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Background: Survivin and monoamine oxidase A (MAOA) levels are elevated in prostate cancer (PCa) compared to normal
prostate glands. However, the relationship between survivin and MAOA in PCa is unclear.

Methods: We examined MAOA expression in the prostate lobes of a conditional PTEN-deficient mouse model mirroring human
PCa, with or without survivin knockout. We also silenced one gene at a time and examined the expression of the other. We further
evaluated the combination of MAOA inhibitors and survivin suppressants on the growth, viability, migration and invasion of PCa
cells.

Results: Survivin and MAOA levels are both increased in clinical PCa tissues and significantly associated with patients’ survival.
Survivin depletion delayed MAOA increase during PCa progression, and silencing MAOA decreased survivin expression. The
combination of MAOA inhibitors and the survivin suppressants (YM155 and SC144) showed significant synergy on the inhibition of
PCa cell growth, migration and invasion with concomitant decrease in survivin and MMP-9 levels.

Conclusions: There is a positive feedback loop between survivin and MAOA expression in PCa. Considering that survivin
suppressants and MAOA inhibitors are currently available in clinical trials and clinical use, their synergistic effects in PCa support a
rapid translation of this combination to clinical practice.

Prostate cancer (PCa) is the most commonly diagnosed and the
second most lethal cancer among men in the United States.
Resistance to androgen ablation and docetaxel (DTX) chemother-
apy usually result in cancer recurrence and death of patients.
Therefore, novel therapeutic strategies are in urgent medical need.

Encoded by the BIRC5 gene, survivin is a member of the
inhibitor of apoptosis protein (IAP) family. As a promising
drug target, survivin is highly expressed in most tumours and
fetal tissues (Velculescu et al, 1999) but is absent in almost all
terminally differentiated cells (Sah et al, 2006). Survivin is a nodal
protein regulating multiple cellular pathways that mediate
tumourigenesis, including the suppression of apoptosis, the
promotion of chromosome segregation and the upregulation of

tumour vasculature (Church and Talbot, 2012; Debnath et al,
2012). Expression of survivin in PCa contributes to chemoresis-
tance and cancer progression (Altieri, 2008; Altieri et al, 2009;
Adisetiyo et al, 2013). Although inhibiting survivin will be a
promising approach in treating PCa, currently there are only a
limited number of selective inhibitors including the BIRC5
transcription suppressant YM155 (Nakahara et al, 2007) and the
survivin dimerisation modulator Abbott8 (Wendt et al, 2007).
YM155 exhibited potency in in vitro and in vivo PCa models
(Nakahara et al, 2007), and it is currently in phase II clinical
trials for PCa as a single agent and in combination with DTX
(Tolcher et al, 2012). Previously, we discovered novel quinox-
alinhydrazides with desirable physicochemical and drug-like
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properties and a broad-spectrum anticancer activity (Grande et al,
2007, 2009; Oshima et al, 2009). Our lead compound, SC144,
is a potent survivin suppressant through the inhibition of the
IL-6/gp130/Stat3 signalling axis (Xu and Neamati, 2013; Xu et al,
2013a). Although YM155 and SC144 have unique mechanisms of
action, they both ultimately suppress survivin expression and can
be used as tools to unravel the biology of survivin.

Monoamine oxidase A (MAOA) is a mitochondrial enzyme that
degrades amine neurotransmitters, such as 5-hydroxytryptamine
(5-HT), norepinephrine, epinephrine and dopamine (Shih et al,
1999). Therefore, MAOA has been extensively studied in
neurological disorders, such as Parkinson’s disease and depression
(Youdim et al, 2006). Interestingly, an increase in the number
of 5-HT-releasing neuroendocrine cells has been correlated with
tumour progression, and 5-HT serves as a growth factor for PCa
cells (Shinka et al, 2011). In addition, elevated expression of
MAOA correlates with high-grade PCa, and contributes to its
poorly differentiated phenotype (Vaarala et al, 2000; True et al,
2006; Peehl et al, 2008; Zhao et al, 2008). Moreover, a
polymorphism of the MAOA promoter that confers low-MAOA
expression was associated with a reduced risk of PCa (White et al,
2012). Although the molecular mechanisms and functions of
MAOA in PCa are not clear, amine metabolism is associated with
cellular processes including cell growth and differentiation
(Pietrangeli and Mondovi, 2004). Substitutions of aspartic acid
residues in MAOA affected cell viability and proliferation (Wei
et al, 2012). Clorgyline, a selective and irreversible MAOA
inhibitor previously used as an anti-depression medicine, showed
efficacy in in vitro and in vivo PCa models (Zhao et al, 2009;
Flamand et al, 2010). Another MAOA inhibitor, phenelzine
sulphate, combined with DTX is currently under phase II clinical
trials for PCa patients with progressive disease.

Using a PTEN� /� mouse model and human PCa cell lines, we
have demonstrated for the first time that MAOA expression is
regulated by the PTEN/Akt pathway and influenced by survivin. By
using SC144 or YM155 in combination with clorgyline, we
unravelled a novel synergy between survivin and MAOA dual
inhibition for the treatment of PTEN-negative PCa. Considering
the availability of inhibitors of survivin (YM155, EM-1421,
LY2181308 and EZN-3042) and MAOA (phenelzine, tranylcypro-
mine, isocarboxazid and moclobemide) in clinical trials or clinical
use, our finding supports a novel chemotherapeutic regimen for
the treatment of PTEN-negative PCa with high survivin/MAOA
levels.

MATERIALS AND METHODS

Cell lines. LNCaP cells were kindly provided by Dr Alan L Epstein
(University of Southern California). PC3, DU145 and C4-2B cell
lines were kindly provided by Dr Shigang Xiong (University of
Southern California). Mouse PCa cells CE1, CE2, E2, E4 and E8
were generated by Dr Pradip Roy-Burman (University of Southern
California).

Mouse prostate gland and prostate tumour tissues. Prostate
gland and prostate tumour tissues from mice with conditional Pten
deletion were homogenised. All the experiments have been carried
out with ethical committee approval and meet the standards
required by the UKCCCR guidelines (Workman et al, 2010).

Growth inhibition assay. Growth inhibition was assessed using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay as described in Zeng et al (2012) and Saha et al (2013).
Cells were seeded in 96-well plates and treated with indicated drugs
for 72 h. After drug treatments, cells were incubated with MTT
(0.3mgml� 1) for additional 3 h at 371C. After removal of the
supernatant, DMSO was added and the absorbance was measured

at 570 nm. All assays were performed in triplicate. Inhibitory
concentration 50% (IC50) values were determined from a plot of
log (drug concentration) vs percentage of cell kill, using Prism 6
(GraphPad Software, Inc., La Jolla, CA, USA).

Colony formation assay. Colony formation assays were per-
formed as described in Xu et al (2012). Briefly, cells (200 cells per
well) were seeded in 96-well plates, followed by the incubation of
indicated compounds for 48 h, and then were allowed to grow into
colonies in the absence of compound treatment (12–15 days).
Colonies were stained with crystal violet solution (2%).

Cell migration assay. Twenty-four-well plates were precoated
with collagen (45 mgml� 1) in triplicates, followed by further BSA
(2mgml� 1) blocking. Serum-starved cells were plated (350 000
cells per well) 2 h before scratches were made using 200 ml pipette
tips. Floating cells were removed by PBS washing, followed by the
addition of media with 10% FBS and indicated compounds. Images
were taken after 48 h.

Western blotting. Western blotting was performed as previously
described (Xu et al, 2013b). Proteins in whole-cell lysates were
resolved in SDS–PAGE and electrotransferred onto Hybond-P
(GE Healthcare, Wauwatosa, WI, USA) membrane. The mem-
brane was then probed with indicated primary antibodies,
subsequently with infrared fluorescence dye-conjugated secondary
antibodies and scanned and analysed using the Odyssey CLx
Imaging system (LI-COR, Inc., Lincoln, NE, USA).

Immunohistochemical analysis. As previously described (Yamada
et al, 2010), paraffin-embedded prostate tissue sections were
deparaffinised and rehydrated and then subjected to antigen
retrieval in 10mM sodium citrate buffer at 951C. Slides were then
incubated in 1% H2O2 in methanol to block the endogenous
peroxidase activity. Sections were blocked with 10% normal goat
serum (Vector Laboratories, Burlingame, CA, USA) and 0.3%
Triton X-100 (Fisher Scientific, Pittsburgh, PA, USA) in TBS for
1 h at room temperature and incubated in survivin antibody
overnight at 41C. The next day, affinity-purified, biotinylated goat
anti-rabbit IgG (Hþ L) secondary antibody (Vector Laboratories)
was added to the sections and the staining was visualised with
detection reagents: VECTASTAIN Elite ABC kit (Vector Labora-
tories) and DAB (DAKO, Carpinteria, CA, USA). The slides were
counterstained with haematoxylin (Sigma-Aldrich, St Louis, MO,
USA), rinsed and dehydrated before cover slips were placed over
the tissue.

Statistical analysis. The Student’s t-test was used for statistical
analysis and P-value determination using Prism 6 (GraphPad,
Inc.). Differences were considered statistically significant at
Po0.05.

RESULTS

Survivin protein level is upregulated in the PTEN-negative PCa
model. Up to 70% of PCa patients have lost one copy of the Pten
gene at the time of diagnosis (Gray et al, 1998) associated with
aggressive metastatic potential, poor prognosis and androgen
independence (Trotman et al, 2003). Our mouse PCa model has
conditional homozygous deletion of PTEN in the prostate gland
leading to spontaneous PCa development (Wang et al, 2003).
Recently, we have shown that survivin deletion has no effect on
normal prostate development but reduced the appearance of
prostatic intraepithelial neoplasia and hampered the progression to
adenocarcinoma (Adisetiyo et al, 2013). In addition, we have
generated a prostate-specific Pten and Survivin double-knockout
mouse strain. Survivin expression was observed mostly in the
epithelial cells of the mouse prostate, and increased in the prostate
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tissue from the conditional PTEN-deletion mice (cPten� /�Sþ /þ )
compared to that from wild-type (Ptenf/fSf/f) mice (Figure 1A;
Supplementary Figure S1). A minimal level of survivin expression
still seen in cPten� /�Surv� /� mice is probably attributed to the
variable expression of Cre in the prostate tissue; cells lacking Cre
resulted in incomplete deletion of survivin. The increase in
survivin expression in both dorsolateral and ventral prostate
lobes was observed as early as 2 months of age in hyperplastic
tissue, but before prostate tumour development, and continued
during tumour progression as shown at 5 and 9 months
(Figure 1B). It is important to note that the mouse prostate
dorsolateral lobe is most similar to the peripheral zone of the
human prostate (Berquin et al, 2005), the site of origin for most
cases of human PCa (Sakr and Grignon, 1998). These results
indicate that loss of PTEN in the prostate results in a substantial
upregulation of survivin expression that contributes to tumour
development.

MAOA expression is upregulated in a survivin-dependent
manner during PCa development. In our PCa model, MAOA
protein was substantially upregulated in prostate tissues from the
conditional PTEN-deletion mice (cPten� /�Sþ /þ ) compared to
that from wild-type mice (Ptenf/fSf/f) in both the dorsolateral and
the ventral lobes (Figure 2A). Monoamine oxidase A is not
expressed in normal prostate tissue but its expression remarkably
increases with malignant progression from hyperplasia (2 months)
to adenocarcinoma (13 months). In mice with conditional PTEN/
survivin double deletion in the prostate (cPten� /�S� /� ), the
MAOA protein level is reduced compared to that in cPten� /�Sþ /þ

indicating that the increase in MAOA is mediated at least in part
by survivin. It is also important to note that survivin depletion
delayed but not completely inhibited the upregulation of MAOA or
tumour growth. In contrast to MAOA, MAOB is expressed in
normal prostate tissue and its levels are substantially reduced
in both dorsolateral and ventral lobes of prostate tissues from
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Figure 1. Survivin expression in mouse prostates. (A) Immunostaining of survivin on ventral prostate lobes of Ptenf/fSf/f, cPten� /�Sþ /þ , and
cPten� /�S� /�mice. At least three pictures were taken from each prostate section. Scale bars, 50mm. **Po0.01. (B) Survivin protein level in
prostate tissues from Ptenf/fSf/f and cPten� /�Sþ /þ .
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PTEN-deficient mice without correlation with the survivin status
(WT and � /� ; Supplementary Figure S2A).

Consistent with our observations, both survivin and MAOA are
significantly upregulated in human PCa compared to normal
prostate gland tissue (Figure 2B; Supplementary Table S1), and
there is no significantly different expression of MAOB between
normal prostate gland and PCa tissue (Supplementary Figure S2B).
We further grouped PCa patients based on survivin and MAOA
expression in PCa. High expression of both survivin and MAOA
was significantly associated with poor overall survival (Figure 2C).
Together, these results corroborate the clinical significance of high
survivin/MAOA expression in PCa development and progression.

Quinoxalinhydrazides suppress survivin expression. We
designed and synthesised new active SC144 analogues SC186 and
SC204, and an inactive analogue SC205 (Figure 3A). SC144, SC186
and SC204 substantially suppressed survivin expression after 24-h
treatment in a panel of human PCa cells (LNCaP, DU145 and PC3)
and mouse PTEN� /� PCa cells (CE1, CE2 and E8 (Figure 3B).
Among the three analogues, SC144 is the most potent survivin
suppressant.

We further examined the effects of SC compounds on PCa cell
growth. SC144 showed IC50 values ofo1mM in PCa cells (Table 1).

SC186 and SC204 were 5- to 10-fold less potent, and SC205 was
inactive. Accordingly, SC144 showed highest potency in suppres-
sing the colony-forming ability of PCa cells (Figure 3C). SC186 and
SC204 showed moderate activity, whereas SC205 was inactive.
These results are consistent with their activities in suppressing
survivin expression. A previously reported survivin suppressant,
YM155, also inhibited the growth of LNCaP and PC3 cells with
IC50 values 15.2 and 3.2 nM, respectively (Figure 3D).

Combined inhibition of survivin and MAOA is synergistic. To
select a suitable in vitro model to study the combination of survivin
and MAOA inhibition, we examined MAOA levels in four human
PCa cell lines (LNCaP, PC3, DU145 and C4-2B; Figure 4A). Both
LNCaP and C4-2B express high levels of MAOA, survivin and
phosphorylated Akt, and undetectable level of PTEN; whereas PC3
and DU145 showed undetectable MAOA levels and low Akt
phosphorylation. In addition, LNCaP cells exhibit the highest level
of MAOA mRNA expression among the NCI-60 cell lines
(Supplementary Figure S3). We further examined the regulatory
relationship between MAOA and survivin. Silencing survivin had
no significant effect on the protein level of MAOA, whereas
silencing MAOA substantially decreased the protein level of
survivin (Figure 4B). These data also suggest that in our survivin
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knockout animal model, the decreased MAOA expression might be
due to indirect effects caused by the delayed tumour growth
(Figure 2A).

Because LNCaP and C4-2B expressed highest levels of survivin
and MAOA (Figure 4A), and C4-2B is a derivative cell line of
LNCaP, we selected LNCaP as an in vitro model to study the
combined inhibition of MAOA and survivin. Like LNCaP, PC3 is
also Pten deficient, but MAOA expression was undetectable and
Akt phosphorylation was weak. Therefore, we selected PC3 as a
negative-control cell line to test the combination.

SC144 at 0.05 and 0.1 mM produced significant synergy when
combined with 2 mM clorgyline (a selective and irreversible MAOA
inhibitor) in LNCaP (Figure 4C) but not in PC3 (Figure 4D).
Clorgyline alone (0.5, 1 and 2 mM) showed o10% growth
inhibition in both cell lines (Figure 4E and F). Consistently,
clorgyline synergised with YM155 in LNCaP (Figure 4E) but not in
PC3 (Figure 4F). We also examined the combinations of survivin
suppressant and additional MAO inhibitors: phenelzine (an
irreversible MAOA/B inhibitor), selegiline (an irreversible and
selective MAOB inhibitor) and harmaline (a reversible and
selective MAOA inhibitor). Similar to clorgyline, phenelzine and
harmaline showed synergistic effects with SC144 or YM155,
whereas the MAOB inhibitor selegiline did not show significant
synergy (Figure 4G). Taken together, our results indicate that the
combination of survivin/MAOA inhibitors yields synergistic
enhancement of cytotoxicity in PCa cells with high survivin and
MAOA levels.

We further compared the effects of SC144 as a single agent and
in combination with clorgyline on suppressing survivin expression.
In LNCaP cells, 48-h clorgyline treatment alone had no effects on
survivin expression, whereas the combination of clorgyline and
SC144 enhanced survivin suppression (Figure 4H), which is
consistent with the results of siRNA (Figure 4B). In PC3 cells,
the combination of clorgyline and SC144 did not show additive
reduction in survivin expression. Taken together, these results
indicate that MAOA plays a positive regulatory role on survivin
expression and enhancement of survivin suppression is associated
with the synergistic cytotoxicity of SC144 and YM155 with
clorgyline.

Combination of survivin/MAOA inhibitors synergistically
suppresses PCa cell migration. We further explored the associa-
tion between survivin/MAOA expression and the metastatic status
of PCa. Both survivin and MAOA are expressed at higher levels in
metastatic PCa than primary site PCa (Figure 5A). We performed
in vitro scratch assays to evaluate survivin/MAOA inhibition on
PCa cell migration. In LNCaP cells, clorgyline alone had no

substantial effect on cell migration, and SC144 alone exhibited
moderate inhibition; whereas the combination of clorgyline and
SC144 significantly impaired migration (Figure 5B). It is important
to note that 72-h drug treatments with SC144 (0.5 mM) alone and in
the combination of SC144 (0.5 mM)/clorgyline (2 mM) caused 43 and
52% growth inhibition, respectively (Figure 4C). However, in the
cell migration assay (Figure 5B), 60-h drug treatments with SC144
(0.5 mM) alone and in the combination of SC144 (0.5 mM)/clorgyline
(2 mM) caused 28 and 80% migration inhibition, respectively. In
both assays, the effects of clorgyline alone were insignificant. These
results show that the difference between single agents and drug
combination was substantially larger in the migration assay
compared to the cytotoxicity assay, indicating that the synergistic
effect in the migration assay was mostly due to the inhibition of cell
migration.

MMP-9, an important enzyme mediating cancer metastasis, was
substantially decreased after SC144/clorgyline-combined treatment
(Figure 5C). Owing to the significant role of MMP-9 in digesting
the extracellular matrix for cancer cell invasion, we further
performed a cell invasion assay. The combination of SC144 and
clorgyline substantially reduced cell invasion compared to single
agents or untreated control (Figure 5D). These results further
support the clinical development of survivin suppressants in
combination with MAOA inhibitors.

DISCUSSION

The rapid development of targeted therapeutic agents in oncology
during the past decade has provided an unprecedented opportunity
to study rational combination therapies (Kummar et al, 2010).
Compared to single-agent treatment, drug combination has the
potential to circumvent tumour resistance and yield synergy (DeVita
et al, 1975; Chabner and Roberts, 2005). In this study, we reported a
novel combination of survivin suppressants with MAOA inhibitors
providing an alternative therapeutic strategy for PCa and an
important insight into the cellular molecular network.

Although the regulatory pathways between survivin and
MAOA remain elusive, survivin has been reported to regulate
transcription factors. When complexed with HSP90, survivin
inactivates the function of p53 (Kanwar et al, 2011; Millard et al,
2011). The acetylated form of survivin binds to the N-terminus
of Stat3 and represses its transcriptional activity (Wang et al,
2010). On the basis of SABiosciences’ proprietary database
DECODE (Qiagen, Inc., Valencia, CA, USA), the promoter
region of MAOA is potentially regulated by a large number of

Table 1. Toxicity of SC analogues in a panel of prostate cancer cells

IC50
a (lM)

Human prostate cancer Mouse prostate cancer

LNCaP PC3 DU145 E2 E4 E8 CE1 CE2
PTEN Negative Negative Positive Negative Negative Negative Negative Negative

Androgen ADb ADIc ADI AD AD AD ADI ADI

SC186 2.7±0.3d 0.54±0.03 3.3±0.9 2.0±0.1 1.9±0.1 2.2±0.1 3.4±0.3 4.0±0.1

SC204 2.0±0.1 0.64±0.03 3.2±0.1 1.3±0.1 0.9±0.1 2.0±0.1 3.0±0.1 2.1±0.1

SC144 0.12±0.02 0.09±0.01 0.26±0.05 0.29±0.01 0.21±0.01 0.60±0.01 0.54±0.03 0.59±0.01

SC205 410 410 410 410 410 410 410 410

Abbreviation: IC50¼ inhibitory concentration 50%.
aIC50 is defined as drug concentration causing a 50% decrease in cell population.
bAndrogen dependent.
cAndrogen-depletion independent.
dValues were obtained from three independent experiments and are presented as mean±s.e.m.
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transcription factors, including GR, Sp1, AREB6, Egr-1, AP-1
and c-Jun. These transcription factors may be directly or
indirectly regulated by survivin.

A significant correlation was previously reported between
increased MAOA expression and high Gleason grade or poorly
differentiated human PCa (True et al, 2006; Peehl et al, 2008).
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Consistent with the recent finding that increased MAOA
expression in PCa promoted EMT (Wu et al, 2014), our data
further showed that MMP-9 mediates MAOA-induced PCa
metastasis. In addition, the evidence that both increased MAOA
expression and the addition of 5-HT (Shinka et al, 2011) promoted
PCa progression suggests that the direct and/or indirect metabolic
products of MAOA contribute to PCa growth. Future studies will
be needed to further elucidate the mechanisms.

The combination of MAOA inhibitors and survivin suppres-
sants showed synergistic effect on decreasing the MMP-9 level.
It is probably caused by the enhanced inhibition of survivin
expression, because inhibition of survivin alone downregulated

MMP-9 expression, as is shown in Figure 5C and is supported by a
recent study (Zhu et al, 2012). Increased MMP-9 expression is
associated with androgen deprivation therapy and results in
aggressive phenotype in PCa patients (Lin et al, 2013), further
supporting the translational benefit of the above combination regime
in PCa therapy.

Patient selection will be needed for effective therapeutic
outcomes when using the combination of MAOA and survivin
inhibitors. Our novel combination treatment would be most
effective in PCa patients with high levels of MAOA and survivin
expression in their tumour tissues. Before clinical test of this
therapeutic combination, further preclinical follow-up studies are
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needed to optimise the ratio of the two drugs and the treatment
schedule in in vivo PCa models.
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