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Abstract: Our recent studies identifying the presence of luminal secretory protein PSA in the stroma, decreased 
E-cadherin expression, and reduced number of tight junction kiss points in benign prostatic hyperplasia (BPH) tis-
sues suggest that epithelial barrier permeability is increased in BPH. However, the cause of increased epithelial 
permeability in BPH is unclear. Transforming growth factor beta 1 (TGF-β1) has been reported to be up-regulated in 
clinical BPH specimens and TGF-β1 overexpression induced fibrosis and inflammation in a murine model. TGF-β1 
was reported to repress the expression of E-cadherin in benign prostatic cells. However, whether and how TGF-β1 
up-regulation affects epithelial barrier permeability is unknown. Here, in vitro benign prostatic epithelial cell lines 
BHPrE1 and BPH-1 were utilized to determine the impact of TGF-β1 treatment on epithelial barrier, tight junctions, 
and expression of E-cadherin and claudin 1 by transepithelial electrical resistance (TEER) measurement, FITC-
dextran trans-well diffusion assays, qPCR, as well as transmission electron microscopy (TEM) observation. Laser 
capture micro-dissection (LCM) combined with reverse transcription-polymerase chain reaction (qPCR) were utilized 
to determine the expression of E-cadherin and claudin 1 in BPH patient specimens. TGF-β1 treatment decreased 
TEER, increased FITC-dextran diffusion, and reduced the mRNA expression of junction protein claudin 1 in cultured 
cell monolayers. Claudin 1 mRNA but not E-cadherin mRNA was down-regulated in the luminal epithelial cells in 
BPH nodules compared to normal prostate tissues. Our studies suggest that TGF-β1 could increase the permeability 
through decreasing the expression of claudin 1 and inhibiting the formation of tight junctions in BHPrE1 and BPH-1 
monolayers. These results suggest that TGF-β1 might play an important role in BPH pathogenesis through increas-
ing the permeability of luminal epithelial barrier in the prostate. 
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Introduction

Benign prostate hyperplasia (BPH) incidence 
and prevalence increases with age and is one 
of the most common diseases in older males. 
Although not life-threatening, it can cause 
debilitating lower urinary tract symptoms and 
thus significantly affects the quality of life in 
BPH patients, causing enormous, psychologi-

cal and financial burdens to patients them-
selves, patients’ families and society in general 
[1]. Current standard of care includes adrener-
gic receptor blockers, androgen deprivation 
therapies and surgeries, which all treat this dis-
ease at advanced symptomatic stages with the 
aim to relieve symptoms caused by benign 
prostatic enlargement, and the treatment out-
comes are relatively favorable [2]. However, the 
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medical demand to prevent and/or treat BPH is 
still unmet, which requires a further elucidation 
of the mechanisms underlying BPH pathogene-
sis and the development of corresponding 
novel therapeutic strategies.

Epithelial barrier integrity is crucial for organ 
homeostasis, and barrier disruption has been 
reported to be strongly related to inflammation 
related diseases, including inflammatory bowel 
disease and asthma [3, 4]. The epithelial barri-
er is composed of tight junctions and subjacent 
adherens junctions. The adherens junctions 
are critical for maintaining cellular proximity 
allowing for the formation of tight junctions 
which regulate barrier permeability (Reviewed 
in [5]). Our previous work found that PSA which 
is synthesized by prostatic luminal epithelial 
cells and secreted into the glandular lumen 
was present in BPH stroma, suggesting a com-
promise of the prostatic epithelial barrier [6]. 
Further work confirmed a decrease in immu-
nostaining intensity of adherens junction pro-
tein E-cadherin and a decrease in the number 
of tight junctions in BPH observed under trans-
mission electron microscopy (TEM) [7]. Th- 
erefore, our results suggest the possibility of 
luminal epithelial barrier disruption in the pros-
tate, which might be an important contributor 
to the pathology of BPH.

Activation of the TGF-β pathway has been 
reported in BPH [8, 9]. Transforming growth 
factor beta receptor II (TGFBRII) overexpression 
has been reported in BPH and has been associ-
ated with increased prostate volume [10]. In 
murine prostate inflammation models, both 
bacterial and non-bacterial inflammation acti-
vated the TGF-β1 signaling pathway [11, 12]. 
Overexpression of TGF-β1 by retrovirus in the 
murine prostate induced stromal inflammation 
and proliferation [13]. TGF-β1 has also been 
reported to be able to disrupt epithelial barriers 
in a number of models, including renal proximal 
tubular cells [14] and vas deferens cells [15]. 
Conversely, TGF-β1 enhanced transepithelial 
electrical resistance (TEER) and up-regulated 
claudin 1 expression in colorectal cells [16]. 
Increased secretion of TGF-β1 in intestinal epi-
thelial cells was associated with an increase in 
tight junction proteins, claudin 1 and occludin, 
suggesting that TGF-β1 enhanced repair of the 
epithelial barrier [17]. Previous studies have 
suggested that TGF-β1 could repress the ex- 

pression of E-cadherin in benign prostatic cells 
[18] and anti-TGF-β1 could significantly up-reg-
ulate E-cadherin expression in benign prostatic 
cell line BPH-1 [19, 20].  

The present research was aimed at examining 
the impact of TGF-β1 on benign prostate epi-
thelial cell lines BHPrE1 and BPH-1 monolayer 
permeability and expression of adherens junc-
tion protein E-cadherin and tight junction pro-
tein claudin 1. The ultrastructure and tight junc-
tion formation in vitro was analyzed in BHPrE1 
and BPH-1 cells following stimulation with TGF-
β1, and the expression of E-cadherin and clau-
din 1 mRNA was determined in BPH tissues 
compared to normal adjacent prostate.

Materials and methods

Reagents, antibodies and cell culture

Benign prostatic epithelial cell lines BHPrE1 
[21] and BPH-1 [22] were gifts from Dr. Simon 
Hayward (Northshore University HealthSystem, 
USA). Culture media and supplements included 
Corning DMEM (Dulbecco’s Modified Eagle’s 
Medium/Hams F-12 50/50 mix (10-090-CVR, 
Corning Inc., Corning, NY, USA), RPMI-1640 
(10-041, Gibco, Waltham, MA, USA) culture 
medium, 100x penicillin and streptomycin  
(30-002-CI, Gibco), and 100x L-glutamine 
(25030081, Gibco). TGF-β1 (8915) was from 
Cell Signaling Technology (Danvers, MA, USA). 
For experiments utilizing transwell inserts, 12 
mm Transwell® with 0.4 µm Pore Polyester 
Membrane Inserts (3460, Corning) were used. 
Fetal bovine serum (FBS) was from Atlanta 
Biologicals (Flowery Branch, GA, USA), FITC-
dextran (46945) were from Sigma-Aldrich (St. 
Louis, MO, USA). cDNA reverse reagents 
(RR037A) and SYBR advantage qPCR premix 
(639676) were from Takara (Kusatsu, Tokyo, 
Japan). RNeasy Mini Kit was from Qiagen 
(74104, Hilden, Germany). 

BPH-1 cells were cultured in RPMI-1640 medi-
um supplemented with 10% FBS, 100 U/ml 
penicillin, 100 μg/ml streptomycin and 29.2 
μg/ml L-glutamine [22]. The BHPrE1 cell line 
was maintained in DMEM/F12 containing 5% 
fetal bovine serum, 1 µg/ml insulin-transferrin-
selenium-X (51500056, Invitrogen), 0.4% 
bovine pituitary extract (13028014, Gibco), 3 
ng/ml epidermal growth factor (S0155, Gibco), 
29.2 μg/ml L-glutamine, and 1% antibiotic-anti-
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mycotic mix (15240112, Gibco) [21]. Cells were 
cultured in a 37°C incubator with 5% CO2 and 
95% humidity. Culture medium was replaced 
every other day or according to experimental 
designs. All cell line experiments were per-
formed a minimum of three times.

mRNA isolation and qPCR

Protocols used for isolation of mRNA from cul-
tured cells, cDNA reversing and qPCR were 
described elsewhere [23]. Briefly, mRNA was 
isolated using an RNeasy Mini Kit (Qiagen, 
Hilden, Germany) and then reverse transcribed 
to cDNA using Takara reverse transcription 
reagents. Reaction solution which consisted of 
primers, cDNA and SYBR advantage qPCR pre-
mix was made and samples were analyzed 
using Applied Biosystems StepOnePlus Real-
Time PCR Systems (Applied Biosystems, Foster 
City, CA, USA). Each sample was duplicated. 
Primer sequences were listed in Table 1.

Cell treatments for in vitro permeability assays

Cells were seeded into 6-well plates at a den-
sity of 300,000 cells/well suspended in 2 ml 
complete culture medium and were treated 
with TGF-β1 the next day. After 48 h, cells were 
digested by 0.25% trypsin and cell number was 
calculated using a Beckman Z2 coulter counter 
(Brea, CA, USA). Transwell inserts for 12-well 
plates were seeded with 100,000 cells sus-
pended in 500 μl medium, the lower chamber 
was filled with 1 ml culture medium. Inserts 
were processed in triplicate. The day when cells 
were seeded to inserts was counted as Day 0. 
Culture medium was replaced with fresh media 
with/without TGF-β1 every day. From Day 3, 
transepithelial electrical resistance (TEER) was 
checked every day while FITC-dextran transwell 
permeability assay was performed every other 
day. On Day 8, for each treatment, one insert 
was fixed for TEM and one for mRNA pur- 
ification.

TEER measurement assay

Medium in both inserts and lower chambers 
was replaced by fresh complete culture medi-

um, 1 ml in lower chamber and 500 μl in inserts 
respectively. Culture plates with inserts in 
12-well plates were incubated at 37°C for 30 
min. The electrode was sterilized in 75% etha-
nol for 10 min and then neutralized in sterilized 
PBS at room temperature for 10 min. TEER for 
each insert was measured at three points (12, 
4 and 8 o’clock positions) by Millicell® ERS-2 
voltohmmeter (MERS00002, Millipore, Bille- 
rica, MA, USA). TEER values were recorded 
when the measurement became stable (R1). 
TEER of inserts without cells was used as the 
blank control (R2). The formula used to calcu-
late TEER was as following: TEER = R1-R2.

FITC-dextran transwell permeability assay

Medium in both inserts and lower chambers 
was aspirated, then the lower chambers were 
filled with 1 ml complete medium while the 
inserts were filled with 500 μl complete medi-
um in the presence of 50 μg/ml FITC-dextran 
with/without TGF-β1. After 24 h incubation in 
cell culture incubator, fluorescence of the medi-
um in the lower chamber was measured by a 
SpectraMax M2 Microplate Reader (Molecular 
Devices, San Jose, CA, USA) by multipoint with 
depth check with excitation at 485 nm and 
emission at 535 nm.

Transmission electron microscopy (TEM)

Specimens were identified by a board-certified 
genitourinary pathologist as BPH or normal 
adjacent tissues and fixed in 4°C cold 2.5% glu-
taraldehyde in 0.01 M PBS, pH 7.3 for two 
hours. Fixed specimens were then rinsed in 
PBS, post-fixed in 1% osmium tetroxide with 1% 
potassium ferricyanide, dehydrated through a 
graded series of ethanol (30%-90% and 100%- 
Ethanol 200 Proof) and embedded in Polybed 
812. Semi-thin (300 nm) sections were cut on a 
Reichart Ultracut E ultramicrotome, stained 
with 0.5% toluidine blue and examined under a 
light microscope. Ultrathin sections (65 nm) 
were stained with 2% uranyl acetate and 
Reynold’s lead citrate and examined on a JEOL 
1011 transmission electron microscope (JEOL, 
Peabody, MA, USA).

Table 1. Primer sequences used in qPCR in cell lines study
Forward Reverse

GAPDH 5’-CGACCACTTTGTCAAGCTCA-3’ 5’-AGGGGAGATTCAGTGTGGTG-3’
E-cadherin 5’-CGAGAGCTACACGTTCACGG-3’ 5’-GGGTGTCGAGGGAAAAATAGG-3’
Claudin 1 5’-CCTCCTGGGAGTGATAGCAAT-3’ 5’-GGCAACTAAAATAGCCAGACCT-3’
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Tissue acquisition, laser-capture microdissec-
tion (LCM), RNA isolation and quantitative real-
time polymerase chain reaction (qPCR)

Details of the human BPH specimens used and 
the protocols of RNA isolation and qPCR were 
described elsewhere [24]. Briefly, human BPH 
specimens were obtained from the UPMC Hi- 
llman Cancer Center and Tissue and Research 
Pathology/Pitt Biospecimen Core under approv-
al by the University of Pittsburgh Institutional 
Review Board following a standard protocol. 
Areas of BPH and normal adjacent tissues were 
sampled from 10 radical prostatectomy speci-
mens from patients. All the specimens were 
from patients over 60 years of age with clinical 
symptoms of BPH and who also underwent 
prostatectomy because of BPH. No incidental 
foci of carcinoma were present in this cohort. A 
frozen sample of either normal-adjacent or BPH 
was procured adjacent to the sample and sub-
mitted for clinical histologic assessment, and a 
frozen section of each research tissue speci-
men was histologically assessed by a board-
certified genitourinary pathologist (R. Dhir) to 
identify normal adjacent and BPH areas, and to 
confirm the tissues were free of cancer. Normal 
adjacent tissues were taken from either the 
transition or central zone of the prostate. 
Approximately 2000-5000 excised cells were 
captured using the Leica LMD6000 (Leica 
Microsystems, Wetzlar, Germany) into 0.5 ml 
Eppendorf tube caps. Captured cells were 
lysed, and RNA isolation, reverse transcription, 
and qPCR were performed using CellsDirect™ 
One-Step qRT-PCR Kit (Invitrogen, Carlsbad, 
CA). Data were analyzed by ΔCp (crossing point) 
method as R = 2[Cp sample - Cp control] (28) to 
generate the relative expression ratio (R) of 
each target gene relative to GAPDH. Primer 
sequences were listed in Table 2.

Statistical methods 

All graphs were generated by GraphPad Prism 6 
software (GraphPad Software, Inc. La Jolla, CA, 
USA). GraphPad Prism 6 or SAS, version 9.4 

(SAS, Cay, NC, USA) were used to perform all 
statistical analyses. Student’s t test, One-way 
ANOVA, and ad hoc multiple comparison tests 
were utilized to determine statistical compari-
sons between or among groups. Data were pre-
sented as mean ± standard deviation. A P value 
<0.05 was considered to be statistically si- 
gnificant.

Results

TGF-β1 increased permeability of BHPrE1 and 
BPH-1 epithelial monolayers

We previously demonstrated that benign pros-
tate epithelial cell lines BHPrE1 and BPH-1 
were capable of forming an epithelial barrier, 
and that knockdown of E-cadherin in these cell 
lines increased epithelial permeability [7]. 
Here, we utilized these cell lines to determine 
the effects of TGF-β1 stimulation on prostate 
epithelial monolayer permeability. TGF-β1 sig-
nificantly decreased TEER value (Figure 1A) 
and increased FITC diffusion through the mono-
layer (Figure 1B) in both cell lines. We also 
examined the impact of TGF-β1 stimulation on 
the expression of adherens junction protein 
E-cadherin and tight junction protein claudin 1 
by qPCR. E-cadherin mRNA was not impacted 
by TGF-β1 stimulation, however, claudin 1 ex- 
pression was significantly decreased following 
TGF-β1 stimulation in both cell lines (Figure 
1C). These results demonstrate that TGF-β1 
could increase the permeability in benign pros-
tatic luminal epithelial cell monolayers poten-
tially through down-regulation of claudin 1.

TGF-β1 decreased the formation of tight junc-
tions in BHPrE1 and BPH-1 monolayers

To determine the impact of TGF-β1 treatment in 
BHPrE1 and BPH-1 monolayers ultra-struc-
tures, TEM was utilized to observe whether the 
number of tight junction ‘kiss points’ or fusion 
points between two adjacent cell membranes 
was altered. The number of tight junction ‘kiss 
points’ in cells monolayers with or without TGF-
β1 treatment was determined as previously [7]. 

Table 2. Primer sequences used in LCM + qPCR
Forward Reverse

GAPDH 5’-CATGTTCGTCATGGGTGTGA-3’ 5’-GGTGCTAAGCAGTTGGTGGT-3’
E-cadherin 5’-ATTTTTCCCTCGACACCCGAT-3’ 5’-TCCCAGGCGTAGACCAAGA-3’
Claudin 1 5’-CCTCCTGGGGAGTGATAGCAAT-3’ 5’-GGCAACTAAAATAGCCAGACCT-3’
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Figure 1. TGF-β1 increases epithelial permeability in BHPrE1 and BPH-1 monolayers. Cells were seeded into 6-well 
plates (300,000 cells/well) overnight followed by TGF-β1 treatment (0.2 or 0.4 ng/ml). Two days later, cells were 
digested and seeded to inserts (100,000 cells/well). (A) Monolayer permeability was checked by TEER daily, and (B) 
FITC-dextran transwell permeability assay every other day. Cells in inserts were harvested at Day 8, and the expres-
sion of E-cadherin and claudin 1 was then determined by qPCR (C). @P<0.01, #P<0.001, &P<0.0001.

As shown in Figure 2, TGF-β1 treatment signifi-
cantly decreased the number of ‘kiss points’ in 
both BHPrE1 and BPH-1. It was notable that 
almost no ’kiss points’ were observed following 
TGF-β1 treatment in either BHPrE1 or BPH-1 
monolayers. 

TGF-β1 decreases the expression of claudin 1 
in BHPrE1 and BPH-1 cells

To determine the impact of TGF-β1 on the 
expression of E-cadherin and claudin 1 in 
BHPrE1 and BPH-1 cells, we first treated cells 
with escalating doses of TGF-β1 for 24 h. As 
shown in Figure 3, TGF-β1 treatment did not 
affect the mRNA level of E-cadherin, suggesting 
that down-regulation of E-cadherin by TGF-β1 
did not occur through transcription modulation. 
However, TGF-β1 time-dependently down-regu-
lated the mRNA expression of claudin 1 in both 
BHPrE1 and BPH-1 cell lines. 

Claudin 1 mRNA but not E-cadherin mRNA is 
down-regulated in BPH specimens

We and others have previously reported that 
E-cadherin immunostaining was decreased in 
BPH compared to normal adjacent prostate tis-
sues [6, 7, 9, 25], Here, we examined the mRNA 
expression of E-cadherin and claudin 1 in lumi-
nal epithelial cells in BPH nodule versus normal 
adjacent prostate gland utilizing LCM combined 
with qPCR. As shown in Figure 4, the expres-
sion of E-cadherin in normal adjacent prostate 
did not significantly differ from that of epithelial 
cells in BPH nodules (P=0.4343). However, 
claudin 1 was significantly down-regulated in 
BPH nodules (P=0.0348). These results were 
consistent with the in vitro cell line experi-

ments, suggesting the participation of TGF-β1 
in the down-regulation claudin 1 at the mRNA 
level.

Discussion

BPH pathogenesis is associated with aging and 
prostatic inflammation. Our recent studies sug-
gested that the prostate epithelial barrier may 
be disrupted in BPH, which may contribute to 
BPH pathogenesis and progression. We have 
previously reported the presence of PSA pro-
tein in the stroma of BPH specimens [6] and 
the down-regulation of E-cadherin in BPH epi-
thelium [6, 7]. We also showed that BPH speci-
mens displayed less tight junction ‘kiss points’ 
than normal adjacent tissues [7]. Furthermore, 
we have reported that inflammation in the rat 
prostate is associated with an activation of the 
TGF-β1 pathway [11, 12]. In the present study, 
we show for the first time that TGF-β1 is capa-
ble of inducing an increase in the permeability 
and a decrease in the formation of tight junc-
tion ‘kiss points’ in benign prostate epithelial 
cells in vitro. These alterations in the epithelial 
barrier were accompanied by a down-regulation 
of claudin 1 expression, an important compo-
nent of the epithelial barrier.

In BPH specimens, claudin 1 mRNA levels were 
also significantly decreased, suggesting that 
TGF-β1 or other inflammatory cytokines might 
contribute to the development and progression 
of BPH via down-regulating claudin 1 expres-
sion and subsequently disrupting luminal barri-
er. In the pathogenesis of inflammatory bowel 
disease, TNF-α could induce disruption of the 
epithelial barrier, and anti-TNF-α therapies ha- 
ve achieved promising efficacy in improving 
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Figure 2. TGF-β1 decreased the formation of tight junctions in BHPrE1 and BPH-1 monolayers. A. Representative 
TEM images of tight junctions using samples from inserts with/without TGF-β1 treatments. Red arrows pointed to 
tight junctions. TEM magnification was optimized to show ultrastructure. Original magnification for Control was 40 
k, inset 150 k; 0.2 ng/mL 40 k, inset 100 k; 0.4 ng/mL 50 k, inset 220 k for BHPrE1, and Control 50 k, inset 200 k; 
0.2 ng/mL 15 k, inset 100 k; 0.4 ng/mL 30 k, inset 150 k for BPH-1 (k=×1,000). B. Quantification of the number of 
kiss points of tight junctions between BHPrE1 (top panel) and BPH-1 (bottom panel) cells at the apical membrane. 
&P<0.0001.

intestinal barrier function as well as clinical 
signs and symptoms [26, 27]. Similarly, anti-
TGF-β1 therapies might protect prostatic lumi-
nal epithelial barriers from disruption and have 
the potential to prevent and/or treat BPH.

E-cadherin has previously been shown to be 
down-regulated in BPH specimens by immuno-
histochemistry (IHC) [6, 7, 9, 28]. Through LCM 
and qPCR, we revealed that claudin 1 but not 
E-cadherin was down-regulated in prostatic 
luminal epithelial cells in BPH nodules compar-
ing to normal adjacent tissues at the transcrip-

tional level. TGF-β1 treatment induced an 
increase in epithelial barrier permeability and 
claudin 1 down-regulation has also been shown 
to disrupt epithelial barrier integrity [29]. Our 
results also suggest that claudin 1 down-regu-
lation could mediate TGF-β1-induced increase 
in prostate epithelial barrier permeability. 

E-cadherin down-regulation by TGF-β1 and their 
role in epithelial to mesenchymal transition has 
been extensively studied [30, 31]. However, to 
our knowledge, little light has been shed on if 
and how claudin 1 is regulated by TGF-β1. 
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Martínez-Estrada OM, et al. demonstrated that 
transcription factors Slug and Snail could act 
as repressors of claudin 1 expression in epithe-
lial cells through direct targeting of its promoter 
sequences [32]. Given that Slug and Snail are 
up-regulated in BPH specimens [9] and could 
be induced by TGF-β1 [33], the TGF-β1-Snail/
Slug-claudin 1 axis might be an important path-
way involved in the compromising of prostatic 
luminal epithelial barriers during BPH patho-
genesis. In addition, several factors suggest 
that ERK signaling might be involved in the 
down-regulation of claudin 1 as well as barrier 
disruption by TGF-β1 in BPH, because: 1) ERK 
signaling is activated in BPH specimens as well 
as in testosterone propionate induced BPH rat 
model [34, 35]; 2) TGF-β1 is reported to be a 
potent ERK activator in pancreatic cancer cells 
[36]; 3) Claudin 1 expression was down-regulat-
ed via the ERK pathway in keratinocytes [37], 
and; 4) ERK inhibition decreased the permea-
bility of Caco-2/15 barrier [38]. To further clari-
fy this hypothesis and explore if crosstalk exists 
between ERK and Snail/Slug, more efforts are 
needed in the future.

promising therapeutic approach to prevent 
and/or treat BPH.
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