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BACKGROUND AND PURPOSE
In men with benign prostatic hyperplasia, increased smooth muscle tone in the prostate may lead to bladder outlet obstruction
and subsequent lower urinary tract symptoms. Consequently, medical treatment aims to inhibit prostate smooth muscle
contraction. However, the efficacy of the treatment options available is limited, and improved understanding of mechanisms of
prostate smooth muscle contraction and identification of new targets for medical intervention are mandatory. Several studies
suggest that LIM kinases (LIMKs) promote smooth muscle contraction; however, this has not yet been examined. Here, we
studied effects of the LIMK inhibitors on prostate smooth muscle contraction.

EXPERIMENTAL APPROACH
Human prostate tissues were obtained from radical prostatectomy. Phosphorylation of cofilin, a LIMK substrate, was examined
using a phospho-specific antibody. Smooth muscle contractions were studied in organ bath experiments.

KEY RESULTS
Real-time PCR, Western blot and immunofluorescence suggested LIMKs are expressed in smooth muscle cells of prostate tissues.
Two different LIMK inhibitors, SR7826 (1 μM) and LIMKi3 (1 μM), inhibited contractions of prostate strips, which were induced by
electrical field stimulation, α1-adrenoceptor agonists phenylephrine and methoxamine and the TXA2 analogue, U46619. LIMK
inhibition in prostate tissues and cultured stromal cells (WPMY-1) was confirmed by cofilin phosphorylation, which was reduced
by SR7826 and LIMKi3. In WPMY-1 cells, SR7826 and LIMKi3 caused breakdown of actin filaments and reduced viability.

CONCLUSIONS AND IMPLICATIONS
Smooth muscle tone in the hyperplastic human prostate may underlie the effects of LIMKs, which promote contraction.
Contraction of prostate strips can be inhibited by small molecule LIMK inhibitors.

Abbreviations
4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1; BPH, benign prostatic hyperplasia; CCK, cell counting
kit; ΔCP, Cttarget � CtGAPDH; Ct, number of cycles; ECL, enhanced chemiluminescence; EFS, electric field stimulation; IPSS,
International Prostate Symptom Score; LIMK, LIM domain kinase; LIMKi3, N-[5-[1-(2,6-dichlorophenyl)-3-
(difluoromethyl)-1H-pyrazol-5-yl]-2-thiazolyl]-2-methylpropanamide; LUTS, lower urinary tract symptoms; MLC, myosin
light chain;MW,molecular weight; MYPT1, myosin light chain-binding subunit of myosin light chain phosphatase; PBS-T,
PBS containing 0.1% Tween 20; PSA, prostate-specific antigen; ROCK, Rho kinase; SR7826, N-(2-hydroxyethyl)-N0-[4,5-
methyl-7H-pyrrolo[2,3-d]pyrimidine-4-yl)phenyl]-N-phenylurea; STK16, serine/threonine kinase 16; SYBR Green, N0,N0-
dimethyl-N-[4-[(E)-(3-methyl-1,3-benzothiazol-2 ylidene)methyl]-1-phenylquinolin-1-ium-2-yl]-N-propylpropane-1,3-di-
amine; U46619, (Z)-7-[(1S,4R,5R,6S)-5-[(E,3S)-3-hydroxyoct-1-enyl]-3 oxabicyclo[2.2.1]heptan-6-yl]hept-5-enoic acid;
WST-8, 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt; Y27632,
trans-4-[(1R)-1-aminoethyl]-N-4-pyridinylcyclohexanecarboxamide dihydrochloride

British Journal of
Pharmacology

British Journal of Pharmacology (2018) 175 2077–2096 2077

DOI:10.1111/bph.14201© 2018 The British Pharmacological Society

http://orcid.org/0000-0003-1305-6727


Introduction
In men presenting with benign prostatic hyperplasia (BPH),
obstruction of the prostatic urethra due to increased prostate
smooth muscle tone and/or prostatic enlargement may im-
pair bladder emptying, resulting in lower urinary tract symp-
toms (LUTS) (Hennenberg et al., 2014). Prostate smooth
muscle contraction may be induced by activation of
α1-adrenoceptors (Hennenberg et al., 2014). Accordingly,
α1-adrenoceptors hold a key role in aetiology and medical
treatment of male LUTS (Oelke et al., 2013; Hennenberg et al.,
2014). In the clinic, routinely, α1-adrenoceptor antagonists
(α1-blockers) are a preferred choice to relieve LUTS. Their
mechanisms of action include prostate smoothmuscle relaxa-
tion and subsequent improvement of urethral and bladder
outlet obstruction (Oelke et al., 2013;Hennenberg et al., 2014).

Although α1-blockers represent an essential medical op-
tion to improve LUTS suggestive of BPH, there are inherent
limitations (Ventura et al., 2011; Oelke et al., 2013;
Hennenberg et al., 2014). In fact, α1-blockers improve symp-
tom scores and urinary flow by no more than 50% in the ma-
jority of patients, resulting in disappointing or inadequate
results. As a consequence, there are high rates of non-
responders, treatment discontinuation, hospitalization and
BPH-related surgeries (Chapple et al., 2011; Hennenberg
et al., 2014; Cindolo et al., 2015). Together with demo-
graphic changes in the elderly population in Western coun-
tries, the development of new therapeutic options becomes
more important than ever. This requires a precise under-
standing of prostate smooth muscle contraction. However,
α1-adrenoceptor-mediated contraction has recently turned
out to be much more complex than previously assumed,
and intracellular mechanisms promoting prostate smooth
muscle contraction are still not fully understood
(Hennenberg et al., 2014).

LIM domain kinases (LIMKs) are serine/threonine ki-
nases, which occur in two isoforms (LIMK1 and LIMK2)
(Bernard, 2007). Both are known as important regulators of
actin dynamics, which promote actin polymerization, fila-
ment organization and thus stress fibre formation (Yang
et al., 1998; Bernard, 2007). LIMK-dependent actin regulation
is initiated by LIMK-mediated phosphorylation of cofilin
(Yang et al., 1998; Bernard, 2007). In smoothmuscle, actin re-
organization is an ultimate prerequisite for contraction
(Hennenberg et al., 2008; Hennenberg et al., 2014). However,
a role for LIMK1/2 in smooth muscle contraction has – to the
best of our knowledge – not been reported yet. A potential
role appears for LIMKs is possible, as it has been proposed that
α1-adrenoceptors in the cardiovascular system induce cofilin
phosphorylation by activation of LIMKs (Dai et al., 2008;
Du et al., 2010). Here, we studied effects of the LIMK inhibi-
tors SR7826 and LIMKi3 on prostate smooth muscle
contraction.

Methods

Human prostate tissues
Human prostate tissues were obtained from patients who
underwent radical prostatectomy for prostate cancer

(n = 174). Patients with previous transurethral resection of
the prostate were excluded. This study was carried out in ac-
cordance with the Declaration of Helsinki of the World Med-
ical Association and has been approved by the Ethics
Committee of the Ludwig Maximilian University of Munich,
Germany. Informed consent was obtained from all patients.
All samples and data were collected and analysed anony-
mously. Prostates were collected immediately after surgery,
followed by macroscopic examination by a uropathologist.
Tissues were taken from the periurethral zone, as most pros-
tate cancers arise in the peripheral zone (Pradidarcheep
et al., 2011; Shaikhibrahim et al., 2012). Upon pathological
evaluation, only tissue samples, which did not exhibit macro-
scopic signs of neoplasia, cancer or inflammation, were used
for subsequent experiments. BPH is present in ~80% of pa-
tients with prostate cancer (Alcaraz et al., 2009; Orsted and
Bojesen, 2013). Organ bath studies were performed immedi-
ately after sampling, while samples for molecular analyses
were shock-frozen in liquid nitrogen and stored at �80°C.

Real-time PCR
RNA from frozen prostate tissues or cells was isolated using
the RNeasy Mini kit (Qiagen, Hilden, Germany). For isolation
from tissues, 30 mg of tissue were homogenized using the
FastPrep®-24 system with matrix A (MP Biomedicals,
Illkirch-Graffenstaden, France). RNA concentrations were
measured spectrophotometrically. Reverse transcription to
cDNA was performed with 1 μg of isolated RNA using the Re-
verse Transcription System (Promega, Madison, WI, USA).
Real-time PCR (RT-PCR) for LIMK1, LIMK2 and GAPDH was
performed with a Roche Light Cycler (Roche, Basel,
Switzerland) using primers provided by Qiagen as ready-to-
use mixes, based on the RefSeq accession numbers
NM_001204426 for LIMK1, NM_001031801 for LIMK2 and
NM_002046 for GAPDH. PCR reactions were performed in a
volume of 25 μL containing 5 μL LightCycler® FastStart
DNA MasterPlus SYBR Green I (Roche), 1 μL template, 1 μL
primer and 18 μL water. Denaturation was performed for
10 min at 95°C and amplification with 45 cycles of 15 s at
95°C followed by 60 s at 60°C. The specificity of primers
and amplification was demonstrated by subsequent analysis
of melting points, which revealed single peaks for each target.
Results are expressed using the ΔΔCP method, where number
of cycles (Ct) at which the fluorescence signal exceeded a de-
fined threshold for GAPDH was subtracted from Ct values for
LIMK (CtLIMK�CtGAPDH = ΔCP), and values were calculated as
2�ΔCP and normalized to each other.

Western blot analysis
Frozen prostate tissues were homogenized in a buffer con-
taining 25 mM Tris/HCl, 10 μM PMSF, 1 mM benzamidine
and 10 μg·mL�1 leupeptine hemisulfate, using the FastPrep-
24 system with matrix A (MP Biomedicals). After centrifuga-
tion (20 000 g, 4 min), supernatants were assayed for protein
concentration using the Dc-Assay kit (Bio-Rad, Munich,
Germany) and boiled for 10 min with SDS sample buffer
(Roth, Karlsruhe, Germany). Samples (20 μg per lane) were
subjected to SDS-PAGE, and proteins were blotted on
Protran® nitrocellulose membranes (Schleicher & Schuell,
Dassel, Germany). Membranes were blocked with PBS con-
taining 5%milk powder (Roth) overnight and incubated with
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rabbit phospho-LIMK1 (Thr508)/LIMK2 (Thr505) (#3841), rab-
bit anti-LIMK1 (GTX10561-50) (GeneTex, Irvine, CA, USA),
rabbit anti-LIMK2 (#3845), mouse anti-phospho-cofilin
(p-cofilin) 1 (sc-365882) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), rabbit anti-cofilin (D59), rabbit anti-
phospho-myosin light chain (MLC)-binding subunit of
MLC phosphatase (MYPT1) (Thr696) (#5163), rabbit anti-
MYPT1 (#8574), mouse anti-phospho-MLC 2 (Ser19)
(#3675), rabbit anti-myosin light chain 2 (#8505), rabbit
anti-phospho-eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1) (Thr37/46) (#9459), rabbit anti-
phospho-4E-BP1 (Ser65) (#13443), rabbit anti-4E-BP1
(#9644), mouse monoclonal anti-pan-cytokeratin (sc-8018)
(Santa Cruz Biotechnology), mouse monoclonal anti-
calponin 1/2/3 (sc-136987) (Santa Cruz Biotechnology),
mouse monoclonal anti-prostate-specific antigen (PSA) (sc-
7316) (Santa Cruz Biotechnology) or mouse monoclonal
anti-β-actin antibody (sc-47778) (Santa Cruz Biotechnology)
(if not other stated, from Cell Signaling Technology, Danvers,
MA, USA). Primary antibodies were diluted in PBS containing
0.1% Tween 20 (PBS-T) and 5% milk powder. Subsequently,
detection was continued using secondary biotinylated horse
anti-mouse or goat anti-rabbit IgG (BA-1000 and BA-2000)
(Vector Laboratories, Burlingame, CA, USA), followed by in-
cubation with avidin and biotinylated HRP from the
‘Vectastain ABC kit’ (Vector Laboratories, Burlingame, CA,
USA) both diluted 1:200 in PBS. Membranes were washed
with PBS-T after any incubation with primary or secondary
antibodies or biotin-HRP. Blots were developed with en-
hanced chemiluminescence (ECL) using ECL Hyperfilm (GE
Healthcare, Freiburg, Germany). Intensities of resulting
bands for LIMK1, LIMK2, cofilin and PSA were quantified
densitometrically using ‘Image J’ (National Institutes of
Health, Bethesda, MD, USA), and values (arbitrary units) were
plotted against each other and subjected to Spearman’s corre-
lation analysis.

Fluorescence staining
Human prostate specimens, embedded in optimal cutting
temperature compound, were snap-frozen in liquid nitrogen
and kept at �80°C. Sections (8 μm) were cut in a cryostat
and collected on Superfrost® microscope slides. Sections were
post-fixed in methanol at �20°C and blocked in 1% BSA be-
fore incubation with primary antibody overnight at room
temperature. For double labelling, the following primary an-
tibodies were used: rabbit anti-LIMK1 (GTX10561-50)
(GeneTex, Irvine, CA, USA), rabbit anti-p-cofilin (serine 3)
(77G2) (Cell Signaling Technology), rabbit anti-cofilin
(D59) (Cell Signaling Technology), mouse anti-pan-
cytokeratin (sc-8018) or mouse anti-calponin 1/2/3 (sc-
136987) (if not stated otherwise, compounds were obtained
from Santa Cruz Biotechnology). Binding sites were visual-
ized using Cy3-conjugated goat anti-mouse IgG (AP124C),
FITC-conjugated rabbit anti-goat IgG (AP106F) (both from
Millipore, Billerica, MA, USA) and Cy5-conjugated goat anti-
rabbit IgG (ab6564) (Abcam, Cambridge, UK). Nuclei were
counterstained with DAPI (Invitrogen, Camarillo, CA, USA).
Immunolabelled sections were analysed using a laser scan-
ningmicroscope (Leica SP2,Wetzlar, Germany). Fluorescence
was recorded with separate detectors. Control stainings with-
out primary antibodies did not yield any signals.

Tension measurements
Prostate strips (6 × 3 × 3 mm) were mounted in 10 mL aerated
(95% O2 and 5% CO2) tissue baths (Danish Myotechnology,
Aarhus, Denmark) with four chambers, containing
Krebs–Henseleit solution (37°C, pH 7.4). Preparations were
stretched to 4.9 mN and left to equilibrate for 45 min. In
the initial phase of the equilibration period, spontaneous de-
creases in tone are usually observed. Therefore, tension was
adjusted three times during the equilibration period, until a
stable resting tone of 4.9 mN was attained. After the equili-
bration period, maximum contraction induced by 80mM po-
tassium chloride (KCl) was assessed. Subsequently, chambers
were washed three times with Krebs–Henseleit solution for a
total of 30 min. Cumulative concentration–response curves
for noradrenaline, phenylephrine, methoxamine,
endothelin-1 andU46619 or frequency-response curves in-
duced by electrical field stimulation (EFS) were created after
addition of inhibitors or DMSO for controls. Effects of
SR7826 and LIMKi3 were assessed in separate series of exper-
iments, using corresponding controls from the same prostate
in each experiment. Thus, from each prostate, samples were
allocated to the control and inhibitor groups within the same
experiment. Consequently, both groups in each series had
identical group sizes. This allocation was randomized. More-
over, application of DMSO (two chambers) and inhibitor
(two chambers) to chambers was changed for each experi-
ment, that is, again randomized. As two chambers were run
for controls and two other for inhibitors in each experiment,
all values of one independent experiment were determined in
duplicate. In a separate series of experiments, samples from
each prostate were allocated to groups containing LIMK in-
hibitor or a combination of LIMK inhibitor with Y27632.
The application of EFS simulates action potentials, resulting
in the release of endogenous neurotransmitters, including
noradrenaline. For the calculation of agonist- or EFS-induced
contractions, tensions were expressed as % of KCl-induced
contractions, as this corrects for different stromal/epithelial
ratios, different smooth muscle content, varying degree of
BPH or any other heterogeneity between prostate samples
and patients (Kenakin, 2008; Kunit et al., 2014; Wang
et al., 2016a).

Cell culture
WPMY-1 is an immortalized cell line from human prostate
stroma without malignant transformation (Webber et al.,
1999). Cells were purchased from American Type Culture
Collection (Manassas, VA, USA) and grown in RPMI 1640
(Gibco, Carlsbad, CA, USA) supplemented with 10% FCS
and 1% penicillin/streptomycin at 37°C with 5% CO2. Before
addition of SR7826 or LIMKi3, the medium was changed to a
FCS-free medium. For Western blot analysis, cells were lysed
using RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) and re-
moved from flasks after 15 min of incubation on ice. Cell de-
bris was removed by centrifugation (10 000× g, 10 min, 4°C),
and different aliquots of supernatants were either subjected
to protein determination or boiled with SDS sample buffer.

Phosphorylation studies
Tissues from each prostate were cut into several small strips
(6 × 1 × 1 mm), which were then allocated to two samples
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(control and inhibitor or control and agonist). Consequently,
both groups in each series had identical group sizes. Incuba-
tion of samples with inhibitors, agonists and solvent (con-
trols) was performed in six-well plates filled with custodiol
solution. After an equilibration period of 20 min, inhibitors,
agonists and solvent were added, and plates were kept at
37°C under continuous shaking for indicated periods.
Following incubations, tissues were shock frozen with liquid
nitrogen and subjected to Western blot analysis for
phospho-LIMK, LIMK, p-cofilin, cofilin, phospho-MYPT1,
MYPT1, phospho-MLC, MLC, phospho-4E-BP1, 4E-BP1 and
β-actin. Each setting was repeated in several independent
experiments using different prostates, as indicated. For
phosphorylation analyses in WMPY-1 cells, cells were grown
in T75 flasks, and inhibitors or DMSO were added after 48 h.
After 2 h of incubation, cells were lysed with RIPA buffer and
removed from flasks after 15 min of incubation on ice. Cell de-
bris was removed by centrifugation (10 000× g, 10 min, 4°C),
and supernatants were subjected to Western blot analysis.

The intensities of the resulting bands were quantified
densitometrically using ‘Image J’ (National Institutes of
Health). For semiquantitative calculation, values of each
sample were normalized to the mean of the corresponding
control group. This normalization is inevitable due to large
variations in control values obtained by densitometric quan-
tification (providing ‘arbitrary units’). These variations
mostly result from detection conditions (slight differences
in incubation periods and exposure times) and from different
adjustments during digitization of blots (required due to
varying background or diverging LIMK and cofilin content).
These variations in control values cannot be avoided in prac-
tice; therefore, normalization to controls was required.

Phalloidin staining
For fluorescence staining of polymerized actin with
phalloidin, cells were plated on Lab-Tek chamber slides
(Thermo Fisher, Waltham, MA, USA) and covered with inhib-
itors or solvent. Staining was performed using 100 μM FITC-l-
abelled phalloidin (Sigma-Aldrich, Munich, Germany),
according to the manufacturer’s instruction. Labelled cells
were analysed using a laser scanning microscope (Leica SP2,
Wetzlar, Germany). Finally, stainings were quantified using
‘Image J’ (National Institutes of Health).

Viability assay
Effects of LIMK inhibitors on viability of WPMY-1 cells were
assessed using the Cell Counting Kit-8 (CCK-8) (Sigma-Al-
drich, St. Louis, MO, USA). Cells were grown in 96-well plates
(20 000 cells per well) for 24 h, before inhibitors or solvent
were added in the concentrations indicated. Subsequently,
cells were grown for different time periods (24, 48 or 72 h).
Separate control experiments were performed for each pe-
riod. At the end of this period, 10 μL of [2-(2-methoxy-4-ni-
trophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetra-
zolium monosodium salt (WST-8) from CCK-8 was added,
and absorbance in each well was measured at 450 nm after in-
cubation for 2 h at 37°C.

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in

pharmacology (Curtis et al., 2015). Data are presented as
means ± SEM with the indicated number (n) of independent
experiments. Multivariate ANOVA and one-way ANOVA
were used for paired or unpaired observations and performed
using SPSS® version 20 (IBM SPSS Statistics, IBMCorporation,
Armonk, NY, USA). P values <0.05 were considered statisti-
cally significant. Spearman’s correlation analysis was per-
formed using GraphPad Prism 6 (Statcon, Witzenhausen,
Germany). All groups subjected to statistical analyses were
based on five or more independent experiments or included
tissues from five or more patients. Thus, minimum group
sizes of all groups subjected to statistical tests were n = 5.
Moreover, all groups being compared with each other by sta-
tistical tests showed identical group sizes; consequently, any
statistical comparisons between groups of different sample
sizes were not performed.

Results in phosphorylation analyses of agonist-stimulated
prostate tissues (phenylephrine, U46619) were not subjected
to statistical analysis, as it was obvious that no effect could be
expected from agonist stimulation. According to the explor-
atory character of these series and considering that no
statistical test was applied and, finally, because it was obvious
after three experiments that no effect could be expected, one
of these series was stopped after three independent
experiments; in fact, such exceptions are in line with the
‘British Journal of Pharmacology’s recommendations on
experimental design and analysis in pharmacology’ (Curtis
et al., 2015).

Randomization was performed as described above for or-
gan bath experiments. Assignment to groups (control or in-
hibitor) and analysis were not blinded, because this study
was started before the new guidance for publication in the
British Journal of Pharmacology was published, and was sub-
mitted before August 2017, when blinding became a negotia-
ble requirement for studies published in the British Journal of
Pharmacology (Curtis et al., 2015). At this time, blinding was
in fact not routinely performed in our studies.

Calculations of group sizes for organ bath experiments
were carried out using GLIMMPSE (version 2.2.7, http://
glimmpse.samplesizeshop.org), an open-source online tool
for calculating power and sample size, on the basis of own
previous experimental data (Hennenberg et al., 2013; Kreidler
et al., 2013; Wang et al., 2015; 2016a). Calculations were per-
formed separately for each agonist or EFS. The type I error rate
was set to 0.05, while the desired statistic power was set to 0.8.
Other input variables include mean and variability, which
were extracted from our own previously published data se-
ries. The results are given in Table 1.

Principally, we adhered to these calculated groups sizes.
If it became obvious during the study that an inhibitor has
an effect, but without reaching significance with the calcu-
lated group size, group sizes were optimized (increased) un-
til statistical significance was attained, that is, we opted for
safety rather than just adhering to the bare minimum. A
major reason could be that the human prostate tissues used
in our study are characterized by highly divergent degree of
BPH, together with additional overall individual variations,
including different content and condition of smooth mus-
cle and different stromal/glandular ratio. This has been
demonstrated recently (Kunit et al., 2014; Wang et al.,
2015) and was confirmed again in this study. Thus,
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adherence to the bare minimum of calculated group sizes
instead of flexible design may yield disappointing results
in organ bath experiments and may consequently not re-
flect the reality. According to the ‘new guidance for publica-
tion in BJP’, large variations may indeed impede such power
analyses (Curtis et al., 2015). Consequently, it has been rec-
ommended that selecting the group sizes may be preferred
in the interests of flexibility, rather than adhering to the
bare minimum (Curtis et al., 2015). No data or experiments
were excluded from analyses.

For methoxamine, we did not have our own previous re-
sults, so that our group size calculation for this agonist was
based on previous experiments with phenylephrine. This ap-
pears feasible as both agonists show similar pharmacological
properties (Alexander et al., 2015).

Materials and drugs
SR7826 is a LIMK family-specific inhibitor, showing IC50

values of 43, 5536 and 6565 nM for LIMK1, Rho kinase 1
(ROCK1) and Rho kinase 2 (ROCK2) respectively (Yin
et al., 2015). LIMKi3 (alternatively termed BMS 5) is a LIMK
inhibitor showing IC50 values of 7 and 8 nM for LIMK1 and
LIMK2 respectively (Ross-Macdonald et al., 2008). Y27632 is
a commonly used inhibitor of Rho kinase (Uehata et al.,
1997). Stock solutions (10 mM) were prepared with DMSO
and kept at �20°C until use. Phenylephrine and
methoxamine are selective agonists for α1-adrenoceptors.
U46619 is an analogue of TXA2 and frequently used as an ag-
onist for TXA2 receptors. Aqueous stock solutions of phenyl-
ephrine, methoxamine hydrochloride and noradrenaline
(10 mM) were freshly prepared before each experiment.
Stock solutions of U46619 were prepared in ethanol and
stored at �80°C until use. Aqueous stock solutions of
endothelin-1 were stored at �20°C until used. SR7826 and
LIMKi3 were obtained from Tocris (Bristol, UK), phenyleph-
rine and noradrenaline were obtained from Sigma (Munich,
Germany), U46619 was obtained from Santa Cruz Biotech-
nology and endothelins from Enzo Life Sciences (Lörrach,
Germany).

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from

the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c).

Results

Detection of LIMK and cofilin in human
prostate tissues
Analysis by RT-PCR suggested mRNA expression of LIMK1
and LIMK2 in human prostate tissues and in WPMY-1 cells
(Figure 1A). Western blot analysis of prostate tissues and
WPMY-1 cells using antibodies raised again LIMK1 or LIMK2
revealed bands with sizes of the expected molecular weight
(MW) of LIMK1 and LIMK2 (72 kDa) (Figure 1B, C). These
bands were observed in each prostate sample included to this
analysis, despite obvious variations in intensity between
bands obtained with samples from different patients
(Figure 1B). Western blot analysis of prostate tissues and
WPMY-1 cells using an antibody raised against cofilin 1 re-
vealed bands with a size of the expected MW of cofilin
1 (18.5 kDa) (Figure 1B, C). These bands were observed in
each prostate sample included to this analysis, with similar
intensity between samples of different patients (Figure 1B).

Bands for calponin and pan-cytokeratin as markers for
smooth muscle and epithelial glandular cells, respectively,
were observed using all prostate samples included to these
analyses but with varying intensities between samples from
different patients (Figure 1B). Similarly, PSA was detected in
almost all prostate samples included to these analyses, with
very obvious variations of PSA content between prostates
from different patients (Figure 1B). Together, this may reflect
individual variations, and/or different degree of hyperplasia,
as recently described (Kunit et al., 2014; Wang et al., 2015;
2016a,b). Calponin, but not pan-cytokeratin, was detectable
in WPMY-1 cells (Figure 1C), confirming the smooth
muscle-like phenotype of these cells (Wang et al., 2015).

Following semiquantitative evaluation of bands obtained
with prostate tissues, correlation analysis was performed for
cofilin, LIMK1, LIMK2 and PSA. No correlation was observed
between intensities of assumed cofilin and PSA bands
(R = �0.02) (Figure 1D). In contrast, the correlation coeffi-
cient resulting from analysis of assumed bands for LIMK1
and PSA indicated a possible correlation between LIMK1
and PSA content, suggesting that expression of LIMK1 in-
creases with the degree of BPH (R = 0.667) (Figure 1D). A sim-
ilar, but slightly weaker correlation, may be suggested
between expression of LIMK2 and PSA (R = 0.548) (Figure 1D).

Histological sections of prostate tissues from five different
patients showed some individual variation in tissue architec-
ture but clearly shared the typical composition of glands
(with pan-cytokeratin-positive glandular epithelia) and
stroma (with calponin-positive smooth muscle cells)
(Figure 2). Following fluorescence staining of prostate sec-
tions with an antibody raised again LIMK1, immunoreactiv-
ity was observed in the stroma and to limited extent in the
glandular epithelium (Figure 2A). Colocalization with immu-
noreactivity for calponin suggested localization of the puta-
tive LIMK1 immunoreactivity in smooth muscle cells
(Figure 2A). Immunoreactivity following fluorescence

Table 1
Calculation of group sizes for organ bath experiments

Stimulus Calculated group size

Noradrenaline n = 9

Phenylephrine n = 5

U46619 n = 5

Endothelin-1 n = 5

EFS n = 5

Numbers indicated for group sizes are numbers for the control and
inhibitor groups, which were compared with each other for each
stimulus (i.e. each agonist or EFS), and tissue from the same prostate
was allocated to both the control and inhibitor group.
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staining with an antibody raised against cofilin 1 was
observed in the stroma and to lesser extent in the glandular
epithelium (Figure 2B). Colocalization with immunoreactiv-
ity for calponin suggested localization of the putative cofilin
immunoreactivity in smooth muscle cells (Figure 2B).

Effects of SR7826 and LIMKi3 on EFS-induced
contractions
EFS (2–32 Hz) induced frequence-dependent contractions of
prostate strips, which were inhibited by SR7826 (1 μM) and
LIMKi3 (1 μM) (Figure 3A). For both inhibitors, inhibition
was significant after multivariate analysis at 8, 16 and 32 Hz
(Figure 3A). Two-way ANOVA was conducted to compare in-
hibitor and control groups, indicating significant inhibition
of EFS-induced contractions by SR7826 (P< 0.05) and LIMKi3
(P < 0.05). Using lower inhibitor concentrations of 500 nM,
no effects of SR7826 and LIMKi3 on EFS-induced contrac-
tions were observed, with the exception of a non-significant
trend towards an inhibition at 32 Hz by SR7826 (Figure 3B).

Effects of a combination of SR7826 with
Y27632 on EFS-induced contractions
In a separate series of experiments, EFS-induced contractions
of prostate strips were induced after addition of SR7826
(1 μM) alone or of a combination containing SR7826 (1 μM)
and Y27632 (30 μM) (Figure 3C). In these experiments, resid-
ual contractions in the presence of SR7826 were further sup-
pressed by Y2732, which was significant at 8, 16 and 32 Hz
(Figure 3C). Two-way ANOVA was conducted to compare
the SR7826 with the SR7826 + Y27632 group, indicating that
the additional suppression of residual contractions by
Y27632 was significant (P < 0.05).

In a similar series of experiments, EFS-induced contrac-
tions were induced after addition of LIMKi3 (1 μM) alone or
of a combination containing LIMKi3 (1 μM) and Y27632
(30 μM) (Figure 3C). Contractions in the presence of LIMKi3
were further suppressed by Y27632, which was significant at
32 Hz (Figure 3C). Two-way ANOVA was conducted to com-
pare the LIMKi3 with the LIMKi3 + Y27632 group, indicating

Figure 1
Detection of LIMK and cofilin in human prostate tissues. Samples of prostate tissues or WPMY-1 cells were subjected to (A) RT-PCR (tissues from
n = 7 patients and cells from n = 4 independent experiments) or (B–D) Western blot analysis (n = 8 patients in each blot from a total of n = 16 pa-
tients or cells from n = 3 independent experiments). Data in (A) are ΔΔCP values (2^-(Cttarget � CtGAPDH), normalized to each other) and median
values (bar). In (B) and (C), bands for all samples included are shown, with sizes matching the expected and indicated MWs of proteins. Western
blot analysis included calponin as a marker for smooth muscle cells, pan-cytokeratin as a marker of endothelial cells (glands) and PSA as a marker
for BPH. Because the limited sample sizes of prostate tissues did not allow analyses for all antigens in the same samples, different sample sets were
used. In (D), values (arbitrary units) after densitometric quantification of Western blots were plotted in diagrams and subjected to Spearman’s cor-
relation analysis.
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that the additional suppression of residual contractions by
Y27632 was significant (P < 0.05).

Effects of SR7826 and LIMKi3 on
phenylephrine-induced contractions
Phenylephrine (0.1–100 μM) induced concentration-
dependent contractions of prostate strips, which were
inhibited by SR7826 (1 μM) and LIMKi3 (1 μM) (Figure 4A).
For SR7826, inhibition was significant after multivariate anal-
ysis at 10, 30 and 100 μM phenylephrine (Figure 4A). For
LIMKi3, inhibition was significant after multivariate analysis
at 3, 10 and 30 μM phenylephrine (Figure 4A). Two-way
ANOVA was conducted to compare inhibitor and control
groups, indicating significant inhibition of phenylephrine-
induced contractions by SR7826 (P < 0.05) and LIMKi3
(P < 0.05).

Effects of SR7826 and LIMKi3 on
methoxamine-induced contractions
Methoxamine (0.1–100 μM) induced concentration-
dependent contractions of prostate strips, which were
inhibited by SR7826 (1 M) and LIMKi3 (1 μM) (Figure 4B).
For SR7826, inhibition was significant after multivariate anal-
ysis at 30 and 100 μM methoxamine (Figure 4B). For LIMKi3,

inhibition was significant after multivariate analysis at 10, 30
and 100 μMmethoxamine (Figure 4B). Two-way ANOVA was
conducted to compare inhibitor and control groups, indicat-
ing significant inhibition of methoxamine-induced contrac-
tions by SR7826 (P < 0.05) and LIMKi3 (P < 0.05).

Effects of SR7826 and LIMKi3 on
noradrenaline-induced contractions
Noradrenaline (0.1–100 μM) induced concentration-
dependent contractions of prostate strips, which were
inhibited by SR7826 (1 M) and LIMKi3 (1 μM) (Figure 4C).
For SR7826, inhibition was significant after multivariate
analysis at 30 and 100 μM noradrenaline (Figure 4C).
For LIMKi3, inhibition was significant after multivariate
analysis at 30 μM noradrenaline (Figure 4C). Two-way
ANOVA was conducted to compare inhibitor and control
groups, indicating significant inhibition of noradrenaline-
induced contractions by SR7826 (P < 0.05) and LIMKi3
(P < 0.05).

Effects of SR7826 and LIMKi3 on
U46619-induced contractions
U46619 (0.01–30 μM) induced concentration-dependent
contractions of prostate strips, which were inhibited by

Figure 2
Immunofluorescence staining of human prostate tissues. Sections were double labelled with antibodies for (A) LIMK1, (B) cofilin or (C) p-cofilin,
together with antibodies for calponin (marker for smooth muscle cells) or pan-cytokeratin (marker for glandular epithelial cells). Yellow colour in
merged pictures indicates colocalization of targets. Regions of cut-outs shown in the right panels are marked by white rectangles in the middle
panels. Shown are representative stainings from a series of tissues from n = 5 patients for each combination.
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Figure 3
Effects of SR7826 and LIMKi3 on EFS-induced contractions of human prostate strips. In an organ bath, contractions of human prostate strips
were induced by EFS. Effects of the LIMK inhibitors SR7826 or LIMKi3 on contractions were tested in concentrations of (A) 1 μM or (B) 500 nM
or in combination with the (C) Rho kinase inhibitor Y27632 (30 μM). Inhibitor groups were compared with corresponding controls (DMSO) in
(A) and (B). In (C), contractions were compared in the presence of LIMK inhibitor (1 μM) alone or in the presence of a combination of LIMK
inhibitor (1 μM) with Y27632 (30 μM). To eliminate heterogeneities due to individual variations, different degrees of BPH or other varying
smooth muscle content (compare Figure 1), tensions have been expressed as % of contraction induced by high molar KCl, being assessed be-
fore application of inhibitors or solvent. Data are means ± SEM from series with tissues from n = 10 patients for 1 μM SR7826, n = 5 for 1 μM
LIMKi3, n = 5 for 500 nM SR7826, n = 5 for 500 nM LIMKi3, n = 5 for SR7826 versus SR7825 + Y27632 and n = 8 for LIMKi3 versus LIMKi3-
+ Y27632 (*P < 0.05 for control vs. inhibitor). Samples from each patient were allocated to both groups within one diagram, so that both
groups in each diagram had identical group sizes. Statistical comparisons were performed between both groups in each diagram but not be-
tween groups across different diagrams.
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SR7826 (1 μM) and LIMKi3 (1 μM) (Figure 5A). For SR7826, in-
hibition was significant after multivariate analysis at 1, 3 and
10 μMU46619 (Figure 5A). For LIMKi3, inhibition was signif-
icant after multivariate analysis at 1, 3, 10 and 30 μMU46619

(Figure 5A). Two-way ANOVA was conducted to compare in-
hibitor and control groups, indicating significant inhibition
of U46619-induced contractions by SR7826 (P < 0.05) and
LIMKi3 (P < 0.05).

Figure 4
Effects of SR7826 and LIMKi3 on adrenergic contractions of human prostate strips. In an organ bath, contractions of human prostate strips
were induced by the α1-adrenoceptor agonists (A) phenylephrine, (B) methoxamine or (C) noradrenaline. Effects of the LIMK inhibitors
SR7826 (1 μM) or LIMKi3 (1 μM) on contractions were compared with corresponding controls (DMSO) in separate sets of experiments. To
eliminate heterogeneities due to individual variations, different degrees of BPH or varying smooth muscle content (compare Figure 1), tensions
have been expressed as % of contraction induced by high molar KCl, being assessed before application of inhibitors or solvent. Data are
means ± SEM from a series of tissues from n = 9 patients for phenylephrine/SR7826, n = 5 for phenylephrine/LIMKi3, n = 6 for
methoxamine/SR7826, n = 5 for methoxamine/LIMKi3, n = 8 for noradrenaline/SR7826 and n = 9 for noradrenaline/LIMKi3 (*P < 0.05 for con-
trol vs. inhibitor). Samples from each patient were allocated to both groups within one diagram, so that both groups in each diagram had
identical group sizes. Statistical comparisons were performed between both groups in each diagram but not between groups across different
diagrams.
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Effects of SR7826 and LIMKi3 on
endothelin-1-induced contractions
Endothelin-1 (0.1–3 μM) induced concentration-dependent
contractions of prostate strips. These endothelin-1-induced
contractions were neither inhibited by SR7826 (1 μM) nor
by LIMKi3 (1 μM) (Figure 5B).

Effects of SR7826 and LIMKi3 on cofilin and
LIMK phosphorylation in prostate tissues
Using site-specific and phospho-specific antibodies, serine-3-
phosphorylated cofilin and threonine-508/505 LIMK1/2
were detectable by Western blot analyses of prostate tissues
with bands matching the expected MWs of cofilin and
LIMK1/2 (Figures 6 and 7). The content of p-cofilin in pros-
tate tissues was reduced with similar efficacy by SR7826 and
LIMKi3 (Figures 6 and 7): SR7826 reduced the p-cofilin con-
tent by 59 ± 15%, while LIMKi3 reduced the p-cofilin content
by 56 ± 13%. In contrast, the contents of total cofilin, β-actin,

phospho-LIMK, LIMK1 and �2, and β-actin remained un-
changed by both inhibitors (Figures 6 and 7).

Following fluorescence staining of prostate sections with
an antibody raised again p-cofilin, immunoreactivity was ob-
served in the stroma and in the glandular epithelium
(Figure 2C). Colocalization with immunoreactivity for
calponin suggested putative localization of the p-cofilin im-
munoreactivity in smooth muscle cells (Figure 2C).

Effects of SR7826 and LIMKi3 on MYPT1
phosphorylation in prostate tissues
Using a site- and phospho-specific antibody, threonine-696-
phosphorylated MYPT1 was detectable by Western blot anal-
yses of prostate tissues with bands matching the expected
MW of MYPT1 (115 kDa) (Figures 6 and 7). MYPT1 phosphor-
ylation at this position is mediated by Rho kinase (Kimura
et al., 1996; Khromov et al., 2009). The phospho-MYPT1 con-
centration in prostate tissues was not changed by either
SR7826 or LIMKi3 (Figures 6A and 7). Similarly, total MYPT1

Figure 5
Effects of SR7826 and LIMKi3 on U46619- and endothelin-1-induced contractions of human prostate strips. In an organ bath, contractions of hu-
man prostate strips were induced by the TXA2 analogue (A) U46619 or (B) endothelin-1. Effects of the LIMK inhibitors SR7826 (1 μM) or LIMKi3
(1 μM) on contractions were compared with corresponding controls (DMSO) in separate sets of experiments. To eliminate heterogeneities due to
individual variations, different degrees of BPH or varying smooth muscle content (compare Figure 1), tensions have been expressed as % of con-
traction induced by high molar KCl, being assessed before application of inhibitors or solvent. Data are means ± SEM from a series of tissues from
n = 7 patients for U46619/SR7826, n = 5 for U46619/LIMKi3, n = 5 for endothelin-1/SR7826 and n = 5 for endothelin-1/LIMKi3 (*P < 0.05 for
control vs. inhibitor). Samples from each patient were allocated to both groups within one diagram, so that both groups in each diagram had
identical group sizes. Statistical comparisons were performed between both groups in each diagram but not between groups across different
diagrams.
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concentration, which was detected with bands showing the
size of the expected MW of MYPT1, did not differ between
control and inhibitor groups (Figures 6A and 7).

To confirm that monitoring of threonine-696 phosphory-
lation ofMYPT1 in prostate tissues byWestern blot analysis is
sensitive to Rho kinase inhibition, we examined effects of the
Rho kinase inhibitor Y27632 on phosphorylation of this po-
sition. Y27632 reduced the content of threonine-696-
phosphorylated MYPT1 by 67 ± 6% (Figure 6B). In contrast,

the contents of total MYPT1 and β-actin remained un-
changed by Y27632 (Figure 6B).

Effects of SR7826 and LIMKi3 on MLC
phosphorylation in prostate tissues
Using a site- and phospho-specific antibody, serine-19-
phosphorylated MLCs were detectable by Western blot
analyses of prostate tissues with bands matching the

Figure 6
Effects of SR7826 and Y27632 on phosphorylations in human prostate tissues. In separate series of experiments, prostate tissues were incubated
with (A) SR7826 (1 μM, 2 h) or DMSO (control) or with (B) Y27632 (30 μM, 1 h) or DMSO. Subsequently, the phosphorylation states of cofilin,
LIMK and MYPT1 (threonine 696), MLC and 4E-BP1 (threonine 37/46, serine 65) were semiquantitatively compared between inhibitor and con-
trol groups by Western blot analyses using site- and phospho-specific antibodies; values for each sample were normalized to the mean of the cor-
responding control group. Shown are representative blots, and means ± SEM from a series of tissues from n = 7 (SR7826), and n = 5 patients
(Y27632) (*P < 0.05 for control vs. inhibitor). Samples from each patient were allocated to both groups within each series, so that both groups
in each series had identical group sizes.
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expected MW of MLC (18.7 kDa) (Figures 6 and 7). The con-
tent of phospho-MLC in prostate tissues was neither changed
by SR7826 nor by LIMKi3 (Figures 6 and 7). Similarly, the con-
tent of total MLCs, which was detected with bands showing
the size of the expected MW of MLC, did not differ between
control and inhibitor groups (Figures 6 and 7).

Effects of SR7826 and LIMKi3 on 4E-BP1
phosphorylation in prostate tissues
Using site-specific and phospho-specific antibodies, threonine-
37/46-phosphorylated and serine-65-phosphorylated 4E-BP1
were detectable by Western blot analyses of prostate tissues
with bands matching the expected MW of 4E-BP1
(12.6 kDa) (Figures 6 and 7). Phosphorylation of 4E-BP1 is
may be mediated by serine/threonine kinase 16
(STK16 also known as MPSK1) (Liu et al., 2016; Liu et al.,
2017). The content of phospho-4E-BP1 in prostate tissues
was not changed by either SR7826 or LIMKi3 (Figures 6 and 7).
Similarly, the content of total 4E-BP1, which was detected

with bands showing the size of the expected MW of
4E-BP1, did not differ between control and inhibitor groups
(Figures 6 and 7).

Effects of phenylephrine and U46619 on LIMK
and cofilin phosphorylation in prostate tissues
Effects of different contractile stimuli on the content of
phospho-LIMK, LIMK, p-cofilin, cofilin and β-actin were
assessed by Western blot analysis (Figure 8). Neither stimula-
tion with phenylephrine (30 μM) for 10 min nor with
U46619 (30 μM) for 1 h, resulted in a change in the content
of phospho-LIMK, LIMK, p-cofilin, cofilin or β-actin in pros-
tate tissues (Figure 8). Similarly, a preliminary series of exper-
iments did not provide an informative basis to assume that
stimulation with phenylephrine for 45 min (30 μM) in-
creased the phosphorylation state of cofilin or LIMK in pros-
tate tissues, so this series was stopped after three
independent experiments (data not shown).

Figure 7
Effects of LIMKi3 on phosphorylations in human prostate tissues. In separate series of experiments, prostate tissues were incubated with LIMKi3
(1 μM, 2 h) or DMSO. Subsequently, the phosphorylation states of cofilin, LIMK and MYPT1 (threonine 696), MLC and 4E-BP1 (threonine 37/
46, serine 65) were semiquantitatively compared between inhibitor and control groups by Western blot analyses using site- and phospho-specific
antibodies; values for each sample were normalized to the mean of the corresponding control group. Shown are representative blots, and means-
± SEM from a series of tissues from n = 6 (LIMKi3), and n = 5 patients (Y27632). Samples from each patient were allocated to both groups within
each series, so that both groups in each series had identical group sizes.
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Effects of SR7826 and LIMKi3 on viability of
WPMY-1 cells
A viability assay revealed concentration- and time-dependent
effects of SR7826 and LIMKi3 in WPMY-1 cells. At a concen-
tration of 1 μM (which inhibited smooth muscle contraction
of prostate tissues), SR7826 and LIMKi3 showedminor effects
on viability after 24, 48 or 72 h of exposure (Figure 9A). At
5 μM, both inhibitors markedly reduced viability in cells after
24, 48 or 72 h of exposure (Figure 9A). Therefore, the follow-
ing experiments in WPMY-1 cells were performed using the
concentration of 5 μM.

Effects of SR7826 and LIMKi3 on actin
organization in WPMY-1 cells
Phalloidin staining visualized actin organization in WPMY-
1 cells. In control cells without inhibitor treatment, actin
was organized to long and thin filaments, being formed by
most of the cells, and with filamentous protrusions of

different cells overlapping each other (Figure 9B). Exposure
to SR7826 for 24 h revealed concentration-dependent ef-
fects. Thus, exposure to 5 μM SR7826 reduced the length
of filaments in some but not all cells (Figure 9B). Cells with
actin organization similar to control cells were still visible
but obviously at a smaller number (Figure 9B). Exposure to
10 μM SR7826 resulted in extensive breakdown of actin or-
ganization, that is, phalloidin-stained actin disappeared
from most cells, and any remaining filaments were obvi-
ously shorter (Figure 9B). Similarly, exposure to 5 or 10 μM
LIMKi3 for 24 h caused again extensive breakdown of actin
organization (Figure 9B). Thus, actin filaments disappeared
virtually completely after exposure to LIMKi3, so that any
remaining phalloidin-stained actin was almost completely
restricted to the region surrounding some of the nuclei
(Figure 9B). These changes were confirmed by quantification
of phalloidin staining, which suggested the polymerized ac-
tin concentration was decreased after incubation with
SR7826 and LIMKi3 (Figure 9B).

Figure 8
Effects of contractile stimuli on LIMK and cofilin phosphorylation in human prostate tissues. In separate series of experiments, prostate tissues were
incubated with (A) phenylephrine (PE) (30 μM) for 10 min or with (B) U46619 (30 μM) for 1 h, or with solvent (ethanol for U46619) as required.
Subsequently, the phosphorylation states of LIMK and cofilin were semiquantitatively compared between agonist and control groups by Western
blot analyses using site- and phospho-specific antibodies; values for each sample were normalized to themean of the corresponding control group
(i.e. without agonist). Shown are representative blots, and means ± SEM from a series of tissues from n = 5 (phenylephrine 10 min), n = 3 (phen-
ylephrine 45 min) or n = 7 patients (U46619). Another, preliminary series did not provide an informative basis to assume that stimulation with
phenylephrine for 45 min (30 μM) resulted in changes in LIMKs or cofilin phosphorylation, so this series was not continued (data not shown).
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Effects of SR7826 and LIMKi3 on cofilin and
LIMK phosphorylation in WPMY-1 cells
Western blot analysis of WPMY1-cells using site- and
phospho-specific antibodies, serine-3-revealed that phos-
phorylated cofilin and threonine-508/505 LIMK1/2 were de-
tectable with bands matching the expected MWs of cofilin
(Figure 10). The content of p-cofilin in WPMY-1 cells was
reduced with similar efficacy by SR7826 and LIMKi3
(Figure 10): SR7826 reduced the p-cofilin content by
45 ± 6%, while LIMKi3 reduced the p-cofilin content by
54 ± 4%. In contrast, the contents of total cofilin, phospho-
LIMK, total LIMK1 and LIMK2, and β-actin were unchanged
in the presence of either inhibitor (Figure 10).

Effects of SR7826 and LIMKi3 on MYPT1
phosphorylation in WPMY-1 cells
Using a site- and phospho-specific antibody, threonine-696-
phosphorylated MYPT1 was detectable by Western blot anal-
yses of WPMY-1 cells with bands matching the expected MW
of MYPT1 (Figure 10). The content of phospho-MYPT1 in
WPMY-1 cells was not changed by either SR7826 or LIMKi3

(Figure 10). Similarly, the content of total MYPT1 did not dif-
fer between control and inhibitor groups (Figure 10).

Effects of SR7826 and LIMKi3 on MLC
phosphorylation in WPMY-1 cells
Using a site- and phospho-specific antibody, serine-19-
phosphorylated MLCs were detectable by Western blot anal-
yses of WPMY-1 cells with bands matching the expected
MW of MLC (Figure 10). The content of phospho-MLCs in
WPMY-1 cells was not changed by either SR7826 or LIMKi3
(Figure 10). Similarly, the content of total MLCs did not differ
between control and inhibitor groups (Figure 10).

Effects of SR7826 and LIMKi3 on 4E-BP1
phosphorylation in WPMY-1 cells
Using site- and phospho-specific antibodies, threonine-37/
46-phosphorylated and serine-65-phosphorylated 4E-BP1
were detectable by Western blot analyses of WPMY-1 cells
with bandsmatching the expectedMWof 4E-BP1 (Figure 10).
The content of phospho-4E-BP1 in WPMY-1 cells was not
changed by either SR7826 or LIMKi3 (Figure 10). Similarly,

Figure 9
Concentration-dependent effects of SR7826 and LIMKi3 in WPMY-1 cells. WPMY-1 cells were exposed to SR7826 and LIMKi3 at different concen-
trations and for different periods and subjected to a (A) viability assay or (B) phalloidin staining to visualize polymerized actin. In (A), cells were
exposed to 1 or 5 μM of SR7826 or LIMKi3 for 24, 48 or 72 h or remained without inhibitors under the same conditions (= controls). In (B), cells
were exposed to 5 or 10 μMof SR7826 (upper panels) or LIMKi3 (lower panels) for 24 h or remained without inhibitors under the same conditions
(= controls). Shown are means ± SD from n = 5 independent experiments in (A), representative pictures from n = 5 independent experiments in (B)
and means ± SD from quantification of phalloidin staining in n = 5 independent experiments in (B) (right panel).
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the content of total 4E-BP1 did not differ between control and
inhibitor groups (Figure 10).

Discussion
Our findings suggest that two structurally unrelated LIMK in-
hibitors inhibited contractions of human prostate tissues. To
the best of our knowledge, this study is the first one reporting
inhibition of smooth muscle contraction by small molecule
LIMK inhibitors in any organ. Prostate smooth muscle con-
traction is of particular interest, as smooth muscle tone in
the hyperplastic prostate may contribute to urethral com-
pression, resulting in bladder outlet obstruction and LUTS
(Hennenberg et al., 2014). Due to limited efficacy of available
options for medical treatment of LUTS suggestive of BPH,
new medications are needed (Hennenberg et al., 2014). This
requires a more precise understanding of the molecular
mechanisms involved in prostate smooth muscle contrac-
tion. However, the recent discovery of previously unknown
mechanisms demonstrated that prostate smoothmuscle con-
traction is still insufficiently understood (Strittmatter et al.,
2012; Hennenberg et al., 2014; Kunit et al., 2014; Wang
et al., 2015; Wang et al., 2016a,b). Thus, our present findings
may contribute to a better understanding of smooth muscle
contraction in the prostate.

SR7826 and LIMKi3 are small molecule inhibitors, which
inhibit LIMK1 and LIMK2 with high potency. In biochemical
kinase assays, where inhibition was assessed using

recombinant kinases in vitro, LIMK1 was inhibited by
SR7826 with an IC50 value of 43 nM, while LIMK1 and �2
were inhibited with IC50 values of 7–8 nM by LIMKi3
(Ross-Macdonald et al., 2008; Yin et al., 2015). Considering
that IC50 values for other kinases were much higher, this
may confer high specificity. Thus, the IC50 value of SR7826
for Rho kinase II (which may also mediate smooth muscle
contraction) exceeded 6.5 μM, while IC50 values for a panel
of 61 other kinases were even higher with the exception of
inhibition of STK16, which was inhibited to 80% by 1 μM
SR7826 (Yin et al., 2015). For LIMKi3, data describing
inhibition of other kinases have to the best of our knowl-
edge not been reported (Ross-Macdonald et al., 2008). In
prostate tissues or in WPMY-1 cells, we did not observe
any impact of SR7826 or LIMKi3 on phosphorylations of
the Rho kinase substrate MYPT1 or of the STK16 substrate
4E-EBP1 under our conditions but inhibition of cofilin
phosphorylation by both inhibitors. In principle, this
may suggest that both inhibitors acted by inhibition of
LIMK in our models, whereas actions due to unspecific
kinase inhibition appear unlikely or may have been low.
On the other hand, the number of substrates of putative
off-target kinases examined in our study was low, so that
unspecific inhibition may not be completely ruled out,
especially regarding STK16. Conclusions whether effects
of SR7826 were solely attributed to LIMK1 or included
LIMK2 may not be possible, as screening of SR7826
included a panel of more than 60 kinases but not LIMK2
(Yin et al., 2015).

Figure 10
Effects of SR7826 and LIMKi3 on phosphorylations in WPMY-1 cells. WPMY-1 cells were incubated with SR7826 (5 μM, 2 h), LIMKi3 (5 μM, 2 h) or
DMSO (control, 2 h). Subsequently, the phosphorylation states of cofilin, LIMK and MYPT1 (threonine 696), MLC and 4E-BP1 (threonine 37/46,
serine 65) were semiquantitatively compared between inhibitor and control groups by Western blot analyses using site- and phospho-specific an-
tibodies; values for each sample were normalized to the mean of the corresponding control group. Shown are representative blots, and means-
± SEM from a series of five independent experiments (*P < 0.05 for control vs. inhibitor).
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EC50 values in organ bath experiments and in intact tis-
sues may be higher than IC50 values in biochemical assays,
for example, due to divergent access of inhibitors to their tar-
gets resulting from barriers like membranes or connective tis-
sue (Vauquelin et al., 2002; Swinney, 2004; Kunit et al., 2014;
Wang et al., 2016b). In fact, EC50 values for biological effects
of LIMK inhibitors in previous studies were higher than IC50

values in kinase assays, so that migration of prostate cancer
cells was inhibited by 100 nM SR7826 by 16% and by 74%
by 1 μM (Yin et al., 2015). For LIMKi3, the EC50 value for inhi-
bition of proliferation in a cell culture model ranged around
10 μM (Ross-Macdonald et al., 2008). We applied both inhib-
itors in concentrations of 1 μM to prostate tissues or up to
5 μM to WPMY-1 cells, which exceeded the IC50 values for
LIMKs but were still below IC50 values for all other screened
kinases in biochemical assays with the exception of STK16
(Ross-Macdonald et al., 2008; Yin et al., 2015). It appears pos-
sible that inhibition of prostate smooth muscle contraction
and effects in WPMY-1 cells were caused by inhibition of
LIMK1, as our findings suggested no inhibition of STK16 or
Rho kinase under our conditions.

Inhibition of LIMK1/2 in prostate tissues and WPMY-1
cells was confirmed by the effects of SR7832 and LIMKi3 on
the content of p-cofilin, which was substantially reduced by
both inhibitors. In fact, cofilin is an important substrate of
LIMK1/2 (Arber et al., 1998; Yang et al., 1998; Bernard,
2007). Consequently, inhibition of cofilin phosphorylation
in our tissues and cells was most likely attributed to LIMK in-
hibition but limited to 45–60%. Whether this reflects incom-
plete LIMK inhibition or may result from LIMK-independent
cofilin phosphorylationmay not be concluded from our data;
to the best of our knowledge, LIMK-independent cofilin
phosphorylation has not been reported. LIMK itself may be
phosphorylated at threonine 508/505, which increases its ki-
nase activity and may be critical for LIMK activation by up-
stream signalling pathways (Arber et al., 1998; Edwards
et al., 1999; Ohashi et al., 2000). As we observed no decreases
in LIMK phosphorylation at this position by SR7826 or
LIMKi3, we conclude that this site is no substrate for LIMK
autophosphorylation in the prostate.

To the best of our knowledge, previous investigations ad-
dressing LIMK in the prostate were limited to an oncological
context (Misra et al., 2005; Mardilovich et al., 2015b). Our
findings suggest LIMK1 and �2 are expressed in the hyper-
plastic human prostate, and this may increase with the de-
gree of BPH. Apart from a role for LIMK1/2 in cancer of the
prostate and other organs, the primary function of LIMK
may be the regulation of actin organization (Yang et al.,
1998; Bernard, 2007). LIMK1 promotes actin polymerization
and filament assembly and thus stress fibre formation in a
range of cell types, including vascular smooth muscle cells
(Yang et al., 1998; Bernard, 2007; San Martin et al., 2008).
This LIMK-dependent actin organization requires the phos-
phorylation of cofilin by LIMK (Yang et al., 1998; Maekawa
et al., 1999; Mouneimne et al., 2006; Bernard, 2007; Scott
et al., 2010; Mardilovich et al., 2015a). Consequently, LIMK
has been reported to regulate several actin-dependent func-
tions, including migration, motility and chemotaxis, as well
as proliferation (Mouneimne et al., 2006; Li et al., 2014; Yin
et al., 2015; Mardilovich et al., 2015a,b; Kapur et al., 2016).
As smooth muscle contraction requires actin organization

and LIMK-dependent actin organization has been reported
in vascular smooth muscle cells, it is assumed LIMK is in-
volved in smooth muscle contraction (San Martin et al.,
2008; Hennenberg et al., 2014). Surprisingly and to the best
of our knowledge, this mechanism, including the application
of small molecule LIMK inhibitors to intact tissues, has not
yet been considered or investigated. Previous investigations
addressing the role of LIMKs in contraction were limited to
isolated cancer-associated fibroblasts in cell culture, in which
LIMK inhibition reduced collagen matrix contractions (Scott
et al., 2010). Thus, it may be speculated that findings similar
to ours may be obtained with smooth muscle preparations
from other organs, for example, vessels or airways.

It has been reported that contractile agonists, including
noradrenaline, induce LIMK activation and cofilin phosphor-
ylation in intact vessels (Dai et al., 2008). Similarly, the α1-
adrenoceptor agonist phenylephrine induced LIMK activa-
tion, cofilin phosphorylation and actin polymerization in
vascular smooth muscle cells (Du et al., 2010). We assumed
that contractile agonists may activate LIMK in the prostate
as well and therefore tested effects of different contractile
stimuli on LIMK and cofilin phosphorylation. However, nei-
ther phenylephrine nor U46619 changed the content of
phospho-LIMK or p-cofilin, suggesting that neither α1-
adrenoceptors nor TXA2 receptors activate LIMK in the hu-
man prostate. On the other hand, we cannot fully rule out
that a transient activation ranging out of our time frames
may take place, although we tested different stimulation pe-
riods. We detected immunoreactivity for p-cofilin by immu-
nofluorescence in untreated prostate tissues. This finding
may suggest a pool of active LIMK in these cells; however,
no conclusion on whether this reflects a constitutive or in-
ducible activity is yet possible. Contrary to other pathways
including RhoA/Rho kinase, PLC/inositol-1,4,5-trisphos-
phate/calcium or DAG/PKC, LIMK/cofilin may not be acti-
vated by α1-adrenoceptors or TXA2 receptors to induce
contraction but regulates contraction independently of these
receptors. Together, LIMK may be a critical intracellular regu-
lator of prostate smooth muscle contractility. Unlike other
pathways, it may not be involved in signal transduction from
receptors to contraction in the human prostate itself but
could maintain smooth muscle cells in a contractile state,
and its activators in the prostate remain to be identified.

Our findings obtained with WPMY-1 cells suggest that
SR7826 and LIMKi3 cause a breakdown of the actin cytoskel-
eton in prostate smoothmuscle cells. This resembles previous
findings, which demonstrated a role for LIMK in the regula-
tion of actin organization in other cell types (Yang et al.,
1998; Bernard, 2007; San Martin et al., 2008). Actin organiza-
tion, that is, polymerization of actin and its organization to
filaments, is an ultimate prerequisite for smooth muscle con-
traction, besides MLC phosphorylation (Hennenberg et al.,
2014). A breakdown of this organization (as observed in
WPMY-1 cells) reduces smooth muscle contractility and
may account for the inhibition of contraction in prostate tis-
sues by SR7826 and LIMKi3. In contrast, MLC phosphoryla-
tion was not affected by SR7826 or LIMKi3. Thus, it appears
unlikely that inhibition of contraction by SR7826 and
LIMKi3 was based on a reduction in MLC phosphorylation.
Moreover, the possibility that LIMK works in concert with
Rho kinase to induce prostate smooth muscle contraction
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may be excluded, as our findings using a combination of
SR7826 with Y27632 suggest separate actions of both kinases.
In fact, activation of Rho kinase is crucial in agonist-induced
smooth muscle contraction in the prostate and other organs
(Uehata et al., 1997; Hennenberg et al., 2008; 2014) but works
obviously independently from LIMK in the prostate. At
present, we cannot explain why SR7826 and LIMKi3
inhibited α1-adrenoceptor and TXA2-induced, but not
endothelin-induced contractions, although all should de-
pend on actin organization. This shows that prostate smooth
muscle contraction is still incompletely understood and
includes different mechanisms underlying regulation of
contractions by α1-adrenoceptors, endothelin and Tx.

In CCK-8 assays performed in WPMY-1 cells, 1 μM of
SR7826 and LIMKi3 induced only moderate effects, while ef-
fects on viability became clearly obvious at 5 μM. Therefore,
we used this concentration in following experiments per-
formed in WPMY-1 cells. Our findings did not suggest an un-
specific inhibition of Rho kinase or STK16 inWPMY-1 cells by
these conditions, as phosphorylation of their substrates
MYPT1 and 4E-BP1 remained unaffected by 5 μM of SR7826
and LIMKi3. Notably, 5 μM was sufficient to induce a break-
down of actin organization and induced low decreases in via-
bility. Again, these findings are in line with previous studies,
reporting about reduced viability due to LIMK deficiency or
following application of small molecule LIMK inhibitors in
different cell types (Park et al., 2014; Petrilli et al., 2014).

We observed that small molecule LIMK inhibitors
inhibited neurogenic contractions, which are assumed to be
mediated by release of endogenous neurotransmitters includ-
ing noradrenaline and subsequent activation of postsynaptic
α1-adrenoceptors on smooth muscle cells in tissue prepara-
tions. This inhibition ranged around 50%, what may resem-
ble or even exceed inhibition of EFS-induced smooth
muscle contractions by α1-blockers in previous studies using
human prostate tissues (Oger et al., 2009; 2010; Buono et al.,
2014). Besides inhibition of neurogenic contractions, we ob-
served inhibition of agonist-induced contractions induced
by the TXA2 analogue U46619. As SR7826 and LIMKi3
inhibited TXA2 in parallel with α1-adrenoceptor or neuro-
genic contractions, it may be hypothesized that these inhibi-
tors induce urodynamic effects in vivo, which may even
exceed the effects of α1-blockers. However, any effect in vivo
still needs to be confirmed in further studies, including ani-
mal models with experimentally-induced LUTS. To the best
of our knowledge, both compounds have not been tested
in vivo to date. Probably, side effects will limit clinical studies
or the use of LIMK inhibitors in patients, as the tolerability of
kinase inhibitors is usually low.

LUTS suggestive of BPH is routinely treated by α1-blockers,
because (i) they inhibit α1-adrenoceptor-induced prostate
smooth muscle contraction and (ii) prostate smooth muscle
contraction contributes to urethral obstruction and LUTS
(Oelke et al., 2013; Hennenberg et al., 2014). However, their
effects are limited: reductions in International Prostate
Symptom Scores (IPSS) or improvements in urinary flow
(Qmax) do not exceed 50%, while effects of placebos range
up to 30% (Kortmann et al., 2003; Madersbacher et al., 2007;
Oelke et al., 2013; Hennenberg et al., 2014). In 30–35% of
patients, decreases in IPSS will be restricted to 25% or less,
so that α1-blockers are inadequately effective in up to 69%

of patients (Chapple et al., 2011; Fullhase et al., 2013;
Matsukawa et al., 2013; Lee et al., 2015). These restrictions
may be attributed to non-adrenergic mediators, which
contribute to prostate smooth muscle tone in parallel with
α1-adrenoceptors, but which are not affected by α1-blockers
(Strittmatter et al., 2011; Hennenberg et al., 2013; 2017).
Therefore, it would make sense that future therapies address
adrenergic and non-adrenergic contractions simultaneously,
to obtain higher efficacy in medical LUTS treatment.

The high popularity of α1-blockers may be reflected by
worldwide annual expenses ranging around 3.5 billion USD
being spent for LUTS treatment with α1-blockers (Ventura
et al., 2011). This is contrasted by clinical problems arising
from insufficient efficacy. Thus, disappointing results may
contribute to high discontinuation rates: 12 months after be-
ing first prescribed α1-blockers, only 35% of patients still con-
tinue with their medication (Cindolo et al., 2015). This low
adherence to medical therapy results in hospitalization and
in high numbers of surgery due to BPH (Cindolo et al.,
2015). Therefore, novel options with higher efficacy may be
appreciated for medical treatment of male LUTS. The devel-
opment of such options requires a precise understanding of
prostate smooth muscle contraction and the identification
of new targets for possible pharmacological interventions.

Based on our findings, it is possible that LIMKs promote
smooth muscle contraction in the human prostate by phos-
phorylation of cofilin and subsequent actin organization in
favour of the contractile state. Thereby, LIMKs could be in-
volved in urethral obstruction and bladder outlet obstruction
in BPH. These conclusions may be obvious but need to be
considered with caution, as unspecific inhibition may still
not be completely ruled out, in particular for STK16 (MPSK1).
It is hypothesized that SR7826, LIMKi3 or other LIMK inhib-
itors show urodynamic effects in vivo or improve LUTS. To
date, tolerability studies for SR7826 or LIMKi3 are lacking,
and side effects are expected and may limit their application
in clinical studies, common for kinase inhibitors. Neverthe-
less, our findings shed new light on the pharmacology and in-
tracellular mechanisms of prostate smooth muscle
contraction and may allow new models to demonstrate its
regulation and the underlying mechanisms.

Conclusions
Small molecule LIMK inhibitors inhibit smooth muscle con-
traction in the human prostate. Our findings suggest that
LIMKs promote prostate smoothmuscle contraction by phos-
phorylation of cofilin and subsequent actin organization.
Therefore, LIMKs may have a role in urethral obstruction
and bladder outlet obstruction in BPH patients. A similar role
in the regulation of smooth muscle contraction in other or-
gans is also possible.
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