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Abstract: Benign prostatic hyperplasia (BPH) is linked to lower urinary tract symptoms (LUTS) such as incomplete
bladder emptying, urinary frequency and urgency. Mechanisms responsible for BPH are not fully known. Here, we
tested whether beta-catenin (CTNNB1) immunostaining intensity and distribution differ in human glandular BPH
tissue specimens compared to normal prostate tissue. Multiplex immunostaining of CTNNB1, its putative transcriptional target gene lymphoid enhancer binding factor 1 (LEF1), and the epithelial marker E-cadherin were examined
in clinical human prostate specimens with or without histological BPH (pure epithelial or mixed stromal-epithelial
nodules). BPH specimens were obtained from 24 men who experienced LUTS and underwent transurethral resection of the prostate surgery. Control specimens were tumor-adjacent histologically normal prostate tissue from 48
patients who underwent radical prostatectomy. The resulting multispectral images were unmixed and optical densities recorded to quantify staining abundance, cellular (membranous, cytoplasmic, and nuclear) and tissue localization (stromal versus epithelial), and determination of percentage of CTNNB1-positive cells. The following CTNNB1
indices were significantly higher in BPH compared to normal prostate tissue: overall staining intensity, staining intensity in prostate stromal cell membranes, cytoplasm and nuclei, and prostate epithelial cell nuclei. The following LEF1
indices were significantly lower in BPH compared to tumor-adjacent normal prostate tissue: stromal LEF1 staining
intensity, percentage of LEF1-positive stromal cells, and intensity of LEF1 staining in stromal cell membranes, cytoplasm, and nuclei. The percentage of stromal cells with CTNNB1+/LEF1- nuclei was higher and percentage of stromal cells with CTNNB1-/LEF1+ nuclei was lower in BPH compared to tumor-adjacent normal prostate tissues. These
results support the hypothesis that CTNNB1 expression increases in specific BPH tissue compartments. Further,
since nuclear LEF1 staining does not coincide with cytoplasmic or nuclear CTNNB1 staining, it does not appear to
be a reliable index of CTNNB1 activity in adult human prostate.
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Introduction
Clinical benign prostatic hyperplasia (BPH) is
an aging-dependent expansion of prostate tissue resulting from non-cancerous cell proliferation. Prostatic hyperplasia occurs in focal nodules consisting of prostatic stroma, glandular
epithelium, or both. BPH is often accompanied
by lower urinary tract symptoms (LUTS) including incomplete bladder emptying, increased
frequency, and difficulty in starting and stopping urination. The underlying basis of BPH is

not fully known, and current pharmacotherapies for LUTS associated with BPH only moderate patient symptoms rather than cure the disease. Thus, there is a need to identify the
mechanistic basis of BPH and LUTS so that new
and more effective therapies can be generated.
Several processes are hypothesized to participate in development of BPH and LUTS including: inflammation, fibrosis, hormones, proliferation, and an inappropriate reawakening of
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Figure 1. LEF1 and CTNNB1 localization and staining abundance in normal prostate and glandular benign prostatic
hyperplasia (BPH). Nuance® software was used to build a spectral library to unmix multiplexed immunohistochemical staining, resulting in separation of hematoxylin (left column), Bajoran purple (middle column), and 3,3’-Diaminobenzidine (DAB; right column) chromogens (A). CTNNB1 and LEF1 staining intensity was quantified using inForm®
software (B). Total CTNNB1 staining was significantly higher in BPH (mean = 0.093, SEM = 0.002) compared to benign prostatic tissue (BPT; 0.085 ± 0.002; p = 0.02) (C). Total LEF1 staining was not significantly different between
BPT (0.058 ± 0.006) and BPH (0.046 ± 0.004; p = 0.17).

prostate developmental signaling pathways
[1-9]. All of these involve beta-catenin (CTNNB1)
signaling. CTNNB1 signaling is induced by
inflammation, its activity correlates with fibrosis in a host of tissues, and it is required for
prostate development [10-22].
The preponderance of studies focused on
CTNNB1 in adult human prostate tissues has
been directed towards prostate cancer. Many
of these studies used CTNNB1 immunostaining
to assess protein activity: the presence of
CTNNB1 protein in cytoplasm and nuclei heralds its potential transformation into a tran314

scriptional coactivator [23]. Although CTNNB1
participates in many processes suspected to
contribute to BPH, few studies have specifically
examined whether CTNNB1 signaling is elevated in BPH compared to histologically normal tissues. More often, BPH tissues are used as a
control to examine whether CTNNB1 is activated in prostate cancer (reviewed by Whitaker et
al. 2008).
Here, we used human prostate tissues and
multiplex immunostaining to examine expression and distribution of CTNNB1 and its putative target gene, lymphoid enhancer binding
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Figure 2. Quantitative analysis of tissue-specific CTNNB1 or LEF1 staining abundance by mean optical density (OD)
and percentage of immunopositive cells within tissue. No differences in epithelial CTNNB1 staining were observed
as assessed by mean OD (p = 0.15) or positivity (p = 0.54) analysis (A). Stromal CTNNB1 staining was significantly
higher in BPH (mean = 0.028, SEM = 0.001) than BPT (0.021 ± 0.001; p<0.0001) in mean OD analysis. Stromal
CTNNB1 positivity was higher in BPH than BPT but failed to reach significance (p = 0.06). Epithelial LEF1 staining
was similar between BPT and BPH in both mean OD (p = 0.99) and positivity (p = 0.90) analysis (B). Analysis of
stromal LEF1 staining by mean OD displayed significantly lower expression in BPH (0.042 ± 0.005) compared to BPT
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(0.070 ± 0.008; p = 0.02). LEF1 positivity in the stroma also showed a significantly lower amount of positive cells in
BPH (mean = 7.84%, SEM = 1.89) compared to BPT (20.01 ± 3.28; p = 0.02).

factor 1 (LEF1), in human BPH and control tissues from tumor adjacent, histologically normal
prostate tissue. We used multispectral imaging
to objectively quantify immunostaining intensities within cellular compartments (membrane,
cytoplasm, and nuclei) and across tissue populations (epithelium and stroma). We identified
significant elevations in CTNNB1 staining intensity among BPH stromal cells and within BPH
epithelial cell nuclei compared to histologically
normal tissue. On the other hand, LEF1 staining
decreased within BPH stroma and did not
accompany nuclear CTNNB1 staining in most
cell types, indicating it is not a reliable index of
CTNNB1 signaling in adult human prostate.
Together, our results are consistent with an
increased CTNNB1 activity in BPH compared to
histologically normal prostate tissue.
Materials and methods
Human tissues and immunohistochemistry
A prostate tissue microarray (TMA) containing
duplicate cores was constructed using a
Manual Tissue Arrayer (Beecher Instruments,
Sun Prairie, WI; model MTA-1), as previously
described [25, 26]. The 0.6 mm cores were
arranged 0.8 mm center to center. The TMA
includes 96 cores (48 patients) of tumor-adjacent normal prostate (BPT) from prostatectomy
and 48 cores (24 patients) of benign prostatic
hyperplasia tissue (BPH) acquired from transurethral resection of the prostate (TURP) [27].
All BPH patients had history of lower urinary
tract symptomology (LUTS) and surgical indications included history of urinary retention and
failure of medical management of LUTS.
Samples were processed and stained by immunohistochemistry (IHC) using antibodies for
CTNNB1, LEF1, and E-cadherin, as previously
described [26, 28]. E-cadherin was used to aid
in tissue segmentation and for identification of
the plasma membrane. Tissues were stained
using rabbit monoclonal anti-LEF1 (Cell
Signaling Technology, Beverly, MA; 1:150 in
Renoir Red [Biocare, Concord, CA]) followed by
goat anti-rabbit Mach 2 HRP-Polymer (Biocare)
as a secondary antibody. Mouse monoclonal
anti-CTNNB1 (BD Transduction Laboratories;
San Jose, CA; 1:200 in Biocare Renoir Red) was
applied and goat anti-mouse Mach 2 HRP316

Polymer (Biocare) was used as a secondary
antibody. Monoclonal mouse anti-E-cadherin
(Dako, Carpinteria, CA; 1:150 in Biocare Renoir
Red) was applied and goat anti-mouse Mach 2
secondary antibody was used. Bajoran Purple
chromogen (Biocare) was used to detect
CTNNB1, DAB chromogen (Biocare) was used
for LEF1, and Deep Space Black chromogen
(Biocare) was used to detect E-cadherin.
Image analysis
Data acquisition and image analysis was performed as previously described [26, 28, 29].
Briefly, the TMA slide was loaded onto the
Vectra slide scanner (PerkinElmer, Waltham,
MA) and a scanning protocol was created. 8-bit
Nuance multispectral image cubes were
acquired using the 20x objective lens (0.5 µm/
pixel). Using Nuance software (PerkinElmer),
spectral curves from four control slides containing only hematoxylin, Deep Space Black,
DAB, or Bajoran Purple were used to create a
spectral library for separation of chromogens
on multi-chromogenic slides. Tissue and cell
segmentation was performed using inForm
software (PerkinElmer), and an algorithm of differentiation was created using 18% of image
cubes, assuring 97% segmentation accuracy
[26]. The algorithm was applied to all image
cubes and CTNNB1 and LEF1 was quantified in
all tissue and cellular compartments. Cores
with significant folding or <5% epithelium were
eliminated from analysis.
Positivity and co-localization data was generated through thresholding of mean optical density (OD) values for each protein. A threshold of
0.1 was used for both CTNNB1 and LEF1
expression, similar to previous studies using
the same multispectral imaging platform [30].
The following values were assessed for both
proteins in all tissue and cellular compartments: total positivity, double positivity, double
negativity, and single positivity (CTNNB1+/LEF1and CTNNB1-/LEF1+).
Statistical analysis
Differences in protein expression between normal prostate and BPH were assessed using a
two-tailed Student’s t-test. A p-value <0.05 was
considered significant in all analyses, and
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Table 1. Cellular expression of β-catenin and LEF1 in the epithelium and stroma of normal prostate tissue and benign prostatic hyperplasia
specimens, mean OD (± SEM)
Total
β-catenin
BPT
BPH
p-value
LEF1
BPT
BPH
p-value

Epithelial
Nucleus
Cytoplasm

Stromal
Membrane

Total

Nucleus

Cytoplasm

Membrane

0.149 (±0.004) 0.173 (± 0.004)
0.157 (± 0.004) 0.188 (± 0.004)
0.15
0.02

0.126 (± 0.003)
0.131 (± 0.004)
0.39

0.149 (± 0.004) 0.021 (± 0.001) 0.034 (± 0.001) 0.011 (± 0.001) 0.018 (± 0.001)
0.153 (± 0.005) 0.028 (± 0.001) 0.044 (± 0.002) 0.015 (± 0.001) 0.024 (± 0.001)
0.45
<0.0001
<0.0001
<0.0001
<0.0001

0.050 (± 0.005) 0.056 (± 0.006)
0.050 (± 0.004) 0.057 (± 0.005)
0.99
0.81

0.050 (± 0.005)
0.048 (± 0.003)
0.81

0.046 (± 0.005) 0.070 (± 0.008) 0.074 (± 0.007) 0.066 (± 0.007) 0.070 (± 0.008)
0.046 (± 0.004) 0.042 (± 0.005) 0.045 (± 0.005) 0.040 (± 0.004) 0.041 (± 0.005)
1.00
0.02
0.01
0.02
0.02

Abbreviations: benign prostatic tissue (BPT), benign prostatic hyperplasia (BPH).

Table 2. Co-localization of β-catenin and LEF1 in the epithelium and stroma of normal prostate tissue and benign prostatic hyperplasia specimens, % (SEM)
Epithelial
β-cat+/LEF1+
β-cat+/LEF1-

β-cat-/LEF1+

β-cat-/LEF1-

20.92 (± 1.49)
21.03 (± 1.29)
0.96

5.96 (± 1.29)
6.30 (± 1.17)
0.86

68.88 (± 2.23)
69.17 (± 2.32)
0.94

4.25 (± 1.19)
3.51 (± 0.76)
0.68

79.30 (± 3.27)
91.00 (± 1.79)
0.02

0.09 (± 0.03)
0.05 (± 0.02)
0.44

0.69 (± 0.11)
1.16 (± 0.23)
0.04

19.93 (± 3.26)
7.79 (± 1.88)
0.02

14.19 (± 0.94)
13.70 (± 0.76)
0.73

8.69 (± 1.58)
9.92 (± 1.53)
0.62

72.92 (± 2.15)
72.47 (± 2.33)
0.90

4.22 (± 1.02)
3.92 (± 0.76)
0.85

76.95 (± 2.97)
86.72 (± 1.94)
0.03

0.58 (± 0.15)
0.26 (± 0.07)
0.16

1.48 (± 0.21)
3.39 (± 0.66)
0.0009

21.00 (± 2.89)
9.65 (± 2.14)
0.01

34.95 (± 1.77)
35.83 (± 1.87)
0.76

5.12 (± 1.04)
5.49 (± 0.96)
0.82

54.72 (± 2.07)
54.51 (± 2.31)
0.95

5.22 (± 1.31)
4.17 (± 0.82)
0.59

81.43 (± 3.13)
93.05 (± 1.50)
0.01

0.04 (± 0.02)
0.02 (± 0.01)
0.38

0.30 (± 0.06)
0.42 (± 0.07)
0.21

18.24 (± 3.12)
6.51 (± 1.54)
0.01

19.77 (± 1.63)
21.60 (± 1.76)
0.49

4.32 (± 0.94)
4.34 (± 0.95)
0.99

71.36 (± 2.27)
70.27 (± 2.59)
0.77

4.55 (± 1.22)
3.80 (± 0.93)
0.68

79.10 (± 3.41)
90.79 (± 1.61)
0.02

0.13 (± 0.05)
0.07 (± 0.02)
0.46

1.11 (± 0.14)
1.84 (± 0.35)
0.02

19.66 (± 3.36)
7.30 (± 1.74)
0.02

β-cat-/LEF1TOTAL
BPT
BPH
p-value
NUCLEUS
BPT
BPH
p-value
CYTOPLASM
BPT
BPH
p-value
MEMBRANE
BPT
BPH
p-value

Stromal
β-cat+/LEF1+
β-cat+/LEF1-

β-cat-/LEF1+

Abbreviations: benign prostatic tissue (BPT), benign prostatic hyperplasia (BPH).
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GraphPad Prism (GraphPad Software, Inc., La
Jolla, Ca) was used for all statistical analysis.
Results
Total protein expression of CTNNB1 and LEF1
in normal prostate and BPH
CTNNB1 and LEF1 protein was localized to the
nucleus, cytoplasm, and membrane in both the
prostatic epithelia and stroma (Figure 1A). The
overall abundance of CTNNB1 staining was significantly higher in BPH (mean OD ± SEM:
0.093 ± 0.002) than normal prostate (0.085 ±
0.002; p = 0.02; Figure 1B). No difference in
overall LEF1 staining was found between normal prostate (0.058 ± 0.006) and BPH (0.046
± 0.004; p = 0.17); Figure 1C).
Tissue compartment-specific expression of
CTNNB1 and LEF1
To investigate differences in protein abundance
within isolated prostate epithelial and stromal
tissue compartments, CTNNB1 and LEF1
expression was quantified by mean OD and by
percentage of positive cells in prostate epithelia and stroma (Figure 2). Epithelial CTNNB1
staining intensity was comparable in normal
prostate and BPH when analyzed for mean OD
(p = 0.15) and cellular positivity (p = 0.54). CTNNB1 protein staining abundance was significantly higher in BPH stroma (mean OD ± SEM:
0.028 ± 0.001) compared to normal prostate
(0.021 ± 0.001; p<0.0001) when analyzed by
mean OD. The percentage of stromal CTNNB1positive cells did not change (p = 0.06).
Epithelial LEF1 expression was similar in normal prostate and BPH for both the number of
LEF1-positive cells (p = 0.90) and average
staining intensity across epithelial cells (p =
0.99). Stromal LEF1 staining intensity was significantly decreased in BPH (mean OD ± SEM:
0.042 ± 0.005) compared to normal prostate
(0.070 ± 0.008; p = 0.02). The percentage of
LEF1-positive stromal cells in BPH (7.84 ± 1.86)
was significantly lower than in normal prostate
(20.01 ± 3.28; p = 0.02).
Cellular compartment-specific expression of
CTNNB1 and LEF1
In preliminary analysis of stained samples,
CTNNB1 expression was found in all three sub318

cellular compartments, with higher expression
observed in the nucleus than the plasma membrane (p<0.0001). Expression of CTNNB1 in
the cytoplasm was lower than the nucleus and
membrane (p<0.0001). LEF1 was also localized to all three subcellular compartments, but
no differences in expression were observed
between nucleus, cytoplasm, and plasma
membrane (p = 0.14). The appearance of
detectable CTNNB1 staining in cytosol or nuclei
indicates its potential activation into a transcriptional coactivator. We therefore quantified
CTNNB1 and LEF1 protein expression within
isolated cellular compartments including nucleus, cytoplasm, and cell membranes (Table 1).
Within the epithelium, no significant differences in CTNNB1 or LEF1 expression were
observed in any cellular compartment (p>0.05),
with the exception of nuclear CTNNB1 staining,
which was significantly higher in BPH compared
to normal prostate (p = 0.02). In the stroma,
CTNNB1 expression was significantly higher in
all BPH cellular compartments (total, nuclear,
cytoplasmic, and membrane) compared to normal prostate (p<0.0001). Stromal LEF1 expression was significantly decreased in the nucleus
(p = 0.01), cytoplasm (p = 0.02), and membrane
(p = 0.02).
Co-localization of CTNNB1 and LEF1 in prostate tissues
Using positivity thresholds and inForm software
(PerkinElmer), we then investigated the colocalization of CTNNB1 and LEF1 in different
tissue and cellular compartments within prostate tissues (Table 2). No significant differences in the percentage of double positive
(CTNNB1+/LEF1+), double negative (CTNNB1-/
LEF1-), or single positive (CTNNB1+/LEF1- or
CTNNB1-/LEF1+) cells were observed between
BPH and normal prostate in the epithelia
(p>0.05). However, within cellular compartments, the percentage of double negative stromal cells in BPH was higher in the nucleus (p =
0.03), cytoplasm (p = 0.01), membrane (p =
0.02), and overall (p = 0.02). No changes in
stromal double positive cells were observed
between BPH and normal prostate (p>0.05).
The percentage of stromal CTNNB1+/LEF1- single-positive cells was higher in BPH in the
nucleus (p = 0.0009), membrane (p = 0.02),
and overall (p = 0.04), but not in the cytoplasm
(p = 0.21). The percentage of stromal CTNNB1-/
LEF1+ single-positive cells was lower in BPH
Am J Clin Exp Urol 2014;2(4):313-322
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compared to normal prostate in all compartments (p<0.05).
Discussion
The role of CTNNB1, and it’s downstream target, LEF1, in the development of BPH, requires
elucidation. We discovered that CTNNB1 protein staining is elevated in BPH compared to
normal prostate tissue. CTNNB1 expression is
elevated in BPH stromal cell cytoplasm and
nuclei and in BPH epithelial cell nuclei. These
staining patterns are consistent with potential
increases in CTNNB1-mediated transcriptional
coactivation in both epithelium and stroma of
human BPH tissue. Our current results substantiate the need for more investigations
assessing CTNNB1 localization and expression
as we have performed here, in other states
including cancer. A specific need is to test
whether CTNNB1 abundance, and the presence of cytosolic or nuclear CTNNB1, associates with LUTS in general, and determine the
specific manifestations of LUTS in which
CTNNB1 may be involved.
Our results are among the first to describe
immunostaining differences consistent with
CTNNB1 activation in human BPH. Most other
studies of prostatic CTNNB1 expression in
humans and dogs (which are also susceptible
to BPH and prostate cancer), have reported
CTNNB1 immunostaining in BPH specimens
only in relation to prostate cancer. In most
cases, CTNNB1 abundance and/or cytoplasmic
and nuclear localization is greater in prostate
cancer compared to BPH [31-33]. A few studies
evaluated CTNNB1 in BPH. Whitaker, et al. [24]
reported the presence of nuclear CTNNB1
staining in human BPH prostate tissues, and
Lean, et al. [34] observed a significant increase
in cytoplasmic and nuclear CTNNB1 staining in
canine BPH specimens compared to histologically normal canine prostate tissues. These
results are consistent with our current observation that the number of prostate epithelial cells
with detectable CTNNB1 staining is elevated in
BPH compared to histologically normal tissue.
CTNNB1 is constitutively localized to cell membranes in most benign epithelial cells, where it
mediates cell adhesion by functioning as a
member of the adherens junction complex.
While membranous CTNBB1 expression is
readily evident in benign prostatic epithelium,
cytoplasmic and nuclear CTNNB1 is more diffi319

cult to visualize and assessments of CTNNB1
staining in these cell compartments are subject
to reviewer bias. One potential reason that we
were able to reveal elevated CTNNB1 staining
in BPH is our use of the ultra-sensitive method
of multispectral imaging. The Vectra system
accurately and reproducibly unmixes overlapping chromogens and can quantify, while limiting reviewer bias, the abundance and positivity
of immunostain across tissues and within compartments [29, 30, 35].
Our observation of increased nuclear CTNNB1
staining in BPH specimens suggest its potential
role in pathogenesis and raises several testable hypotheses about how it may function in
BPH. BPH has been hypothesized to involve a
reactivation of developmental signaling pathways and epithelial CTNNB1 signaling plays a
critical role in prostatic ductal development by
organizing proliferative growth processes that
establish appropriate prostatic bud patterns.
We previously determined that CTNNB1
increases mRNA expression of several TGF
beta family members, including bone morphogenetic proteins (BMPs)-2, -4 and -7 [36]. While
there is little information about the role of
BMPs in BPH, BMP 2 and 4 proteins were previously detected in a fraction of human BPH
specimens [37], and BMP2 was shown to interact in vitro with the profibrogenic mediator periostin [38]. This provides a new testable mechanism for the etiology of fibrogenic changes that
have been reported in BPH [9].
A surprising finding of this study was the observation of elevated CTNNB1 staining in BPH
prostate stroma. Though the consequences of
CTNNB1 gain-of-function and loss-of-function
have been carefully examined in prostatic epithelium, the function of beta-catenin in prostatic stroma is less well understood. Potential
roles of CTNNB1 in prostatic stroma are suggested from studies of CTNNB1 function in kidney stroma. CTNNB1 is activated in kidney
stroma (interstitial fibroblasts) during reparative processes, and CTNNB1 overexpression in
this cell type is sufficient for fibroblast-to-myofibroblast transition, and the onset of fibrosis
without injury [39]. CTNNB1 is also activated in
kidney pericytes during injury, and is required
therein for damage-induced inflammation and
fibrosis [40]. Whether CTNNB1 activation in
prostate stroma elicits actions similar to that of
CTNNB1 activation in kidney stroma, remains
to be determined.
Am J Clin Exp Urol 2014;2(4):313-322
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Though cytosolic and nuclear accumulation of
CTNNB1 have historically been used as biomarkers for its potential engagement as a transcriptional coactivator, additional molecular
evidence is needed to more accurately assess
CTNNB1 activity. Though many CTNNB1 target
genes are known across mammalian tissues,
they are expressed in a context- and tissuedependent manner. Several CTNNB1 target
genes have been elucidated in developing
mouse prostate including mRNAs for Axin2,
Lef1, Wnt inhibitory factor 1, Bmps 2, 4, and 7,
T cell factor 7, and Myc [10, 12, 36]. In the current study, LEF1 protein was present in about
10% of the epithelial cells and 18% of stroma
cells. However, LEF1 did not appear to mark
cells that also showed potential CTNNB1 activation, based on its nuclear localization in
tumor adjacent normal prostate tissue.
CTNNB1 localized to the nucleus of 72.92% of
prostate epithelial cells that lacked detectable
LEF1 staining, but only 8.69% of cells with
detectable LEF1 staining. Further, CTNNB1
localized to the nucleus of 1.48% of prostate
stromal cells without detectable LEF1, but only
0.58% of cells with detectable LEF1. This pattern was similar in BPH tissues. These results
indicate that LEF1 is present in histologically
normal and BPH prostate tissue, but is unlikely
to be an accurate readout of CTNNB1 signaling
in these tissues. Future validation of other
CTNNB1 target genes in human BPH prostate
specimens will reveal its potential mechanisms
of action in this disease process.
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