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Abstract

Monoamine oxidase (MAO) catalyzes the oxidative deamination of monoamine neurotransmitters
and dietary amines. Two pharmacological types with different substrate and inhibitor specificities
were reported. Molecular cloning revealed that the two types of MAQO were different genes
expressed as different proteins with different functions. MAO A and B have identical intron-exon
organization derived by duplication of a common ancestral gene thus they are termed isoenzymes.
MAO A knockout mice exhibited aggression, the first clear evidence linking genes to behavior.
MAO A KO mice exhibited autistic-like behaviors which could be prevented by reducing
serotonin levels at an early developmental age (P1-P7) providing potential therapy. MAO B KO
mice were non-aggressive and resistant to Parkinsongenic neurotoxin. More recently it was found
that MAO A is overexpressed in prostate cancer and correlates with degree of malignancy. The
oncogenic mechanism involves a ROS-activated AKT/FOXO1/TWIST1 signaling pathway.
Deletion of MAO A reduced prostate cancer stem cells and suppressed invasive adenocarcinoma.
MAO A was also overexpressed in classical Hodgkin lymphoma and glioma brain tumors. MAO B
was overexpressed in glioma and non-small cell lung cancer. MAO A inhibitors reduce the growth
of prostate cancer, drug sensitive and resistant gliomas and classical Hodgkin lymphoma, and
enhance standard chemotherapy. Currently, we are developing NIR dye-conjugated clorgyline
(MAO A inhibitor) as a novel dual therapeutic/diagnostic agent for cancer. A phase I clinical trial
of MAO inhibitor for biochemical recurrent prostate cancer is ongoing. The role of MAO A and B
in several cancer types opens new avenues for cancer therapies.
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. Introduction

Monoamine oxidase (MAO) A and B isoenzymes located at the mitochondrial outer
membrane, catalyze the oxidative deamination of monoamine neurotransmitters in both the
brain and peripheral tissues, and produce hydrogen peroxide (H205) as one of the products.
The role of MAO in the homeostasis of neurotransmitters critical for synaptic transmission
has long been recognized (Hare, 1928). Two pharmacological forms, MAO A and B, were
identified in 1968 (Johnston et al., 1968; Knoll & Magyar, 1972; Shih et al., 1969; Youdim
et al, 1969). Yet, the molecular nature of the two types of MAO that differ in substrate
specificity and inhibitor sensitivity remained enigmatic for twenty years. This enigma was
eventually resolved by cloning of MAO A and B genes (Bach et al., 1988).

With the MAO A and B clones available, we studied the active sites, the promoter and the
mechanism of gene regulation of MAO A and B (Chen et al., 2005; Ou et al., 2004; Ou et
al., 2006a; Ou et al., 2006b; Wong et al., 2001; Wong et al., 2002; Wong et al., 2003; Wu et
al., 2009a; Wu et al., 2009b; Zhang et al., 2006; Zhu et al., 1992; Zhu et al., 1994; Zhu et al.,
1997; Shih et al., 1999a; Shih et al., 2011). To understand their /n vivo function, we
generated a series of genetic mutants to explore the biological role of MAO isoenzymes
(Cases et al., 1995; Grimsby et al., 1997; Chen et al., 2004; Bortolato et al,, 2011; Bortolato
et al., 2018). Abnormal levels of monoamine neurotransmitters result in mental disorders
(Shih et al., 1999a) and neurological diseases (Shih et a/., 1999c), and these KO mice served
as animal models for a number of disorders.

In addition to the extensive studies on MAO A and B in brain function and disorders, recent
work suggests that MAO plays important roles in tumorigenesis, diabetes, obesity and
cardiovascular disease (Song et a/., 2013; Kaludercic et al., 2014; Camell et al., 2017;
Deshwal et al., 2017). In this review, we describe the effects of MAO A and B genes on
behavior and recent discoveries of MAO function in prostate cancer, glioma and Hodgkin
lymphoma, and the development of a tumor-specific MAO A inhibitor conjugate as a dual
function therapy and non-invasive diagnostic for human cancers.

. MAO A and B genes and behavior

A. Cloning showed that pharmacologically defined MAO A and B are encoded by different
genes with identical intron-exon organizations and thus termed isoenzymes

MAQ A prefers serotonin (5-hydroxytryptamine, 5-HT) and norepinephrine as substrates
and is sensitive to the irreversible inhibitor clorgyline while MAO B prefers
phenylethylamine and benzylamine as substrates and is more sensitive to the selective
inhibitor deprenyl. Dopamine and tyramine are the common substrates for both isoenzymes
(Shih et al,, 1999a). However, the substrate selectivity and inhibitor sensitivity vary
depending on the species, tissues, and other factors, so the data in the literature are
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controversial. The molecular basis of these two types of enzymes remained a puzzle, and it
was essential to solve the controversy in the field.

In 1988, the full-length human MAO A and B genes were cloned and sequenced for the first
time (Bach et al., 1988). The deduced amino acid sequence showed that MAO A and B share
70% identity in primary sequence (Fig. 1). To confirm these two clones were indeed MAO A
and B, each cDNA clone was expressed in mammalian cells. Similar to the endogenous
enzymes, the cDNA-expressed MAO A preferred 5-HT as a substrate and was sensitive to
clorgyline inhibition whereas the cDNA-expressed MAO B preferred phenylethylamine as a
substrate and was sensitive to deprenyl inhibition (Lan et a/., 1989a; Fig. 2). This provided
unequivocal evidence that these two forms of enzymes represent two distinct proteins with
different physiological functions. Demonstrating that MAO A and B are different proteins
solved the decades-old controversy regarding the molecular nature of MAO A and B.

The two MAO genes are closely linked on chromosome X (Lan et al., 1989b). Both consist
of 15 exons spanning at least 60 kb. The exon-intron organization of MAO A and B genes
are identical (Fig. 3), suggesting that they have evolved from the same ancestral gene by
duplication (Grimsby et al., 1991). In some patients with Norrie disease, which causes
blindness, progressive hearing loss and mental retardation in more than one-third of the
affected, both MAO A and B genes are deleted (Lan et al., 1989b).

B. Epigenetic modification of MAO A promoter was linked to mental and neurological

disorders

Recent reports implicated epigenetic mechanisms modifying the MAQO A transcription in
mental diseases. The DNA methylation pattern of the MAO A promoter was studied in male
patients with posttraumatic stress disorder (PTSD) due to traumatic war experiences during
the 1990s. Hypermethylation of three CpGs in exon/intron 1 of MAO A significantly
correlated with higher PTSD severity, which suggested that decreasing MAO A transcription
may increase noradrenalin level to elevate sympathetic activity to cause the disorder (Ziegler
et al., 2018). The study suggested the potential use of antiadrenergic agents to buffer
increased noradrenergic signaling conferred by MAO A hypermethylation.

In another study, the epigenetic pattern of MAO A promoter for panic disorder was
investigated. The results from the study of female panic disorder patients showed a negative
correlation between MAO A methylation and the number of panic attacks. Intriguingly,
following the cognitive behavioral therapy, a significant number of hypomethylated CpG
sites became increasingly methylated, indicating the reversibility of the epigenetic pattern
(Ziegler et al, 2016).

C. MAO A KO mice exhibit aggressive and autistic-like behaviors

MAO A KO mice display behaviors similar to Brunner syndrome and autism
spectrum disorder in humans—In order to understand the /7 vivo function, MAO A
KO mice were generated. MAO A KO mice (Tg8) were generated by an inadvertent
insertion of an IFN-B minigene into exon 2 of the MAO A coding region. 5-HT levels were
increased most significantly in pup than adult brains (Cases ef a/., 1995). MAO A KO mice
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showed behavioral alterations, which include social and communication deficits,
perseverative and neophobic-like responses, sensory disturbances as well as disrupted barrel
fields in the somatosensory context. Pups exhibited trembling, fearfulness and difficulty in
righting whereas adults showed more aggression in males. This was the first study linking
the gene and behavior. These phenotypes are similar to MAO A deficiency in human males,
a complex behavioral syndrome (Brunner syndrome) associated with antisocial personality,
stereotyped responses, mild cognitive impairments and impulsive aggression (Brunner et al.,
1993).

Further, we developed knock-in MAO A to forebrain of MAO A KO mice to demonstrate
that forebrain-specific expression of MAO A in MAO A KO mice abrogates aggressive
phenotype, indicating that the lack of MAO A in the forebrain causes the aggressive
behavior (Chen et al. 2007). The knock-in MAO A mice showed significant MAO A
catalytic activity and reduced 5-HT to wild type level in forebrain. In the knock-in MAO A
mice, the disorganized somatosensory cortex barrel field structure associated with MAO A
KO mice were restored, becoming morphologically similar to wild type mice.

Later, we discovered a novel line of mutant mice [MAO AA863T KO] harboring a
spontaneous point nonsense mutation (lysine 284 — stop codon) in exon 8 of the MAO A
gene. This mutation is similar to the mutation found in patients with Brunner syndrome as it
maps close to the site of their point nonsense mutation (glutamine 296 — stop codon) also
in exon 8 (Scott et al,, 2008). The MAO AA863T KO mice displayed aggression similar to the
MAQO A KO mice (Tg8) generated previously, confirming the evidence linking MAO A to
aggression.

Male MAO AA883T KO mice exhibit an array of behavioral and neuromorphological
alterations similar to all core features of autism-spectrum disorder (Bortolato et al., 2013b).
Since then, this line of MAO AA863T KO mice has been used for all studies as its mutation is
similar to human MAO A deficiency and without the complication of the presence of IFN-B
gene in the MAO A KO mice (Cases et al., 1995). It provided an excellent model to study
the role of monoamines in a variety of physiological functions /n vivo, aggression, anxiety,
autism and other mental disorders.

Early therapeutic intervention can abrogate autistic phenotypes of MAO A KO
mice—Interestingly, the increase in 5-HT in MAO A KO mice is most pronounced during
the early postnatal stage; it increased considerably in pups and returned to normal in older
mice. Treatment of MAO AA863T KO mice with the tryptophan hydroxylase inhibitor, p-
chloro-phenylalanine (pCPA), from P1 to P7 considerably reduced the 5-HT level in the
brain; it also significantly reduced anxiety determined by the marble-burying behavior and
increased spontaneous alternations in a T-maze in adult (Bortolato ef a/., 2013b; Fig. 4).
During P1-P7, MAO A KO mice had the highest 5-HT level, which affected circuit
formation critical for brain development. More importantly, these results provide a potential
prevention strategy for autism spectrum disorder patients associated with hyperserotonemia,
which represents approximately 30% of the affected.
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Early therapeutic intervention can abrogate aggressive phenotypes of MAO A
KO mice—We have shown that aggression in MAO A KO male mice is mediated by 5-
HT2A receptor (Shih e al,, 1999b). MAO A KO male mice treated during first week of
postnatal life with the 5-HT2A receptor antagonist, ketanserin, rescued aggression in
adulthood. Acute treatment with 5-HTT blocker fluoxetine to inhibit 5-HT reuptake also
reduced aggressive behavior in MAO A KO mice (Godar ef al., 2014). These findings point
to the possibility of developing novel therapeutic agents for serotonergic behavioral
disorders including autism, anxiety, and aggressive behaviors.

D. MAO B KO mice show reduced anxiety-like responses, no aggression

MAO B knockout mice were generated by using a gene-targeting vector to disrupt the MAO
B gene (Grimsby et al., 1997). The synthesis of phenylethylamine and dopamine from
phenylalanine is catalyzed by aromatic L-amino acid decarboxylase in dopaminergic
neurons in the striatum. In MAO B KO mice, phenylethylamine levels were higher in all
brain regions with the highest phenylethylamine level in the striatum (Grimsby et al., 1997;
Bortolato et al., 2009).

Phenylethylamine has been implicated in the regulation of mood and emotional responses
such as exploratory activity and behavioral reinforcement. MAO B KO mice show
heightened reactivity to stress (Grimsby et al., 1997) with no aggressive behavior, and
significantly reduced anxiety-like responses (Bortolato ef a/., 2009). These results suggest
that MAO B KO mice may serve as a model to study the long-term effects of elevated
phenylethylamine on brain function and behavior.

E. MAO A/B KO mice show autistic-like behavior and with significant circuit-specific
reduction of cortical inputs

The MAO A/B KO mouse model was discovered by a spontaneous mutation MAO AA863T
in a MAO B KO mouse colony (Chen et al., 2004). In MAO A/B KO mice, the levels of 5-
HT, norepinephrine, dopamine and phenylethylamine were increased much more than the
MAQO A or B single KO mice, suggesting that MAO A and B can oxidize each other’s
substrate when one isoenzyme is absent (Shih, 2004). MAO A/B KO mice showed cognitive
abnormalities and hippocampal alterations (Singh et a/., 2013). Like MAO A KO mice,
MAO A/B KO mice display behavioral hallmarks of autism spectrum disorder and the
neuropathological alterations were generally greater in MAO A/B KO than MAO A KO
mice (Bortolato et al., 2013a).

Recent advances have allowed one to generate a comprehensive map of all neural
connections by building a “connectome” to reveal the structural organization of the brain. To
investigate potential connectivity disruptions, we used a connectomics approach to
systematically and comprehensively characterize connectopathies in MAO A/B KO mice.
We discovered that MAO A/B KO mice display a significant circuit-specific reduction of
cortical inputs arising from the ventrolateral orbitofrontal area to the intermediate
caudoputamen (Hintiryan ef al., 2016). Further studies in this line of research are ongoing.
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. MAO A and B genes and cancer

A. The role of MAO A and the effect of MAO A inhibitors on prostate cancer progression
and metastasis

1 ) MAO A overexpression is correlated with Gleason scores in prostate
cancer—~Prostate cancer represents the second leading cause of cancer-associated death for
men in the Western world. The prognosis and treatment for prostate cancer is based on
several parameters including clinical stage, serum prostate specific antigen (PSA), and the
Gleason score. Gleason grading system, which is based on microscopic tumor architecture,
highly correlates with the probability of clinical outcome.

It has been shown that an 86-gene model could distinguish low grade (3) from high-grade (4
and 5) prostate cancers, which included MAO A (True et al., 2006). Immunohistochemistry
of tissue microarrays representing prostate cancer patient cohorts showed that MAO A
protein expression was significantly elevated in cancerous epithelium relative to benign
secretory epithelium. Grade 4 or 5 showed higher MAO A expression than grade 3 prostate
cancers, suggesting that MAO A may be a characteristic of high-grade prostate carcinoma.
In another report, MAQO A expression positively correlated with preoperative levels of serum
PSA and the percentage of grade 4/5 cancer in the sample, which represent significant risk
factors for recurrence (Peehl et al., 2008).

Our group also found that a high-level MAO A expression is strongly associated with
advanced prostate cancers (Wu et al., 2014) (Fig. 5A). The high MAO A expression strongly
associated with advanced Gleason score of 8 to 10. The Kaplan-Meier analysis predicted a
significantly reduced survival for prostate cancer patients with elevated MAO A protein.
Collectively, these results indicate that MAO A may distinguish aggressive from indolent
form of prostate cancer based on survival data. Additional data implicating MAO A in
prostate cancer comes from the reduced risk for prostate cancer for the carrier of a MAO A
allele (White et al., 2012).

2 ) Stable knockdown of MAO A completely eliminated growth of MPC3 cells
in a xenograft animal model—The role of MAO A in prostate tumorigenesis was
assessed using a highly tumorigenic murine prostate carcinoma MPC3 cell line in an
immunocompetent mouse model. The MPC3 line was derived from mouse primary prostate
tumors harboring double loss of Pten and p53 tumor suppressors. Stable introduction of
MAO A-specific sShRNAs decreased MAQO A enzymatic activity by greater than 50%— 70%.
Stable knockdown of MAO A in MPC3 cells completely eliminated their growth in vivoin
contrast to the tumor growth observed in mice inoculated with the control MPC3 cells (Wu
et al,, 2014). A similar effect was observed with human prostate cancer cell lines LNCaP,
C4-2 and ARCaPM.

3 ) MAO A inhibitors reduce the proliferation, migration and invasion of
prostate cancer LNCaP, C4-2B and PC-3 cells—Clorgyline, a potent selective MAO
A inhibitor, reduced the proliferation, migration and invasion of prostate cancer LNCaP, C4—
2B and PC-3 cells cells in vitro (Wu et al., 2014; Wu et al., 2015). Clorgyline treatment led
to a decline in the proliferation marker Ki-67 expression, epithelial to mesenchymal
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transition and hypoxic response in mice harboring xenograft tumors derived of androgen-
independent and aggressive prostate cancer C4-2 cells (Wu et al., 2014). Clorgyline was
also shown to enhance the cytotoxicity of docetaxel in prostate cancer cells /n vitro (Gordon
et al, 2014). A phase I-11 clinical trial of neoadjuvant chemotherapy with docetaxel and
mitoxantrone followed by prostatectomy showed a significantly increased transcript level of
MAO A that associated with subsequent biochemical relapse. The treatment with docetaxel
induced the MAO A expression in prostate cancer LNCaP cells. Combining clorgyline with
an inhibitor of survivin, a member of the inhibitor of apoptosis protein (IAP) family, was
more efficacious in suppressing the growth of prostate cancer cells than the survivin
inhibitor alone (Xu et af,, 2015).

We are currently conducting a phase Il clinical trial to assess the activity of phenelzine
(Nardil®, a irreversible MAO A/B inhibitor) in patients with biochemically recurrent
prostate cancer (ClinicalTrials.gov Identifier: NCT02217709). This small open-label trial
repurposes phenelzine (up to 30 mg twice daily) for castrate and non-castrate patients with
elevated PSA after primary therapy. The primary endpoint is the proportion of patients who
achieve a PSA decline of >50% from baseline. Preliminary data suggest that phenelzine has
clinical activity (PSA reduced in ~40% of patients) in biochemical recurrent prostate cancer
following primary therapy (Gross et al., 2016). These positive preliminary outcomes need to
be reproduced in large randomized trials to determine the safety and efficacy of MAO A
inhibitor in patients with recurrent prostate cancer.

4 ) MAO A generated ROS activates AKT/FOXO1/TWISTL1 signaling pathway
—MAO A was shown to induce epithelial to mesenchymal transition of prostate cancer cells
through regulating hypoxia-inducible factor 1-alpha (HIF-1a), which mediates hypoxic
effects by activating downstream genes involved in tumor glycolysis, angiogenesis, invasion,
migration, and metastasis. A schematic representation of the proposed mechanism is shown
in Fig. 6. Reactive oxygen species (ROS) generated by MAO A inhibits prolyl hydroxylase 3
(PHD3) to increase the steady-state level of HIF-1a, resulting in enhanced expression of its
target genes including vascular endothelial growth factor A (VEGFA), glucose transporter 1
(GLUT1) and Twist Family BHLH Transcription Factor 1 (TWIST1) to promote epithelial
to mesenchymal transition. The interaction of VEGF with neuropilin-1 (NRP-1), in turn,
leads to the activation of phosphoinositide 3-kinase (PI3K)/ protein kinase B (AKT) signal
transduction pathway. Phosphorylation of Forkhead box protein O1 (FOXO1) transcriptional
repressor by AKT resulted in its exclusion from the nucleus, allowing the expression of
TWISTL1 to promote epithelial to mesenchymal transition (Wu et af., 2014).

5 ) MAO A is involved in neuroendocrine differentiation (NED) which is
associated with hormone refractory prostate cancer (HRPC), and MAO A
inhibitor prevents NED and HRPC—Current treatment modalities for prostate cancer
include androgen deprivation therapy administered singularly or in combination with
radiotherapy and/or chemotherapy. Despite the initial response, HRPC (also known as
castration-resistant prostate cancer) may emerge in the long run and metastasize, accounting
for the relatively higher rate of mortality. Hormone refractory prostate cancer is associated
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with NED, which refers to neuroendocrine-like prostate cancer cells displaying a high
degree of chemoresistance and secreting tumor growth-sustaining cytokines.

The ROS produced by MAO A was essential for autophagy activated by androgen
deprivation, and MAO A induces mitophagy. Mitophagy refers to the selective elimination
of mitochondria by autophagy. Inhibiting MAO A with pargyline or phenelzine suppressed
androgen deprivation-induced NED and autophagy (Lin et al., 2017), suggesting that MAO
A serves as a key determinant of NED and that MAO A inhibitors may deter prostate cancer.

6 ) Loss of MAO A inhibits adenocarcinoma development, cell proliferation
and cancer stem cells in prostate in Pten/MAO A KO mouse model—To
ascertain the role of MAQ A in prostate adenocarcinoma development 7 vivo, we created a
prostatespecific Pten/MAO A KO mouse model. The double KO mice were generated by
crossing MAQO AfloxP mouse with the conditional Pten KO mouse that develops invasive
prostate cancer similar to human cancer (Liao et al, 2018). Pten/MAO A KO mice
compared to Pten KO mice showed a significant reduction in prostate size and nearly all
Pten/MAO A KO mice developed prostatic intracellular neoplasia instead of
adenocarcinoma at 4 or 6 months-old, suggesting that deletion of MAO A decreases the
incidence of invasive prostate cancer.

Immunohistochemistry showed a significant reduction in the number of epithelial cells
expressing the proliferation marker Ki67 and p-AKT expression in prostate sections of 6
month-old Pten/MAO A KO mice compared to Pten KO mice (Fig. 7) (Liao et al, 2018).
AKT is a serine/threonine kinase that regulates metabolism, proliferation, growth and other
cellular processes in response to growth factor stimulation and requires phosphorylation to
be activated. Thus, the deletion of MAO A reduces epithelial cell growth and proliferation in
prostate.

Furthermore, the loss of MAO A also reduced OCT4- or NANOG-positive stem cell
subpopulations in prostate tissue /77 vivo. This finding was recapitulated /77 vitro when MAO
A expression was suppressed by RNA interference in human prostate cancer cells and
confirmed with additional stem cell markers, CD44, a2p1, and CD133 /in vitro. The MAO
A-targeting sShRNA also caused a considerable reduction in the ability to form 3D tumor
spheroids, commonly used to detect the cancer stem cell phenotype (Fig. 8). The loss of
MAO A reduces the stem cell subpopulation in prostate cancer. Taken together, these results
suggest that MAO A expression promotes prostate cancer development by increasing cell
proliferation and cancer stem cell subpopulation.

B. MAO A inhibitor reduces glioma growth and allows low-dose temozolomide (TMZ)
chemotherapy for TMZ resistant glioma

Glioma, the most common primary brain tumor is rarely curable with poor prognosis and
low survivability. Immunostaining of human glioblastoma multiforme tissues showed a
significant increase in the level of MAQO A expression compared to non-tumor brain tissues
(Fig. 5B) (Kushal et al., 2016). Human glioma cell lines U251S and U251R expressed MAO
A catalytic activity whereas normal human astrocytes displayed no detectable MAO A
activity.
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Clorgyline reduced the viability of TMZ-sensitive U251S cells. Clorgyline also had a similar
effect on TMZ-resistant U251R cells. TMZ is an alkylating drug that has been used
extensively in the current treatment as the primary chemotherapeutic agent for glioma.
Further, clorgyline reduced the growth of tumor xenograft derived from intracranially
injected TMZ-resistant U251R cells by decreasing invasion or angiogenesis while
augmenting immune response. More significantly, combining clorgyline with the low-dose
TMZ enhanced the effects of TMZ on survival of the TMZ-resistant U251R cellderived
glioma model (Fig. 9A).

C. MAO A expressed specifically in Reed-Sternberg cells in classical Hodgkin
lymphomas and MAO A inhibitor enhanced the current ABVD chemotherapy

The MAO A gene expression profile in Hodgkin and non-Hodgkin lymphoma and a
spectrum of reactive lymphoid tissues was examined. Immunohistochemistry on archived
formalin-fixed, paraffin-embedded (FFPE) tissue sections from lymphoma patients showed
MAQ A expression specifically in Hodgkin Reed-Sternberg (HRS) cells for ~75% of
classical Hodgkin lymphomas with 34.8% expressing strongly (Li ef al., 2017) (Fig. 5C).
Approximately 17% of primary mediastinal large B-cell lymphomas and mediastinal gray
zone lymphoma showed weak MAO A expression. No expression was observed in non-
neoplastic lymphoid tissues, nodular lymphocyte predominant Hodgkin lymphoma and other
nonHodgkin lymphomas. The MAO A expression was more common in Epstein-Barr virus
(EBV)-negative than EBV-positive cHL and was particularly prevalent in the EBV-negative
nodular sclerosing subtype. In culture, the MAO A activity was present in most cHL-derived
cell lines but not in non-Hodgkinlymphoma derived cell lines. Treatment with clorgyline
reduced the growth of cHL-derived L1236 cells and U-HO1 cells, which was confirmed by
RNA interference targeting MAO A. Currently, a chemotherapy regimen comprised of
doxorubicin, bleomycin, vinblastine, dacarbazine (ABVD) is used as the first line treatment
for Hodgkin lymphoma. Combining ABVD with clorgyline was more effective in reducing
the growth of cHL cells than either regimen alone.

D. MAO inhibitor dye conjugates, novel dual function agents for cancer diagnosis and

therapy

The development of NIR dye-MAO A inhibitor conjugate (NMI)—Many of the
currently approved MAO A inhibitors target central nervous system and other peripheral
tissues where MAQO A is present, thus reducing their delivery to tumors. To provide tumor-
selectivity and also reduce side effects, we developed a NIR dye-MAQ A inhibitor
conjugate (NMI) comprised of clorgyline and a near-infrared (NIR) dye (Wu et a/., 2015).
The uptake of fluorescent heptamethine carbocyanine dye is mediated by tumor hypoxia and
organic anion-transporting polypeptides (OATPSs), which is expressed by various human
cancers including prostate cancer.

NMI inhibits the proliferation, invasion and tumor formation of prostate cancer
cells in vivo—NMI suppressed the proliferation, colony formation, migration and invasion
of prostate cancer cells (LNCaP, C4-2B, PC-3) when dosed in the low micromolar range
(ICsq of ~5 pM). NMI also reduced the growth of C4-2B-derived tumor xenografts in nude
mice by inhibiting angiogenesis, apoptosis, and reducing serum levels of PSA. Importantly,
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NIR imaging showed selective accumulation of NMI at the prostate cancer xenograft formed
in vivo (Fig. 10). In cell and animal models, NMI is an ideal therapeutic and diagnostic
agent for both the NIR-based imaging as well as targeted ablation of prostate cancer.

NMI enhances the cytotoxicity of TMZ against drug-resistant glioma cells in
vivo—The potential of using NMI to treat brain cancer was also explored. NIR imaging
showed selective localization of NMI at xenograft tumors formed by patient-derived glioma
cells in mice (Kushal et al., 2016). NMI was cytotoxic (ICgq of ~5 uM) against both glioma
U251S as well as U251R cells that are sensitive and resistant to TMZ, respectively. Further,
combining with NMI increased the cytotoxicity of TMZ against both cell lines in vitro. TMZ
is an alkylating chemotherapeutic agent approved for treating newly diagnosed as well as
recurrent malignant glioma. Co-treatment with NMI and TMZ significantly increased the
survival of mice harboring orthotopic xenograft brain tumors derived from TMZ-resistant
glioma cells through the suppression of invasion and angiogenesis, and increased immune
response (Fig. 9B). Hence, the application of NMI may be extended to the treatment of
glioma.

E. Potential use of MAO B inhibitors for brain and lung cancer therapy

MP-MUS is a MAO B-activated prodrug derived from nitrogen mustard, an antineoplastic
DNA alkylating chemotherapeutic (Sharpe et al., 2015; Sharpe et al., 2016; Sharpe et al.,
2018). The cytotoxicity of MP-MUS correlated with the MAO B expression level of treated
glioma cells, providing tumor selectivity.

Danshensu, a traditional oriental medicine-derived compound, binds directly to MAO B at
the typical docking site of MAO B inhibitors like selegiline (Son ef a/, 2016). It inhibits
MAO B activity but does not affect cell viability up to 50 UM dose. Danshensu was shown to
enhance radiosensitivity in nonsmall cell lung cancer cells. Thus, MAO B inhibitors or MAO
B activated prodrugs may benefit cancer patients.

IV. Conclusions

By cloning and sequencing, we were able to show that MAO exists as two isoenzymes with
different structures and functions. This finding answered questions about the molecular
nature of two pharmacological types of MAO that had puzzled researchers for decades and
provided fundamental knowledge that propelled the field forward exponentially. The link
between gene and behavior was established by showing that mice lacking MAO A display
aggression. Further, it unraveled genetic interaction with environmental determinants of
mental disorders, including aggression, anxiety and autism-spectrum disorders, and
developed novel intervention strategies. These important contributions have formed the
present knowledge of MAQOs in brain and peripheral functions.

More recently, an exciting new function of MAO A was discovered in cancer progression
and metastasis. This, in turn, led to the development of target-specific MAO inhibitor with
dual therapeutic and non-invasive diagnostic agent for prostate and drug resistant brain
cancers. These findings raised more intriguing questions. It is noteworthy that there are other
cancers with lower expression of MAO A. Determining the underlying molecular
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mechanisms will help us to better understand the role of MAO A in cancer biology and
potential therapy. Combining MAO A inhibitor with current standard treatment TMZ
sensitizes drug resistant glioma. Defining the mechanism through which MAO A inhibitors
enhance the cytotoxicity of TMZ in glioma cells may lead to novel therapeutic targets.
Likewise, combining MAO A inhibitors with androgen deprivation therapy could extend
efficacy and prolong survival in patients. In the coming years, further advances are expected
in the fields of autism and cancer.

A phase Il clinical trial to explore activity of phenelzine (Nardil®, a irreversible MAO A/B
inhibitor) in patients with biochemically recurrent prostate cancer is ongoing
(ClinicalTrials.gov Identifier: NCT02217709). Our preliminary data suggests that
phenelzine has clinical activity (prostate-specific antigen reduced in ~40% of patients) in
biochemical recurrent prostate cancer following primary therapy (Gross et al., 2016). These
positive preliminary studies are indicative of the potential utility of MAO A inhibitors for
prostate cancer.

Decades of basic research have translated into MAO inhibitors with clinical applications for
neuropsychiatric disorders (i.e. isocarboxazid, phenelzine, moclobemide, selegiling,
tranylcypromine) and Parkinson’s disease (rasagiline, selegiline, safinamide). Recent
translational avenues are leading to clinical studies of MAO inhibitors for novel indications.
We expect further therapeutic benefits to humans in the future, which remains as the ultimate
goal of our collective research efforts on MAO isoenzymes.
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Fig. 1. The alignment of deduced polypeptide sequences showsthat MAO A and B are encoded
by different geneswith 70% amino acid identity with identical intron-exon organizations and
thustermed isoenzymes.

Amino acids are numbered on the left side. Identical amino acids are indicated by asterisks.
Dashes mark spaces introduced for maximum alignment of identical residues. Pink or blue
shade denotes amino acids in each exon. Identical or divergent amino acids at the 5’ or 3’
boundary of the introns are indicated by bold asterisks or filled circles, respectively.
Triangles denote potential glycosylation sites. (Adapted from Bach et a/., 1988; Grimsby et
al., 1991)
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Fig. 2. Substrate and inhibitor profiles of human MAO A and B expressed from cDNAs.
(A) MAO activity in transfected COS cells. The human MAO A and B cDNAs containing

the full coding sequences of MAO A and B were cloned into pECE vector in either the sense
or antisense orientation and expressed under the control of SV40 early promoter. The
resultant plasmid was transiently transfected into COS cells and the MAO A and B activities
in the lysates were determined using [14C]serotonin or [14C]phenylethylamine as the
substrate for MAO A or B, respectively. (B) Inhibition of transiently expressed MAO A and
B by clorgyline (O) or deprenyl (@). The lysate of COS cells transfected with either human
MAQ A or B cDNA were assayed in the presence of various concentrations of inhibitors.
The inhibition of the expressed MAQO A and B by clorgyline and deprenyl was determined
by preincubating the inhibitors with the whole-cell homogenates at 37°C for 1 h before
addition of the substrates. (Adapted from Lan et a/., 1989a)
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Fig. 3. Partial structural map of the MAO A and MAO B genes showing the location of exons and
sequencing strategy.
Filled bars represent coding regions, and unfilled bars represent untranslated regions of the

exons. Exon numbers are presented below the bars. The horizontal arrows represent the
regions sequenced. The prefix “A” denotes A bacteriophage clones, and the prefix “p”
denotes pUC19 subclones of A bacteriophage DNA. E and H, EcoRI and HindllI restriction
sites, respectively; “V{”, equivocal assignment of an exon to either restriction fragment; “//”,
intron gap. (Adapted from Grimsby ef a/, 1991)
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Fig. 4. pCPA treatment during P1 to P7 rescued the autistic-like behaviorsin adult MAO A KO
mice.

Effects of pCPA treatment from postnatal day 1 through 7 on (A) marble-burying behavior
and (B) spontaneous alternations in a T-maze of MAO A KO mice. pCPA, an inhibitor of
trypophan hydroxylase that reduces 5-HT level, was injected (30 mg/kg/day, IP) daily from
P1 to P7. Values represent mean +SEM; *P<0.05, ***P<0.001 compared to untreated wild-
type mice; *P<0.05, ##P<0.001 compared to untreated MAO A deficient mice; TP<0.05,
T1P<0.01 compared to untreated saline-treated MAO A KO mice; 88P<0.01, 5P<0.05
compared to saline treated wild-type mice. (Adapted from Bortolato et a/., 2013b)
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Prostate Cancer

Brain Cancer

Non-malignant GBM

Fig. 5. Elevated expression of MAO A in various human cancers.
(A) High Gleason grade prostate cancers associated with increased MAO A expression.

Normal prostatic epithelium and Gleason grade 3 and 5 prostate cancer specimens from a
tissue microarray were stained for MAO A. Magnification, 400x; bars, 20 pm. (Adapted
from Wu et al., 2014) (B) MAO A expression is increased in human glioma. Non-malignant
brain and glioma tissue specimens. Scale bars represent 100 um (Adapted from Kushal et a/,
2016) (C) MAO A is highly expressed by Hodgkin/Reed-Sternberg (HRS) cells of classical
Hodgkin lymphoma (cHL). MAO A was detected by immunohistochemistry on formalin-
fixed, paraffin-embedded (FFPE) patient material. Double staining for CD30 (red) and MAO
A (brown) confirms the localization of MAO A in HRS cells (original magnification 1000x)
(Adapted from Li et al., 2017)
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Fig. 6. A proposed mechanism that MAO A regulates prostate tumorigenesis, progression, and

metastasis.

MAO A generates ROS that inhibits PHD activity and stabilizes HIF1a to induce epithelial
to mesenchymal transition. Generation of ROS by MAO A is elevated by hypoxic conditions
that are characteristic of the tumor microenvironment. MAO A’s activation of VEGF-A/
NRP1 signaling upregulates the AKT/FOXO1 pathway, resulting in the nuclear export of
FOXO1 transcription repressor to increase the expression of nuclear TWIST1. Overall,
increasing the MAO A expression promotes epithelial to mesenchymal transition, hypoxia
and ROS production to drive prostate tumorigenesis, progression and metastasis. (Adapted
from Wu et al., 2014)
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Fig. 7. Deletion of MAO A gene suppressestheinitiation of prostate cancer.
Immunohistochemistry stain for the cell proliferation marker Ki67 detected high percentage

of proliferative cells in Pten KO mouse prostate tissue whereas significantly less cells
express Ki67 in Pten/MAO A KO mice. (Arrows point to Ki67* cells; Bar: 100 pm)
(Adapted from Liao et a/,, 2018)
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Fig. 8. MAO A gene knockdown in human prostate cancer cells (LNCaP) significantly reduced
cultured stem cell spheroid size and number.

Light microscope view of spheroid culture with prostate cancer cells expressing a scrambled
shRNA (shControl, left side panel) versus a MAO A-targeting ShRNA (shMAO A, right side
panel). Loss of MAO A gene function reduced the size of spheroids formed after 12 days of
culture in 3D Matrigel. Bar, 100 um. (Adapted from Liao et a/., 2018)
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Fig. 9. Clorgyline, NMI or the combination with TMZ increasesthe survival of TMZ-resistant
tumors.

Athymic/nude mice were implanted intracranially with TMZ-resistant human glioma cells
(U251R). Animals were then treated daily with: vehicle, TMZ (1 mg/kg), clorgyline (10 mg/
kg), TMZ (1 mg/kg) + clorgyline (10 mg/kg), NMI (5 mg/kg), or TMZ (1 mg/kg) + NMI (5
mg/kg). MAO A inhibitors were administered subcutaneously daily for 21 days; TMZ
treatment was given for the first 10 days only. (A) The Kaplan-Meier survival curve shows
that clorgyline significantly prolonged survival. (B) The KaplanMeier survival curve for
NMI and NMI+TMZ shows that NMI was effective alone as compared to the vehicle, and
the combination of NMI and TMZ was significantly more effective (*p < 0.001). (Adapted
from Kushal et al., 2016)
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Fig. 10. MAO A inhibitor-near infrared dye conjugate inhibits the growth of huSman prostate
tumor xenogr aft in mice.

The structure of NIR dye—-MAQ A inhibitor conjugate (NMI) comprised of clorgyline and a
near-infrared (NIR) dye is shown. (upper right panel) /7 vivo NIR imaging of the whole
body clearly shows NMI localization within the tumor. Mice bearing C4-2B tumor
xenografts were intraperitoneally injected with NMI (50 nmol/mouse) and subjected to NIR
imaging 24 h later. (lower right panel) NMI inhibits the growth of C4-2B tumor xenografts
in mice. C4-2B cells were subcutaneously injected into male nude mice (n = 5 for each
group) to establish tumor xenografts. After tumor size reached 200 mm?3, mice were given
intratumoral treatments (saline and NMI; 750 nmol/mouse) every other day for a 21-day
period. (Adapted from Wu et al., 2015)
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