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Aberrant expression of the transcription factor RUNX2 in prostate cancer has a number of important consequences including increased
resistance to apoptosis, invasion and metastasis to bone. We previously demonstrated that hypoxia up-regulated RUNX2 in tumour cells,
which in turn up-regulated the anti-apoptotic factor Bcl-2. Here, we investigate the impact of nitric oxide (NO) on RUNX2 and Bcl-2
expression in prostate cancer and further, how RUNX2 over-expression can impact tumour growth, angiogenesis and oxygenation in vivo.
The effect of NO levels on RUNX2 and thus Bcl-2 expression was examined in prostate cancer cells in vitro using methods including gene
and protein expression analyses, nitrite quantitation, protein-DNA interaction assays (ChIP) and viability assays (XTT). The effect of
RUNX2 over-expression on tumour physiology (growth, oxygenation and angiogenesis) was also assessed in vivo using LNCaP xenografts.
A low (but not high) concentration of NO (10 mM) induced expression of RUNX2 and Bcl-2, conferring resistance to docetaxel. These
effects were induced via the ERK and PI3K pathways and were dependent on intact AP-1 binding sites in the RUNX2 promoter. RUNX2
over-expression in LNCaP tumours in vivo decreased the time to tumour presentation and increased tumour growth. Moreover, these
tumours exhibited improved tumour angiogenesis and oxygenation. Low levels of NO increase expression of RUNX2 and Bcl-2 in LNCaP
prostate tumour cells, and in vivo up-regulation of RUNX2 created tumours with a more malignant phenotype. Collectively, our data
reveals the importance of NO-regulation of key factors in prostate cancer disease progression.
J. Cell. Physiol. 231: 473–482, 2016. ß 2015 Wiley Periodicals, Inc.

Recent statistics show that approximately 40,000 men are
diagnosed with prostate cancer annually in the UK (Mayor,
2012). Although early stage prostate cancer can be successfully
treated with androgen-dependent therapy, patients often
relapse and develop more aggressive, metastatic disease. Many
aspects of the tumour microenvironment, including hypoxia, pH
and nitric oxide (NO) levels, contribute to malignant
progression of tumours (Frederiksen et al., 2007; Webb et al.,
2011; Browne et al., 2012). A fundamental challenge in improving
prostate cancer treatment is to understand which molecular
pathways and genes are affected by these microenvironmental
factors in the promotion of malignant progression.
RUNX2 is an osteogenic transcription factor which normally
maintains a balance between bone formation and resorption by
regulating expression of various genes (Komori, 2003). Its
expression is signiﬁcantly up-regulated in prostate (Akech et al.,
2010), breast (Pratap et al., 2008; Shore et al., 2005) and colon
cancer (Wai et al., 2006). Aberrant RUNX2 expression has been
shown to contribute to a more aggressive, metastatic phenotype by
altering expression of many genes involved in migration, invasion,
metastasis, apoptosis and angiogenesis (Ho et al., 2009; Akech et al.,
2010; Browne et al., 2010). Recently, we demonstrated that
hypoxia induced RUNX2 expression in cancer cells, resulting in
increased expression of the anti-apoptotic gene Bcl-2 (Browne
et al., 2012). However, it is likely that other factors in the tumour
microenvironment also impact upon RUNX2 levels. There is some
evidence to suggest that NO is capable of regulating RUNX2
expression in osteoblasts (Damoulis et al., 2007; Sheu et al., 2012),
but no study to date has investigated if RUNX2 expression is
similarly inﬂuenced by NO levels in prostate cancer.
© 2 0 1 5 W I L E Y P E R I O D I C A L S , I N C .

NO is a soluble gas produced by nitric oxide synthases
(NOS), of which there are three isoforms. Inducible NOS
(iNOS) generates micromolar levels of NO, whereas
endothelial NOS (eNOS) and neuronal NOS (nNOS) produce
nanomolar concentrations. The control of NO ﬂux exerted by
this trio of synthases has important functions in tumour
growth, apoptosis and angiogenesis, with both pro- and antitumour effects observed; low levels of NO encourage cell
proliferation, whereas high concentrations inhibit growth
(Burke et al., 2013). In prostate cancer, increased expression of
iNOS and eNOS has been positively correlated with advanced
tumour progression (Cronauer et al., 2007; Nanni et al., 2009).
However, these observations do not necessarily reﬂect the
relative concentrations of NO present in the tumours, nor do
they identify all the molecular pathways affected by NO which
may contribute to prostate cancer progression.
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Clearly, more focused studies are required to unravel the
complex role of NO in the progression of this disease. To this
end, we examined the contribution of NO in the regulation of
RUNX2 expression in prostate cancer. Furthermore, we
investigated the impact of RUNX2 over-expression on the
anti-apoptotic protein Bcl-2 and the subsequent effects on
tumour growth and malignant progression.
Materials and Methods
Cell culture
The prostate adenocarcinoma cell line, LNCaP was maintained in
RPMI-1640 media, containing L-glutamine, 10% foetal bovine serum
(FBS). LNCaP cells stably transfected with vectors containing wildtype RUNX2 (LNCaP-R) or empty vector (LNCaP-C) were
generated previously (Browne et al., 2012); these cells were
maintained under the same conditions as the parental LNCaP cells.
PC3 cells were maintained in RPMI-1640 media containing 10%
FBS. MCF-7 breast cancer adenocarcinoma cells were grown in
DMEM medium containing L-glutamine (580 mg/L), D-glucose (1 g/
L), sodium pyruvate (110 mg/L), 10% FBS and 1% penicillin. All cells
were obtained from ATCC, Rockville, MD, USA and were cultured
at 37°C under 5% CO2 in air.
Drug preparation
All drugs were obtained from Sigma, Gillingham, UK unless
otherwise stated. Stock solutions of the following drugs were
prepared in PBS: NOC-18 (NO-donor, 100 mM; Calbiochem,
Tokyo, Japan), haemoglobin (NO scavenger, 50 mM) and
actinomycin D (500 mM). Drugs were dissolved in DMSO and
diluted appropriately following manufacturer’s instructions:
U0126 (MEK inhibitor;10 mM), wortmannin (PI3K/AKT inhibitor;
2 mM), Src Inhibitor 1 (10 mM), SP600125 (JNK inhibitor;20 mM),
SB202190 (10 mM), docetaxel (anti-mitotic chemotherapy; 20 mM
stock) and bicalutamide (non-steroidal antiandrogen) (Santa Cruz
Biotechnology, Heidelberg, Germany).
Gene expression analysis
RNA was extracted using Trizol1 (Invitrogen, Paisley, UK) and
reverse transcribed using RevertAid reagents according to
manufacturer’s instructions (Fermentas, Cambridge, UK). RealTime Quantitative PCR (RT-Q-PCR) was carried out using SYBR
green (Fermentas, Cambridge, UK) and gene speciﬁc primers
(Supplementary Table 1) in a Lightcycler 480 (Roche, Welwyn
Garden City, UK). After normalization to the reference gene (as
indicated), relative expression levels of each target gene were
calculated using the comparative CT (DDCT) method. Data were
obtained from three independent experiments performed in
triplicate.
Western blotting
Protein was extracted using RIPA buffer (Pierce, Rockford, UK).
Primary antibodies used were RUNX2 (57K) (1:750), Bcl-2 (DC21) (1:500) and b-actin (H-300) (1:1,000). Membranes were
blocked in 5% BSA diluted in 1 TBS-T (0.05%) followed by
incubation in the appropriate secondary antibody [goat anti-rabbit
IgG-HRP (1:10,000) or goat anti-mouse IgG-HRP (1:10,000)]. All
antibodies were purchased from Santa Cruz Biotechnology,
Heidelberg, Germany.
Nitrite quantitation assay
Following eNOS transfection, NO released by NOC-18 was
analysed using a NO Quantitation Kit (Active Motif, La Hulpe,
Belgium) according to manufacturer’s instructions, alterations
included growing LNCaP cells in RPMI. Absorbance was read at
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540 nm using a FLUCOstar Omega microplate reader (BMG
Labtech, Ortenberg, Germany).
RNA stability assay
LNCaP cells were treated with NOC-18 (10 mM) at a ﬁnal
concentration of 10 mM. After 8 h, cells were treated with
actinomycin D at a ﬁnal concentration of 5 mM. RNA was
extracted for subsequent gene expression analyses 0, 4, 6 and 8 h
after treatment.
Plasmid DNA isolation
Plasmids (Supplementary Table 2) containing the complete
RUNX2 promoter region, RUNX2 promoter deletion constructs
(Drissi et al., 2000) or eNOS constructs (Gene Copoeia, Rockville,
MD and Supplementary Fig. 6) were transformed using DH5a
competent cells according to manufacturer’s instructions
(Invitrogen, Paisley, UK). Subsequently, plasmids were puriﬁed
using Purelink HiPure Plasmid DNA puriﬁcation kit according to
manufacturer’s instructions (Invitrogen, Paisley, UK).
Transient DNA transfection
LNCaP cells were transfected with the various plasmids using
Fugene HD (Roche, Welwyn Garden City, UK) according to
manufacturer’s instructions. Transcriptional activity of the
RUNX2 promoter in the presence of NO (10 mM) was measured
via a Dual-Glo Luciferase Assay System according to
manufacturer’s instructions (Promega, Southampton, UK).
siRNA transfection
LNCaP cells were transfected with smart pool RUNX2 siRNA
(100 nM; Thermo Fisher Scientiﬁc Biosciences, Opelstrasse,
Germany) using siRNA DharmaFECT 2 regent (Thermo Fisher
Scientiﬁc Biosciences). Control non-targeting siRNA-A (100 nM;
Santa Cruz Biotechnology, Heidelberg, Germany) was used as a
negative control. RUNX2 knockdown was conﬁrmed via RT-QPCR and western blotting.
Chromatin immunoprecipitation (ChIP) assay
A ChIP IT Express Enzymatic Assay (Active Motif, La Hulpe,
Belgium) was used to measure RUNX2 interaction with proposed
binding sites within the Bcl-2 promoter (Supplementary Fig. 7) in
the presence of NO. LNCaP cells were treated with NOC-18
treated (10 mM) for 24 h. PC3 cells were used as a positive control
for RUNX2 expression (Akech et al., 2010).
Cell proliferation XTT assay
LNCaP cells were seeded, transfected with control or RUNX2
siRNA, and treated with NOC-18 (10 mM) for 16 h. The cells were
then treated with docetaxel (2 nM) for 48 h. LNCaP cells were
seeded, treated with L-NAME (0.1 mM) in combination with
docetaxel (10 nM) for 48 h. An XTT assay (Roche, Welwyn
Garden City, UK) was carried out to measure cell viability.
Absorbance was measured at 492 nm using a FLUCOstar Omega
microplate reader (BMG Labtech, Ortenberg, Germany).
All animal experiments were granted ethical approval by Home
Ofﬁce. Experiments were in accordance with the Animal Scientiﬁc
Procedures Act 1986 and the UKCCCR guidelines for the welfare
of animals in experimental neoplasia (Workman et al., 2010).
Tumour implantation
1  106 LNCaP-C (empty vector control) or LNCaP-R cells
(RUNX2 overexpressing) (Supplementary Fig. 4) were re-
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suspended in 100 ml of Matrigel (BD Bioscience, San Jose, CA) and
implanted into the rear dorsum of Balb/c SCID mice (8–12 weeks
old). Once tumours were palpable, calipers were used to measure
tumour size according to the geometric mean diameter (GMD).
GMD ¼ 3√length  breadth  height. Tumour doubling time was
calculated by: selecting two tumour volume values within the
exponential growth phase (e.g., 200 mm3 and 400 mm3 tumour
volume), calculating time required to reach such volume and
subtracting from the highest value.
Tumour oxygenation measurement
The oxygen partial pressure (pO2) of tumours was recorded
using an Oxylite oxygen electrode sensor (Oxford Optronics,
Oxford, UK). Animals were secured into a bespoke restraining
device with their tumours exposed. A ﬁbre optic probe was
inserted into a 21 gauge needle before subsequent insertion into
the tumour tissue. The needle was withdrawn and the probe was
left to stabilise for 10 min before readings commenced.
Thereafter pO2 values were recorded every 15 sec for 10 min.
Readings were taken in three sites for each time point and all the
results averaged.
Dorsal skin ﬂap model
The specially designed window chamber (APJ Trading Co. Ltd.,
Ventura, CA) contains a viewing port into which tumour
fragments or cells can be implanted on the exposed panniculus
carnosus muscle. This chamber was sutured onto the dorsal
area of male SCID mice, 3 days later the tumour cells (LNCaPC or LNCaP-R) were implanted in the window chamber
(1  105 per mouse) and subsequently grown for 10 days. To
image the blood vessels, 150-kDa Fluorescein-Isothiocyanate
(FITC) labelled dextran (50 ml of 50 mg/ml; Sigma) was injected
into the tail vein using a 21 gauge needle. Within 15 min the
mice were placed in a restraining equipment and images of the
vasculature were taken with a confocal microscope (Leica,
Solmes, Germany). Images were taken 2, 4, 6, 8 and 10 days
after the implantation of cells.
Haematoxylin and eosin staining
At the end of the tumour growth assay, animals were sacriﬁced
and lungs dissected and placed in 4% paraformaldehyde (PFA)
(Sigma). The lungs were wax embedded and 5 mM sections were
cut using a microtome (Leica, Phoenix, AZ). Sections were
stained with haematoxylin and eosin (H & E) stained according to
standard procedure (Sigma) mounted using DPX (Sigma) and
cover slipped.
Immunohistochemistry
Tumours at the experimental endpoint were excised, ﬁxed in
PFA and wax-embedded. 5 mM sections were stained with
RUNX2, Bcl-2 and IgG antibodies using Superpicture 3rd Gen
IHC kit (Invitrogen, Paisley, UK). Immunohistochemistry staining
was scored using a two approach method for extent and
intensity (Braconi et al., 2008). Extent of staining was deﬁned as
the percentage of cells with nuclear (RUNX2) or cytoplasmic
(Bcl-2) immunoreactivity and was scored 0–5: negative (0);
 10% (1); 11–25% (2); 26–50% (3); 51–75% (4) and 76% (5).
Intensity of staining was scored 0–3: negative (0); weak (1);
moderate (2); strong (3). Scores were averaged with three mice
per group.
Ethics

No human samples were required in completing data for this
paper.
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Results
NO concentration is critical for the induction of RUNX2

To investigate how different concentrations of NO affect
RUNX2 expression, we used two methods to generate
physiologically relevasnt levels of NO: (i) a slow-releasing NO
donor (NOC-18) and (ii) transfection of the eNOS gene. The
use of the NOC-18 donor gives insight into pathways regulated
via NO, whereas the use of an eNOS-containing vector mimics
eNOS transcription within a cancer cell and the resultant effect
on RUNX2 expression. We carried out NO quantitation for
both assays, demonstrating that the NOC-18 treated cells
released more NO (10 mM) compared to untreated (Fig. 1A).
Similarly, in eNOS transfected cancer cells we determined that
NO concentrations of 10 mM and 60 mM were released
compared to untransfected after 24 and 48 h, respectively
(Fig. 1B). We then investigated levels of RUNX2 mRNA and
protein following treatment with various doses of drug or
transfection over time. Figure 1C reveals that NO concentration
is critical in determining RUNX2 mRNA expression: relatively
low micromolar levels (10 mM) caused a signiﬁcant increase,
whilst higher levels (60–100 mM) caused a signiﬁcant decrease. A
similar trend is found when NO is generated by eNOS
transfection: at 24 h (equivalent to a concentration of 10 mM
NO), RUNX2 expression was increased, whereas at 48 h
(equivalent to a concentration of 60 mM NO) RUNX2
expression was reduced compared to 24-h transfection
(Fig. 1D). Thus, both methods of NO release demonstrate that
the concentration of NO is critical in determining levels of
RUNX2, with low micromolar levels increasing expression and
high NO levels inhibiting the expression of RUNX2. The
inhibition of NOS using L-NAME resulted in an increased
sensitively against docetaxel treatment compared to docetaxel
only (Fig. 1E). Furthermore, Fig. 1F reveals that L-NAME
treatment resulted in a decrease in eNOS mRNA and
consequently a reduction in RUNX2 and Bcl-2.
Low concentrations of NO Increase RUNX2 expression

Given the sharp increase in RUNX2 at low micromolar levels
of NO (Fig. 1C), we further probed the effect of this exposure
on prostate (LNCaP) (Fig. 2) and breast (MCF7) cancer cell
lines (Supplementary Fig. 1), both known to express low levels
of endogenous RUNX2 (Akech et al., 2010). In LNCaP cells,
10 mM NOC-18 treatment signiﬁcantly increased expression
of RUNX2 at both the mRNA (Fig. 2A) and protein level
(Fig. 2B). To conﬁrm that this induction of RUNX2 was due to
NO levels, haemoglobin (a known NO scavenger) was used to
inhibit NO effect. In the presence of haemoglobin, the
induction of RUNX2 mRNA expression by NO was not
observed (Fig. 2C).
Mechanisms of NO-mediated induction of RUNX2

To investigate why RUNX2 mRNA levels remained consistently
elevated after treatment with NOC-18 (10 mM), we assayed the
stability of RUNX2 mRNA levels under the same conditions.
There was a signiﬁcant difference in RUNX2 expression
between NOC-18 treated cells and untreated controls 4, 6 and
8 h after actinomycin D treatment suggesting that NO helps
stabilise RUNX2 mRNA (Fig. 3A). Previous studies have
suggested that NO has the ability to activate or inhibit AP-1
(Haby et al., 1994; Tabuchi et al., 1996), which is relevant because
there are two recognised AP-1 binding sites within the RUNX2
promoter (Rutberg et al., 1999) (Fig. 3B). Thus, to investigate
how NO impacts RUNX2 expression, we used a series of
RUNX2 deletion constructs in which the RUNX2 promoter had
its AP-1 binding sites removed (Rutberg et al., 1999)
(Supplementary Fig. 5). In LNCaP cells containing the intact
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Fig. 1. NO concentration is a critical determinant of RUNX2 expression in LNCaP prostate tumour cells. (A) Nitrite levels in media from
LNCaP cells when treated for up to 48 h with either NOC-18 (5 or 10 mM) or (B) transfection with eNOS or empty vector. (C) Fold change in
RUNX2 mRNA relative to the reference gene hypoxanthine phosphoribosyl transferase (HPRT) in LNCaP cells following treatment for 48 h
with NOC-18 (0–100 mM) (D) Fold change in RUNX2 mRNA relative to the reference gene HPRT in LNCaP cells following transfection with a
vector containing the eNOS gene. (E) LNCaP cell viability in response to treatment with eNOS inhibitor L-NAME (0.1 mM) and/or docetaxel
(2 nM). (F) Fold change in eNOS, RUNX2 and Bcl-2 mRNA levels following treatment with L-NAME. Results for all graphs are mean  S.E.M of
three independent experiments (n ¼ 3).  P  0.05,  P  0.01,  P  0.001 (Students t-test). NS ¼ not significantly significant.

RUNX2 reporter construct, NOC-18 (10 mM) increases
transcription by approximately 2-fold (Fig. 3B). However, this
induction was lost in cells transfected with the deletion
constructs, in which one or both of the AP-1 site containing
regions (p228-p490 and p490-p600) were absent from the
RUNX2 promoter (Fig. 3B). A third mechanism of NO control
RUNX2 expression was also tested, based on previous work
which demonstrated that NO controls gene expression via
protein kinase signalling (Pfeilschifter et al., 2001; Sparkmann and
Boggaram, 2004). This involved examining the effect of a panel of
inhibitors which target key signalling pathways, including JNK
pathway (SP600125 inhibitor), P38 (SBS202190), ERK (U0126),
P13K (Wortmannin) and SRC (SRC Inhibitor-1) to analyse
RUNX2 levels (Sparkmann and Boggaram, 2004). In LNCaP cells
untreated with NO, all inhibitors resulted in a down-regulation
of RUNX2 at the mRNA level (Fig. 3C). However, only the
inhibitors U0126 (ERK pathway) and Wortmannin (PI3K
pathway) signiﬁcantly inhibited the up-regulation of RUNX2
expression in the presence of NO, therefore implicating both
the ERK and P13K pathways in the NO-mediated regulation of
RUNX2 (Fig. 3D).
Effect of NO-mediated RUNX2 expression on
downstream target genes

RUNX2 knockdown experiments conﬁrm the knockdown in
several downstream targets, including Bcl-2, VEGF and IL-8
JOURNAL OF CELLULAR PHYSIOLOGY

(Akech et al., 2010). Furthermore, all three genes at an mRNA
level are enhanced when treated with NOC-18 and inhibited in
the presence of RUNX2 siRNA (Fig. 4A and B). Previously, we
demonstrated that hypoxia-induced up-regulation of RUNX2
caused downstream up-regulation of Bcl-2 (Browne et al.,
2012). We therefore investigated if NO-mediated levels of
RUNX2 similarly impacted upon Bcl-2 expression. When
LNCaP cells were exposed to NOC-18 (10 mM) the induction
of RUNX2 was accompanied by a signiﬁcant increase in Bcl-2 as
measured both as mRNA (Fig. 4B) and protein (Fig. 4C)
expression. Additionally, RUNX2 and Bcl-2 was signiﬁcantly
inhibited when cells were pre-treated with siRNA directed
against RUNX2 (Fig. 4A–C).
To further conﬁrm that RUNX2 was responsible for
regulating Bcl-2 levels, we used LNCaP cells which overexpressed RUNX2 (LNCaP-R) compared to empty vector
control cells (LNCaP-C) (Browne et al., 2012). LNCaP-R cells
exhibited higher levels of RUNX2 and Bcl-2 than controls
(LNCAP-C) (Fig. 4D). When LNCaP-R cells were transfected
with siRNA directed against RUNX2, the reduction of RUNX2
levels resulted in a total loss of Bcl-2 protein expression within
the cells (Fig. 4D). A ChIP assay was carried out to ascertain if
this regulation was due to RUNX2 binding in the Bcl-2
promoter region (Fig. 4E). The assay revealed that NO
exposure signiﬁcantly increased the RUNX2 occupancy of
both binding sites within the Bcl-2 promoter by 11% and 12%,
respectively (Fig. 4E).
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Fig. 2. NO concentration is critical for the induction of RUNX2 in LNCaP and MCF-7 cells. LNCaP cells were treated with NOC-18 (5 or
10 mM) or NOC-18 þ inhibitor (Hb) and incubated for 48 h. Graphs show (A) RUNX2 mRNA fold change, relative to HPRT and (B) RUNX2
protein fold change, relative to b-actin, (C) RUNX2 mRNA expression after 48 h treatment with vehicle, NOC-18 (10 mM), or NOC-18
(10 mM) and haemoglobin (20 mM) in LNCaP. All data are displayed as mean  S.E.M of three independent experiments performed in
triplicate.  P  0.05,  P  0.01 (Students t-test).

We then wanted to see if this NO-mediated induction of
both RUNX2 and Bcl-2 would impact upon cell viability. An
XTT assay was carried out to investigate the effect of docetaxel
in the context of these NO-mediated changes. LNCaP cells
were transfected with control or RUNX2 siRNA, pre-treated
with NOC-18 (10 mM) for 16 h and then exposed to docetaxel
for 48 h. Figure 4F reveals viability was greater in cells pretreated with NOC-18 in response to docetaxel compared to
docetaxel treated only. Furthermore, knocking down RUNX2
via RUNX2 siRNA in NOC-18 and docetaxel treated cells
showed a signiﬁcant reduction in cell viability compared to
control siRNA. NOC-18-treated cells, which were transfected
with scrambled non-targeting siRNA, displayed a similar EC50
value for docetaxel to that obtained from cells which were
treated with NOC-18 alone (7.4 nM compared to 8.2 nM)
(Supplementary Table 3). However, in NOC-18-treated cells
that were transfected with siRNA targeted against RUNX2, the
EC50 value for docetaxel decreased to that exhibited by
untreated cells (3.1 nM compared to 2.5 nM) (Supplementary
Table 3). This conﬁrmed that, when RUNX2 is inhibited, NO
has no signiﬁcant effect on cell viability.

excised at the experimental endpoint conﬁrmed that both Bcl2 and RUNX2 were signiﬁcantly up-regulated in the LNCaP-R
tumours grown in vivo compared to controls (Fig. 5C). Analysis
of lungs from these mice revealed a higher lung metastasis
incidence % in animals bearing LNCaP-R (3/3 animals) tumours
compared to LNCaP-C (1/3 animals) (Fig. 5D). Previously, it
has been shown that RUNX2 can drive expression of
angiogenesis-associated genes including VEGF (Browne et al.,
2012). The dorsal skin ﬂap model (Ming et al., 2013) was used
to investigate the effect of over-expression of RUNX2 on the
tumour vasculature. Imaging of the vascular pattern associated
with LNCaP-R implants showed a more evenly distributed
network of much smaller vessels with more branch points
compared to that observed with control tumours (Fig. 6A–C).
Given the distinct difference in these vascular patterns, we also
measured tumour oxygenation during growth of subcutaneous
tumours. These showed the tumours to be well oxygenated
with a mean oxygen level of (23 mmHg (3.03%O2) compared to
control LNCaP-C tumours (5.85 mmHg (0.77%O2) (Fig. 6D).

Effect of RUNX2 over-expression in an LNCaP xenograft
mouse model of prostate cancer

Studies have shown that RUNX2 plays a role in the progression
of prostate and breast tumour cells to a more aggressive and
metastatic phenotype (Butterworth et al., 2008; Pratap et al.,
2009). In this study, we investigated how various aspects of the
prostate tumour microenvironment might inﬂuence the
expression of RUNX2 and hence drive malignant progression.
Previously, we have demonstrated that hypoxia induces upregulation of RUNX2 expression, which in turn up-regulated
Bcl-2 expression, thereby increasing resistance to apoptosis
(Browne et al., 2012). However, we also suspected that NO
levels within the tumour microenvironment would similarly
impact upon RUNX2 expression, since RUNX2 is regulated by
NO in osteoblasts (Damoulis et al., 2007; Sheu et al., 2012).
The role of NO in tumour growth is complex, having been
reported to have both pro- and anti-tumour effects, depending
on concentration and extent of exposure (Brune, 2003; Burke

Since RUNX2 has been shown to drive expression of genes
implicated in malignant progression (Akech et al., 2010;
Browne et al., 2012), the LNCaP-R cells were implanted into
mice to investigate the effect of RUNX2 on tumour physiology.
Tumours arising from LNCaP-R cell implants grew more
quickly, with palpable tumours arising within 60 days as
compared with 86 days for LNCaP-C derived tumours
(Fig. 5A). Furthermore, all mice implanted with LNCaP-R cells
developed tumours (5/5 mice), compared to approximately
70% (5/7 mice implanted) for LNCaP-C. In addition, the
LNCaP-R tumours had a faster doubling time (9.79 days) than
LNCaP-C tumours (11.1 days), a difference that was evident by
day 4 (Fig. 5B). Immunohistochemical analysis of tumours
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Fig. 3. Mechanisms of NO-mediated induction of RUNX2. (A) RUNX2 mRNA expression in LNCaP cells (relative to HPRT) treated with
NOC-18 (10 mM) for 8 h, followed by treatment with actinomycin D (5 mM) for 0–8 h. (B) Luciferase assay carried out on LNCaP cells
transfected with a variety of constructs before treatment with NOC-18 (10 mM) for 48 h. AP-1 binding sites within the RUNX2 promoter
deletion constructs are depicted in the accompanying schematic. (C) RUNX2 mRNA levels in LNCaP cells treated with protein kinase
inhibitors for 2 h in serum-starved media to maximise inhibition potential; U0126 (5 mM), Src Inhibitor-1 (10 mM), SBS202190 (10 mM),
SP600125 (10 mM) and wortmannin (100 nM) for 48 h. HPRT was the reference gene. (D) The same treatments and analyses shown in (C)
were carried out in the presence of NOC-18 (10 mM). All data are displayed as mean  S.E.M of three independent experiments performed in
triplicate.  P  0.05,  P  0.01,   P  0.001 (Students t-test).

et al., 2013). As a result, there is still conﬂicting evidence about
the role and relevance of NO in prostate cancer progression.
The current study proposed to shed light on this area by being
the ﬁrst to explore the relationship between NO and RUNX2
in prostate cancer cells.
We ﬁrst demonstrated that NO concentration is critical in
determining RUNX2 expression. Relatively low micromolar
levels (10 mM) induced mRNA levels of RUNX2, whilst higher
levels ( 60 mM) caused a decrease in LNCaP cells (Fig. 1C).
This ﬁnding conﬁrms the observations of many other studies
demonstrating that NO can display dual and opposite
functions, depending on its concentration (Burke et al., 2013).
We were particularly interested in the effect of NO at levels of
10 mM, since this resulted in an increase in RUNX2, a
transcription factor known to be associated with a more
aggressive prostate cancer phenotype. We showed that these
low levels of NO (10 mM) caused an increase in RUNX2
mRNA and protein expression in LNCaP cancer cells
(Fig. 2A and B). We conﬁrmed that these effects were indeed
NO-mediated through the use of the NO scavenger
JOURNAL OF CELLULAR PHYSIOLOGY

haemoglobin (Fig. 1C). Our ﬁndings agree with previous work
by Ho et al. (2009), who demonstrated that NO controls
RUNX2 level in human osteosarcoma cells, which in turn
causes an up-regulation in the anti-apoptotic protein Bcl-2.
We wanted to investigate possible mechanisms responsible
for NO-mediated regulation of RUNX2. We ﬁrst treated
LNCaP cells with actinomycin D, a drug which inhibits
transcription, to establish the effect of NO upon mRNA
stabilisation. NOC-18 treatment (10 mM) resulted in a
signiﬁcant stabilisation of RUNX2 transcripts (Fig. 3A): this
results in an increase in the length of time during which RUNX2
can activate target genes associated with cancer progression
and is consistent with several previous report (Ho et al., 2009;
Akech et al., 2010; Brown et al., 2012). This observation also
corroborates previous studies that have shown that NO is
responsible for stabilising several mRNA transcripts, including
IL-8, p21 and TNF (Bakheet et al., 2003; Sparkman and
Boggaram, 2004; Wang et al., 2008).
We investigated if NO inﬂuences RUNX2 transcriptional
activity via increasing transcription factor binding within the
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Fig. 4. NO-mediated RUNX2 expression impacts upon Bcl-2 levels. Fold mRNA change in RUNX2, Bcl-2, IL-8 and VEGF, relative to HPRT
was examined in LNCaP cells were transfected with non-targeting control (C.siRNA) or RUNX2 siRNA (R.siRNA) for 24 h in the absence (A)
or presence (B) of NOC-18 (10 mM) for 48 h. (C) Representative western blots show RUNX2 and Bcl-2 protein expression, with b-actin loading
control. (D) LNCaP-C (Vector only) control cells and LNCaP-R (RUNX2 over-expressing) cells transfected with C.siRNA or R.siRNA for 48 h.
Western blot shows RUNX2 and Bcl-2 protein expression, with b-actin loading control. (E) PC3 and LNCaP cells were untreated or treated
with NOC-18 (10 mM) and incubated for 48 h. A ChIP assay was used to detect RUNX2 occupancy of two sites within the Bcl-2 promoter. IgG
was used as a negative control and PC3 cells as a positive control. (F) LNCaP cells were transfected with C.siRNA or R.siRNA and treated with
NOC-18 (10 mM) for 16 h. Following docetaxel treatment (2 nM) for 48 h, an XTT assay was carried out to measure cell viability. All data are
displayed as mean  S.E.M of three independent experiments performed in triplicate.  P  0.05,  P  0.01,  P  0.001 (Students t-test).

RUNX2 promoter. Given that AP-1 is a known NO regulated
transcription factor (Jibiki et al., 2003) and has putative binding
sites within the RUNX2 promoter (Rutberg et al., 1999), we
speculated that AP-1 was involved in the transcriptional
regulation of NO-mediated RUNX2 activity. By using
constructs with deletions in the RUNX2 promoter, we
conﬁrmed that RUNX2 induction by NO was dependent upon
the presence of intact AP-1 sites in the RUNX2 promoter
(Fig. 3B). AP-1 is predominantly composed of protein dimers
from the Jun and Fos families and both of these dimers have
been reported as activating RUNX2 transcription (Wagner,
2002). Our results revealed that treatment of LNCaP cells with
relatively low NO concentrations increased RUNX2
transcription due to increased AP-1 binding within the RUNX2
promoter.
It is known that NO diffuses across the cell membrane and
interacts with the P13K, Src and the three MAPK (ERK, P38 and
JNK) pathways, consequently altering gene expression
(Pfeilschifter et al., 2001; Sparkmann and Boggaram, 2004).
Therefore, we used a panel of pharmacological inhibitors to
target these speciﬁc pathways in our cell systems (Fig. 3C and
D). Inhibition of ERK (U0126) and P13K (wortmannin)
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signiﬁcantly blocked the NO-mediated induction of RUNX2,
suggesting this relationship is speciﬁcally dependent on these
two pathways. This is in agreement with previous in vivo and in
vitro studies in bone, which have revealed that both these
pathways are involved in controlling RUNX2 (Xiao et al., 2002;
Fujita et al., 2004; Ge et al., 2007).
A challenging aspect of prostate cancer treatment is to
overcome chemoresistance, which is a key factor in the
progression to advanced, metastatic disease. Ho et al. (2009)
were the ﬁrst to establish a link between NO, RUNX2 and Bcl2, demonstrating that NO-mediated RUNX2 increased antiapoptotic Bcl-2 in osteosarcoma MG63 cells. Since, we
previously showed hypoxia conferred increased cell survival via
RUNX2-mediated Bcl-2 expression (Browne et al., 2012), we
wanted to see if NO levels increased cell survival in prostate
cancer and whether this might also be important in
chemoresistance. First, we conﬁrmed that knockdown of
RUNX2 resulted in knockdown of Bcl-2 in these cells, as well as
other downstream targets such as VEGF and IL-8 (Fig. 4A). We
then demonstrated that treatment of LNCaP cells with NOC18 (10 mM) did indeed result in increased Bcl-2 expression
(Fig. 4B). This effect was shown to be dependent on RUNX2,
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Fig. 5. Effect of RUNX2 over-expression in LNCaP tumours grown in vivo. LNCaP-C and LNCaP-R cells (1  106) were implanted on the rear
dorsum of 6–8-week-old male SCID mice. (A) Tumour growth curve showing time taken after cell implantation to form a palpable tumour
(>150 mm3). (B) Tumour growth curve showing difference in doubling time after palpable tumours form. Day 0 represents tumour size of
150 mm3. (C) Tumours were excised from three mice at the experimental endpoint and processed for immunohistochemistry. Graph shows
immunostaining score for RUNX2 and Bcl-2, with representative images inset (X200 magnification). (D) Lungs were excised from three mice
at the experimental endpoint and processed for H & E staining. Lung metastasis incidence % was calculated. Three animals were allocated per
group. Three animals were allocated per group.  P  0.05,  P  0.001 (Students t-test).

since inhibition of RUNX2 with targeted siRNA blocked Bcl-2
induction by NO (Fig. 4B and C). Further evidence of this was
provided by a ChIP assay, which conﬁrmed that RUNX2
displayed increased occupancy of the Bcl-2 promoter in the
presence of NO. This agrees with our previous study that
showed silencing RUNX2 caused a decrease in Bcl-2
expression due to the lack of RUNX2 binding to the Bcl-2
promoter (Browne et al., 2012). Having established these links,
we investigated cell survival in the presence of docetaxel, a drug
commonly used to treat advanced prostate cancer. We
established that prostate cells treated with NO (10 mM)
displayed increased cell viability following docetaxel treatment;
however, in cells which had RUNX2 silenced by targeted
siRNA, the effect was signiﬁcantly abrogated (Fig. 4F). This
suggests that NO confers protection against docetaxel,
presumably by up-regulating RUNX2 and Bcl-2 levels, a
protection which is lost if RUNX2 action is inhibited. The role
of NO in the chemoresistance is complex, with various studies
showing that that NO sensitises cancer cells to different drugs
(Muir et al., 2006; Frederiksen et al., 2007), whilst others show
that it confers resistance upon cancer cells (Fetz et al., 2009; Yu
et al., 2013). Our study is the ﬁrst to propose that NO is
JOURNAL OF CELLULAR PHYSIOLOGY

involved in induced chemoresistance in prostate cancer cells
through the induction of RUNX2. This effect is likely to be
further promoted by the impact of NO and/or RUNX2 on
other downstream targets such as those involved in
angiogenesis (VEGF) and inﬂammatory signalling (IL-8) and
metastasis (MMP9 and MMP13) (Akech et al., 2010). Our
observations also recall previous studies showing that NO
induction in response to photostress confers a pro-survival
effect through enhanced apoptotic resistance in breast and
prostate cancer cells (Bhowmick and Girotti, 2013, 2014).
Given our ﬁndings above, we then investigated the effect of
RUNX2 overexpression on tumour growth in vivo. When
these LNCaP-R cells were grown as solid tumours in SCID
mice the tumours became palpable on average 26 days earlier
and had a faster doubling time compared to control tumours
(Fig. 5A and B); this correlated with previous in vivo studies in
breast and prostate mouse models of cancer. We also
conﬁrmed that the expected increase in RUNX2 and Bcl-2
occurred in the tumours grown in vivo (Fig. 5C). Furthermore,
mice implanted with LNCaP-R tumour cells had more
metastatic lung deposits than control mice, implicating RUNX2
over-expression in tumour spread (Fig. 5D), the involvement of
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Fig. 6. Impact of RUNX2 elevation on tumour vascularisation. Window chambers were surgically implanted on the rear dorsum of male
SCID mice with LNCaP-C or LNCaP-R cells embedded in matrigel and allowed to vascularise for 10 days. Representative images are shown in
(A). (B and C) Quantified vessel width, number of branch points and vessel coverage (five images per mouse). (D) Oxylite electrode
measurements of pO2 in both tumour types during growth sizes (200–800 mm3). 3 animals were allocated per group.  P 0.01,  P  0.001.

RUNX2 enhancing lung metastasis has been recently noted by
Zhang et al. (2014). The anti-apoptotic effect caused by the
RUNX2-mediated induction of Bcl-2 has been previously noted
in osteoblasts (Ho et al., 2009), breast cancer cells (Pratap et al.,
2009), renal tubuloepithelial cells (Ardura et al., 2013) and in
chondrocytes of transgenic mice with elevated RUNX2
expression (Ding et al., 2012). Our study is consistent with
these studies and is the ﬁrst to report this relationship in an in
vivo mouse model of prostate cancer.
The faster tumour growth characteristics of LNCaP-R
tumours suggested that the tumour microenvironment might
be modiﬁed. Therefore, we investigated the vasculature in
these tumours using the dorsal skin ﬂap model. LNCaP-R
tumours showed a markedly normalised vasculature with a
more even distribution of microvessels. Although the overall
vessel coverage was approximately the same (data not shown)
the LNCaP-R tumours had more vessels that were signiﬁcantly
smaller and with more branch points than observed in controls
(Fig. 6A–C); these features allow better delivery of oxygen and
nutrients than the more abnormal vasculature seen in the
control tumours. The improved oxygenation of LNCaP-R
tumours was conﬁrmed in sub-cutaneous tumours (23 mmHg,
3.03% O2), and is in distinct contrast to control LNCaP
tumours, which we have shown to be considerably more
hypoxic (5.85 mmHg, 0.77% O2) (Ming et al., 2013). Both of
these changes could make a signiﬁcant contribution to tumour
growth and they are consistent with the data presented in
Figure 5. The inﬂuence of RUNX2 over-expression on
angiogenesis in prostate tumours has not previously been
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reported. However, the data are consistent with a previous
report that has implicated RUNX2 over-expression in the
enhancement of angiogenesis in an in vitro model of
hypertrophic chondrocytes (Lee et al., 2012).
Previously, it has been suggested that the normalisation of
vessels during cancer therapy may aid in the control of tumour
growth (Jain, 2005; Goel et al., 2011). However, our data show
that vessel normalisation, mediated through RUNX2 overexpression, may be associated with improved oxygenation,
faster tumour growth and enhanced Bcl2-expression. Although
the improved vascular structure of LNCaP-R tumours could
allow better drug delivery, the presence of increased Bcl-2
could reduce the apoptotic potential of the cancer cells being
targeted by the therapy. Overall, our studies suggest that these
changes facilitate tumour growth and progression to a more
aggressive phenotype with a likely increase in treatment
resistance related to the increase in Bcl-2.
In conclusion, we have shown that NO is capable of
regulating RUNX2 expression in prostate cancer cells. At
relatively low NO levels, RUNX2 expression was increased via
several mechanisms including transcriptional control,
transcript stability and relevant cancer-associated signalling
pathways. The up-regulation of RUNX2 increased Bcl-2 both in
vitro and in vivo; we had previously shown that this was
associated with inhibition of apoptosis in these cells (Browne
et al., 2012). When the RUNX2 over-expressing cells were
grown in mice, the tumours developed enhanced growth
characteristics therefore attributing to an improved tumour
vasculature and increased oxygenation. Thus, silencing RUNX2
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expression, either by manipulating NO levels or by direct
targeting, may be a novel and attractive strategy for the
treatment of prostate cancer.
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