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Benign prostatic hyperplasia (BPH) is usually described as a patho-
logical proliferation of prostatic fibroblasts/myofibroblasts and
epithelial cells. In the present study of BPH samples, we have made
a morphological and immunohistochemical study of BPH prostatic
sections using markers of proliferation, apoptosis, hormone recep-
tors, and TGF-g signaling. We found no evidence of proliferation in
the stroma but in the epithelium of some ducts; 0.7% of the basal
and 0.4% of luminal cells were positive for Ki67 and PCNA.
Androgen receptor and estrogen receptor beta (ERB)1 and ERBcx
were abundant in both stromal and epithelial compartments but
cells expressing ERa were very rare. What was very common in all
BPH samples was the following: (i) regions of the ductal epithelium
where the epithelial cells did not express E-cadherin, had lost their
polarization, and become spindle shaped (the nuclei of these cells
were strongly positive for pSmad 3 and Snail); and (ii) regions
where the walls of the blood vessels were extremely thick and
there was loss of endothelial layer. Loss of E-cadherin, increased
pSmad 3, and high expression of Snail are all characteristic of
epithelial-mesenchymal transition (EMT). We conclude that BPH is
not a disease of prostatic stromal proliferation but rather of
accumulation of mesenchymal-like cells derived from the prostatic
epithelium and the endothelium. TGF-g is thought to play a key
role in EMT. Our data suggests that TGF-B/Smad should be con-
sidered as targets for treatment of BPH.

proliferation | TGF beta signaling

I n 1649, Riolan described for the first time the enlargement of
the prostate and its most common clinical manifestation, the
obstruction of the bladder outlet (1). Since then, much research
has been focused on the etiology and the clinical management of
benign prostatic hyperplasia (BPH). BPH has been defined as a
progressive hyperplasia of glandular and stromal tissues around
the urethra. It is characterized by a four-fold increase of the
stromal component and a nearly doubling of the glandular
elements of the prostate and because of these changes, BPH has
been perceived as mainly a proliferative stromal disease (2).

More than two-thirds of men older than 50 years have
histological evidence of BPH and, after age 70, the proportion
increases to 80% (3). At present there is no completely effective
treatment for BPH. The mainstay of therapies is the combination
of Sa-reductase inhibitors, which regulate the levels of Sa-
dihydrotestosterone (DHT), and alpha adrenergic-blockers,
which decrease adrenergic tone. However, in some patients
surgery, transurethral resection of the prostate (TURP), is the
only effective intervention (4).

Despite the prevalence of BPH, its pathogenesis still remains
largely unresolved. Several different partially overlapping theo-
ries have been proposed, all of which seem to be operative to
some extent. Men castrated before puberty do not develop BPH
(5) and, in men with genetic disorders that inhibit androgen
production or androgen action, prostatic growth is impaired (6).
Thus, androgen is thought to play a permissive role in BPH and,

www.pnas.org/cgi/doi/10.1073/pnas.0812666106

although levels of DHT are not elevated in BPH (7, 8), Sa-
reductase inhibitors do relieve the symptoms of the disease (6).

In the mid-1970s, McNeal postulated that BPH results from a
reawakening of embryonic inductive interactions between the
prostatic stroma and the epithelium, which in turn induces
epithelial hyperplasia. He proposed the idea that the initial
lesion of BPH is not a stromal nodule but a formation of
glandular budding and branching toward a central focus that
occurs primarily in the transition zone, a situation reminiscent of
embryonic development (9). Whether abnormal growth in BPH
is due to embryonic reawakening (9), stem cell defects (10),
chronic inflammation (11, 12), imbalance between androgen/
estrogen signaling (13), increased TGF-B signaling (14), or to
other so-far undefined factors, is an area of intense investigation.

With aging, changes in the ratio of local concentrations of
androgens and estrogens occur with a decrease in DHT levels,
leading to an overall increase in the relative levels of E2 (15).
In addition, estrogens can be produced locally in the prostate
gland via conversion of testosterone to 17B-estradiol by aro-
matase expressed within the stroma (16). With an increased
estrogen:androgen ratio, epithelial cells secrete TGF-B, a
pleiotropic factor that induces smooth muscle differentiation
and increases the extracellular matrix (ECM) in the surround-
ing stromal cells (14, 17).

In the present study, we have analyzed samples obtained by
TURP from BPH patients and report evidence of dysregulation
of TGF-B signaling. Smad 3 (in its phosphorylated state), Snail,
and Slug, three important downstream elements in the TGF-f3
signaling, were up-regulated in BPH tissue. We found high levels
of ERB1 and ERBcx in both the stroma and epithelium of BPH
but ER« expression was very rare. Proliferation markers, PCNA
and Ki67, revealed proliferating epithelial cells in many ducts but
no stromal proliferation. We here propose that BPH is not a
proliferative disease of the stroma but the result of accumulation
of myofibroblasts and smooth muscle cells, as a consequence of
epithelial proliferation and epithelial-mesenchymal transition
(EMT). This phenomenon involves changes in gene expression
that disrupt epithelial polarity and establish a mesenchymal
phenotype, with concomitant alterations in cytoskeletal organi-
zation, cell adhesion, and production of extracellular matrix. The
TGF-B/Smad3 is a key signaling pathway associated with the
induction and maintenance of EMT (18). We suggest targeting
of TGF-B/Smad signaling as a therapeutic approach in the
treatment of BPH.

Results

Immunohistochemical Localization of Steroid Receptors in BPH. Sec-
tions from 16 patients were stained for ERa, ERB1, ERcx, and
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Fig. 1. Expression of ERB1, ERe, AR, and ERBcx in the representative BPH
tissue samples. Inmunostaining of ERB1 (A and B). ERB1 is expressed both in
the basal and luminal cells in the glandular epithelium. It is also present in the
nuclei of some stromal cells. Both epithelium and stroma are almost negative
for ERa (Cand D). AR is consistently found in the nuclei of luminal cells, as well
as stromal cells in high proportion (E and F). ERBcx is detected mostly in the
epithelium of the ducts, both in basal and luminal cells (G) and less frequently
in the stroma (H). (Scale bar, 100 um.)

AR (Fig. 1). ERB1 was expressed in the nuclei of both basal and
luminal cells and in many stromal cells in all BPH specimens. In
contrast, ERa was only detectable in three patients and its
expression was confined to very small areas of the stroma. AR
was expressed in the nuclei of luminal epithelial cells but not in
the basal cells. AR was also more abundant in the stroma than
was ERB1, with the majority of nuclei of fibroblasts positive for
AR. AR staining was also detected in several nuclei of endo-
thelial cells and in smooth muscle cells and fibroblasts in blood
vessel walls. The pattern of expression of ERBcx was quite
similar to that of ERB1. In most cases, ERBcx and ERB1 seem
to be co-expressed in the same cells, suggesting that ER Bcx might
be modulating ERB1 function.

Evaluation of Cell Proliferation and Apoptosis in BPH. Using the
proliferation markers, Ki67 and PCNA, we found no signs of
proliferation in the stroma as shown in Fig. 2B and D. In the
epithelium (Fig. 24 and C), the percentage of Ki67-positive
basal and luminal cells was 0.7% and 0.4%, respectively. With
PCNA antibodies, 0.8% and 0.4% of basal and luminal cells,
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Fig. 2.

Proliferation and apoptosis in prostate samples from BPH patients.
Index of proliferation was calculated by using the markers Ki67 and PCNA. (B
and D) Shown is the lack of expression of proliferation in the stromal com-
partment. In the epithelium of some ducts, Ki67-positive (A) or PCNA-positive
(C) were detected mostly in the basal layer. The antiapoptotic protein Bcl-2
was strongly detected in epithelium (E) and in some infiltrations of immune
cells in the stroma (F). (Scale bar, 100 um.)

respectively, were positive. Approximately 40% of the ducts
analyzed showed some positive staining for Ki67 or PCNA.
Moreover, the antiapoptotic factor, Bcl-2, was highly ex-
pressed in both the basal and secretory epithelia in the most
hyperplastic acini, whereas in adjacent normal epithelium, Bcl-2
expression was limited (Fig. 2E). Thus lack of apoptosis probably
contributes to the accumulation of prostate epithelial cells.

Disintegration of Cell-Cell Adhesions and Loss of Epithelial Polarity in
BPH Ducts. Within normal prostate epithelium, basal cells express
CK5/14, luminal cells express CK8/18, and an intermediate cell
population can be identified by co-expression of CK5/18. Al-
though the pattern of expression of cytokeratin 8 (CKS8) was
normal in some well-conserved ducts, there was a marked
decrease in the expression of this cytokeratin in regions where
the epithelium was multilayered and the cells were elongated and
spindle-shape (Fig. 34 and B).

A substantial reduction of E-cadherin was observed in the
epithelial layer in all BPH specimens (Fig. 3C and D). In
contrast, there was more abundant expression of the mesenchy-
mal marker, vimentin, in hyperplastic glands than in adjacent
normal glands. This increase was located largely in the sub-
nuclear region of the epithelium of BPH glands (Fig. 3F) and
also in the stromal cells associated with these glands (Fig. 3E).
Taken together, these data indicate that there is a progressive
switch from an epithelial to a mesenchymal phenotype in BPH
tissues.

There were also regions in the BPH stroma where the walls of
the blood vessels were extremely thick with a concomitant loss
of endothelial layer. In the worst areas, there was occlusion of the
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Fig. 3.

Distribution of CK8, E-cadherin, and vimentin in BPH prostatic
glandular epithelium. CK8 expression was detected by using LMW antibody.
A down-regulation of this cytokeratin is observed in multilayer epithelium
ducts (A and B) that are losing epithelium organization. E-cadherin is almost
absent in BPH ducts as is shown in C and in more detail in D. An increase in
vimentin expression is detected in hyperplastic glands and surrounding
stroma (E and F). (Scale bar, 100 um.)

vessels. These observations suggested that an endothelium to
mesenchymal transition process might also be contributing to the
accumulation of mesenchymal-type cells that occurs in BPH.

TGF- Signaling Is Implicated in EMT and in the Development of BPH.
As Fig. 4 shows, we found an up-regulation of the transcription
factors pSmad 3, Snail, and Slug, in specific areas where epithe-
lial cells were losing adhesion contacts and invading through
ECM. Therefore we conclude that TGF-p/Smad signaling path-
way is activated in the pathogenesis of BPH and is associated
with EMT.

Discussion

Benign prostate hyperplasia (BPH) is one of the most frequent
prostate abnormalities and an important cause of urinary diffi-
culties in elderly men (19). Despite its high incidence, little is
known with any certainty about the etiopathology of BPH. One
factor accounting for this gap in knowledge is absence of
adequate animal and in vifro models that closely reflect the
biochemical and physiological features of the disease in men. In
the present study we have analyzed samples from BPH patients
by using markers of proliferation, apoptosis, hormone receptors,
and TGF-f signaling.

Over the years, the question of whether or not proliferation
plays the main role in the development of BPH has been raised.
Claus et al. (20) reported that enlargement of the prostate was
associated with an increase of its weight, but that there was no
significant correlation between proliferation rate and prostate
weight. In the present study, we observed some proliferation in
the prostatic epithelium but none in the stroma in BPH tissue.
We conclude that BPH is not a proliferative disease but a disease
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Fig. 4. Detection of EMT regulators in BPH tissue. The expression of the
transcriptional factors pSmad 3 (A and B), Snail (C and D), and Slug (E and F)
were analyzed in BPH samples. We observe a markedly nuclear staining of
these factors in areas of epithelium remodeling where cells are getting an
elongated appearance. (Scale bar, 50 um.)

of accumulation of cells that are resistant to death. We observed
that most of the replicating epithelial cells were basal cells in
contrast to malignant prostatic lesions in which luminal as well
as basal cells proliferate (21). Moreover, the observed increase
in expression of the antiapoptotic factor, Bcl-2 in BPH may also
account for accumulation of cells (22, 23). The question then
shifts to the origin of the accumulated cells.

We have come to the conclusion that the BPH stroma is
derived from the epithelium by a process called EMT, which
means that epithelial cells lose their epithelial characteristics,
particularly their orientation and attachment to the basement
membrane, and acquire a mesenchymal phenotype. Normally,
epithelial cells anchor to the basement membrane, establishing
an aligned apical-basal polarity. This association with the base-
ment membrane ensures that epithelial cells maintain their
positioning within the epithelium and preclude their entrance
into the underlying extracellular matrix (ECM). During EMT,
the epithelial cells lose this stability and become more migratory,
fibroblast-like cells with concomitant loss of expression of
epithelial markers, such as cytokeratins, E-cadherin, desmo-
plakin, and vinculin (24).

In the present study, we observed that E-cadherin was down
regulated in regions where the epithelial cells were assuming an
elongated shape and were no longer attached to the basement
membrane. Moreover there was a decrease of CK8 and an in-
creased expression of vimentin in hyperplastic glands. Vimentin is
the mesenchymal marker most commonly associated with EMT
(25) and has been described to be up-regulated in BPH (26).

Several stromal and epithelial growth factors and cytokines
have been reported to be overexpressed in BPH. Among all of
these factors, special attention has been focused on TGF-g (27,
28). Members of TGF-B superfamily have been implicated in
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EMT. TGF-B stimulates transdifferentiation of prostatic fibro-
blasts into myofibroblasts and smooth muscle cells along with
induction of ECM proteins (29, 30). In response to TGF-B
binding to TGF-B receptors, there is phosphorylation of Smad 2
and Smad 3 (31). Phosphorylated Smads partner with cytoplas-
mic Smad 4 and translocate to the nucleus where Smad com-
plexes control transcription of target genes. TGF-B activates
both transcription factors Snail and Slug directly through Smad
3. Snail and Slug are repressors of E-cadherin.

We observed an intense expression of the transcription fac-
tors, pSmad 3, Snail, and Slug in selected areas, which suggests
that TGF-B/Smad signaling may play an important role in the
increased stromal accumulation and epithelial growth and that
an epithelial-mesenchymal transition is related to the progres-
sion of BPH.

Estrogen receptors are present in human prostate. ERB1 is the
predominant ER subtype, expressed in the majority of the
epithelial as well as the stromal cells whereas ER« is found in the
stroma of peripheral zone (PZ) but not the transitional zone
(TZ) (32). Some studies report an increase in estradiol within
BPH tissue (13) and ER« has been suggested to mediate stromal
proliferation in BPH (33). In the present study we observed
expression of ERB1, but not ER« in epithelial and stromal cells.
This lack of ER« is compatible with the idea that BPH develops
in the ERa-negative TZ.

TGF-B signaling is one of the most important lines of com-
munication between stroma and epithelium (34) and estrogen
influences TGF-B signaling. More recently, ERB1 has been
shown to play an important role in TGF-f signaling because it
regulates the expression of the TGF-B early response gene (35).
ERp1 in the prostate may therefore be responsible for regulating
TGF-p signaling. The presence of ERBcx together with ERB1 in
BPH prostate may be an indication of abnormal ER signaling.
ERpcx is a splice variant of ERB1, which does not bind estrogen
but can repress the function of ERa and ERB1 (36, 37). ERBcx
is expressed in many cancers but is not normally expressed in the
prostate (38).

AR was expressed in the luminal epithelium of BPH samples,
and much more remarkably, in the stroma. Apart from the
classical role of AR already described, an alternative function of
AR in BPH might be to contribute in the accumulation of ECM.
Versican, a chondroitin sulfate proteoglycan, is one of the main
components of ECM, and it has been described to be overex-
pressed in BPH (39, 40). Versican transcription is induced by
androgen-stimulated AR transactivation in human prostate can-
cer cells (41). Thus AR may participate in the remodeling and
accumulation of ECM that occurs in BPH, through modulation
of stromal cell secretion of macromolecules, such as versatin.

In summary, we suggest abnormalities in ER and TGF-p
signaling in the etiology of BPH and that the therapeutic
targeting of TGF-B/Smad pathway should be considered in the
prevention and treatment of this disease.

Materials and Methods

Tissue. Sixteen BPH prostate specimens obtained by transurethral resection
of the prostate (TURP) were collected. TURP was performed because of
lower urinary tract symptoms due to obstructive benign prostatic disease.
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Table 1. Primary antibodies and conditions

Ab Source Dilution Retrieval Incubation
ERa DAKO 1:35 20’ Overnight 4°C
ERB Homemade 1:300 20’ Overnight 4°C
ERBcx Homemade 1:50 5’ Overnight 4°C
AR Santa Cruz 1:200 20’ Overnight 4°C
Ki67 Novocastra 1:1,000 2X5’ Overnight 4°C
PCNA Abcam 1:6,000 20’ 1hRT
Bcl-2 Novocastra 1:50 2’ Overnight 4°C
CK8 DAKO 1:50 20’ Overnight 4°C
E-cadh Santa Cruz 1:150 No retrieval Overnight 4°C
Vimentin DAKO 1:100 2' Overnight 4°C
pSmad 3 Chemicon 1:2,000 20’ Overnight 4°C
Snail Abcam 1:400 20’ Overnight 4°C
Slug Abcam 1:5,000 20’ 1hRT

RT, room temperature.

Men with prostate cancer were excluded from the study. For TURP we used
abipolar “Olympus’ resection unit, working in isotonicsaline solution. The
specimens were immediately frozen by —40 °C after performing TURP and
stored in the Danube Hospital, Vienna, Austria. For analyses they were sent
to the Karolinska Institute, Stockholm, Sweden. The mean prostate specific
antigen (PSA) in our study was 3.5 ng/ml (range 1.8 to 5.9). The mean
prostate volume was 36.9 ml (range 29 to 64 ml). Usage of patient material
was approved by an institutional ethical committee (reg. number EK
05-094-0905).

Immunohistochemistry. Representative blocks of paraffin-embedded tissues
were cut at a 4-um thickness, dewaxed, and rehydrated. Antigen retrieval was
performed by microwaving sections in 10 mM citrate buffer (pH 6.0). Endog-
enous peroxidase was blocked by incubation for 30 min with a solution of
0.5% hydrogen peroxidase in 50% methanol. To block nonspecific binding,
sections were incubated in 3% BSA plus 0.1% Nonidet P-40 in PBS for 1 h at
room temperature. Primary antibodies were diluted in 1% BSA plus 0.1%
Nonidet P-40 in PBS. Antibodies and conditions used are indicated in the Table
1. After washing, sections were incubated with the corresponding secondary
antibodies for 1 h at room temperature. The Vectastain ABC kit (Vector
Laboratories) was used for the avidin-biotin complex (ABC) method according
the manufacturer’s instructions. Peroxidase activity was visualized with 3,
3’-diaminobenzidine (DAKO). The sections were lightly counterstained with
hematoxylin, dehydrated through an ethanol series to xylene, and mounted.
Appropiate positive controls were included in each immunohistochemical run
to verify the specificity of the staining and negative controls were produced
by substituting the primary antibody with PBS in duplicate sections. The
visualizations were done using a light microscope.

Quantification of Proliferation. To evaluate the index of proliferation in BPH
samples, the markers Ki67 and PCNA were used. Randomly selected micro-
scopic fields (10-15) at 20X magnification per slide were used to count the
Ki67 and PCNA positive cells. At least 25 ducts and 1,500 cells were counted for
each section. The labeling index is the percentage of labeled cell nuclei over
the total number of counted epithelial cell nuclei.
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