
Current Therapeutic Research 93 (2020) 100610 

Contents lists available at ScienceDirect 

Current Therapeutic Research 

journal homepage: www.elsevier.com/locate/curtheres 

Association of Monoamine Oxidase A with Tumor Burden and 

Castration Resistance in Prostate Cancer 

Meenakshi Meenu, MBBS, MD, DM 

1 , Vipin Kumar Verma, PhD 

1 , Amlesh Seth, MBBS, MS, 
MCh 

2 , Ranjit Kumar Sahoo, MBBS, MD, DM 

3 , Pooja Gupta, MBBS, MD, DM 

1 , 
Dharamvir Singh Arya, MBBS, MD, PhD 

1 , ∗

1 Department of Pharmacology, All India Institute of Medical Sciences, New Delhi, India 
2 Department of Urology, All India Institute of Medical Sciences, New Delhi, India 
3 Department of Medical Oncology, BRAIRCH, All India Institute of Medical Sciences, New Delhi, India 

a r t i c l e i n f o 

Article history: 

Received 7 April 2020 

Accepted 18 October 2020 

Key words: 

Castration resistance 

Monoamine oxidase A 

Prostate cancer 

Tumor burden 

a b s t r a c t 

Background: Metastatic burden and aggressive behavior determine severity stratification and guide treat- 

ment decisions in prostate cancer (PCa). Monoamine oxidase A (MAOA) may promote tumor burden and 

drug/castration resistance in PCa. A positive association will pave the way for MAOA inhibitors such as 

moclobemide for PCa therapy. 

Objective: To analyze MAOA in peripheral blood mononuclear cells qualitatively and p38, c-Jun N- 

terminal kinases, nuclear factor kappa B, and their phosphorylated forms, vascular endothelial growth 

factor (angiogenesis), transforming growth factor beta, interleukin 6, and tumor necrosis factor- α (cy- 

tokines), Bcl-2 associated X, B-cell lymphoma 2, and P53 (apoptosis), prostate-specific membrane antigen, 

and epithelial cell adhesion molecules (surface markers) in plasma of patients with PCa. 

Methods: This was a 1-year pilot study in which patients with PCa were recruited and stratified into 

2 groups and subgroups: treatment-naive with (M1) (n = 23) or without (M0) (n = 23) bone metasta- 

sis; hormone-sensitive prostate cancer (n = 26) or hormone/castration-resistant prostate cancer (n = 26). 

MAOA was detected using ELISA and other proteins were detected using immunoblotting technique. 

Results: MAOA was detected in 8.6% of M0 compared with 30.4% of M1 patients, and in 7.7% of hormone- 

sensitive compared with 27% of hormone/castration resistant PCa patients, associating it with bone 

metastasis and castration resistance. Multivariable regression analysis showed a correlation of MAOA with 

serum prostate-specific antigen, a marker for progression in PCa (Pearson correlation coefficient r = 0.30; 

P < 0.01). In patients with positive MAOA, there was overexpression of p38, phosphorylated-p38, c-Jun 

N-terminal kinases, phosphorylated c-Jun N-terminal kinases, nuclear factor kappa B, phosphorylated nu- 

clear factor kappa B, transforming growth factor beta, vascular endothelial growth factor, interleukin 6, 

tumor necrosis factor α, Bcl-2 associated X, B-cell lymphoma 2, prostate-specific membrane antigen, and 

epithelial cell adhesion molecule in M1 compared with M0 group patients, associating these proteins 

with tumor burden. Overexpression of Bcl-2 associated X, tumor protein 53, c-Jun N-terminal kinases, 

nuclear factor kappa B, transforming growth factor beta, vascular endothelial growth factor, and prostate- 

specific membrane antigen and underexpression of B-cell lymphoma 2 and phosphorylated nuclear fac- 

tor kappa B were observed in hormone-sensitive prostate cancer compared with hormone/castration- 

resistant prostate cancer, associating these proteins with castration resistance. 

Conclusions: Association of key molecules of oncogenesis and metastasis with MAOA suggests that MAOA 

inhibitors such as moclobemide might be effective in the management of PCa. 

© 2020 Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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stimated incidence was 25,696 in 2018 in India. 1 Globally, there 

ere 1.28 million patients in 2018 as per the World Health Orga- 

ization data. 2 Among all patients, approximately 3.5% present as 

dvanced diseases and are only marginally treatable with varied 

rognosis and survival. 3 , 4 

Metastatic burden and aggressive behavior determine severity 

tratification and guide treatment decisions in PCa. 5 Bone metasta- 

is and related complications decrease overall survival in patients 

ith PCa. 6 The process of metastasis inculcates an increased num- 

er of circulating tumor cells (CTCs) because of epithelial to mes- 

nchymal transition (EMT) at the site of origin. 7 In recent liter- 

ture, monoamine oxidase A (MAOA) has been demonstrated to 

nduce EMT. It is a clinically and functionally important media- 

or of bone and visceral metastases in PCa. It guides and popu- 

ates cancer cells in a foreign environment; for example, bone via 

ediators such as interleukin 6 (IL-6), tumor necrosis factor alpha 

TNF- α), and receptor activator of nuclear factor kappa-B ligand. 8 

ancer-associated fibroblasts, a crucial element in cancer pro- 

ression, activate MAOA/mammalian target of rapamycin/hypoxia- 

nducible factor (HIF)-1 α pathway, which induces EMT, and expres- 

ions of CXCR4 and IL-6, receptors expressions, which contribute 

o inflammation. MAOA generates oxidative stress and significantly 

ncreases reactive oxygen species, which stabilizes the hypoxia- 

ssociated gene HIF1 α and induces hypoxia. HIF-1 α/vascular en- 

othelial growth factor (VEGF)/forkhead box A1/TWIST1 pathway 

riggers EMT. The key role was evident from the observation that 

AOA gene deletion significantly decreased the growth and metas- 

asis in xenograft mouse models of PCa. 9 , 10 However, literature 

earch revealed that MAOA might have both tumor promotion and 

uppression characteristics due to differential regulation in various 

ancer types and thus, require further research. 8 , 11 , 12 

MAOA stimulates the development of resistance to docetaxel- 

ased chemotherapy in PCa. 4 , 13 Overexpression of MAOA deacti- 

ates tumor protein p53 (P53) induced apoptosis of cancer cells 

y a decrease in Bcl-2 associated X (Bax) (an apoptotic mediator) 

nd an increase in B-cell lymphoma 2 (Bcl-2), (an antiapop- 

otic protein). 13 MAOA activates mitogen-activated protein kinase 

MAPK) pathway, which is reactive oxygen species susceptible, 

nd it induces a poorly differentiated phenotype and invasive 

ehavior of cancer. 4 , 16 Many oncogenes, which trigger prostate 

umorigenesis, do so by activating MAPK via MAPK phosphatase 

nd MAPK phosphatase deactivates apoptosis in PCa via the c-Jun 

-terminal kinases (JNK) pathway. 14 In one study, inhibition of 

rc/beta-catenin/MAPK pathway led to antiproliferative and prod- 

fferentiation effects of clor gyline (MAOA inhibitor) in PCa cells 

ultured from both high-grade primary and castration-resistant 

ancer. Treatment with MAOA inhibitor induced a transcriptional 

rogram in a negative correlation with Src, beta-catenin, and 

APK pathway in these cells. The authors concluded that MAOA 

nhibitors might control these oncogenic pathways, at least to 

ome extent. 4 Defining the role of JNK is challenging because it 

an take up opposing roles in apoptosis based on its isoforms 

nd cellular conditions. 15 Like MAPK, nuclear factor- kappa B 

NF κB) is a redox-sensitive signaling pathway and is activated 

y MAOA. 16 It plays a key role in metastasis and anticancer drug 

esistance. 17 Angiogenesis protein VEGF enhanced EMT-mediated 

etastasis via MAOA in PCa. However, it demonstrated a nega- 

ive correlation with MAOA in breast cancer. 10 The mechanistic 

etails of interactions of MAOA with these signaling pathways are 

ot completely delineated. In the most recent study on MAOA 

onducted in an enzalutamide (an antiandrogen drug) -resistant 

Ca cell line and mouse model, overexpression of MAOA was 

ignificantly associated with enzalutamide resistance mediated via 

rv7. Arv7 is an androgen receptor splice variant with clinically 

ignificant anticancer–drug-resistance effect. 18 Enzalutamide is a 

ery recent approval (2018) for patients with PCa. 19 
2 
Previous studies did not suggest any direct or indirect demon- 

tration of MAOA overexpression in blood of patients with PCa 

ith respect to bone metastasis and castration resistance. The 

bjectives of this study were to detect its presence in periph- 

ral blood mononuclear cells (PBMCs) layer harvested from blood 

y taking liquid biopsy, which also captured CTCs and to com- 

are between risk-stratified, treatment-naïve, PCa patients with 

nd without bone metastasis for association with tumor bur- 

en, and between hormone-sensitive prostate cancer (HSPC) and 

ormone/castration-resistant prostate cancer (CRPC) patients to 

valuate its role in castration resistance. We also studied expres- 

ion of certain proteins known/suspected to be involved in onco- 

enesis, metastasis, and/or castration resistance of PCa such as 

NK, NF κB, p38 along with their phosphorylated forms, Bax, Bcl- 

, P53, transforming growth factor beta (TGF- β), VEGF, IL-6, TNF- 

, and 2 surface markers (ie, prostate-specific membrane antigen 

PSMA] and epithelial cell adhesion molecule [EpCam] to investi- 

ate their concurrent overexpression in patients. A positive associ- 

tion of MAOA with these important signaling pathways will pave 

ay for a possible application of MAOA inhibitors (eg, moclobe- 

ide) in PCa therapy. 

aterials and Methods 

aterials 

Ficoll separation media (Himedia, Mumbai, India) , mitochon- 

rial protein isolation buffer (Amresco International, Dallas, Texas) , 

hosphate buffer saline tablets (Amresco International) , pro- 

ease inhibitor (Sigma p8340; Sigma Aldrich, St Louis, Missouri) , 

rotease and phosphatase inhibitor (MS-SAFE; Sigma Aldrich), 

radford’s reagent (Sigma Aldrich), nitrocellulose membrane (Bio- 

ad Laboratories, Hercules, California), bovine serum albumin 

Sigma Aldrich), Primary antibodies (Abcam, Cambridge, United 

ingdom), HRP conjugated secondary antibody (Thermo Fisher Sci- 

ntific, Waltham, Massachusetts), mouse anti-ACTB or beta-actin 

rimary antibody (Abbkine, Wuhan Shi, China), goat anti-mouse 

econdary antibody, AlexaFluor 647 (Abcam), MAOA ELISA kit 

Aviva Co., US), NANOSIGHT (LM20; Malvern Instruments, London, 

nited Kingdom), Micro-test plate reader (Epoch Biotek Microplate 

pectrophotometer; Winooski, Vermont), and Gel Documentation 

ystem (FluorChem M; ProteinSimple, Santa Clara, California) 

mong others were procured. All chemicals were of molecular 

iology grade. 

thical clearance 

Institutional ethics committee approved the study for the 

eriod between February 2018 and February 2019 (IECPG 

59/20.12.2017). The study followed the guidelines established by 

eclaration of Helsinki (Code of Ethics of the World Medical Asso- 

iation) regarding experiments on humans. 

tudy design and eligibility criteria 

This study, comparative cross-sectional in design, was a pilot 

roject due to lack of prior data. Inclusion criteria were age ≥18 

ears and biopsy-proven PCa (any T, any N, M0 or M1). Exclusion 

riteria were patients who did not provide signed informed con- 

ent, patients with connective tissue disorders or neurological dis- 

rders, patients with occupational exposure to lead, and patients 

ith thyrotoxicosis. 

atient recruitment 

PCa patients were recruited from outpatient services of medical 

ncology and urology departments. Routine hematology, liver, and 
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enal function tests, evaluation of bone metastasis, and castra- 

ion resistance were based on clinical features, biochemical, and 

adiological examinations as part of staging workup. It provided 

rostate specific antigen (sPSA) values, Gleason score (GS), bone 

can, and 

68 Ga-PSMA scan reports. On the day of enrolment, 5 mL 

lood samples were collected in EDTA vials for analytical work. 

Ca patients were divided into 2 groups: treatment naïve and 

eceiving treatment. Group 1 was further divided into 2 subgroups 

o provide evidence for central hypothesis that overexpression of 

AOA might be associated with bone metastasis; treatment naïve, 

arly stage without bone metastasis (M0); and treatment naïve, 

dvanced stage with bone metastases (M1). Group 2 was further 

ivided into 2 subgroups to find evidence for association of MAOA 

verexpression with castration resistance: HSPC (including both 

ocally advanced and metastatic tumor) and CRPC (including both 

ocally advanced and metastatic tumor). Castration-sensitive PCa 

atients received luteinizing hormone-releasing hormone agonist 

long with an antiandrogen (bicalutamide) in our setup. CRPC 

s defined as disease progression despite androgen deprivation 

herapy; that is, either a luteinizing hormone-releasing hormone 

gonist or bilateral orchiectomy, in combination with an antian- 

rogen. Only those CRPC patients who received fosfestrol after 

eveloping castration resistance were included in CRPC cohort 

o maintain homogeneity. As per the National Comprehensive 

ancer Network guidelines 2018, for identification of molecular or 

enetic biomarkers, patients with PCa should be primarily divided 

nto 2 risk groups: regional and metastatic. 5 For this reason, 

atients were not grouped based on TNM classification in our 

tudy. 

All patients were assigned a unique identification number at 

he time of recruitment and their samples were coded with the 

ame unique identification number, which allowed a blinded as- 

essment of MAOA in different groups. 

ssessment of blood MAOA 

BMC separation 

Blood samples were processed within 4 hours using Ficoll sep- 

ration media through density gradient centrifugation. Blood was 

iluted with phosphate buffer saline in a 1:1 ratio and layered 
Table 1 

Baseline characteristics of patients with prostate can

(M0) and with bone metastasis (M1) and group 2 

castration-resistant prostate cancer (CRPC). 

Characteristic M0 (n = 23) M1

Age ∗ 70.3 (6.7) 63.

sPSA ∗ (ng/mL) 20.6 (18.6) 129

Gleason score † 7 (6–9) 8 (7

Disease burden ‡ 

Gleason score ≥6 35 0 

Viscera 0 1 

Nonregional lymph node 0 8 

Regional lymph node 0 15 

Bone 0 23 

Covariates present in study §

Smoking 8.7 13.

Alcohol 17.4 4.3

Oral tobacco 17.4 17.

Family h/o prostate cancer 8.7 4.3

Hypertension 56.5 26.

Diabetes 21.7 13.

Depression 0 4.3

h/o = history of sPSA = serum prostate-specific antigen
∗ Values are presented as mean (SD). 
† Values are presented as median (range). 
‡ Values are presented as number of PCa patients. 
§ Values are presented as percentage of PCa patient

3 
ver Ficoll in 4:3. Samples were then centrifuged at 400 g for 20 

inutes at 18 °C. After centrifugation, interphase layer, which con- 

ained PBMCs, were isolated in fresh tube and washed with phos- 

hate buffered saline. Viability of cells present in PBMCs layer was 

hecked with trypan blue staining. 

All samples were stored at –86 °C and the samples were grad- 

ally placed at different temperature slabs to minimize the pro- 

ein denaturation and degradation. The entire experiment was per- 

ormed under controlled temperature and humidity conditions. 

ell lysis and protein estimation 

Mitochondrial protein isolation buffer was used for cell lysis 

nd mitochondrial protein separation. Protein quantification was 

one using spectrophotometer. Equal amounts of protein were 

oaded onto ELISA plate. 

LISA 

Samples, plates, and reagents were brought to room tempera- 

ure. MAOA standards were prepared at concentrations of 20, 10, 

, 2.5, 1.25, 0.625, and 0.312 ng/mL using serial double dilution 

ollowing manufacturer’s instruction. Standards and samples were 

iluted using sample diluent provided with the kit. Standards and 

amples were loaded onto ELISA plate along with reference blank 

nd incubated at 37 °C for 2 hours. Biotinylated MAOA detector 

ntibody, avidin HRP conjugate antibody and TMB substrate were 

dded sequentially and incubated following manufacturer’s proto- 

ol. Before addition of each reagent, plate was thoroughly washed 

sing wash buffer. An enzymatic reaction was produced through 

he addition of TMB substrate, which was catalyzed by HRP gen- 

rating a blue color product that changes to yellow after adding 

top solution. The optical density was recorded at 450 nm using 

LISA plate reader. Relative optical density of sample was derived 

y subtracting optical density of blank and the quantity of MAOA 

n samples was calculated using standard curve. MAOA was esti- 

ated in all patient’s samples in duplicate. MAOA do not have any 

ross-reactivity with MAOB with this kit. 

mmunoblotting 

Plasma protein concentration was measured using Bradford’s 

eagent. 20 The immunoblotting was performed using primary 
cer (PCa) in group 1 without bone metastasis 

hormone-sensitive prostate cancer (HSPC) and 

 (n = 23) HSPC (n = 26) CRPC (n = 26) 

4 (10.7) 67.8 (8.7) 67.4 (11.3) 

.8 (187.3) 8.8 (18.8) 94.5 (149.0) 

–9) 8 (6–9) 8 (7–10) 

15 0 

2 2 

8 14 

14 20 

6 25 

0 3.8 0 

 3.8 3.8 

4 3.8 0 

 3.8 11.5 

1 42.3 57.7 

0 23.1 23.1 

 3.8 0 

. 

s. 
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Figure 1. (A) Expression of B-cell lymphoma 2 (Bcl-2), Bcl-2 Associated X (Bax), P53, Interleukin 6 (IL-6), and tumor necrosis factor α (TNF- α) in the study groups. (B) 

Graphical representation of IL-6 and TNF- α protein expression changed in different group normalized with respective beta-actin in comparision to patients in the prostate 

cancer without bone metastasis (M0) group. (C) Graphical representation of Bax, Bcl-2, and P53 protein expression changed in different group normalized with respective 

beta-actin in comparision to patients in the M0 group. CRPC = castration-resistant prostate cancer. ∗Significant differences were observed versus M0. # Significant differences 

were observed versus patients with prostate cancer with bone metastasis (M1). $ Significant differences were observed versus patients with hormone-sensitive prostate cancer 

(HSPC). ∗/#/$ P ≤ 0.05. ∗∗/##/$$ P ≤ 0.01. ∗∗∗/###/$$$ P ≤ 0.001. (n = 3). 
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ntibodies at 1:50 0 0 dilution except for beta-actin. For beta- 

ctin, the dilution used was 1:20 0 0. Whereas for HRP conju- 

ated as well as the AlexaFluor tag secondary antibody, 1:50 0 0 

ilutions were used. Total proteins (40 μg) were separated on 

2% denaturing resolving gel through polyacrylamide gel elec- 

rophoresis in reducing condition and transferred to nitrocel- 

ulose membrane. Thereafter, the membrane was blocked with 

ovine serum albumin (3%) for 2 hours at room temperature. 

he membrane was incubated overnight with the respective pri- 

ary antibody in combination, followed by the particular sec- 

ndary antibody in a specific combination for 2 hours at room 

emperature. After that, the bands having HRP conjugated anti- 

ody were detected by enhanced chemiluminescence method us- 

ng Enhanced Chemiluminescence kit (Sigma Aldrich), whereas the 

uorescence (AlexaFluor 647) labeled antibody (indicating beta- 

ctin) was detected using MultiFluor red channel with excita- 

ion/emission at 607/636 nm under gel documentation system. 

he expression of p38, phosphorylated p38 (P-p38), JNK, phospho- 

ylated JNK (P-JNK), NF κB, phosphorylated NF κB (P-NF κB), Bcl- 

, Bax, P53, VEGF, TGF- β , IL-6, TNF- α, PSMA, and EpCam were 

nalyzed using the immunoblotting technique of plasma from 

atients. 

ata Analysis 

Data were represented as mean (SD) or median (range) or per- 

entage. GS was converted into a categorical variable by assign- 

ng category “Yes” to a score of ≥7 (high-grade cancer), whereas 

 score of ≤6 (low-grade cancer) was assigned the category “No.”

moking, alcohol, tobacco, hypertension, diabetes, family history of 

Ca, and GS (categorical variables), and sPSA and age (continuous 

ariables) were identified as covariates known to affect MAOA lev- 

ls. Multivariable linear regression analysis was applied to study 
4 
ovariates as independent variable and MAOA as dependent vari- 

ble. Statistical analysis was done using the R statistical computing 

nvironment version 3.5.2 (R Foundation for Statistical Comput- 

ng, Vienna, Austria). For immunoblotting, data were represented 

s mean (SEM), 1-way ANOVA, followed by Bonferroni post hoc 

est was performed using SigmaPlot 12.0 software (Systat Software 

nc, San Jose, California). 

esults 

aseline demographic and disease characteristics 

Ninety-eight patients who fulfilled eligibility criteria were re- 

ruited into the study. Demographic details were documented 

long with relevant biochemical and biopsy data of patients in M0, 

1, HSPC, and CRPC groups and represented as mean (SD), me- 

ian, range, and percentages ( Table 1 ). All CRPC patients had GS 

7, whereas 15% in HSPC group had low-grade cancer at the time 

f diagnosis. 

LISA 

MAOA was detected in 8.6% of patients in M0 group compared 

ith 30.4% in M1, and 7.7% in HSPC compared with 27% patients 

n CRPC group in PBMCs. 

egression analyses 

Among continuous variables, age did not show any correla- 

ion, whereas sPSA showed a significant correlation with MAOA 

Pearson correlation coefficient r = 0.30; P < 0.01). A multivariable 
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Figure 2. (A) Expression of p38, phosphorylated p38 (P-p38), c-Jun N-terminal kinases (JNK), phosphorylated c-Jun N-terminal kinases (P-JNK), nuclear factor kappa B 

(NF κB), and phosphorylated nuclear factor kappa B (P-NF κB) proteins in study groups. (B) Graphical representation of p38 and P-p38 protein expression changed in different 

group normalized with respective beta-actin in comparision to patients with prostate cancer without bone metastasis (M0) group. (C) Graphical representation of JNK and 

P-JNK protein expression changed in different group normalized with respective beta-actin in comparision to M0 group (D) Graphical representation of NF κB and P- NF κB 

protein expression changed in different group normalized with respective beta-actin in comparision to M0 group. CRPC = castration-resistant prostate cancer. ∗Significant 

differences were observed versus M0. # Significant differences were observed versus patients in the prostate cancer with bone metastasis (M1) group. $ Significant differences 

were observed versus hormone-sensitive prostate cancer group (HSPC). ∗/#/$ P ≤ 0.05. ∗∗/##/$$ P ≤ 0.01. ∗∗∗/###/$$$ P ≤ 0.001. (n = 3). 
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egression model did not show correlation of any of the other 

tudy covariates with MAOA. 

mmunoblotting 

Beta-actin was used as a housekeeping protein. Protein expres- 

ions were normalized with respect to M0. IL-6 and TNF- α were 

pregulated in M1 ( Figure 1 A and 1 B ). M1 and CRPC overexpressed

cl-2, whereas HSPC underexpressed it. Bax protein had significant 

verexpression while P53 protein had significantly reduced expres- 

ion in M1, HSPC, and CRPC groups ( Figure 1 A and 1 C ). In M1, over-

xpression of P-p38 and P-JNK were observed compared with M0 

 Figure 2 A , 2 B , and 2 C ). There was upregulation of JNK, NF κB, and

-NF κB in M1, HSPC, and CRPC compared to M0 ( Figure 2 A , 2 C ,

nd 2 D ). JNK and NF κB were significantly overexpressed in HSPC 

ompared with CRPC while expression of P-NF κB was significantly 

ncreased in CRPC compared with HSPC ( Figure 2 A , 2 C , and 2 D ). In-

reased levels of phosphorylated forms of p38 and NF κB were ob- 

erved as compared with unphosphorylated forms ( Figure 2 A , 2 B , 

nd 2 D ). M0 and M1 overexpressed EpCam and VEGF, whereas low 

evels of these molecules were found in HSPC and CRPC ( Figure 3 A ,

 B , and 3 C ). TGF- β and PSMA were overexpressed in M1, HSPC, 

nd CRPC groups compared with M0 ( Figure 3 A , 3 B , and 3 C ). 
5 
iscussion 

Serum PSA and GS were higher in M1 than M0 correlating it 

ith advanced stage cancer. MAOA was detected in larger percent- 

ge of patients with high tumor burden compared with patients 

ith low tumor burden. We also found higher expression of PSMA 

nd EpCam, which are surface markers for CTCs, in M1 compared 

ith M0. We could draw following inference from this finding: 

TCs overexpressed MAOA in M1 more than M0. This is a likely 

ossibility because CTCs precipitate along with PBMCs in the in- 

erphase layer during density gradient centrifugation of blood and 

AOA is normally undetectable in PBMCs. Only MAO subtype B 

s present in platelets. 21 , 22 Early-stage cancer had either extremely 

are CTCs or do not overexpress MAOA. It is known that MAOA is 

pregulated in bone-metastasized PCa cells and helps them in sur- 

iving and flourishing in the new environment. An indirect demon- 

tration of overexpression of MAOA in CTCs (in PBMCs) in our 

tudy adds to the growing evidence for its crucial role in metas- 

asis in PCa. 8 

We noted that both HSPC and CRPC groups had locally ad- 

anced and metastatic patients. CRPC overexpressed MAOA by up 

o 4-fold compared with HSPC. Previous studies had also demon- 

trated that a higher number of CTCs were present in CRPC than 
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Figure 3. (A) Expression of vascular endothelial growth factor (VEGF), transforming growth factor-beta (TGF- β), epithelial cell adhesion molecule (EpCam), and prostate- 

specific membrane antigen (PSMA) in study groups. (B) Graphical representation of VEGF and TGF- β protein expression changed in different group normalized with respective 

beta-actin in comparision to patients in the prostate cancer without bone metastasis (M0) group. (C) Graphical representation of EpCam and PSMA protein expression changed 

in different group normalized with respective beta-actin in comparision to M0 group. CRPC = castration-resistant prostate cancer; HSPC = hormone-sensitive prostate cancer; 

M1 = prostate cancer with bone metastasis. ∗Significant differences were observed versus M0. # Significant differences were observed versus M1. $ Significant differences were 

observed versus HSPC. ∗/#/$ P ≤ 0.05. ∗∗/##/$$ P ≤ 0.01. ∗∗∗/###/$$$ P ≤ 0.001. (n = 3). 
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SPC patients, and on disease progression, CTCs became detectable 

n many of these HSPC patients. 23 Based on these findings, we sug- 

est that MAOA has a role in inducing castration resistance. In the 

bsence of a well-validated technique to isolate and characterize 

TCs, there was an ethical issue in taking > 10 mL blood samples 

rom large number of patients with highly morbid disease. Hence, 

n indirect demonstration of CTCs in PBMCs was attempted in this 

tudy. 

A review of literature indicated that study covariates such as 

ypertension, diabetes, smoking, alcohol, and tobacco have a vari- 

ble effect on MAOA. Among the diagnostically significant param- 

ters, sPSA and GS are well-established independent predictors of 

igh-grade PCa, whereas family history is an independent predic- 

or of treatment outcome. 24 , 25 In this study, none of these covari- 

tes was found to be significantly associated with MAOA except 

PSA. Because high sPSA is known to be a useful predictor of bone 

can-positive metastasis in PCa patients, this finding further favors 

ssociation of MAOA with skeletal metastasis. 26 

We studied expression of proteins such as JNK, NF κB, and p38 

long with their phosphorylated forms, Bax, Bcl-2, P53, TGF- β , 

EGF, IL-6, TNF- α, and surface markers of PCa cells such as Ep- 

am and PSMA in plasma of M0, M1, HSPC, and CRPC patients 

n which MAOA was positively detected. We selected these pro- 

eins because their functional confluence and crosstalk is consid- 

red to affect metastases, angiogenesis, castration resistance, and 

umor recurrence. In the apoptotic pathway, increased expression 

f Bcl-2 in M1 and CRPC, and reduced expression in HSPC sug- 

ested that apoptosis was enhanced in hormone-sensitive and in- 

ibited in M1 and castration-resistant cancer. This was an expected 

nding considering the antiapoptotic nature of Bcl-2 and associ- 

ted it with castration resistance. Moreover, Bcl-2 is known to be 

ssociated with unfavorable outcome in patients. 27 On the other 

and, Bax, an apoptotic protein, was activated in M1, HSPC, and 

RPC, which was counterintuitive. However, our observation was 

n agreement with recent findings that increased Bax level was 

uggestive of defective downstream signaling in apoptosis. 27 Con- 
6 
istent with the general idea, P53 expression was universally sup- 

ressed in all groups more in aggressive and castration-resistant 

ancers and less in early-stage and hormone-sensitive tumors. 

We observed overexpression of P-p38 MAPK in M1 compared 

ith M0, associating this protein with tumor-aggressive behavior. 

1 and CRPC had increased level of P-NF κB associating it with 

ual activity of tumor invasiveness and castration resistance in our 

tudy. It is known that NF κB is activated in response to oxidative 

tress and inflammation. It also stimulates downstream effectors 

uch as Bax, Bcl-2, TGF- β , VEGF, IL-6, and TNF, and is critical in 

ncogenesis. 28 Moreover, NF κB signaling activators and inhibitors 

ave been extensively researched for its role in castration resis- 

ance. 17 , 28 In fact, blocking NF κB has led to reversal of castration 

esistance in CRPC. 28 We found that unphosphorylated JNK was 

redominant than its phosphorylated form in aggressive cancer 

nd decrease in P-JNK was more pronounced in HSPC and CRPC. 

e know that the role of JNK in cancer biology is still unclear and 

ay have both tumor suppressive and promotive action. 15 How- 

ver, our observations were similar to recent findings that in high- 

rade PCa, phosphorylation of JNK protein declines, which in turn 

s known to downregulate apoptosis. 29 , 30 In addition, JNK signaling 

rror causes tumor progression independent from androgen recep- 

or; that is, it leads to development of castration resistance. 29 We 

ound high VEGF expressions in both early- and late-stage tumors, 

hich insinuated toward ongoing angiogenesis and suggested pos- 

ible benefits with VEGF inhibitors such as bevacizumab. However, 

e found low levels of VEGF in both HSPC and CRPC, which sup- 

orts the explanation for bevacizumab (a VEGF inhibitor) failure 

n the treatment of PCa, especially CRPC, in a recent study. 31 , 32 

he exact reason is not yet known, but can be due to tumor het- 

rogeneity or indolent angiogenic pathways. 31 , 32 Interlinked with 

EGF-mediated angiogenesis is TGF- β . We found high expression 

f TGF- β in M1, HSPC, and CRPC compared with early-stage can- 

er. It is considered to play a dubious role in PCa; that is, tumor 

uppression in early-stage and promotion in advanced-stage can- 

er. 33 It also facilitates androgen receptor-mediated stimulation of 
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Ca cell proliferation and metastasis. 33 Hence, a deviant TGF- β sig- 

aling promotes evolution of castration resistance in PCa. 33 Along 

ith growth factors, the importance of cytokines is fundamental 

n cancer and metastasis. In line with a previous study, we also 

ound higher levels of IL-6 and TNF- α in advanced, HSPC, and CRPC 

tages compared with early cancer in our study. 34 These proinflam- 

atory cytokines are known to stimulate the MAPK pathway and, 

n turn, are activated by them, implying considerable complexity. 34 

n a nutshell, overexpression of P-p38 (activation of p38 MAPK), P- 

F κB (activation of NF κB), JNK (inactivation of JNK MAPK), TGF- β , 

EGF, IL-6, TNF- α, Bax, Bcl-2, PSMA, and EpCam in advanced dis- 

ase compared with early-stage cancer associated them with tu- 

or burden. Although overexpression of Bax, P53, JNK, NF κB, TGF- 

, VEGF, and PSMA, and underexpression of Bcl-2 and P-NF κB in 

astration-sensitive compared with castration-resistant cancer sug- 

ested their role in castration resistance, HSPC and CRPC groups 

resented more complexity and counterintuitive results. This indi- 

ates heterogeneity and redundancy of familiar pathways in can- 

er progression and relapse. Nonetheless, MAOA intertwines with 

ll these pathways. We suggest that MAOA inhibitors could be po- 

ent drugs for delaying disease progression and castration resis- 

ance along with their antidepressant effect in PCa patients prone 

o this comorbidity. 35 

Modulation of signaling pathways to either improve the efficacy 

f anticancer drugs or overcome their resistance have been widely 

tudied. For example, use of a proteasomal inhibitor to improve ef- 

cacy of mitomycin in cervical cancer, resistin to overcome resis- 

ance to 5-fluorouracil in colon cancer, and methyl- β-cyclodextrin 

o improve the efficacy of doxorubicin in liver cancer and tamox- 

fen in melanoma. 36–39 Based on our data, we suggest that MAOA 

nhibitors might be useful in improving efficacy and/or overcome 

astration resistance in advanced disease. In a recent Phase II clin- 

cal trial, phenelzine, a MAO inhibitor, was found to be effective in 

Ca with mostly mild and rarely severe but reversible cardiovascu- 

ar adverse effects. 40 It is our opinion that MAOA inhibitors such 

s moclobemide might be more effective than phenelzine. 

Major limitations of this study were limited isolation of CTCs 

rom PBMCs for their characterization and investigation of expres- 

ion profile of MAOA in detail. 

The next step in this area of research could be exploration of 

TCs for diagnostic markers, novel targets for treatment, and over- 

oming anticancer drug resistance. Further studies are required to 

elineate the mechanistic details about MAOA and the correlation 

ith key pathways. 

onclusions 

Association of key molecules of oncogenesis with MAOA, along 

ith its overexpression in patients with PCa with high tumor bur- 

en and castration resistance, suggested that MAOA inhibitors such 

s moclobemide might be effective in the management of PCa. 
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