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Abstract

Monoamine oxidase A (MAOA) is a mitochondrial enzyme, which degrades monoamine 

neurotransmitters and dietary amines and produces H2O2. Recent studies have shown increased 

MAOA expression in prostate cancer (PCa), glioma, and classical Hodgkin lymphoma. However, 

the biological function of MAOA in cancer development remains unknown. In this study, we 

investigated the role of MAOA in the development of prostate adenocarcinoma by creating a 

prostate-specific Pten/MAOA knockout (KO) mouse model, in which MAOA-floxP mouse was 

crossed with the conditional Pten KO PCa mouse that develops invasive PCa. In contrast to Pten 
KO mice, age-matched Pten/MAOA KO mice exhibited a significant decrease in both prostate size 

and the incidence of invasive cancer. We observed a significant decline in AKT phosphorylation 
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and Ki67 expression in Pten/MAOA KO mice, which reduced epithelial cell growth and 

proliferation. As cancer stem cells (CSCs) are required for tumor initiation and growth, we 

investigated expression of OCT4 and NANOG in the setting of decreased MAOA expression. We 

found that both OCT4 and NANOG were significantly attenuated in the prostate epithelia of Pten/
MAOA KO mice compared to Pten KO mice, which was confirmed with targeted knockdown of 

MAOA with a short-hairpin(sh) vector targeting MAOA compared to cells transfected with a 

control vector. Expression of other markers associated with the a stem cell phenotype, including 

CD44, α2β1, and CD133 as well as HIF-1α+CD44+ stem cells were all decreased in shMAOA 

PCa cells compared with empty vector-transfected control cells. We also found spheroid formation 

ability in PCa cells was decreased when endogenous MAOA was suppressed by siRNA or MAOA 

inhibitor clorgyline in a colony formation assay. Using the TCGA database, elevated MAOA 

expression was associated with reduced Pten levels in high Gleason grade in patient samples. 

Further, we found that Pten-positive PCa cells were more resistant to clorgyline treatments than 

Pten-null cells in tumorigenicity and stemness. Taken together, these studies suggest that MAOA 

expression promotes PCa development by increasing cell proliferation and CSCs and highlights 

the potential use of MAOA inhibitors for the treatment of PCa.

Introduction

Monoamine oxidase A (MAOA) is a mitochondrial enzyme, which degrades monoamine 

neurotransmitters, including serotonin and norepinephrine, via oxidative deamination and 

produce H2O2 [1]. The role of MAOA in aggression, depression, and autism has been well 

studied [2, 3]. Previous studies have shown elevated expression of MAOA in high-grade 

prostate cancer (PCa) with Gleason score 4 or 5, suggesting a novel role of MAOA in 

advanced PCa progression [4, 5]. Our recent study showed that MAOA promotes the 

proliferation, migration, and invasion of human and mouse PCa cells in vitro and the growth 

and metastasis of xenograft prostate tumors in vivo, mediated by convergent epithelial-

mesenchymal transition (EMT), tumor hypoxia, and oxidative stress [6]. Further, a target-

specific MAOA inhibitor was developed as a novel cancer therapeutic agent and non-

invasive diagnostic tool for PCa [7] and glioma [8]. In addition, MAOA is also increased in 

classical Hodgkin lymphoma [9].

PCa is the second leading cause of cancer deaths in men in the United States [10]. PCa is a 

heterogeneous disease attributed to a variety of genetic and epigenetic alterations. The 

deletion and mutation of Phosphatase and tensin homolog (Pten) has been reported in 30% 

of primary and in more than 70% of advanced PCa patients [11]. Loss of PTEN function, 

leading to activation of the downstream PI3K/AKT and other regulatory pathways, is one of 

the most common genetic alterations in human PCa [12].

Transgenic mouse models with modified gene activation, expression, or deletion have been 

widely used to recapitulate human cancer progression in cancer research. Deletion of Pten in 

whole mice induces the death of embryos; hence, the mouse model with ARR2PB-Cre-

mediated Pten deletion specifically in prostatic epithelia has been developed to mimic 

human disease pathogenesis toward prostate adenocarcinoma [13, 14]. In this conditional 

Pten knockout (KO) model, the male mouse loses Pten expression specifically in prostate 
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epithelia and develops hyperplasia, which progresses to cellular atypia and murine prostatic 

intracellular neoplasia (PIN) at 2 months of age and finally adenocarcinoma at 3–6 months 

of age. This mouse model is one of the few capable of developing castration-resistant PCa in 

a low-androgen environment after castration. It has been widely used to evaluate the in vivo 

functions of a variety of genes that participate in PCa development. By combining with other 

loxP models such as GRP78 [15] or survivin [16], recent studies have shown the efficiency 

of ARR2PB-Cre in inactivating Pten and associated target genes in prostate epithelium. 

Thus, this model provides an applicable and useful in vivo platform for studying the role of 

MAOA in PCa.

The human MAOA gene consists of 15 exons where exon 12 encodes the flavin adenine 

dinucleotide cofactor-binding site, which is responsible for the catalytic activity [17, 18]. 

The floxed-MAOA mouse model was generated by inserting the loxP sequence in intron 11 

and intron 12, which flank exon 12 [19]. When this mouse model was combined with CMV-

Cre mice, which ubiquitously express Cre recombinase, no MAOA activity was detected in 

tissues examined due to a pronounced reduction in the functional transcription [19], 

indicating that the deletion of exon 12 can efficiently inactivate MAOA in tissues.

To understand the roles of MAOA in prostate tumorigenesis, we studied the effects of 

crossing the Pten KO mice with a MAOA KO strain to produce targeted KO of both genes in 

prostate tissue. Here we report the generation of Pten/MAOA KO mice and the 

characterization of the effects of MAOA deletion on spontaneous development of Pten KO 

prostate tumors using this unique double-KO mouse model.

Results

Generation of prostate epithelial-specific MAOA KO and Pten/MAoA KO mice

Male mice carrying Pten-loxP gene and the ARR2PB-promoter-driven PB-Cre4 transgene, 

which were previously described [13, 14], were crossed with female homozygous floxed-

MAOA gene in which exon 12 is flanking by loxP sequences [19] (Fig. 1a). This cross 

yielded both the prostate-specific MAOA KO with intact and functional Pten alleles, and 

Pten/MAOA KO with both Pten and MAOA genes deficient in prostate epithelium. The 

genotype of each offspring was determined by PCR as described in Materials and methods. 

The PCR primer locations and the size of PCR products of Cre and MAOA are presented in 

Fig. 1b. Genomic DNA collected from tails and prostates of mice encoding ARR2PB-Cre 

(MAOA KO, Pten KO, and Pten/MAOA KO) was detectable with a 0.5-kb band when using 

Cre primers in PCR (Fig. 1c, upper panel). When using the MAOA primer set for 

genotyping PCR, the wild-type MAOA (1.2 kb) band was detectable in tail and prostate 

(anterior prostate (AP), ventral prostate (VP), and dorsal–lateral prostate (DLP)) genomic 

DNA samples isolated from Pten KO tissues. In contrast, the floxed-MAOA, which contains 

two loxP sequences and is determined by a 1.5 kb DNA fragment in PCR using the MAOA 
primer set, was detectable from the tail or prostate genomic DNA samples from wild-type 

mice. These mice carried the floxed-MAOA gene but without the ARR2PB-Cre allele, so 

there was no detectable DNA recombination in floxed-MAOA alleles in these prostate 

epithelium. However, in MAOA KO and in Pten/MAOA KO, the floxed-MAOA gene was 

detectable only in tails. Instead, the KO-MAOA gene (determined by a 0.6 kb band in PCR 
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using the MAOA primer set) was detected in AP, VP, and DLP of these two genotypes (Fig. 

1c, lower panel). Thus, all four genotypes, MAOA KO, Pten KO, Pent/MAOA KO, and 

wild-type mouse models were obtained and confirmed.

Prostate-specific MAOA deletion inhibits prostate tumorigenesis

We first investigated whether MAOA deletion may affect the development of normal 

prostate epithelium. As shown in Fig. 2, prostates dissected from 4-month-old MAOA KO 

and wild-type mice showed similar anatomic morphology and size in both ventral (Fig. 2a) 

and dorsal views (Fig. 2b), including bladder, seminal vesicle, AP lobes, VP lobes, and DLP 

lobes. Prostate lobes of both wild type and MAOA KO showed soft and transparent tissues, 

and no gross tumors nor abnormal blood vessels, often seen in cancer. Similar morphology 

was observed in 6-month-old wild-type and MAOA KO mice (Fig. 2a, b, lower panels). 

Histologic analysis of prostatic tissue sections of DLP (Fig. 2c), VP, and AP (Fig. S1) from 

4- and 6-month MAOA KO demonstrated similar glandular morphology with age-matched 

wild-type controls, including double-epithelial cell layers with intact basement membranes 

surrounding prostate glands and a small number of stroma cells. Importantly, neither 

atypical nor invasive epithelial cells were detectable in MAOA KO.

We then compared the prostate morphology between Pten KO and Pten/MAOA KO to 

investigate the effect of MAOA on PCa development. As shown in Fig. 2, prostates from 

either 4- or 6-month-old Pten KO had enlarged APs and VPs in the ventral view (Fig. 2a) 

and DLPs in the dorsal view compared to wild-type or MAOA KO mice (Fig. 2b). These 

prostate lobes had opaque white and yellow tumors as well as atypical, dilated blood vessels 

(indicated by red arrows). Moreover, prostates from Pten/MAOA KO at 6 months were 

larger than that at 4 months. Notably, APs were usually fused to the adjacent seminal 

vesicle, indicative of local invasion, in 6-month-old Pten KO prostates. However, in 

comparing Pten/MAOA KO with Pten KO prostate lobes isolated at either 4 or 6 months, 

Pten/MAOA KO (shown in Fig. 2a, b) were smaller in size, but still larger than wild type or 

MAOA KO. Yellow tumors were also observed in all prostate lobes. However, no atypical 

blood vessel formation was observed and portions of the lobes were still soft and transparent 

in Pten/MAOA KO mice.

Histological comparison of hematoxylin and eosin (H&E)-stained tissues from both Pten 
KO and Pten/MAOA KO is shown in Fig. 3a. Typical adenocarcinoma was detected in all 

three lobes of the 4-month-old Pten KO (n = 4) animals, identified as multiple layers of 

epithelial cells with open chromatin pattern, high stromal cell density, angiogenesis with 

atypical blood vessels (as indicated by red arrows), and focal areas of basement membrane 

invasion (as indicated by black arrows). In 6-month-old Pten KO mice (n = 3), a more 

aggressive pattern of cancer growth was observed. Specifically, the basement membrane of 

prostate glands was almost completely eroded and replaced with invasive cancer epithelial 

cells, with prominent nucleoli, extending into adjacent stroma. Angiogenesis with blood 

vessel formation was also found in adjacent stroma (as indicated by red arrows). However, 

no adenocarcinoma was observed in any of the Pten/MAOA KO mice (4 mice in 4-month 

group; 5 mice in 6-month group). Instead, only the PIN morphology was seen with 
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disordered layers of epithelial cells in prostate glands confined within a basement 

membrane, surrounded by myoepithelial cell layers (Fig. 3a and Fig. S1).

Next, PTEN and MAOA expression in tissue sections was evaluated. We performed 

immunohistochemistry (IHC) staining on prostate tissue sections isolated from 6-month-old 

DLP of each genotype. Minimal PTEN expression was found in epithelia in both Pten KO 

and Pten/MAOA KO. As expected, PTEN-positive epithelial cells were detectable in both 

wild type and MAOA KO. Further, PTEN-positive stromal cells were detectable in all 

genotypes, confirming that Pten deletion was specific to epithelial cells (Fig. 3b). Minimal 

MAOA staining was seen in MAOA KO and Pten/MAOA KO mice; as expected, MAOA 

expression was positive in wild type and Pten KO (Fig. 3c).

We also investigated if MAOA deletion alters the distribution of luminal and basal cells by 

performing CK8 (a luminal cell marker)- and p63 (a basal cell marker)-based IHC staining 

on prostate tissue sections of all four genotypes. CK8-positive cells were detected in 

epithelia of all genotypes (Fig. S2A), and p63-positive cells were located in the basal cell 

layer close to the basement membrane in all four genotypes (Fig. S2B). These results 

suggest that MAOA deletion did not alter the distribution and location of luminal and basal 

cells during tumorigenesis.

The incidence of PIN and adenocarcinoma in prostate lobes in all four genotypes at these 

two age groups is summarized in Fig. 4. At 4 and 6 months, adenocarcinoma was observed 

in all Pten KO prostate lobes while normal morphology was observed in all wild type and 

MAOA KO prostate lobes. In contrast, PIN was observed in nearly all Pten/MAOA KO at 

both 4 and 6 months, except one area of adenocarcinoma in the VP at 6 months of age (Fig. 

4a, b). PCa incidence was also calculated in aggregate (Fig. 4c). As each prostate can be 

divided into three lobes (anterior, dorsal, and dorsolateral), we compared the incidence of 

adenocarcinoma in Pten KO and Pten/MAOA KO mice aggregating across all lobes at 4 and 

6 months. Figure 4c shows adenocarcinoma decreased from 100% in Pten KO (n = 4 for 

each age) to 0% (4 months/n = 4) and 7% (6 months/n = 5) in Pten/MAOA KO. Thus, loss of 

MAOA expression in murine Pten-null prostate epithelia efficiently keeps prostates in the 

PIN stage and reduces prostate tumorigenesis.

Loss of MAOA inhibits AKT phosphorylation and cell proliferation in prostate epithelium

It is known that PTEN deletion promotes phosphorylation of AKT, a well-established tumor-

promoting factor, which increases cell proliferation and migration in PCa [14, 20]. 

Interestingly, our recent studies in PCa cell line models suggest that MAOA stimulates cell 

proliferation through the AKT/FOXO1/TWIST1 pathway [6]. Thus, we examined if MAOA 
deletion altered AKT phosphorylation in PCa development. Prostate sections collected from 

6-month-old mice were stained for p-AKT expression. p-AKT was detected at considerably 

higher levels in the epithelium of Pten KO compared with the Pten/MAOA KO model (Fig. 

5a). p-AKT-positive cells were significantly decreased in Pten/MAOA KO compared to Pten 
KO mice (96.18 ± 1.5% vs 33.57 ± 5.0%; Fig. 5b). Our results indicate that MAOA deletion 

suppresses AKT phosphorylation induced by Pten deletion in prostate epithelial cells, 

suggesting the role of MAOA in AKT pathways in PCa development.
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Next, we detected Ki67 (a proliferative cell marker) and apoptosis markers in cells on tissue 

sections from DLP of 6-month-old Pten KO and Pten/MAOA KO mice. Ki67-positive cells 

were all located in the epithelial area in both genotypes (Fig. 5c). Using the ImmunoRatio 

software [21], we found Ki67+ epithelial cells were significantly decreased in Pten/MAOA 
KO compared to Pten KO mice (5.57% vs 9.97%; Fig. 5d). In examining apoptosis markers, 

only a small fraction of cleaved caspase-3-labeled cells were detectable in both genotypes 

(specifically, 1.08% in Pten KO compared to 3.16% in Pten/MAOA KO, which did not show 

significant difference; Fig. 5e, f), and no caspase 9-, p53-, or BCL-2-positive cells were 

detected in these two genotypes (Fig. S3). These data suggest MAOA promotes proliferation 

rather than apoptosis of PCa cells.

Loss of MAOA reduces stem cell subpopulation in prostates and further prohibits cancer 
development

Recently, studies in cancer stem cells (CSCs) have showed that elevated PI3K/AKT 

signaling in CSCs promotes the viability of such cell populations in PCa [22] and colon 

cancer [23]. Since MAOA deletion attenuated tumor progression as well as AKT 

phosphorylation in this PCa model, we investigated if characteristics associated with CSCs 

were also altered in the setting of MAOA deletion. CSCs are commonly found in many solid 

cancers [24], including prostate [25], and are associated with tumor formation, cancer 

metastasis, and drug resistance [26, 27]. IHC staining was performed using antibody against 

mouse OCT4 on prostate tissue sections from 6-month-old Pten KO and Pten/MAOA KO 

mice. The percentage of OCT4-positive cells in epithelia was 43.7–60.1% in three Pten KO 

prostate lobes (AP, VP, and DLP) compared to 15.7–18.5% in Pten/MAOA KO prostate 

lobes (Fig. 6a, b). NANOG is another important CSC marker, which binds to OCT4 to form 

a functional complex to activate downstream stemness pathways in stem cells [28]. We 

investigated the distribution of NANOG-expressing cells. NANOG+ cells in epithelia was 

35.5–52.9% in Pten KO and 9.3–15.5% in Pten/MAOA KO (Fig. 6c, d). Interestingly, most 

OCT4+ or NANOG+ cells detected in these two genotypes were found in luminal positions 

in epithelia, which were also positive for CK8 expression (Fig. S2A), suggesting that many 

luminal cells also express stemness markers.

MAOA regulates CSC characteristics in PCa cells

To confirm our IHC data obtained from mouse models, the interaction between MAOA and 

stem cell genes was investigated using the human PCa LNCaP cell line. LNCaP cells are 

negative for PTEN expression due to a deletion in one Pten allele and a mutation in the other 

allele [29]. Thus, knockdown of MAOA in this human cell line will mimic the Pten/MAOA 
KO mice. Our results showed that stable knockdown of MAOA in LNCaP cells reduced 

MAOA mRNA level as expected (Fig. 7a). Interestingly, it also reduced Oct4 and Nanog 
mRNA levels (Fig. 7a). Next, we examined the stem cell populations in both cell lines using 

flow cytometry by staining LNCaP-shControl and -shMAOA cells with phycoerythrin (PE)- 

or fluorescein isothyocianate (FITC)-conjugated antibodies against CD44, α2β1, and 

CD133 [25]. Our results showed that the CD44+, α2β1+, and CD133+ stem cell population 

sizes in MAOA knockdown LNCaP cells were only 26.0 ± 7.5%, 52.7 ± 7.8%, and 23.1 ± 

5.4% (Fig. 7b–d), as compared to the control cells (as 100%), respectively. In addition, 

shMAOA also decreases the proliferation of CSCs. As compared to LNCaP-shControl, 
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Ki67+CD44+ and Ki67+CD133+ stem cell populations were reduced to 24.5 ± 17.9% (Fig. 

7e) and 57.3 ± 15.9% (Fig. 7f), respectively, in LNCaP-shMAOA. These results suggest that 

MAOA promotes CSC proliferation in PCa.

Recent studies have shown hypoxia-inducible factor 1-alpha (HIF-1α) promotes stem cell 

proliferation in cancer cells [30, 31] and our previous report demonstrates that MAOA 

associates with HIF-1α in PCa tumorigenesis [6]. Thus, to investigate the interactions 

between MAOA and HIF-1α in regulations of sternness in PCA, we determine HIF-1α
+CD44+ stem cells in shMAOA and shControl PCa cells under hypoxia condition by flow 

cytometry. Interestingly, this stem cell population was significantly reduced in LNCaP-

shMAOA (73.6 ± 12.0%) and 22RV1-shMAOA (64.5 ± 18.9%) as compared to shControl 

cells (Fig. 7g, h). These results suggest that MAOA may stimulate stemness through HIF-1α 
in PCa.

The spheroid-forming assay has been widely used to mark the CSC phenotype. To determine 

the role of MAOA in PCa CSCs, LNCaP cells were seeded and cultured in three-

dimensional spheroid-forming analysis. After 12 days culturing in Matrigel, LNCaP-

shMAOA spheroids were significantly decreased compared to those formed from LNCaP-

control cells. We observed both a decrease in average spheroid size (LNCaP-shMAOA: 63.4 

± 10.9 μm vs LNCaP-control: 112.0 ± 15.8 μm) and number (LNCaP-shMAOA: 32.7 ± 3.8 

colonies/well vs LNCaP-control: 88.6 ± 8.3 colonies/well) in the LNCaP-shMAOA cells 

compared to controls (Fig. 8a–c). These results were further explored by using the MAOA 

inhibitor, clorgyline, in PCa cell lines. Figure 8d, e shows that LNCaP spheroid number 

significantly decreased in a concentration-dependent manner. Similar results were also 

obtained using 22RV1 with either shRNA transformations or clorgyline treatments (data not 

shown). These in vivo and in vitro findings suggest that inhibition of MAOA activity 

diminishes the prostate CSC populations, indicating the role of MAOA in promoting 

stemness in PCa.

Interaction of MAOA and Pten in PCa progression

It is well-known that reduced Pten expression in cancer will lead to poor prognosis. Here we 

investigated the interaction of MAOA and Pten expressions in clinical data. Two TCGA 

datasets [32, 33] with patient-specific annotations, including Gleason score were used. 

Pathologic Gleason grade is a critical pathologic factor used in prognostication and 

treatment planning for patients with newly diagnosed PCa [34]. Interrogation of these 

TCGA dataset revealed that elevated MAOA expression is associated with low Pten 
expressions in patient groups with Gleason scores 7 and above (Fig. 9a, b).

The effect of Pten on clorgyline inhibition of tumorigenesis

Two PCa cell lines with (22RV1) or without (LNCaP) Pten expression were used in two-

dimensional (2D) colony formation and MTT surviving assay for testing stemness and 

tumorigenesis. Both cell lines showed a dose-dependent reduction in colony forming ability 

with more colonies observed in 22RV1 than LNCaP cells treated with the same clorgyline 

concentration. As compared to untreated controls, the colony number was 83% (1 μm) and 

76% (10 μm) in 22RV1, and this number decreased to only 64% (1 μm) and 33% (10 μm) in 
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LNCaP (Fig. 10a, b). In a MTT survival assay, again, 22RV1 was less responsive to 

clorgyline than LNCaP. While the cell viability rate was 91% in 22RV1 as compared to 

untreated controls at the concentration of 10 μm, cell viability was reduced to 76% in 

LNCaP (Fig. 10c). Taken together, the clinical and in vitro results suggest that MAOA’s 

regulation of tumorigenesis in PCa is associated with Pten status.

Discussion

In this study, we investigated the role of MAOA in PCa development and in the initiation of 

PCa using Pten KO mouse models, which share a similar genetic defect with human PCa 

patients. We knocked down MAOA expression specifically in prostate by introducing the 

MAOA-floxP allele into a conditional Pten-null PCa mouse model. MAOA deletion did not 

affect prostate morphology compared to wild-type mice (Fig. 2a, b), while KO of MAOA 
significantly reduced cancer formation and epithelial cell proliferation in Pten-null mice. 

Compared to the 100% incidence of tumors in Pten KO mice at 6 months, only 1 out of 15 

lobes examined in 5 Pten/MAOA KO mice (3 lobes in each mouse) developed PCa (Fig. 4b). 

We note that most of the adenocarcinoma developed in the VP lobe, which is known to 

contain large acini lined with cuboidal epithelial cells further coupled with a flat mucosal 

layer and a thin stromal cell line. When anatomy has been compared between mouse and 

human prostate on a per lobe basis, tumors are generally observed in the DLP lobe as most 

similar to the peripheral zone in human PCa [35]. These studies in aggregate indicate a 

profound role of MAOA in determining the initiation and development prostate tumors in a 

spontaneous mouse PCa model. Although we draw this conclusion solely by using Pten KO 

model, our study merits future investigation by extending the use of other transgenic mouse 

models available for PCa research.

In contrast to the parental Pten KO mice, most Pten/MAOA KO mice showed PIN but no 

signs of PCa (Figs. 2 and 3), indicating the effectiveness of MAOA abrogation in PCa 

development initiated by PTEN loss. Of note, unlike Pten KO prostates, the prostate glands 

in Pten/MAOA KO mice were all surrounded by intact basement membranes, with no 

epithelial cells invading into adjacent stromal areas (Fig. 3a and Fig. S1), which represents a 

significant reduction in malignancy caused by MAOA inactivation. Pten deletion in mouse 

prostates always instigates PIN first, a default step prior to the development of 

adenocarcinoma, as evidenced by our prior studies [14, 36]. Hence, MAOA KO is unable to 

prevent PIN development initiated by Pten deletion in epithelial cells, suggesting that 

MAOA may not be responsible for the PIN formation but rather the control of switch from 

PIN to PCa. Collectively, our observations in the Pten/MAOA KO model clearly reveal the 

important roles of MAOA in each stage of PTEN-dependent spontaneous prostate 

tumorigenesis.

PTEN regulates cell proliferation mainly through the PI3K-AKT-p27 pathway [37], with 

Pten loss resulting in elevated AKT phosphorylation and robust prostatic tumorigenesis in 

mice [14]. We observed downregulation of AKT phosphorylation in Pten-null prostatic 

epithelia when MAOA deletion was introduced (Fig. 5a, b), which suggests that MAOA may 

stimulate abnormal cell proliferation in PCa through upregulation of AKT activity. This 

phenomenon is consistent with our previous observations made in human PCa cells, where 
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genetic knockdown of MAOA decreased the phosphorylation of AKT and other AKT-

downstream factors such as FOXO1 [6]. Interestingly, we also found induced expression and 

activity of MAOA in both Pten KO primary prostate tumors and PTEN-knockdown human 

22RV1 (wild-type PTEN) PCa cells [6]. These results suggest a reciprocal regulatory pattern 

between MAOA and PTEN, forming a “vicious cycle” to drive PCa progression, which lays 

mechanistic foundations for better disease control by untangling MAOA and PTEN [6]. This 

hypothesis is supported by evidence provided in this report. Analysis of two datasets within 

TCGA show elevated MAOA expression is associated with decreased Pten expression in 

PCa patients with high Gleason scores. Futhermore, similar effects were seen on stemness 

and cell viability in using the 22RV1 (Pten-positive) and LNCaP (Pten-negative) human PCa 

cell lines (Fig. 10). PTEN is one of the most commonly deleted/mutated tumor suppressor 

genes in human PCa, with PTEN loss observed in up to 70% of human PCa patients and 

correlated with an overall poor prognosis, and even subtle variations in PTEN dose have 

been shown to determine cancer susceptibility [11, 38]. Currently, a number of inhibitors 

against PI3Ks and AKT, both of which are direct PTEN-downstream target molecules, are 

undergoing clinical trial for different types of cancers, including PCa. Our studies thus 

provide a rationale to target MAOA to supplement PTEN-based therapy for potential 

synergistic treatment effects—especially, for the PCa subtype with aberrant PTEN status.

CSCs are critical in the initiation of PCa as well as progression to castration resistance [39]. 

According to the CSC hypothesis, cancer cells can be characterized as terminal-

differentiated (TD) cells, transient-amplifying (TA) cells, and CSCs [40, 41]. Among these 

types, CSCs are the only cell type with unlimited proliferative potential and plasticity, which 

allow CSCs to escape therapies [42]. It is known that the CSC populations isolated from the 

Pten KO model are able to regenerate PCa in vitro and in vivo [43–45], and the generation of 

CSC may be through TD cell reprograming/de-differentiation [43]. Conflicting studies have 

concluded that CSCs arise from either the basal or luminal compartments [46–48]. In this 

study, we found that most OCT4+ and NANOG+ PCa cells in Pten KO mice were located in 

luminal cell areas (demarcated by CK8 positivity) compared with less OCT4+ and NANOG+ 

cells detected in similar areas in the Pten/MAOA KO mice (Fig. 6a, c). These contrasting 

observations suggest that MAOA may stimulate expression of stemness genes in luminal 

cells, resulting in subsequent de-differentiation or reprograming in TD cells and, later, the 

formation of CSCs.

Our study provides evidence that MAOA influences the formation of CSCs in PCa. 

Previously, Xu et al. has demonstrated in vitro that inhibition of both survivin and MAOA in 

PCa cell lines results in reduced cell growth and migration [49], suggesting a role of MAOA 

in PCa tumorigenesis. Here we further show that CSC populations as well as stemness 

marker expression were significantly reduced in Pten/MAOA KO mice (Fig. 6) and in 

LNCaP-shMAOA cells (Fig. 7) compared to their respective controls. Targeted knockdown 

or inhibition of MAOA, with either siRNA or clorgyline treatments, respectively, in LNCaP 

cells dramatically decreased the size and number of spheroids formed (Fig. 8), suggesting 

that MAOA is important in CSC regulation. Therefore, it would be of interest to consider 

mechanisms connecting MAOA expression and function with CSC populations in PCa. One 

possible mediator for this effect involves HIF-1α, a transcription factor and master regulator 

of hypoxia. We previously demonstrated that elevated MAOA expression promotes HIF-1α/
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VEGF-A/AKT signaling pathways, which results in increased EMT marker expression in 

PCa cell lines and xenografts [6]. The finding is consistent with the results of studies 

centering on hypoxia in cancer, which showed that HIF-1α is able to stimulate stem cell 

proliferation in normal somatic and cancer cells [30, 31]. This hypothesis is also supported 

by our findings that Pten/MAOA KO prostates were harboring less percentage of p-AKT-

expressing epithelial cells as compared to Pten KO counterparts (Fig. 5a, b). MAOA 

knockdown cells also present less-proliferative CSCs (Ki67+CD44+ or Ki67+CD44+; Fig. 

7e, f) and HIF-1α-positive CSCs as compared to controls (Fig 7g, h). Collectively, these 

studies suggest that MAOA may maintain and/or promote CSC populations through HIF-1α 
pathways in PCa. Nevertheless, our work does not rule out the existence of other factors, 

which may work alone or together with HIF-1α in regulation of stemness in PCa.

In summary, our data show the functional role of MAOA in the initiation and progression of 

PCa in a spontaneous PCa mouse model, which provides a basis for targeting MAOA 

activity in PCa patients. Future investigations are planned to address MAOA-regulated 

pathways in PCa, especially those associated with dysfunction of PTEN as well as the 

mechanistic connection between MAOA and CSC subpopulation in PCa. This newly 

developed Pten/MAOA KO mouse model and the parental Pten KO mouse may serve as 

useful in vivo research tools for future PCa studies.

Materials and methods

Animals

For generations of MAOA KO and Pten/MAOA KO, we used floxed-MAOA allelic (Af/f) 

female mice on a 129/SvEvTac6 background [19] and bred with male mice carrying 

ARR2PB-Cre and floxed Pten (Ptenf/f) alleles on C54BL/6xDBA2/129 background [14]. 

Animals were housed and maintained under identical conditions and animal experimentation 

was conducted in accordance with the ethical federal guidelines mandated by the University 

of Southern California Institutional Animal Care and Use Committee.

Mouse genotyping

Genomic DNA from mouse tail was lysed using the quick genotyping kit (Bioland 

Scientific). In brief, tail snips were collected into microtubes followed by addition of lysis 

buffer for each sample. Samples were subjected to heat at 95 °C for 10 min and then gradual 

cooling to 4 °C. Subsequently, DNA-stabilizing buffer was added to each sample with gentle 

mix. The final preparation was directly used for each PCR reaction. To validate the tissue-

specific deletion of Pten and MAOA in mouse prostates, 5 mg prostate tissue was harvested 

from mice at the time of sacrifice and used to extract genomic DNA using QIAamp® DNA 

Mini kit (Qiagen) following the manufacturer’s protocol. PCR primers, reaction conditions, 

and expected sizes of PCR products for genotyping are summarized in Table 1.

Histopathology

Prostate tissues collected from each mouse at different age categories were incubated in 

unbuffered zinc formalin solution (Thermo Fisher Scientific) at 4 °C overnight and then 

washed thrice in PBS and once in ethanol for 10 min before stored in 70% ethanol. Fixed 
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tissues were then processed by standard procedures, embedded in paraffin, cut to 5-μm 

sections onto glass microscope slides, and stained with hematoxylin and eosin (H&E) after 

deparaffinization and rehydration.

IHC analysis

Paraffinized prostate tissue sections were deparaffinized and rehydrated before being 

subjected to antigen retrieval in 10 mM sodium citrate buffer at 95 °C. Slides were then 

incubated in 1% H2O2 in methanol to block endogenous peroxidase activity. Sections were 

blocked with 10% normal goat serum (Vector Laboratories) and 0.3% Triton X-100 in Tris-

buffered saline (TBS) for 1 h at room temperature and incubated in primary antibody 

working solutions at 4 °C overnight [44]. Antibodies and concentrations used in working 

solutions: PTEN, 1:400 and p-AKT, 1:500 (Cell Signaling Technology, Beverly, MA); 

MAOA, 1:400 (Santa Cruz Biotechnology); Ki67, 1:50 (Thermo Fisher Scientific); p63, 

1:100 (Abcam, Cambridge); cytokeratin (CK) 8, 1:50 (Developmental Studies Hybridoma 

Bank); OCT4, 1:400 (Abcam); Caspase 9, 1:500 (Cell Signaling Technology); p53, 1:250 

(Cell Signaling Technology); BCL-2, 1:500 (Santa Cruz Biotechnology); and NANOG, 

1:400 (Abcam). To detect specific staining, sections were treated with the VECTASTAIN 

Elite ABC kit (Vector Laboratories) and the biotinylated secondary antibodies (Vector 

Laboratories). After washing with TBS, specific stains were developed with DAB+ (Dako). 

Digital images were captured using a Leica bright-field microscope and Spot Advanced 

software (Spot Imaging Solutions). To obtain quantitative IHC results, three fields were 

randomly chosen from each section. In each field, positive IHC-stained epithelial cells were 

counted and divided by the total number of epithelial cells. The total number of epithelial 

cells were taken as 100%. A minimum of three mice were used in each group.

Cell culture

Human PCa LNCaP and 22RV1 cells obtained from American Type Culture Collection were 

cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% 

antibiotics [6], with medium replaced every 3 days. PCa cells stably expressing either a 

scrambled shRNA (shControl) or a MAOA-targeting shRNA (shMAOA) were maintained 

with addition of puromycin (2 μg/ml) in culture medium.

Reverse transcription-quantitative PCR

Total cellular RNA, extracted by Direct-Zol RNA mini-prep kit (Zymo Research), was 

reverse transcribed to cDNA by Superscript III Kit (Thermo Scientific). The reaction 

product of reverse transcription was then subjected to PCR amplification using quantitative 

PCR (qPCR) master mix kit (Bioland). PCR signals were recorded and analyzed by iCycler 

(Bio-Rad). Sequences of primers used for qPCR are as follows: MAOA-F 5′-

CAGTGGCAGGGTTTCCAG-3′, MAOA-R 5′-CACGGTCAGGCTGTTCTCG-3′; OCT4-

F 5′-CCACATCGGCCTGTGTATATC-3′, OCT4-R 5′-AGCAAAACCCGGAGGAGT-3′; 

NANOG-F 5′-AAGTGGGTTGTTTGCCTTTG-3′, NANOG-R 5′-

ATGCCTCACACGGAGACTGT-3′; and 18S rRNA-F 5′-

CGCCGCTAGAGGTGAAATTC-3′, 18S rRNA-R 5′-CGAACCTCCGACTTTCGTTC-3′. 

A relative gene-expression quantification method was used to calculate the fold change of 
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mRNA expression according to the comparative Ct method using 18S rRNA as an internal 

control for normalization.

Flow cytometry

Cultured cells were resuspended in Cell Staining Buffer (Biolegend) for 10 min on ice for 

blocking, following by staining with fluorescent-labeled antibodies in room temperature for 

20 min. Stained cells were examined using BD LSR II Flow Cytometer (BD Biosciences) 

with FlowJo software. Antibodies used are FITC-conjugated human CD44 antibody (1 μg/1 

× 106 cells, Biolegend), FITC-conjugated human α2β1 antibody (1 μg/1 × 106 cells, 

Biolegend), PE-conjugated human CD133/1 (AC133, 0.5 μg/1 × 106 cells, Miltenyli Biotec), 

and FITC-conjugated human Ki67 antibody (1 μg/1 × 106 cells, Biolegend).

Spheroid formation

The basic method was modified from our previous report [43]. Briefly, 500 human PCa cells 

were suspended with ice-cold 50% Matrigel (BD Bioscience)/RPMI 1640 (1% FBS) in a 

total volume of 500 μl. This mixture was then overlaid into a 24-well plate, supplied with 1 

ml RPMI 1640 (1% FBS), and cultured at 37 °C for 10 days. Spheroids formed from cells 

were examined and photographed using a phase contrast microscope. Spheroid size was 

measured using ImageJ. For 2D colony formation, 500 human PCa cells were seeded in 96 

wells and treated with clorgyline and cultured at 37 °C for 21 days.

Hypoxia culture

Five million PCa cells are cultured in EZ anaerobe gasgenerating pouch system with 

indicator (BD GasPak) at 37 °C as the description in manual. After 24 h, cells are stained 

with antibodies against HIF-1α (1 μg/1 × 106 cells, Biolegend), CD44, or CD133, and 

determined by flow cytometry.

MTT assay

PCa cells seeded in 96-well plates (5000 cells/well) are cultured with clorgyline at 37 °C for 

96 h. The culture medium in each well is aspirated and replaced with 100 μl of MTT at the 

concentration of 0.5 mg/ml (Thiazolyl Blue Tetazolium, Sigma), incubated at 37 °C for 4 h, 

and then replaced again with dimethylsulfoxide (100 μl). The colorimetric intensity of 

formazan is quantified using an enzyme-linked immunosorbent assay reader at 590 nm. The 

percentage of cell viability is calculated according to the values of the control group as 

100%.

Statistical analysis

All experimental results were repeated a minimum of three times (independent replicates) 

and are presented as means ± SD or means ± SEM. Statistical calculations were done with 

Microsoft Excel analysis tools. Differences between individual groups were analyzed by 

paired t test. P values < 0.05 were considered statistically significant.
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Significance statement

Increased MAOA expression has been shown in clinically aggressive forms of PCa, glioma, 

and classical Hodgkin lymphoma. However, the biological mechanisms of MAOA in cancer 

development are not clear. In this study, we demonstrate that deletion of MAOA gene in 

prostate epithelia decreases the incidence of cancer, cell proliferation, and CSCs in Pten KO 

murine PCa model. Similar findings were shown in human PCa cell lines. These studies 

suggest that MAOA expression increases epithelial proliferation and CSCs. Taken together, 

this work demonstrates the role of MAOA in cancer development, highlighting the potential 

use of MAOA inhibitors for the treatment of PCa.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Generation of MAOA KO and Pten/MAOA KO mice. a Pten/MAOA KO mice were 

generated by crossing male Pten KO mice carrying Cre transgene and floxed Pten exon 5, 

with female MAOA KO mice carrying floxed-MAOA exon 12, which comprises the 

covalent FAD-binding site. b Schematic representation for ARR2PB-Cre and MAOA alleles. 

c Genotypes of mice were determined by PCR of genomic DNA isolated from both prostate 

and tail tissues. Upper: a 0.5-kb band represented the Cre gene in MAOA KO, Pten KO, and 

Pten/MAOA KO mice. Lower: the intact loxP-MAOA gene (1.5-kb band) was detected in 
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the prostate and the tail of wild type and only in the tails of other three genotypes. The wild-

type MAOA gene (1.2-kb band) was only detected in Pten KO. Finally, the MAOA 
recombinant (0.6-kb band) was detected in prostate in MAOA KO, Pten KO, and Pten/
MAOA KO mice
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Fig. 2. 
MAOA deletion attenuated the cancer morphology in Pten/MAOA KO prostates. Images of 

intact prostates dissected from all four genotypes at 4 and 6 months old were presented. a 
Ventral view. b Dorsal view. Prostate lobes were circled with dashed lines and marked. A 
anterior prostate, V ventral prostate, D dorsal–lateral prostate, B bladder, S seminal vesicle. 

Bar, 5 mm. Red arrow: blood vessels
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Fig. 3. 
Histologic analysis of murine prostatic tissue sections. a H&E staining of paraffin-embedded 

DLP tissue sections dissected from all four genotypes at 4 and 6 months of age. Bar, 50 μm. 

Black arrow: invasive epithelial cells; red arrow: blood vessels. b, c The expression of PTEN 

(b) and MAOA (c) detected by IHC in 6-month-old DLP lobes of four genotypes (wild type, 

MAOA KO, Pten KO, and Pten/MAOA KO). Arrow: positive cells. Bar, 50 μm
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Fig. 4. 
The distribution of three histological states, normal, PIN, and adenocarcinoma, in prostate 

lobes in each genotype at (a) 4 months and (b) 6 months of age. ▲: AP; ▽: VP; ■: DLP. n = 

4 in each group, except in b Pten/MAOA KO, n = 5. Pten KO showed the presence of 

adenocarcinoma in all 4 mice in all prostate lobes (AP, VP, and DLP) at both 4 and 6 months 

of age. Pten/MAOA KO mice show PIN in all 4 mice in all prostate lobes at 4 months. 

Similar finding was observed in 6 months, except 1 mouse in VP showed adenocarcinoma 
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out of 5 mice. c The incidence of adenocarcinoma in mouse from Pten KO and Pten/MAOA 
KO were compared. Data represent the mean ± SEM, *p < 0.01
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Fig. 5. 
MAOA deletion in PCa suppressed AKT activity and cell proliferation but induced apoptosis 

in Pten/MAOA KO mice. IHC staining was performed on 6-month-old DLP sections 

collected from Pten KO and Pten/MAOA KO. a, c p-AKT-positive cells and proliferating 

prostate cells were identified by p-AKT (a) and Ki67 (c) antibodies, respectively. Black 

arrow: positive epithelial cell; red arrow: negative epithelial cell. Bar, 50 μm. e Detections of 

apoptotic cells by cleaved caspase-3 staining. Black arrow: cleaved caspase-3-positive 

epithelial cells. Bar, 50 μm. b, d, f Comparing the percentage of positive staining cells in 

epithelium between two genotypes. *p < 0.05. NS not significant
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Fig. 6. 
MAOA deletion reduced cancer stem cell populations in epithelium in Pten/MAOA KO. a, c 
IHC images of (a) OCT4 and (c) NANOG staining on DLP, AP, and VP sections collected 

from 6-month-old Pten KO and DKO mice. Positive cells were detectable with nucleus 

staining. Black arrow: positive cells. Bar, 50 μm. b, d The quantitation of OCT4- and 

Nanog-positive stained epithelial cell in different prostate lobes in Pten/MAOA KO and Pten 
KO mice. Data represent the mean ± SD. *p < 0.05
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Fig. 7. 
shMAOA PCa cell lines showed reduced stemness populations and cancer cell proliferation. 

a Reduced mRNA levels of Oct4 and Nanog in LNCaP-shMAOA compared to LNCaP-

shControl. mRNA levels were determined by RT-PCR. b–d CD44 (b)-, α2β1 (c)-, and 

CD133 (d)-positive stem cell populations in LNCaP-shMAOA and -shControl cells 

determined by flow cytometry. Each panel includes both gating plot and quantification of 

positive cells in shMAOA and shControl cells. These experiments were performed at least 

three times. e, f Comparing proliferative stemness cell populations in LNCaP: Ki67+CD44+ 
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cells (e) and Ki67+CD133+ cells (f). g, h Detection of HIF-1α+CD44+ stem cell populations 

in shMAOA as compared to shControl under hypoxia condition: LNCaP (g) and 22RV1 (h). 

Data represent the mean ± SD. *p < 0.05, **p < 0.01
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Fig. 8. 
Loss of MAOA reduced the size of spheroid formed in 3D Matrigel cultures. a 
Representative bright-field images of spheroids formed from transformed LNCaP or 22RV1 

(shControl or shMAOA) cells after 12 days of culture in 3D Matrigel. Bar, 100 μm. b, c 
Comparing the size (in diameter) (b) and number (c) of spheroid formed from two LNCaP 

cell lines. ***p < 0.001. d Representative images of spheroid forming of LNCaP cells with 

clorgyline treatments. Bar, 100 μm. e Comparing the number of LNCaP spheroid formed at 

different clorgyline concentrations. ***p < 0.001
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Fig. 9. 
Patients with Gleason score 7 and above showed increase MAOA and decrease Pten 
expression. Two TCGA datasets with clinical annotation, including Gleason scores were 

used to interrogate the RNA expression of MAOA and Pten: a 236 patients from the dataset 

published in [50]; and b 491 patients from unpublished provisional PCa dataset [32, 33]. 

Data represent the mean ± SEM. *p < 0.05, **p < 0.01
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Fig. 10. 
Clorgyline inhibitions in tumorigenesis and sternness were associated with Pten status in 

PCa cells. Comparing clorgyline treatments using PCa cells with Pten-null and -positive 

expressions. a 2D colony cultures of LNCaP (Pten-null) and 22RV1(Pten-positive) cells 

under treatments. Colonies were counted and compared (normalized by untreated controls). 

b Comparing cell viability of LNCaP and 22RV1 in MTT assay under treatments 

(normalized by untreated controls). Data represent the mean ± SD. *p < 0.05, **p < 0.01
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