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a b s t r a c t

Background: This study was designed to assess the effectiveness of a combination treatment using both
desmopressin and docetaxel in prostate cancer treatment. Desmopressin is a well-known synthetic
analogue of the antidiuretic hormone vasopressin. It has recently been demonstrated to inhibit tumor
progression and metastasis in in vivo models. Docetaxel is widely used for the treatment of castration
resistant prostate cancer (CRPC) patients. However, durable responses have been uncommon to date. In
this study, we investigated the anti-tumor effect of desmopressin in combination with docetaxel in vitro
and in vivo.
Methods: Two prostate cancer cells (PC3, LNCaP) were treated with different concentrations of desmo-
pressin alone, docetaxel alone, and a combination of desmopressin and docetaxel. Cell proliferation was
determined by MTS assay. The anti-invasive and anti-migration potential of desmopressin and in com-
bination with docetaxel were examined by wound healing assay, migration chamber assay, and matrigel
invasion assay.
Results: The combination of desmopressin and docetaxel resulted in a significant inhibition of PC3 and
LNCaP cell proliferation (p < 0.01). Additionally, cell migration and invasion were also inhibited by the
combination when compared to that of either treatment alone in PC3 cells (p < 0.01). The anti-tumor
effect of this combination treatment was associated with down-regulation of both urokinase-type
plasminogen activator (uPA) and matrix metalloproteinase (MMP-2 and MMP-9) in PC3 cells.
Conclusions: We are the first to elucidate the anti-tumor and anti-metastatic potential of desmopressin
in combination with docetaxel in a prostate cancer model via the uPA-MMP pathway. Our finding could
potentially contribute to the therapeutic profile of desmopressin and enhance the efficacy of docetaxel
based treatment for CRPC.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Docetaxel is the first cytotoxic drug of choice for management of
CRPC [1,2]. Although docetaxel-based combination chemotherapy
has significantly improved survival of CRPC patients, durable re-
sponses are uncommon [2,3]. Furthermore, docetaxel causes
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adverse events such as grade 3 or 4 neutropenia, fatigue, alopecia,
and nausea. High doses of docetaxel induce significant toxicity
[2,3]. A non-toxic agent that enhances the efficacy of docetaxel
without increasing toxicity would enhance the treatment of CRPC.
Therefore, a lower dose of docetaxel could be achieved in a com-
bination treatment, and potentially provide us with a better
outcome. Desmopressin is a synthetic derivative of the antidiuretic
hormone vasopressin. Desmopressin is a safe and effective hemo-
static agent in patients with von Willebrand disease, hemophilia A,
and other bleeding disorders [4,5]. Recent reports suggest that
desmopressin inhibits tumor progression and metastasis in in vivo
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models [6e8]. Although these studies suggest that desmopressin
has both anti-tumor and anti-metastatic effects on cancer cells, the
mechanism of action has not been determined.

The aim of this study was to investigate the anti-tumor effects of
desmopressin in combination with the chemotherapeutic agent
docetaxel in vitro and in vivo. We demonstrate that desmopressin
monotherapy in cultured prostate cancer cells resulted in impeding
proliferation. Furthermore, we have delineated a potential mech-
anism of action of desmopressin on human prostate cancer cells,
whereby treatment significantly decreased uPA, MMP-2 and MMP-
9 expression levels in PC3 cells.

2. Materials and methods

2.1. Cell culture

Two human prostate cancer cell lines (PC3 and LNCaP) were
obtained from the American Type Culture Collection (Rockville,
MD, USA). All cells were maintained as previously described [9,10].

2.2. Chemicals

Docetaxel was purchased from Santa Cruz Biotechnology (CA,
USA). Docetaxel was prepared in dimethyl sulfoxide (DMSO; Sig-
maeAldrich, MO, USA) and diluted with a cell culture medium at a
final concentration of 0.01% DMSO. Desmopressin was provided by
Ferring Inc (ON, Canada).

2.3. Cell proliferation assay

Cell proliferation was determined by MTS assay as previously
described [9,10]. Cells (5 � 103/well) were plated using 96 well
plates. After 24 h of cultivation, a range of concentrations of des-
mopressin (0 nMe1 mM) and/or docetaxel (0 nMe100 nM) were
added and the culture was allowed to continue for up to 72 h.

2.4. Western blot analysis

Protein lysates from the desmopressin monotherapy dose
response study (1 nM-1uM), combination study and concentrated
media employed for Western blot analysis, were prepared as pre-
viously described [9e11]. The membranes were incubated with
primary antibodies against Bax, bcl-2, p21, p27, cdk2, uPA, uPAR,
MMP-2 and MMP-9 (1:100e200, Santacruz Biotechnology, CA,
USA).

2.5. Flow cytometry

To analyze cell cycle profiles, cells were plated at a density of
1 � 106 per 10 cm dish. Asynchronously growing cells were pulse
labeled with 10 mM bromodeoxyuridine (BrdU) for 2 h with or
without prior treatment of the antioxidants at the end of 24 h. Cell
cycle analysis was carried out on the FACS Calibur flow cytometer
using the Cell Quest Pro software package (BectoneDickinson, CA,
USA). Ten thousand events were counted for each experiment.

2.6. Wound healing assay

Cell motility was assessed using a wound healing assay, per-
formed according to a protocol described by Liang et al. [12]. Cells
(2 � 104/well) were plated in 6-well plates. The cells were treated
with desmopressin and/or docetaxel and allowed to migrate for
24 h. A computer-based microscopy imaging system with a mi-
croscope at 200X magnification was used to determine wound
healing after scratching the plate.
2.7. Cell migration and invasion assay

The migration of cells was measured using transwell insert
plates (BD Biosciences, MA, USA) according to the manufacture's
protocol. Cells were subjected to 24 h of serum deprivation in
DMEM/F12 supplemented with FBS. PC3 (5� 104) cells were plated
onto filters in 8.0 mm transwell insert plates and treated with these
compounds - desmopressin (1 nM, 1 mM) and 5 nM docetaxel, in
serum-free medium. Bottom wells were filled with complete me-
dium. Cells were allowed to migrate for 24 h. After the treatment,
cells remaining on the top surface of the filter were removed using
cotton swabs. The migrated cells from random fields were chosen
then counted, using the computer-based microscopy imaging sys-
tem. For the invasion assay, the same procedures were performed
as described in the migration assay, except that the cells were
plated onto 24-well matrigel-coated transwell plates (BD Bio-
sciences, MA, USA).
2.8. Elisa activity assay

PC3 cells were seeded in a six-well plate (1.0� 105 per well) and
incubated at 37 �C. After 24 h, the complete medium was removed
and cells were washed with serum-free medium. Cells were incu-
bated in serum-free medium supplemented with desmopressin
(1 nM and 1 mM) and/or 5 nM docetaxel for 24 h. MMP-9, MMP-2
and uPA activity in the cell lysate was quantified using human
MMP-9, MMP-2 and uPA assay kit (R&D Systems, MN, USA) ac-
cording to the manufacturer's instruction.
2.9. In vivo studies using xenografts

The mice were housed and maintained in laminar flow cabinets,
under specific pathogen-free conditions, in facilities approved by
the University of Toronto Animal Research Ethics Board, and in
accordance with their regulations and standards by the Canadian
Council on Animal Care (CCAC). Cells (1 � 106 PC3 cells with 100 ml
martrigel solution (BD Biosciences, CA, USA)) were inoculated
subcutaneously (sc) into 6-8 week-old male nude mice (Charles
river, QC, CANADA). After 14 days, the developing tumors were
measured and mice randomly assigned to different treatment
groups. Tumor volumes were determined by measurement of tu-
mor length (L) and width (W) with a caliper and calculated twice a
week according to the following formula: V ¼ (L � W2) (p/6). Mice
were randomized into four groups; control (n ¼ 15), Desmopressin
alone (n ¼ 15), docetaxel alone (n ¼ 10) and desmopressin in
combination with docetaxel (n ¼ 10). Mice received desmopressin
intravenously in the saline at a final dose of 2 mg/ml/body weight
(50 ng/0.3 ml saline dose). Mice were administrated docetaxel at a
dose of 5 mg/kg intravenously as every 3 weeks. Desmopresin was
administered in 2 doses, 30 min prior to and 24 h after the
administration of docetaxel. The animals that were administered
docetaxel or desmopressin in combination with docetaxel were
sacrificed 35 days after cell inoculation.
2.10. Statistical analyses

Each experiment was repeated 2e3 times and the correspond-
ing statistical analysis was performed. The data represented mean
± the standard error of the mean. Statistical analysis was done by
Student's t test at a significance level of p < 0.05 using SAS Version
9.3 (SAS Institute, Cary, NC, USA). Analyses of the in vivo results
were performed using either the Student's t-test, or repeated
measures of one-way ANOVA techniques.
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3. Results

3.1. Docetaxel and/or desmopressin inhibit cell proliferation in
prostate cancer cells

The MTS cell proliferation assay was carried out at 72 h with
the cells treated with a range of doses, 0 nMe1 mM desmopressin
and 0 nMe100 nM docetaxel. PC3 cells, treated with 1 nM and
1 mM of desmopresssin, resulted in an 18% and 20% reduction in
cell proliferation (Fig. 1, A, *p < 0.05 and **p < 0.01). Treatment of
PC3 cells with docetaxel for 72 h decreased cell viability in a dose
dependent manner (Fig. 1, B). In PC3 cells, combination therapy of
desmopressin (1 nM, 1 mM) and 5 nM docetaxel resulted in a
significant decrease in cell proliferation when compared to
treatment with desmopressin as monotherapy (Fig. 1, C,
**p < 0.01). LNCaP cells treated with 1 mM of desmopresssin
resulted in a 32% reduction in cell proliferation (Fig. 1, D,
Fig. 1. Cell proliferation assay after 72 h. (A) MTS assay with PC3 cells treated with a dose ra
range of 0e100 nM docetaxel for 72 h. Significant reductions were seen after 5 nM. (C) PC3 c
Each combination therapy resulted in a significant reduction in proliferation when com
groups (*p < 0.05 and **p < 0.01, Student's t-test). (D) MTS assay with LNCaP cells treated wit
with a dose range of 0e10 nM docetaxel for 72 h. Significant reductions were seen after 2 nM
drug for 72 h. The combination therapy resulted in a significant reduction in proliferation wh
alone group (**p < 0.01, Student's t-test). (G) Western blot shows the effect of a combination
(H) Western blot shows the effect of a combination treatment of desmopressin and doceta
**p < 0.01). Also, treatment of LNCaP cells with docetaxel for 72 h
decreased cell viability in a dose dependent manner (Fig. 1, E). In
LNCaP cells, combination therapy of desmopressin (1 mM) and
2 nM docetaxel resulted in a significant decrease in cell prolifer-
ation when compared to treatment with desmopressin as mono-
therapy (Fig. 1, F, **p < 0.01).

3.2. Desmopressin enhances the apoptotic effect of docetaxel as
determined by western blot analysis, and desmopressin in
combination with docetaxel induces cell cycle arrest

Docetaxel has the ability to alter key regulatory molecules,
including the suppression of microtubules with consequent mitotic
spindle disruption, leading to G2/M phase cell cycle arrest and in-
duction of bcl-2 phosphorylation ultimately leading to apoptosis
[13,14]. In PC3 cells, the expression of cyclin A and CDK2 were
reduced in the cells treated with desmopressin and docetaxel
nge of 0e1 mM desmopressin for 72 h. (B) MTS assay with PC3 cells treated with a dose
ells were incubated in the presence of the indicated concentration of each drug for 72 h.
pared to control and corresponding docetaxel alone as well as desmopressin alone
h a dose range of 0e1 mM desmopressin for 72 h. (E) MTS assay with LNCaP cells treated
. (F) LNCaP cells were incubated in the presence of the indicated concentration of each

en compared to the control and corresponding docetaxel alone, as well as desmopressin
treatment of desmopressin and docetaxel on cell cycle regulatory proteins in PC3 cells.
xel on cell cycle regulatory proteins in LNCaP cells.
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(Fig. 1, G). In addition, the expression of CDK inhibitory proteins,
p21(waf1/cip1) and p27(kip1), were elevated under the same
conditions (Fig. 1, G). These data suggest that desmopressin in
combination with docetaxel therapy inhibit the molecules associ-
ated with cell cycle progression, and at the same time induce cell
cycle arrest in PC3 cells. However, in LNCaP cells p21 and p27 were
not significant elevated under the treatment with desmopressin
and desmopressin (Fig. 1, H). In terms of the apoptotic pathway,
docetaxel monotherapy significantly inhibited bcl-2 expression in
both cell lines (Supplementary Fig. 1, A, B). The ratio of Bax/Bcl-2
revealed a 4-fold and 8-fold increased expression in cells treated
with 1 nM desmopressin in combination with docetaxel and 1 mM
desmopressin in combination with docetaxel respectively in PC3
cells (Supplementary Fig. 1, C). However in LNCaP cells, the ratio of
Bax/Bcl-2 revealed a one-third decreased expression in cells treated
with 1 mM desmopressin in combinationwith docetaxel. This result
indicates that desmopressin may influence the apoptotic effect of
docetaxel in PC3 cells.

3.3. Desmopressin does not alter cell cycle distribution on PC3 cells

We investigated alterations in cell cycle profiles by flow cyto-
metric analysis using BrdU labeling on PC3 cells treated with des-
mopressin and docetaxel alone and in combination. Treatment
with 5 nM docetaxel or a combination with 1 nM/1 mM desmo-
pressin showed a significant increase in the proportion of cells in
G2 phase, consistent with a G2M cell cycle arrest (Supplementary
Fig. 1, D). It should be noted that there was no change in cell cy-
cle distribution following treatment of cells with desmopressin
monotherapy.

3.4. Differential influences of desmopressin on migration of PC3
cells in a dose dependent manner

Since desmopressin and docetaxel treatment resulted in an anti-
proliferative effect on PC3 cells and LNCaP cells in culture, we
examined the effect of desmopressin alone and in combination
with docetaxel treatment on cell migration with the wound-
healing assay. As shown in Fig. 2, the difference in distance
migrated by the control between 0 h and 24 h was measured and
compared with that of the treated PC3 cells. At the end of 24 h,
there was significant decreased cell migration with desmopressin
monotherapy compared to the control (p < 0.05). We noticed a
significant decrease in cell migration with a combination of 1 nM
and 1 mM desmopressin and 5 nM docetaxel than with either
treatment alone on PC3 (Fig. 2, A). However, we could not
demonstrate anti-migrative effect during 72hr on LNCaP (data not
shown). Themigratory capability of PC3 cells was further quantified
using the migration chamber transwell plates. Different doses of
desmopressin (1 nM and 1 mM) or docetaxel monotherapy treat-
ment significantly inhibited cell migration (Fig. 2). Moreover, each
combination treatment with desmopressin (1 nM and 1 mM) and
5 nM docetaxel resulted in a further significant reduction in cell
migration compared to controls and either monotherapy (Fig. 2, B
and C, **p < 0.01).

3.5. Desmopressin exhibits anti-invasive potential evidenced by its
effect on PC3 cells

To assess the anti-metastatic ability of desmopressin, we per-
formed a matrigel invasion assay. As shown in Fig. 3, 5 nM doce-
taxel alone and the two different doses of desmopressin (1 nM and
1uM) treatment induced significant inhibition of cell invasion.
Furthermore, each combination treatment of 5 nM docetaxel and
desmopressin (1 nM and 1 mM) resulted in a significant reduction in
cell invasion when compared to that of the control and either
monotherapy (Fig. 2, D and E, **p < 0.01), indicative of the anti-
invasive ability of this combination.
3.6. uPA-MMP pathway mediates the desmopressin-induced
migration and invasion of prostate cancer cells

The two important molecules MMP and uPA are involved in
cancer cell invasion, motility, and tumor dormancy [15e17]. Based
on the results of both the migration assay and invasion assay in PC3
cells, we anticipated that desmopressin used as a monotherapy
may have anti-metastatic potential. Dose standardization study
was carried out with desmopressin. Desmopressin monotherapy
altered the expression of precursor pro-uPA, active uPA, MMP-2,
and MMP-9, all of which were reduced in a dose dependent
manner (Supplementary Fig. 2). Desmopressin monotherapy
reduced zymogen type uPA expression, thus attenuating uPA ac-
tivity on the cell surface. These results demonstrate that desmo-
pressin has the ability to inhibit tumor cell migration and invasion
via the uPA-MMP pathway. We have looked at the expression
(Western blotting) as well as the levels of activity of uPA, MMP-2
and MMP-9 (ELISA) following treatment with desmopressin and
docetaxel. As shown in Fig. 3, combination treatment resulted in a
more significant reduction in the expression of uPA when
compared to the control (Fig. 3, A, **p < 0.01), and desmopressin
monotherapy (Fig. 3, A, *p < 0.05). In addition, treatment with 5 nM
docetaxel in combination with 1 mM desmopressin showed a sig-
nificant decrease in uPAR expression (Fig. 3, B *p < 0.05). The
expression of MMP-2 was also significantly reduced in the cells
treated with each combination therapy when compared to the
control (Fig. 3, C, **p < 0.01), but not significantly different to each
monotherapy. The expression of MMP-9 was significantly reduced
in the cells treated with each combination therapy when compared
to control and either of the monotherapy (Fig. 3, D, **p < 0.01). We
found that decompression alone significantly inhibited the activity
of uPA, MMP-2, and MMP-9 as determined by ELISA. Also, combi-
nation therapy resulted in decreased uPA, MMP-2, and MMP-9
expressions (Fig. 3, E, F and G). Consequently, these results clearly
suggest that desmopressin in combination with docetaxel in-
fluences the uPA-MMP activity.
3.7. Desmopressin in combination with docetaxel inhibits PC-3 cell
growth in a xenograft model

Tumors in control animals grew rapidly, measuring a volume of
923 mm3 on day 35 post tumor inoculation. In contrast, tumor
growth in the desmopressin-treatedmice had a significantly slower
rate of tumor development reaching amean volume of 642mm3 on
day 35, resulting in a 30.4% reduction when compared to the
control (Fig. 4, Student's t-test p < 0.01). The tumor volumes be-
tween the control and desmopressin treatment were significantly
different (ANOVA, p < 0.01). We went on to further investigate
whether desmopressin was able to enhance the sensitivity of PC3
cells to docetaxel in vivo. As shown in Fig. 4, the tumors in the
combination group were significantly smaller than either the
control group, desmopressin treated group (ANOVA, p < 0.01), or
the docetaxel treated group (ANOVA, p < 0.05). Statistical analysis
confirmed that the combination treatment resulted in a significant
inhibitory effect on tumor growth in the PC3 xenografts. Treatment
with intravenous injection of docetaxel and/or desmopressin was
well tolerated. All mice consistently maintained their body weight
during each study.



Fig. 2. Desmopressin in combination with docetaxel treatment inhibits the migration and the invasion of PC3. (A) Wound healing assay, after 24 h, the numbers of cells were
confluent in control group. Whereas, decreased cell numbers in docetaxel monotherapy, each desmopressin treatment groups and combination groups. (B) The migration of PC3
cells through a transwell filter, were assessed with or without 5 nM docetaxel in the presence of 1 nM or 1 mM of desmopressin. (C) Each combination therapy resulted in a
significant reduction in cell migration compared to control and corresponding docetaxel alone as well as desmopressin alone group in the migration chamber assay (**p < 0.01,
Student's t-test). (D) The invasion of PC3 cells through a matrigel-coated transwell filter, were assessed with or without 5 nM docetaxel in the presence of 1 nM or 1 mM of
desmopressin. (E) Invasion assay showed that each combination treatment of desmopressin and docetaxel resulted in a significant reduction in cell invasion when compared to the
control and corresponding docetaxel alone as well as desmopressin alone group (**p < 0.01, Student's t-test).
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4. Discussion

In this study we found desmopressin to have anti-proliferative,
anti-migration, and anti-invasive effects on prostate cancer cells
in vitro and in vivo. We are the first to report the mechanism of
action of desmopressin in combination with docetaxel in a pros-
tate cancer model. Our results have shown that in PC3 cells, both a
low dose desmopressin (1 nM) as well as a higher dose (1 mM),
have a significant anti-proliferative effect in in vitro. Desmo-
pressin has different pharmacologic effects including anti-
hemostatic and anti-diuretic effects, with. higher doses having
an anti-hemostatic effect [18]. Our results suggest that a high dose
of desmopressin inhibited cell proliferation via the uPA-MMP
pathway. The growth of prostatic tumor cells related to the acti-
vation of the plasminogen activator system is derived from the
demonstration that growth rates and uPA production in tumor
cells cultured at a low density are higher than those observed in
cells grown at a higher cell density. This modulation may result in
altered tumor cell proliferation [19]. Alteration in cellular prolif-
eration was not dose dependent in comparison to the expression
of uPA activity; which was decreased with increasing doses of
desmopressin. It is possible that many cytokines and growth
factors such as TGFb1, IGF-1, FGF, EGF and bombesin induce the
expression of components of the uPA system [15,20e22]. These
factors may also be associated with uPA expression and tumor cell
proliferation. Further studies are needed to elucidate the mech-
anism that causes the anti-proliferative effect for low-dose des-
mopressin in PC3 cells. Desmopressin monotherapy did not alter
cell cycle distribution and the expression levels of apoptosis
related proteins in both cell lines. Nonetheless, in PC3 cells, we
observed that desmopressin, in combination with docetaxel,
enhanced cell cycle arrest and the apoptotic effect. Our study
demonstrated that desmopressin functions as a docetaxel che-
mosensitizer for androgen independent cells. Further analysis
could be needed to elucidate the mechanism that leads to the
anti-tumor effect of desmopressin for androgen dependent cells.

We have shown that the anti-metastatic activity of desmo-
pressin is mediated through the uPA pathway. The uPA and its re-
ceptor uPAR are expressed in most solid and invasive cancers
including PC3 cells. However, LNCaP cell does not express the uPA
and uPAR [19]. The uPA protein is involved in the degradation of the
extracellular matrix, facilitating invasiveness and growth [23]. Our
present study demonstrated desmopressin as monotherapy and in
combination with docetaxel significantly inhibited the expression
of uPA, MMP-2, and MMP-9. uPA activates MMP-2 and MMP-9
during the migration and invasion of prostate cancer [24]. The
concept of the key role of the binding of uPA to uPAR derives from
several studies demonstrating that the ability of tumor cells to
invade and metastasize is downregulated by uPA inhibitors. Our
results suggest that desmopressin monotherapy reduced pro-uPA
expression as well as active uPA, thus attenuating uPA activity on
the cell surface. Accordingly, desmopressin may be acting to inhibit
uPA activity in prostate cancer.

One of the limitations associated with this study was the animal
model. We have not performed vivo experiments to explain the
anti-metastatic effects. Future studies could be conducted in
transgenic animals to elucidate the potential anti-metastatic effects
in an in vivo setting. In conclusion, this is the first study revealing
the anti-tumor effect of desmopressin in combination with doce-
taxel for prostate cancer cells working activity. Our finding could
potentially contribute to the therapeutic profile of desmopressin
and enhance the efficacy of docetaxel based treatment for castrate
resistant prostate cancer. Clinical studies of this innocuous com-
bination are warranted.



Fig. 3. Western blot analysis was used to demonstrate the anti-metastatic effect of desmopressin used in combination with docetaxel study on PC3 cells. Blots showing levels of
expression of (A) uPA, (B) uPAR, (C) MMP-2, and (D) MMP-9. Both combination therapies decreased uPA, MMP-2 and MMP-9 expressions (*p < 0.05 and **p < 0.01, Student's t-test).
Also activity assays were used to demonstrate the anti-metastatic effect of desmopressin used in combination with docetaxel study on PC3 cells. Assays showing levels of activity of
(E) uPA, (F) MMP-2, and (G) MMP-9. Both combination therapies decreased uPA, MMP-2 and MMP-9 activities. (*p < 0.05 and **p < 0.01, Student's t-test).

Fig. 4. Effects of desmopressin and/or docetaxel treatments on growth of PC3 xeno-
graft model. Nude mice were subcutaneously inoculated with 1 � 106 PC3 cells per
mouse. The tumor volumes were measured twice per week for 35 days (*p < 0.05 and
**p < 0.01, Student's t-test or ANOVA).
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