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Abstract

High cell-surface GnRH receptor (GnRH-R) levels have been shown to have a major influence on the extent of GnRH agonist-
mediated tumor growth inhibition. The ability of the GnRH agonist leuprorelin acetate (LA) to induce a post-transcriptional
upregulation of GnRH-R at the plasma membrane of androgen-sensitive (LNCaP) and -insensitive (PC-3) prostate cancer
(PCa) cells has been previously demonstrated by Western blotting. Here we performed single molecule force spectroscopy
by using Atomic Force Microscopy (AFM), which has proven to be a powerful tool allowing for investigation of living cell
surface biological features, such as the so far unclear GnRH agonist/receptor interaction. Thus, in the hormone-insensitive
PC-3 cells, we characterized the strength of the LA-receptor binding, and the amount and distribution of the functional
receptor molecules on the cell surface. The effect of a long and continuous treatment (up to 30 days) with the agonist
(10211 and 1026 M) on the same parameters was also investigated. A GnRH-R increase was observed, reaching the
maximum (,80%) after 30 days of treatment with the highest dose of LA (1026 M). The analogue-induced increase in GnRH-
R was also demonstrated by Western blotting. In addition, two different receptor bound strengths were detected by AFM,
which suggests the existence of two GnRH-R classes. A homogeneous distribution of the unbinding events has been found
on untreated and treated PC-3 cell surfaces. The persistence of high receptor levels at the membrane of these living cells
may warrant the maintenance of the response to LA also in androgen-unresponsive PCa. Moreover, the determination of
ligand/receptor bond strength could shed light on the poorly understood event of LA/GnRH-R interaction and/or address
structural/chemical agonist optimizations.
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Introduction

The gonadotropin-releasing hormone (GnRH), a decapeptide

secreted in a pulsatile fashion by hypothalamic neurons, controls

gonadotropin synthesis and release by activating receptors (type I

GnRH-R) expressed on anterior pituitary cells. The down-

regulation and desensitization of these hypophyseal receptors by

continuous administration of GnRH agonistic analogues represent

the rationale for the clinical use of these hormones in the therapy

of endocrine-related cancers since it leads to gonadal steroid

suppression [1–3]. The finding of GnRH/GnRH-R expression in

these tumors, as well as in nonmalignant tissues [4–7], disclosed

the possibility for cells of extrapituitary tissues to be directly

affected by GnRH analogues. Different studies demonstrated the

inhibitory effect of GnRH agonists on the growth of various

neoplasms including prostate cancer (PCa) cells [6,8–14]. Never-

theless, some authors reported that GnRH agonists are ineffective

when used alone while counteract or even suppress hormone- or

growth factor-stimulated cell proliferation [15–19]. In addition,

they demonstrated that these compounds are able to modulate

PSA expression as well as the expression of several genes/proteins

regulating growth and differentiation, apoptosis or cell/cell

adhesion [20–23]. More recently, the effects of the GnRH

agonistic analogue leuprorelin acetate (LA) on the expression of

GnRH-R were investigated by Western blotting in two human

PCa cell lines: the androgen-sensitive, well-differentiated and low

invasive LNCaP cells and the androgen-insensitive, poorly

differentiated and highly invasive PC-3 cells [24]. In these two

models, the analogue at both low and high concentrations is

effective in inducing a post-transcriptional enhancement of the

receptor expression at the plasma membrane level, after 4, 6 and

12 days of a continuous treatment.

The increase in receptor availability at the cell surface could be

a relevant therapeutic issue since it may warrant the maintenance

of the response to the agonist therapy [25]. Moreover, it may allow
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for the development of new therapeutic strategies, which is

particularly important for those tumors that either fail to respond

or develop resistance to endocrine therapy. In fact, even if it is

sorely difficult to predict the PCa cell behaviour in vivo, it is

presumable that, even in hormone-unresponsive PCa, the agonist

administration may provide a beneficial outcome also due to the

direct effect.

In the present paper, we performed single molecule force

spectroscopy by means of Atomic Force Microscopy (AFM) with

the aim of characterizing the strength of the LA-receptor binding,

and the amount and distribution of the functional receptor

molecules at the androgen-unresponsive PC-3 cell surface. We also

demonstrated the effect of a long and continuous treatment with

the agonist on the same parameters. AFM indeed allows for the

detection of dynamic changes in the mechanical properties of

living cell surface [26,27], as well as measurements in air or fluid of

unstained and uncoated biological samples in controlled environ-

ments and in a nanoscale resolution [28–31], without the

requirement of any special treatment that can result in cell

destruction or alteration. Moreover, single molecule force spec-

troscopy offers a unique opportunity to detect molecular

recognition between individual ligands and receptors. Since the

persistence of high receptor levels at the plasma membrane after a

relatively long and continuous treatment with GnRH agonist may

improve the efficacy of LA in androgen-unresponsive PCa, we

investigated the effect of the agonist at low and high concentra-

tions in PC-3 cells for up to 30 days. Intriguing information on so

far unclear GnRH agonist-receptor interaction may derive from

the study of the strength to which such binding occurs and address

structural/chemical optimizations of the analogue.

Materials and Methods

Cell lines and culture conditions
The human hormone-insensitive PC-3 cells [32] were kindly

donated by Prof F. Labrie (Laval University, Quebec, Canada).

Cells were routinely cultured on 25-cm2 cell culture flasks in

Dulbecco’s modified Eagle’s medium (DMEM, Euroclone S.p.A.,

Milan, Italy), supplemented with 5% foetal bovine serum (FBS,

Euroclone), antibiotics (100 IU/ml penicillin, 100 mg/ml strepto-

mycin, Euroclone), 10 mM Hepes buffer solution (Euroclone),

1 mM sodium piruvate (Euroclone) and 2 mM L-glutamine

(Euroclone).

The human embryonic kidney cells (HEK293) not expressing

any endogenous GnRH-R were kindly provided by Prof R. P.

Millar (Medical Research Council Human Reproductive Sciences

Unit, The Queen’s Medical Research Institute, Edinburgh, UK),

who obtained them from American Type Tissue Culture

Collection. HEK293 cells stably transfected with GnRH-R

(HEK293[SCL60]) were a gift from Prof. R. P. Millar and were

generated in his laboratory [33]. HEK293 and HEK293[SCL60]

cells were used as negative and positive control for GnRH-R

expression, respectively. Cells were cultured in DMEM, supple-

mented with 10% FBS, antibiotics (100 IU/ml penicillin, 100 mg/

ml streptomycin), 10 mM Hepes buffer solution, 1 mM sodium

piruvate and 4 mM L-glutamine.

All the cell lines were incubated in a humidified atmosphere of

5% CO2-95% air at 37uC.

Cell treatments
The cells were seeded at a density of 25,000 cells/ml of standard

culture medium in 40-mm TPP dishes (Techno Plastic Products

AG, Trasadingen, Switzerland). Once they adhered to the culture

plates (after 24 h), the medium was renewed with DMEM

supplemented with 5% charcoal-treated FBS (CH-FBS) and

1026 M or 10211 M LA (kindly donated by Takeda Pharmaceu-

tical Company Limited, Osaka, Japan).

The medium was changed every 48 h, while LA was added

daily to the cultures. PC-3 cells were exposed to the analogue for 6,

12, 18, 24 and 30 days.

Every six days, cells were trypsinized, seeded (25,000 cells/ml)

into the 40-mm TPP dishes and, once they adhered to the culture

plates, treated as described above for a further 6-day period. At the

end of each treatment period, the cells were analyzed by AFM. In

all the experiments, control cultures were run in parallel.

Atomic Force Microscopy (AFM)
All the measurements were performed by using an atomic force

microscope Nanowizard II (JPK Instruments, Berlin, Germany)

combined with an optical microscope Axio Observe (Zeiss,

Oberkochen, Germany). All the acquisitions were fulfilled in a

PBS solution (pH = 7.4), under a controlled temperature of 37uC.

AFM Probe Preparation
In order to investigate specific interactions between LA and

GnRH-R on the surface of PC-3 cells, the analogue molecules

were immobilized onto AFM tips. Rectangular soft silicon nitride

microcantilevers with ultrasharp conical tips with a radius of

,10 nm coated on both sides with gold (CSC16, MicroMash, San

Jose, CA) and calibrated as reported by Papi et al. [34] were used.

Prior to immobilization, microcantilevers were washed in

chloroform to remove oils and gross contaminants and then

exposed for 20 min to a UV-ozone cleaner in order to remove

organic and other oxidizable surface contaminants.

The analogue molecule immobilization procedure, a frequently

used method for tip functionalization with a ligand molecule [35],

is based on the use of an 8 nm long flexible cross-linker (pyridyl

dithio-Polyethyleneglycol-succinimidylpropionate, PDP-PEG-

NHS, Polypure). The clean cantilever was immediately immersed

in a PDP-PEG-NHS/chloroform solution for 3 h (linker concen-

tration: 2 mg/ml) and then, after two rinsing steps in chloroform

and one in PBS, treated with a drop of LA solution (2 mg/ml)

overnight.

After functionalization, cantilevers were thoroughly washed

three times in buffer solution and then stored at 4uC under sterile

conditions for further use in the experiments. Storage time was

always ,1 week. Any significant change in the LA/GnRH-R

interaction was observed during this period. Prior to being used,

the spring constant of each cantilever was calibrated by using the

thermal method [36].

Atomic Force Spectroscopy
To explore single molecular interactions, the dissociation

process of a tip-bound ligand from a cell surface-bound receptor

was studied by applying a pulling force to the ligand-receptor

complex until the binding between ligand and receptor broke.

Interaction forces of tip-bound ligands and surface immobilized

receptors were measured in force-distance cycles. At a fixed

position, the tip was approached to the cell surface and then

withdrawn after a determined time interval (0.5 s) while the

bending of the cantilever was observed. During this cycle, the

bending of the cantilever, which is proportional to the force, was

continuously measured and plotted versus tip-surface separation

(i.e. distance). Two representative force-distance curves are

reported in Fig. 1, when ligand/receptor interactions are not

detected (black square) and when a ligand/receptor interaction is

detected (red circles). At the beginning of the tip-surface approach,

the cantilever deflection remains zero. Upon tip-surface contact,
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the cantilever bends upwards, consistent with a repulsive force that

increases with the indentation. Subsequent tip-surface retraction

(Fig. 1) first leads to relaxation of the cantilever bending until the

repulsive force drops to zero. Upon further retraction, if the

interaction between the ligand and the receptor occurs, the

cantilever progressively bends downwards, reflecting an attractive

force that rises with increasing tip-surface separation (Fig. 1, red

circles). In every single experiment, for each time point, ,1000

force-distances curves were performed.

Western blot analysis
Plasma membrane-enriched fractions were prepared from 6-day

cultured PC-3, HEK293 and HEK293[SCL60] cells, according to

the protocol reported by Limonta et al. [37]. The same procedure

was used on PC-3 cells untreated or treated with LA (1026 M or

10211 M) for 6, 12, 18, 24 and 30 days. Samples were

homogenized in 10 mM Tris-HCl (pH 7.6) buffer containing

1 mM dithiothreitol on ice. The homogenates were centrifuged

two times for 10 min each at 800 g to remove cellular debris and

the resulting supernatants were centrifuged at 18,000 g to pellet

down the membrane fractions. The pellets were solubilized in

RIPA buffer [50 mM Tris-HCl (pH 7.7), 150 mM NaCl, 0.8%

Triton X-100, 0.8% sodium deoxycholate, 0.08% SDS, 10 mM

EDTA, 100 mM Na3VO4, 50 mM NaF, 0.3 mM PMSF, and

5 mM iodoacetic acid]. Protein samples (100 mg/lane) were

electrophoresed on a 10% polyacrylamide gel under reducing

conditions. Proteins were then electroblotted onto a polyvinylidene

difluoride membrane (Immobilon P, Millipore, Bedford, MA,

USA) which was probed (overnight, 4uC) with the mouse

monoclonal anti-GnRH-R antibody (Lab Vision Corporation,

Fremont, CA, USA) (1:100) in TBS containing 0.02% Tween 20

(TBS-T) and 5% nonfat dried milk (blocking buffer). The blot was

then overlaid with the HRP-labeled secondary antibody (Vector,

Burlingame, CA, USA; 1:5,000) for 40 min in blocking buffer at

room temperature. The protein bands were detected using an

enhanced chemiluminescence system (ECL, Amersham, Buck-

inghamshire, UK) and visualised on Hyperfilm ECL (Amersham).

Membranes were reprobed with an anti b-actin mAb (Sigma-

Aldrich, St. Louis, MO, USA; 1:10,000) as an internal control for

protein loading. The signals were quantitated by densitometry

(Chemi Doc Documentation System/Quantity One quantitation

software, Bio-Rad Laboratories, Hercules, CA, USA). Densito-

metric units of the protein of interest were then corrected for the

densitometric units of b-actin. The specific protein/b-actin ratio

from each treated sample was divided by the value obtained under

control conditions to obtain the fold change in GnRH-R level.

Statistical analysis
Data were analyzed by one-way ANOVA followed by Tukey’s

multiple comparison test. A value of p,0.05 was considered

statistically significant.

Results

GnRH-R quantification and binding strength in untreated
PC-3 cells

In Fig. 2A a representative distribution of unbinding events

(,1000 force-distance cycles at a rate of 2 mm/s) obtained on

untreated PC-3 cells after 6 days is shown. The bimodal

distribution is characterized by the presence of two, well evident

peaks, each recovered by a Gaussian fit. The first peak (purple line)

was detected at a lower force (f,37 pN) while the second one

(green line) at a higher force (f,65 pN). The presence of these two

peaks suggests the existence of two distinct interactions. From the

bimodal distribution, an overall unbinding probability (i.e. the

probability to record an unbinding event from a single force-

distance curve) of about 13% was obtained (Fig. 2A, blue line).

The bimodal distribution together with the unbinding probability

did not change for up to 30 days (data not shown).

To evaluate the amount of possible non-specific unbinding

events occurring due to the specific tip functionalization procedure

and the sensitivity of our approach, we performed the same force

spectroscopy experiments on HEK293 and HEK293[SCL60] cells.

As expected, in wild type HEK293 cells very few tip/sample

interactions were found (,3%). On the contrary, in the GnRH-R-

expressing HEK293[SCL60] cells several tip/sample interactions

were detected (,59%). Interestingly, in these cells the bimodal

distribution of unbinding forces was not evident since the

unbinding events at higher forces (,65 pN) are clearly less

probable compared to the more frequent unbinding events at

lower forces of ,37 pN (Fig. 2C).

GnRH-R quantification and binding strength in treated
PC-3 cells

An increase in the agonist/GnRH-R unbinding events was

observed in PC-3 cells during 30 days of exposure to LA (1026 M

or 10211 M) (Fig. 3A). The enhancement was detectable at all the

time intervals considered (from the 6th to the 30th day; p,0.001)

and it reached the maximum value of ,80% compared to control

after 30 days of treatment with the highest dose of the analogue. A

statistically significant difference was always found in the effect

triggered by the two drug concentrations, with the highest dose

being more effective in promoting the increase.

The same bimodal distribution (with one pick at f,37 pN and

another at f,65 pN) detected in untreated PC-3 cells was

observed in LA-treated cells over time (from the 6th to the 30th

day), regardless the treatment administered to the cells. In Fig. 2B,

a representative distribution of the unbinding events obtained at a

rate of 2 mm/s in PC-3 cells treated for 30 days with 1026 M LA is

illustrated. The blue curve shows the bimodal distribution of the

Figure 1. Force-distance curves. Two typical force-distance curves
when interactions are not detected (black square) and when
interactions are detected (red circle). The unbinding event (or rupture
point) is highlighted by means of the green arrow.
doi:10.1371/journal.pone.0052530.g001
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unbinding events and an overall unbinding probability of about

22%.

Modelling of the GnRH-R rate expression on PC-3 cells
To shed light on the specific dynamic describing the increase in

the exposed receptors, we compared the different amount of

receptors obtained during the treatment time at the two analogue

concentrations used (Fig. 3B). The increase rates were clearly

different but tended to the same value at long times (beyond the

30th day). This behaviour can be paralleled to those observed in

tumor cells where their growth is limited by the finite space in

which cells are confined and by the availability of nutrients, as

modelled by the Gompertz curve [38]:

X (t)~K exp log
X (0)

K

� �
exp ({at)

� �

where X(t) represents the number of GnRH-R, X(0) the receptor

number at the starting observation time (here normalized to one), K

the maximum number of receptors that can be expressed on the cell

surface and a a constant characterizing the increase rate of GnRH-R.

Figure 3B shows the best-fit curves to the experimental data

obtained for PC-3 cells exposed to 1026 M (red line) or 10211 M

(blue line) LA. In both cases, the remarkable quality of the fit

allows for recovery of receptor increment rate and plateau values.

The plateau value (K = 1.960.1) was the same at both LA

concentrations used. Since K was set to 1 for untreated samples,

the plateau value obtained indicates that in LA-treated PC-3 cells

the receptor number can increase up to 90% compared to

untreated cells, independently of the agonist concentration used.

On the other hand, the increase rate was strongly influenced by

LA concentration [a= (9.360.1) day21 for 1026 M LA and

a= (6.160.1) day21 for 10211 M LA], thus the higher the

concentration the faster the GnRH-R expression.

Topographic distribution of the binding sites
A bidimensional map of unbinding events performed over the

cell surface furnishes a clear visualization of GnRH-R spatial

distribution (Fig. 4). Unbinding events occurring at force ,50 pN

(corresponding to the first peak of the bimodal distribution in

Fig. 2A) are represented in blue, while those in the range of 50–

100 pN (corresponding to the second peak of Fig. 2A), in red. The

spatial distribution of GnRH-R over the PC-3 cell surface appears

Figure 2. LA/GnRH-R unbinding force histograms. Distribution of unbinding events obtained at a loading rate of 2 mm/s in untreated (A) and
LA (1026 M)-treated (B) PC-3 cells after 30 days of culture and in HEK293[SCL60] cells (C). Frequency corresponds to the number of events. In both
untreated and LA-treated PC-3 cells a bimodal distribution (blue line) is clearly detected and quantified by means of two Gaussian distribution curves
(purple and green dashed lines). The first peak was detected at a lower force (f,37 pN) while the second one at a higher force (f,65 pN). In
HEK293[SCL60] cells unbinding events at higher forces are less frequent.
doi:10.1371/journal.pone.0052530.g002
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homogeneous. Treatments with the agonist did not influence the

receptor spatial distribution (Fig. 5) as well as the time intervals but

increased the receptor level. Rarely were some clusters found (data

not shown).

GnRH-R quantification by Western blot analysis
Western blot analysis of GnRH-R-expressing cells

(HEK293[SCL60]) revealed a clear band at approximately

60 kDa, the molecular mass of the type I pituitary receptor

Figure 3. LA/GnRH-R unbinding events. (A) Histograms of LA/GnRH-R unbinding events in LA-treated PC-3 cells. In each measurement,
performed every 6 days, the counting is normalized to that obtained with untreated cells (control) set to 1. Columns, mean; bars, SD. *p,0.001 vs
control, Np,0.001 vs 1026 M LA (one-way ANOVA and Tukey’s multiple comparison tests). (B) Modelling of the GnRH-R rate expression. The amount
of unbinding events detected in PC-3 cells treated with 1026 M LA (blue diamonds) or 10211 M LA (red squares) was normalized to the amount of
unbinding events in untreated cells (control) set to 1. The Gompertz curve was fitted to both the experimental data (blue or red dashed lines). The
GnRH-R increase rates were clearly different [(9.360.1) day21 for 1026 M LA and (6.160.1) day21 for 10211 M LA] but tended to the same value
(1.960.1) at long times (beyond the 30th day). Data are given as mean 6 SD from two independent experiments.
doi:10.1371/journal.pone.0052530.g003
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reported in the literature [39]. PC-3 cells showed a less intense

band at the same position. A negligible signal was detected in non-

transfected HEK293 cells (Fig. 6A).

In PC-3 cells, a 6–30 day treatment with both the LA

concentrations (10211 and 1026 M) induced a statistically

significant increase (from 70% to 110%, p,0.001) in the receptor

levels (Fig. 6B and 6C), supporting data from atomic force

spectroscopy. Even though the highest LA dose seemed to be more

effective in promoting GnRH-R increase, statistical significance

was not always reached (Fig. 6C).

Discussion

The direct extrapituitary effects of GnRH analogues may be

considered the result of a complex mosaic of molecular events that

are necessarily dependent on the amount of GnRH-R molecules

available on the cell surface and the activated signalling pathway,

both of which differ among tissues [4,40].

Figure 4. GnRH-R topography. (A) A representative high-resolution image of the PC-3 cell surface area considered for the receptor mapping. (B) A
representative LA/GnRH-R unbinding force map obtained on PC-3 cells treated for 30 days with 1026 M LA. In blue are represented unbinding events
occurring at force ,50 pN while in red those at force in the range of 50–100 pN.
doi:10.1371/journal.pone.0052530.g004

Figure 5. GnRH-R map of untreated and LA-treated PC-3 cells. The homogeneous distribution of the receptor molecules was not influenced
by the treatment with the analogue (1026 M) and did not vary through the time intervals. In blue are represented unbinding events occurring at
force ,50 pN while in red those at force in the range of 50–100 pN.
doi:10.1371/journal.pone.0052530.g005
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Scarce information is available on the effects of GnRH

analogues on GnRH-R. Most of the published studies on the

effects of GnRH agonists on GnRH-R expression have been

carried out on in vitro and in vivo pituitary models. In these studies,

the observed effects seemed to be strictly dependent on the

administration modality, where a short or pulsatile exposure to the

agonist led to an upregulation of the receptor levels whereas

continuous and prolonged treatments determined a reduction or

left them unchanged [41–43]. In PCa, very heterogeneous results

have been reported. An immunohistochemical study described a

GnRH-R decrease in PCa samples from patients who underwent a

3-month long neoadjuvant hormonal therapy with leuprolide and

the antiandrogen bicalutamide, compared to the immunoreactivity

observed in samples from untreated patients [44]. This finding was

attributed by the authors to the binding of the analogue to PCa

cells. Also in DU-145 xenografted PCas, an agonist-induced slight

decrease in the GnRH-R levels was described, while no significant

variations were observed in the receptor mRNA levels [45].

Similar results were obtained when PCa cells and fibroblasts,

isolated from patients’ samples, were cocultured and exposed to

leuprolide [46]. On the other hand, a strong increase in GnRH-R

mRNA was described in rat prostate after 28 days of treatment

with goserelin [43]. In this context, we observed by Western

blotting that LA was able to induce a post-transcriptional

upregulation of membrane GnRH-R after 4, 6 and 12 days of

treatment in androgen-insensitive, highly invasive and poorly

differentiated PC-3 cells [24].

With the aim of gaining insight into the functional properties of

GnRH-R exposed on cell surface, and therefore actively involved

in the agonist-receptor signalling, an AFM-based approach on

living PC-3 cells was adopted for the first time in the present study.

The effects of a long and continuous treatment with LA on crucial

aspects of the membrane GnRH-R (i.e. quantity of the unbinding

events, strength of the analogue-receptor binding and receptor

distribution) were investigated.

By detecting the amount and the strength of the interaction, we

demonstrated the ability of the hormone to increase the

expression/availability of GnRH-R at the PC-3 cell surface, when

continuously administered to the cells, with a maximum increase

of ,80% after 30 days of treatment with the highest dose of LA.

In this context, we also studied the kinetics of GnRH-R

exposure in PC-3 cells treated with high and low agonist

Figure 6. Western blot analysis of GnRH-R. (A) Western blot analysis of GnRH-R in: PC-3 cells, HEK293 cells (not expressing GnRH-R) and
HEK293[SCL60] cells (stably transfected with GnRH-R) after 6 days of culture. (B) Western blots showing the LA-triggered enhancement of GnRH-R in
PC-3 cells treated for 6–30 days with the analogue (10211 or 1026 M). Representative blots from two separate experiments yielding similar results are
shown. (C) Grouped densitometric data of Western blot analysis of GnRH-R. The intensity of the signals was quantified by densitometric scanning and
normalized to that of b-actin (used as a loading control). Data are the ratio between values of treated and untreated samples (control, set to 1) and
they are shown as mean 6 SD of 2 independent experiments. *p,0.001 vs control, Np,0.001 vs 1026 M LA (one-way ANOVA and Tukey’s multiple
comparison tests).
doi:10.1371/journal.pone.0052530.g006

Leuprorelin Acetate Effect on GnRH-R: An AFM Study

PLOS ONE | www.plosone.org 7 January 2013 | Volume 8 | Issue 1 | e52530



concentrations. Kinetics was analyzed by fitting the Gompertz

curve, a logistic curve widely adopted to describe the population

increase in several biologic systems. The Gompertz curve well

recovers the time-dependent increase of the GnRH-R at the cell

surface. According to this model, the rate of expression of GnRH-

R in LA-treated cells depends on the agonist concentration used,

whereas the asymptotic value is independent of the LA concen-

tration and related to the specific cell characteristics and

experimental condition used. This evidence, while clearly estab-

lishing the occurrence of an LA-triggered long-lasting upregulation

of its own receptor at the cell surface, allows for the detection of

the maximum amount of receptors that the cell can express. This

latter finding enables the fine-tuning of the dose/effect ratio by

changing LA concentration. In accordance with the above results

are data from immunoblot analysis of membrane GnRH-R

performed on PC-3 cells treated for 6–30 days with the analogue,

which clearly showed LA efficacy in inducing a significant

upregulation of the receptor, as previously demonstrated by the

same technique until 12 days of treatment [24]. Western blot

findings agree with AFM data as the highest LA dose seemed to be

more efficacious in promoting GnRH-R increase, although

statistical significance was not always reached. This may be due

to the intrinsic differences between the two methods.

As for the mechanisms responsible for the analogue-induced

receptor enhancement, various functional parameters may be

involved in determining the amount of receptors available at the

plasma membrane. Our previous study regarding the LA-induced

upregulation of GnRH-R at the PC-3 cell surface demonstrated

that such effect occurred at a post-transcriptional level [24]. Thus,

it is conceivable that the agonist may act increasing the translation

rate of the receptor transcript and/or slowing protein degradation.

On the basis of literature, it is also possible to speculate that one of

the involved mechanisms may be represented by agonist ability to

promote the GnRH-R exit from the endoplasmic reticulum (ER)

therefore favouring the receptor anterograde trafficking, within

intracellular transport vesicles, to the plasma membrane. This

would be consistent with the observation that other seven

transmembrane (7TM) receptors, such as d-opioid peptide

receptors, that are widely stored within ER, are sent to the cell

surface in response to activation of a small subpopulation of

membrane receptors [47]. Since 7TM receptors also undergo

retrograde transport from the cell surface via endosomes, an

alternative possible explanation is that GnRH-R activation could

inhibit receptor internalization, that for type I mammalian

GnRH-R is known to occur very slowly [48].

The persistence of high receptor levels at the cell surface of

androgen-insensitive cells may warrant the maintenance of their

response to the agonist treatment due to the direct activity of the

hormone. Moreover, accessibility of receptor molecules at the cell

surface may allow for the development of new therapeutic

strategies (i.e. targeted therapies), if confirmed by studies including

other androgen-unresponsive cell lines. However, it remains to be

established whether a similar mechanism also operates in vivo. In

this regard, a clear correlation between the degree of expression of

GnRH-R at the cell surface and the extent of the agonist-induced

antiproliferative response has been demonstrated both in vitro and

in vivo [25]. It has even been hypothesized the usefulness of

patients’ screening and phenotyping in order to select those who

express high levels of GnRH-R at the tumor cell membrane and

thus may benefit from the direct activity of the agonists [49]. The

LA-induced receptor enhancement observed in our study occurred

not only with a high concentration of the analogue but also when a

very low dose (10211 M) was used. In this regard, it is worth

mentioning that in PCa patients who undergo subcutaneous

administration of slow-release preparation of the analogue the

drug plasma concentration reaches values around 1029 M [50].

The unbinding force histograms, recovered by single molecule

force spectroscopy, yield further insights into the biochemical

nature of the GnRH-R. Indeed, the bimodal distribution of the

analogue/GnRH-R interactions in androgen-insensitive PC-3 cells

could be ascribed to several causes: the stochastic presence of non-

specific forces, the simultaneous binding of more than one

receptor, by accidental different orientations of the pulling

direction, or it may suggest the existence of two kinds of receptor.

The latter appears to be the most intriguing since it seems to

indicate the existence of two classes of GnRH-R characterized by

two different binding affinities. Because of the occurrence of a

large number of unbinding events at a lower force, lower affinity

binding sites are prevalent. This finding is in partial agreement

with data from other authors who found a single class of low

affinity binding sites in PC-3 cells [51].

Finally, a homogeneous distribution of the receptor molecules

on the PC-3 cell surface was observed which was not influenced by

the treatment with the analogue and did not vary through the

different time intervals. It has been reported that the GnRH

agonist-receptor complex is initially uniformly distributed on the

surface of the gonadotrope cells [52]. In fact, patching, capping,

microaggregation and internalization of the agonist-receptor

complex begin only a few minutes after the receptor occupancy.

The topographical distribution of the receptors we found on the

PC-3 cell surface is consistent with the fact that only the unbound

fraction of the GnRH-R population has been evaluated by AFM.

In conclusion, our study provides a crucial insight into the

stimulatory effect of LA on GnRH-R expressed on the androgen-

insensitive PCa cell membrane. The information concerning the

ability of the analogue to induce a long-lasting upregulation of its

own receptor at the cell surface may encourage further studies to

verify the possibility of using the analogue in the treatment of

androgen-unresponsive PCa patients by means of its direct activity.

Moreover, this study highlights the fact that AFM, for its

capability to work on living cells and to detect single molecule

interactions, is a powerful tool to investigate important features of

the poorly understood agonist/receptor interaction that could be

used to address structural/chemical analogue optimizations.
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14. Föst C, Duwe F, Hellriegel M, Schweyer S, Emons G, et al. (2011) Targeted
chemotherapy for triple-negative breast cancers via LHRH receptor. Oncol Rep

25: 1481–1487.

15. Sica G, Iacopino F, Marini L, Robustelli della Cuna G (1992) Antiproliferative
effect of leuprorelin acetate, alone or combined with tamoxifen or medrox-

yprogesterone acetate, on human breast cancer cell lines. Clin Ther 14: 87–96.
16. Marini L, Iacopino F, Schinzari G, Robustelli della Cuna FS, Mantovani G, et

al. (1994) Direct antiproliferative effect of triptorelin on human breast cancer

cells. Anticancer Res 14: 1881–1885.
17. Sica G, Iacopino F, Robustelli della Cuna G, Marchetti P, Marini L (1994)

Combined effects of estradiol, leuprorelin, tamoxifen and medroxyprogesterone
acetate on cell growth and steroid hormone receptors in breast cancer cells.

J Cancer Res Clin Oncol 120: 605–609.
18. Sica G, Iacopino F, Settesoldi D, Zelano G (1999) Effect of leuprorelin acetate

on cell growth and prostate-specific antigen gene expression in human prostatic

cancer cells. Eur Urol 35: 2–8.
19. Sica G, Schinzari G, Angelucci C, Lama G, Iacopino F (2001) Direct effects of

GnRH agonists in human hormone-sensitive endometrial cells. Mol Cell
Endocrinol 176: 121–128.

20. Sica G, Zelano G, Settesoldi D, Iacopino F (2003) Regulation of prostate-specific

antigen gene expression by an LH-RH analogue in human prostatic cells.
Anticancer Res 23: 1283–1287.

21. Angelucci C, Iacopino F, Lama G, Capucci S, Zelano G, et al. (2004) Apoptosis-
related gene expression affected by a GnRH analogue without induction of

programmed cell death in LNCaP cells. Anticancer Res 24: 2729–2738.

22. Iacopino F, Lama G, Angelucci C, Sica G (2006) Leuprorelin acetate affects
ERK1/2 activity in prostate cancer cells. Int J Oncol 29: 237–247.

23. Angelucci C, Lama G, Iacopino F, Sica G (2011) Leuprorelin acetate affects
adhesion molecule expression in human prostate cancer cells. Int J Oncol 38:

1501–1509.
24. Angelucci C, Lama G, Iacopino F, Ferracuti S, Bono AV, et al. (2009) GnRH

receptor expression in human prostate cancer cells is affected by hormones and

growth factors. Endocrine 36: 87–97.
25. Morgan K, Stewart AJ, Miller N, Mullen P, Muir M, et al. (2008)

Gonadotropin-releasing hormone receptor levels and cell context affect tumor
cell responses to agonist in vitro and in vivo. Cancer Res 68: 6331–6340.

26. De Spirito M, Missori M, Papi M, Maulucci G, Teiera J, et al. (2008)

Modifications in solvent clusters embedded along the fibers of a cellulose
polymer network cause paper degradation. Phys Rev E: Stat Phys, Plasmas,

Fluids, 77: 41801.
27. Brunelli R, Papi M, Arcovito G, Bompiani A, Castagnola, et al. (2007) Globular

structure of human ovulatory cervical mucus. FASEB J 21: 3872–3876.

28. Papi M, Arcovito G, De Spirito M, Vassalli M, Tiribilli B (2006) Fluids viscosity

determination by using uncalibrated atomic force microscopy cantilevers. Appl
Phys Lett 88: 194102, 1–3.

29. Papi M, Maulucci G, Arcovito G, Paoletti P, Vassalli M, et al. (2008) Detection
of microviscosity using uncalibrated atomic force microscopy cantilevers. Appl

Phys Lett 93: 124102, 1–3.

30. De Spirito M, Brunelli R, Mei G, Bertani FR, Ciasca G, et al. (2006) Low

density lipoprotein aged in plasma forms clusters resembling subendothelial
droplets: aggregation via surface sites. Biophys J 90:4239–4247.

31. Parasassi T, De Spirito M, Mei G, Brunelli R, Greco G, et al. (2008) Low density
lipoprotein misfolding and amyloidogenesis. FASEB J 22(7): 2350–2356.

32. Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones LW (1979).

Establishment and characterization of a human prostatic carcinoma cell line

(PC-3) Invest Urol 17: 16–23.

33. Anderson L, Mc Gregor A, Cook JV, Chilvers E, Eidne KA (1995) Rapid

desensitization of GnRH-stimulated intracellular signalling events in alpha T3-1
and HEK-293 cells expressing the GnRH receptor. Endocrinology:

136(11):5228–31.

34. Papi M, Sylla L, Parasassi T, Brunelli R, Monaci M, et al. (2009) Evidence of

elastic to plastic transition in the zona pellucida of oocytes using atomic force
spectroscopy. App Phys Lett 94: 153902.

35. Soumetz FC, Saenz JF, Pastorino L, Ruggiero C, Nosi D, et al. (2010)
Investigation of integrin expression on the surface of osteoblast-like cells by

atomic force microscopy. Ultramicroscopy 110: 330–338.

36. Papi M, Brunelli R, Sylla L, Parasassi T, Monaci M, et al. (2010) Mechanical

properties of zona pellucida hardening. Eur Biophy J 39: 987–992.

37. Limonta P, Moretti RM, Montagnani Marelli M, Dondi D, Parenti M, et al.
(1999) The luteinizing hormone-releasing hormone receptor in human prostate

cancer cells: messenger ribonucleic acid expression, molecular size, and signal

transduction pathway. Endocrinology 140: 5250–5256.

38. D’Onofrio A (2005) A general framework for modeling tumor-immune system

competition and immunotherapy: Mathematical analysis and biomedical
inferences Physica D 208: 220–235.

39. Wormald PJ, Eidne KA, Millar RP (1985) Gonadotropin-releasing hormone

receptors in human pituitary: ligand structural requirements, molecular size, and

cationic effects. J Clin Endocrinol Metab 61: 1190–1194.

40. Dobkin-Bekman M, Naidich M, Pawson AJ, Millar RP, Seger R, et al. (2006)

Activation of mitogen-activated protein kinase (MAPK) by GnRH is cell-context
dependent. Mol Cell Endocrinol 252: 184–190.

41. Kaiser UB, Jakubowiak A, Steinberger A, Chin WW (1993) Regulation of rat

pituitary gonadotropin-releasing hormone receptor mRNA levels in vivo and in

vitro Endocrinology 133: 931–934.

42. Yasin M, Dalkin AC, Haisenleder DJ, Kerrigan JR, Marshall JC (1995)
Gonadotropin-releasing hormone (GnRH) pulse pattern regulates GnRH

receptor gene expression: augmentation by estradiol. Endocrinology 136:

1559–1564.

43. Tieva A, Bergh A, Damber JE (2003) The clinical implications of the difference

between castration, gonadotrophin releasing-hormone (GnRH) antagonists and
agonist treatment on the morphology and expression of GnRH receptors in the

rat ventral prostate. BJU Int 91: 227–233.

44. Bono AV, Salvadore M, Celato N (2002) Gonadotropin-releasing hormone

receptors in prostate tissue. Anal Quant Cytol Histol 24: 221–227.

45. Lamharzi N, Halmos G, Jungwirth A, Schally AV (1998) Decrease in the level

and mRNA expression of LH-RH and EGF receptors after treatment with LH-
RH antagonist cetrorelix in DU-145 prostate tumor xenografts in nude mice.

Int J Oncol 13: 429–435.

46. Castellón E, Clementi M, Hitschfeld C, Sánchez C, Benı́tez D, et al. (2006)

Effect of leuprolide and cetrorelix on cell growth, apoptosis, and GnRH receptor
expression in primary cell cultures from human prostate carcinoma. Cancer

Invest 24: 261–268.

47. Zhang X, Bao L, Guan JS (2006) Role of delivery and trafficking of delta-opioid

peptide receptors in opioid analgesia and tolerance. Trends Pharmacol Sci 27:
324–329.

48. McArdle CA, Franklin J, Green L, Hislop JN (2002) Signalling, cycling and
desensitisation of gonadotrophin-releasing hormone receptors. J Endocrinol

173:1–11.

49. White CD, Stewart AJ, Lu ZL, Millar RP, Morgan K (2008) Antiproliferative

effects of GnRH agonists: prospects and problems for cancer therapy.
Neuroendocrinology 88: 7–79.

50. Plosker GL, Brogden RN (1994) Leuprorelin. A review of its pharmacology and
therapeutic use in prostatic cancer, endometriosis and other sex hormone-related

disorders. Drugs 48: 930–967.

51. Ravenna L, Salvatori L, Morrone S, Lubrano C, Cardillo MR, et al. (2000)

Effects of triptorelin, a gonadotropin-releasing hormone agonist, on the human
prostatic cell lines PC3 and LNCaP. J Androl 21: 549–557.

52. Lin X, Cornea A, Janovick JA, Conn PM (1998) Visualization of unoccupied
and occupied gonadotropin-releasing hormone receptors in living cells. Mol Cell

Endocrinol 146: 27–37.

Leuprorelin Acetate Effect on GnRH-R: An AFM Study

PLOS ONE | www.plosone.org 9 January 2013 | Volume 8 | Issue 1 | e52530


