC signal at all, 1 for <
10%, 2 for 10-50%, and 3 for > 50% of tumor
cells stained. The score for IHC intensity was
also scaled as O for no IHC signal, 1 for weak, 2
for moderate, and 3 for strong IHC signals. The
final score used in the analysis was calculated
by multiplying the extent score and intensity
score, with a maximum score equal to 9.

Statistical analysis

Statistical analysis was performed using SPSS
for windows (SPSS 19.0, Chicago, IL). One-way
ANOVA was used in the analysis of intergroup
difference of Jagged-1 and Notch-1 IHC mean
scores. Two sample T-test was performed to
analyze the difference of IHC mean scores
between any two groups. The Satterthwaite T
test was used whenever the IHC scores in two
groups had unequal variances. A comparison
was considered significant if the two-sided P
value was less than 0.05. Bivariate correlation
analysis was employed to examine the associa-
tion of clinical and pathological parameters
with the expression levels of Jagged-1 and
Notch-1.

Results

Of the 243 prostatic specimens available with
the staining of Jagged-1 antibody in our cohort,
238 (98%) showed expression of Jagged-1
determined by IHC: 238 (100%) showed cyto-
plasmic expression, 108 (45%) showed mem-
branous expression and 108 (45%) showed
both cytoplasmic and membranous expression.
Of the 251 prostatic specimens available with
Notch-1 antibody staining, cytoplasmic expres-
sion of Notch-1 was revealed in 92 specimens
(37%). The rates of detectable Notch-1 expres-
sion in cytoplasm were 27% (14 of 52) in benign
prostatic tissue group, 39% (11 of 28) in HGPIN
group, 23% (13 of 57) in low grade PCa group,
41% (34 of 82) in high grade PCa group and
63% (20 of 32) in metastatic PCa group, respec-
tively. Because membranous expression of
Notch-1 was only observed in 6 cases (one in
benign prostatic tissue group, one in metastat-
ic PCa group and four in high grade PCa group),
we excluded it from our data analysis.
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JAGGED-1

NOTCH-1

Figure 1. Representative examples of Jagged-1 (upper panel) and Notch-1 (lower panel) expression levels observed
in prostatic tissue with benign changes (A); HGPIN (B); low grade PCa (C); high grade PCa (D) and metastatic PCa (E).

Table 1. Comparison of Jagged-1 cytoplasmic IHC scores among different pathological categories

(2-tailed p value)

Cytoplasmic Staining Score (n/Mean + SD)

Category Benign prostate HGPIN Low grade PCa High grade PCa  Metastatic PCa
(42/3.39 £ 1.85) (24/4.50 £ 2.34) (63/3.55+2.02) (83/5.74 £2.45) (31/5.92 +2.12)

Benign — 0.038 0.692 3.12E-08 7.96E-07

HGPIN — 0.063 0.030 0.023

Low grade PCa — 4.65E-08 9.02E-07

High grade PCa — 0.721

Metastatic PCa

Representative examples of Jagged-1 and
Notch-1 staining in different groups (prostatic
tissue with benign changes, HGPIN, low grade
PCa, high grade PCa, and metastatic PCa) are
shown in Figure 1. ANOVA analysis revealed a
significant difference in Jagged-1 cytoplasmic
IHC mean scores among the groups (F =
15.150, p = 4.75E-11). Further analysis of the
differences between any two groups indicated
that Jagged-1 cytoplasmic staining scores in
metastatic PCa (5.92 + 2.12, Mean + SD) and
in high grade PCa (5.74 + 2.45) were signifi-
cantly higher than those in low grade PCa (3.55
+ 2.02, p = 9.02E-07 and 4.65E-08, respec-
tively), in HGPIN (4.50 + 2.34, p = 0.023 and
0.030, respectively), and in prostatic tissues
with benign changes (3.39 + 1.85, p = 7.96E-
07 and 3.12E-08, respectively, Table 1). For
Jagged-1 membranous staining, a statistically
significant difference was also uncovered by
ANOVA analysis among the groups (F = 8.252, p
= 3.00E-06) and the IHC mean scores in meta-
static PCa (3.05 + 3.52) and in high grade PCa
(2.41 £ 2.90) were also significantly higher than
those in low grade PCa (0.71 + 1.42, p = 0.001
and 8.07E-06, respectively) and in prostatic tis-
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sue with benign changes (0.82 + 1.28, p =
0.002 and 4.08E-05, respectively) (Table 2).
Similarly, ANOVA analysis indicated a significant
difference in Notch-1 cytoplasmic IHC mean
scores among the groups (F = 9.063, p = 7.62E-
07). Notch-1 cytoplasmic IHC scores in meta-
static PCa (2.22 + 2.11) and in high grade PCa
(1.10 + 1.68) were significantly elevated as
compared with the IHC mean scores observed
in low grade PCa (0.51 + 1.15, p = 1.24E-04
and 0.015, respectively) and in prostate tissue
with benign changes (0.48 + 1.01, p = 8.86E-
05and 0.008, respectively) (Table 3). Therefore,
simultaneously elevated expression of Jagged-1
and Notch-1 in high grade and metastatic PCa
groups observed in our study indicate that the
up-regulation of Jagged 1-Notchl signaling may
play a role in the progression and metastasis of
PCa. The distribution of staining showed
marked differences with tumor state. The pros-
tatic stroma and smooth muscle cells showed
strong Notch-1 staining in benign prostate tis-
sues, HGPIN, low grade tumors and to some
extent high grade tumors, whereas epithelial
cells show absent or weak signal. Conversely,
metastatic lesions show uniform Notch-1 stain-
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Table 2. Comparison of Jagged-1 membranous IHC scores among different pathological categories

(2-tailed p value)

Membranous Staining Score (n/Mean * SD)

Category Benign prostate HGPIN Low grade PCa High grade PCa  Metastatic PCa
(42/0.82 £1.28) (24/1.71+2.41) (63/0.71+1.42) (83/2.41+2.90) (31/3.05 + 3.52)

Benign — 0.105 0.695 4.08E-05 0.002

HGPIN — 0.068 0.278 0.100

Low grade PCa — 8.07E-06 0.001

High grade PCa - 0.331

Metastatic PCa

Table 3. Comparison of Notch-1 cytoplasmic IHC scores among different pathological categories

(2-tailed p value)

Cytoplasmic Staining Score (n/Mean * SD)

Category Benign prostate HGPIN Low grade PCa High grade PCa Metastatic PCa
(52/0.48 £ 1.01) (28/0.68 £ 1.14) (57/0.51 + 1.15) (82/1.10 + 1.68) (32/2.22 +2.11)

Benign — 0.428 0.873 0.008 8.86E-05

HGPIN — 0.535 0.139 0.001

Low grade PCa — 0.015 1.24E-04

High grade PCa — 0.010

Metastatic PCa

ing in neoplastic epithelial cells (Figure 1).
Jagged-1 expression, on the other hand,
appeared to be largely limited to epithelial cells,
but increased in intensity from barely detect-
able in normal prostatic epithelium to intense
staining in metastatic carcinomas.

To determine whether there is an association
between the expression of Jagged-1 and Notch-
1 in human prostatic tissues, especially in high
grade and metastatic PCa tissues in which a
simultaneously elevated expression of Jagged-1
and Notch-1 was observed, correlation analysis
was performed. First, with all the human pros-
tatic specimens effectively stained with
Jagged-1 and/or Nothch-1 in our study (n =
216), it was revealed that Notch-1 cytoplasmic
expression was significantly correlated with
both Jagged-1 cytoplasmic expression (r =
0.389, p = 3.36E-09) and membranous expres-
sion (r =0.181, p = 0.008); Second, with all the
PCa specimens (including localized and meta-
static PCas, n = 152), a statistically significant
correlation was found between Notch-1 and
Jagged-1 cytoplasmic expression (r = 0.347, p
=1.17E-05) and a correlation with an approach-
ing statistical significance (r = 0.154, p = 0.057)
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was found between Notch-1 cytoplasmic
expression and Jagged-1 membranous expres-
sion; Last, with the specimens pooled just from
high grade and metastatic PCa groups (n =
101), a statistically significant correlation was
still observed between Notch-1 and Jagged-1
cytoplasmic expression (r = 0.256, p = 0.010).
However, no significant correlation between
Notch-1 cytoplasmic expression and Jagged-1
membranous expression was observed (r =
0.09, p = 0.373). These data suggest that
Jagged-1 may be functionally involved in Notch-
1 receptor activation in the processes of can-
cer development, progression and metastasis
of PCa.

It is well known that African American race,
advanced age, high PSA level at the time of
diagnosis, and positive surgical margins as well
as capsular invasion in radical prostatectomy
are associated with unfavorable prognosis in
PCa. In order to determine the relationship
between these existing indicators and the
expression levels of Jagged-1 and Notch-1,
Jagged-1 and Notch-1 IHC scores were com-
pared between different groups of patients
according to race (African American and
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Table 4. Comparison of Jagged-1 IHC scores between African Americans and Caucasians

Cytoplasmic staining (Mean + SD)

Membranous staining (Mean + SD)

Histology No. (black/white) Black P Black White P

Benign 17/25 292+129 3.72+212 >0.05 0.76+1.19 0.86+1.36 >0.05
HGPIN 20/4 443+221 486+333 >0.05 1.75+237 150+3.00 >0.05
Low grade PCa 38/25 3.16+195 4.14+200 >0.05 0.70+1.34 0.74+158 >0.05
High grade PCa 45/38 553+229 599+264 >0.05 164+251 3.32+3.09 0.009
Metastatic PCa 23/8 5.74+2.00 6.44+250 >0.05 1.87+298 6.44+2.74 0.001

Table 5. Comparison of Notch-1 IHC scores between African Americans and Caucasians

Cytoplasmic staining ( Mean = SD)

Histology No. (black/white) White P

Benign 24/28 0.75 £ 1.29 0.25 + 0.65 > 0.05
HGPIN 20/8 0.68 +1.18 0.69 £ 1.10 >0.05
Low grade PCa 34/23 0.56 +1.32 0.46 £ 0.85 >0.05
High grade PCa 45/37 1.27 £1.94 0.91+£1.29 > 0.05
Metastatic PCa 23/7 2.36+2.11 1.71 £ 2.20 > 0.05

Caucasian), age (< 60 years old or > 60 years
old), positivity of surgical resection margins
(positive or negative), capsular invasion (posi-
tive or negative) and PSA level at the time of
diagnosis of PCa. It was found that IHC mean
scores of Jagged-1 membranous staining in
Caucasian patients were significantly higher
than those found in African American patients
in high grade PCa group (3.32 £ 3.09 vs. 1.64
+ 2.51, p = 0.009) and in metastatic PCa group
(6.44 + 2.74 vs. 1.87 £ 2.98, p = 0.001) (Table
4). However, there were no statistical differenc-
es in the mean scores of Jagged-1 and Notch-1
cytoplasmic staining between African American
and Caucasian patients (Tables 4 and 5). Also,
there was no statistical difference in Jagged-1
and Notch-1 IHC scores between two age
groups (Table not shown). In addition, no corre-
lation between the expression levels of
Jagged-1/Notch-1 and PSA level at the time of
diagnosis was observed (Table not shown).
When we analyzed the subset of prostate can-
cer patients (n = 85) on whom radical prosta-
tectomy was performed, the IHC mean score of
Jagged-1 membranous staining was found to
be approaching statistical significance in the
positive surgical margin group as compared
with the negative surgical margin group (p =
0.051) (Figure 2). Similarly, a trend towards of
increased IHC score of Jagged-1 membranous
staining was also observed in the positive cap-
sular invasion group as compared with the neg-
ative capsular invasion group (p = 0.054)
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(Figure 3). These results obtained from clinical
data analysis indicate that high Jagged-1 mem-
branous expression may be race-related and
associated with the prognosis of PCa, therefore
may be more precise for predicting the progno-
sis of PCa compared to cytoplasmic expression
of Jagged-1.

Discussion

In this study, we examined the expression lev-
els and subcellular location of Jagged-1 and
Notch-1 IHC staining in human prostatic tissues
with various prostatic pathologies. The determi-
nation of subcellular location of a Notch recep-
tor/ligand may provide useful clues regarding
the activity status of the Notch signaling path-
way that may be more informative than simple
staining intensity and/or fraction of positive
cells. Notch receptors are matured (by glycosyl-
ation and furin-mediated cleavage of precursor
proteins) in the endoplasmic reticulum (perinu-
clear); they interact with their ligands (Jagged
and Delta) at the membrane, and are then
cleaved and translocated to the nucleus. Once
in the nucleus, active Notch (NotchIC) modu-
lates transcription of numerous genes via its
interaction with CSL and possibly also through
other indirect mechanisms [46, 47]. Notch IC
seldom accumulates in the nucleus due to
rapid degradation; therefore it is very difficult to
detect it in the nucleus by routine IHC on FFPE
sections. For Notch ligand Jagged-1, mem-
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Figure 2. Comparison of Jagged-1 IHC scores be-
tween positive and negative surgical margin groups.
Of 85 prostate cancer patients who were performed
with radical prostatectomy, 27 had positive surgical
margin and 58 had negative surgical margin. Col-
umns, mean of IHC scores; bars, + SD.

brane localization may indicate that the ligand
is most likely functional, but ligand endocytosis
is required for Notch activation by ligands [47,
48]. Thus, cytoplasmic localization of Jagged-1
may indicate active ligand endocytosis and
hence functional activity. In the current study,
we found that Notch-1 receptor staining was
more predominantly marked in the cytoplasm
(37%) than in membrane (2%) and no detect-
able nuclear staining of Notch-1 was observed.
This does not imply that Notch-1 is non-func-
tional. Rapid degradation of nuclear NotchlC
may prevent its detection, and cytoplasmic,
non-canonical signaling [5, 6] may be function-
ally important in this case. We have observed
similar staining patterns in breast cancer speci-
mens and breast cancer models [49]. Also,
Jagged-1 staining was found most marked in
the cytoplasm (98%) compared with membra-
nous staining (44%). Furthermore, both cyto-
plasmic and membranous expression of
Jagged-1 was found significantly correlated
with Notch-1 cytoplasmic expression (p =
3.36E-09 and p = 0.008, respectively).
Therefore, these results suggest that Jagged-1
may be functionally involved in Notch-1 recep-
tor activation in human prostatic tissues with
various prostatic pathologies.

It should be noted that overall expression of

Notch-1 determined by IHC in human prostatic
tissues is relatively low, based on the IHC
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Figure 3. Comparison of Jagged-1 IHC scores be-
tween positive and negative capsular invasion (Cl)
groups. Of 85 prostate cancer patients who were
performed with radical prostatectomy, 24 had posi-
tive capsular invasion and 61 had negative capsular
invasion. Columns, mean of IHC scores; bars, + SD.

scores observed. From our preliminary titration
experiment for anti-Notchl antibody, we
noticed that at 1ug/ml, the staining of prostatic
stromal cells (which served as an internal con-
trol) in benign prostatic tissues was already
fully saturated, reaching to the highest IHC
score available. Therefore, we chose this con-
centration as an endpoint. When Notch-1 anti-
body was used for IHC at this concentration,
benign secretory cells and adenocarcinoma
foci in most cases of benign control and low
grade PCa groups were found to exhibit very
weak or undetectable Notch-1 expression.
However, there was a clear tendency showing
an increased rate of detectable Notch-1 expres-
sion from benign prostatic tissue group (27%)
and low grade PCa group (23%) to high grade
PCa group (41%) and metastatic PCa group
(63%). Mean IHC scores of cytoplasmic Notch-1
in metastatic PCa and in high grade PCa were
significantly elevated as compared with the IHC
scores observed in low grade PCa and in benign
prostate tissues. Moreover, Notch-1 cytoplas-
mic expression was significantly correlated with
Jagged-1 cytoplasmic expression in high grade
and metastatic PCa groups (r = 0.256, p =
0.010). Together, these data demonstrate that
Notch-1 expression is more closely associated
with high-grade and metastatic PCa, suggest-
ing that Jagged-1 mediated Notch-1 activation
may participate in the progression and metas-
tasis of PCa.
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Interestingly, our data indicated that among
patients with high grade and metastatic PCa,
mean IHC scores of Jagged-1 membranous
staining in Caucasians were significantly higher
than those found in African Americans. Many
studies have indicated that the incidence rate
and progression of PCa are race-related: PCa
more commonly affects black men than white
or Hispanic men and African-Americans have
twice the risk of non-Hispanic whites for pre-
senting with advanced-stage PCa [50, 51]. In
the current study, no statistical differences in
the mean IHC scores of Jagged-1 and Notch-1
cytoplasmic staining were observed between
African American and Caucasian patients. The
functional significance of this difference in
membranous Jagged-1 staining remains
unclear. It may relate to slower Notch activation
kinetics (and therefore less Jagged-1 endocyto-
sis), or to more functionally active ligand being
present at the membrane. However, our obser-
vation that the elevation of Jagged-1 membra-
nous expression was solely found in Caucasian
patients with high grade or metastatic PCa sug-
gests that the evaluation of Jagged-1 membra-
nous expression may be a potential prognostic
biomarker in Caucasian PCa patients.
Additionally, based on the analyses with a sub-
set of PCa patients on whom radical prostatec-
tomy was performed, a marginally significant
elevation of Jagged-1 membranous staining
scores was identified in the positive surgical
margin group as compared with the negative
margin group (P = 0.051). Similarly, the eleva-
tion of Jagged-1 membranous expression in
PCa patients with positive capsular invasion
was also found to be approaching statistical
significance compared with patients with nega-
tive capsular invasion. Both surgical resection
margins in radical prostatectomy and capsular
invasion are well known indicators for the prog-
nosis of PCa [52-55]. These findings associate
high Jagged-1 membranous expression with an
unfavorable prognosis of PCa. Although further
evaluations of Jagged-1 membranous expres-
sion in larger populations are still needed to
validate our findings, our results suggest that
Jagged-1 may be a promising candidate as a
molecular prognostic biomarker for PCa.

We are not the first to associate the up-regula-
tion of Notch signaling with PCa metastasis. A
number of previous reports have proposed a
link between the over-expression of Jagged-1
or Notch-1 and PCa metastasis. For example, it
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was reported that Jagged-1 was highly
expressed in metastatic PCa compared with
localized PCa or benign prostatic tissue and
high Jagged-1 expression in a subset of clini-
cally localized tumors was significantly associ-
ated with recurrence [39]. Bone metastases
from PCa patients expressed Notch-1 protein in
osteoblastic PCa metastatic cells, in both an
extranuclear and nuclear pattern [56]. Notch-1
was significantly over-expressed in PCa bone
metastasis compared with primary PCa [43].
Our results are consistent with, and expand
these previous findings and support the notion
that up-regulation of a Jagged1-Notchl signal-
ing axis may contribute to the progression and
metastasis of human PCa. Recently, Domingo-
Domenech et al. reported that the Notch and
Hedgehog signaling pathways were overex-
pressed in a subpopulation of PCa cells that
survive Docetaxel exposure and exhibit potent
tumor-initiating capacity. Their data also dem-
onstrated that targeting Notch and Hedgehog
signaling depleted this population of PCa cells
through inhibition of survival molecules AKT
and Bcl-2 [44]. Taken together, our results cor-
roborate a growing body of evidence that Notch
signaling pathway may contribute to the pro-
gression, metastasis, and chemotherapy resis-
tance of PCa. Whether Notch plays a different
role in pre-neoplastic lesions is an interesting
question that deserved further investigation.

Our findings are novel and significant in some
aspects. First, we divided localized PCa into
two categories (low grade PCa and high grade
PCa) according to Gleason grade and demon-
strated that the significant elevation of Jagged-1
and Notch-1 expression compared with benign
prostatic tissues took place solely in high grade
PCa, but not in low grade PCa. In fact, the mean
IHC scores for both Jagged-1 and Notch-1 in
low grade PCa were the same as those
observed in benign prostatic tissues and were
significantly lower than those in high grade and
metastatic PCa groups. Secondly, we per-
formed IHC analysis for both Jagged-1 and
Notch-1 in human PCa specimens from 166
men and revealed for the first time a simultane-
ously significant elevation of Jagged-1 and
Notch-1 co-expression in high grade and meta-
static PCas as compared with either low grade
PCa or benign prostatic tissues. Lastly, our
results indicated that the elevation of Jagged-1
membranous expression may be race-related
and associated with an unfavorable prognosis.
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Our findings are consistent with the hypothesis
that elevated expression of Jagged-1 and
Notch-1 in neoplastic epithelial cells is associ-
ated with a biologically aggressive, metastatic
phenotype in PCa cells.

Our findings suggest that Jagged-1 and Notch-1
may serve as useful markers in distinguishing
indolent and aggressive PCas and Jaggedl-
Notch1 signaling could be a potential therapeu-
tic target for the treatment of PCa.
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