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Abstract

Perineural invasion (PNI), a pathologic feature defined as cancer cell invasion in, around and
through nerves, is an indicator of poor prognosis and survival in prostate cancer (PC). Despite
widespread recognition of the clinical significance of PNI, the molecular mechanisms are largely
unknown. Here, we report that monoamine oxidase A (MAOA) is a clinically and functionally
important mediator of PNI in PC. MAOA promotes PNI of PC cells /n vitro and tumor

innervation in an orthotopic xenograft model. Mechanistically, MAOA activates SEMA3C in

a Twist1-dependent transcriptional manner, which in turn stimulates cMET to facilitate PNI

via autocrine or paracrine interaction with coactivated PlexinA2 and NRP1. Further, MAOA
inhibitor treatment effectively reduces PNI of PC cells /in vitro and tumor-infiltrating nerve fiber
density along with suppressed xenograft tumor growth and progression in mice. Collectively, these
findings characterize the contribution of MAOA to the pathogenesis of PNI and provide a rationale
for using MAOA inhibitors as a targeted treatment for PNI in PC.

Introduction

Prostate cancer (PC) currently is the most commonly diagnosed noncutaneous malignancy
and the second leading cause of cancer-related death in American men [1]. While
organ-confined PC can be effectively controlled, the metastatic disease originating from

Corresponding Author: Boyang Jason Wu, Ph.D., Department of Pharmaceutical Sciences, College of Pharmacy and Pharmaceutical
Sciences, Washington State University, 205 E Spokane Falls Blvd, PBS 421, Spokane, WA 99202. Phone: 509-368-6691; Fax:
509-368-6561; boyang.wu@wsu.edu.
#Present address: Department of Pathology, West China Hospital, Sichuan University, Chengdu, Sichuan 610041, China
Present address: Laboratory of Regeneromics, School of Pharmacy, Shanghai Jiao Tong University, Shanghai 200240, China
Authors’ Contributions
Conception and design: B.J. Wu
Development of methodology: L. Yin, J. Li, B.J. Wu
Acquisition of data: L. Yin, J. Li, J. Wang, T. Pu, J. Wei, Q. Li, B.J. Wu
Analysis and interpretation of data: L. Yin, J. Li, J. Wang, T. Pu, Q. Li, B.J. Wu
Writing of the manuscript: B.J. Wu
Study supervision: B.J. Wu
These authors contributed equally to this work.

Disclosure of Potential Conflicts of Interest
The authors declare no potential conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yin et al.

Results

Page 2

extracapsular extension is inevitably incurable [2]. Perineural invasion (PNI), a complex
process of neoplastic invasion of nerves, has been recognized as a significant route

for the metastatic spread of PC, independent of lymphatic or vascular involvement [3].
PNI is highly prevalent in PC, observed in up to 75% of surgical resection specimens

[4]. Moreover, extracapsular extension by cancer spreading entirely or predominantly
within perineural spaces was present in >50% of PC specimens [5]. PNI is an ominous
clinical and pathological characteristic of PC, which has been associated with cancer pain,
adverse pathological features, elevated biochemical recurrence rates, increased risk for
bone metastasis and diminished overall survival [4, 6-8]. However, no targeted treatment
modalities to date are aimed at PNI and its associated metastatic process in PC.

Recent studies have identified several molecular mechanisms that likely facilitate

PNI evoked by either a predominant cancer-induced event or two-way cancer-nerve
communication in multiple cancer types. These include cellular adhesion molecules and
diverse signaling driven by neurotropic factors, chemokines and axon guidance molecules
in a ligand-receptor interactive mode between cancer cells and the neural microenvironment
[9, 10]. Specifically, semaphorin axon guidance signaling, including semaphorin (SEMA)
4D and SEMAJ4F, was recently demonstrated to have an active role promoting PNI in PC
[11, 12]. The semaphorins are a large family of secreted axon guidance molecules, which
regulate directional migration of axons during embryonic development through interactions
with their receptors and co-receptors, plexins and neuropilins respectively [13]. Despite
these mechanistic investigations, the molecular mechanisms controlling PNI remain still
largely unknown, which hampers the development of novel therapeutics targeting PNI in PC.

Monoamine oxidase A (MAOA) is a key enzyme responsible for metabolism of monoamine
neurotransmitters and modulation of neurotransmission, neural circuits and brain function.
MAOA has been widely studied in the context of neuropsychiatric disorders such as
depression. MAOA inhibitors are currently used as anti-depressants in the clinic [14,

15]. Recent studies including ours demonstrated MAOA’s essential roles in mediating PC
growth and metastasis primarily through activation of the downstream central transcription
factor Twistl [16-19]. However, whether and how MAOA contributes to PNI in PC is

not clear. In this study, we explored the expanding role of MAOA in regulating PNI in

PC. We showed that MAOA promotes PNI and enhances cancer-nerve cell crosstalk in PC
cells and xenograft tumor models. Mechanistically, MAOA facilitates PNI of PC cells via
upregulation of class 3 semaphorin signaling composed of the SEMA3C/PlexinA2/NRP1
triad in a cMET-dependent manner. These findings establish the functional role of MAOA in
PNI pathogenesis and also suggest that MAOA and its associated molecules are a potential
therapeutic target for PNI in PC.

MAOA expression levels are elevated along with PNI in clinical specimens

To seek initial evidence of MAOA’s role in PNI of PC, we performed histological analysis
of a tissue panel comprised of primary human PC tumors, including 12 PNI-positive and
104 PNI-negative samples. We found that MAOA protein levels were elevated in the tumor
samples where PNI was present compared to those where PNI was not observed (Figs.
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la and 1b). Intriguingly, in all PNI-positive tumor samples, MAOA expression levels were
further increased in tumor cells within perineural spaces compared to those distal to nerves
(Figs. 1c and 1d). These results suggest the association of tumor MAOA with PNI in PC.

MAOA promotes PNI in cancer-nerve cell co-cultures

To test whether MAOA upregulation in nerve-invading PC cells controls PNI of PC cells,
we established a 3D cancer-nerve cell co-culture model using PC-12 neuronal-like cells or
50B11 neurons. PC-12 is a classical neuronal cell model that resembles the phenotype

of sympathetic ganglion neurons upon differentiation with NGF [20], while 50B11 is

an immortalized dorsal root ganglion sensory neuronal line that undergoes differentiation
in the presence of forskolin [21]. The acquired neuronal properties of these cells upon
extrinsic induction accord with innervation of the prostate and prostate tumor by sensory
or autonomic nerve fibers [22], which makes these cells suitable for use to mimic the
clinical observation of PNI. We grew the differentiated PC-12 or 50B11 cells in Matrigel
and then added fluorescence dye-labeled cancer cells to the media, allowing cancer cells to
widely disperse for an enhanced opportunity to interact with a large number of individual
neurites. Concurrently, we seeded fluorescent cancer cells surrounding a blank Matrigel

for parallel assessment of autonomous cancer cell invasion independent from extrinsic
interaction with nerve cells under the same experimental conditions. We determined the
perineural invasive ability of cancer cells by quantification of the fluorescent cancer cells
confined in the neurite-bearing Matrigel from cancer-nerve cell co-culture after subtraction
of the fluorescent cancer cells invading the blank Matrigel from parallel cancer cell culture
alone. We showed that enforced MAOA expression in two MAOA-low PC cell lines, PC-3
and LAPC-4, significantly promoted PNI by 2- to 3.1-fold compared to controls expressing
an empty vector (Figs. 2a-2d). Conversely, we stably silenced MAOA expression using two
shRNAs targeting separate non-overlapping MAOA coding regions in LNCaP and 22Rv1
cells, which both have abundant MAOA levels. After confirming successful knockdown by
Western blot analysis, we observed decreases of PNI ranging from 28% to 87% in both PC
cells when MAOA expression was abolished compared to controls expressing a scrambled
shRNA (Figs. 2e-2h). These data in aggregate indicate the PNI-promoting role of MAOA in
PC cells.

MAOA induces PNI through activation of class 3 semaphorin signaling in a cMET-
dependent fashion

To delineate the mechanism underlying MAOA’s action on PNI, we showed a 4.4-fold
increase of NGF protein secretion, which has been reported to be associated with PNI

and promote tumor-associated neurogenesis in several cancer types [9, 23], in MAOA-
overexpressing (OE) PC-3 cells relative to controls (Fig. 3a). Given the recent implication
of class 3 semaphorin signaling in driving PC towards an invasive and metastatic
phenotype [24, 25], we examined the expression levels of key members of this signaling
cascade. Our gPCR-based gene expression profiling data identified significant upregulation
of SEMAS3C, PlexinAZ2 and NRP1, which coincidentally may form a ligand/receptor/co-
receptor molecular complex, in MAOA-OE PC-3 cells compared to controls, which was
confirmed at the protein level by Western blot (Figs. 3b and 3c). Consistently, we found
reduced transcript levels of these genes in MAOA-knockdown LNCaP and 22Rv1 cells (Fig.
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3d). Since SEMAS3C was reported as a transcriptional target of androgen receptor (AR),
the primary oncogenic driver of PC [26], we also compared the effects of MAOA versus
AR on SEMA3C and found that forced expression of MAOA or AR induced SEMA3C
MRNA levels to a similar extent in PC-3 cells (Supplemental Fig. 1). Examining a PC
tissue microarray (TMA) as used to associate MAOA levels with PNI status (Fig. 1) by
immunohistochemical (IHC) staining further revealed a positive co-expression correlation
between tumor MAOA and SEMAZ3C in the clinical setting (Fig. 3e and Supplementary
Table 1). To determine if SEMA3C-dependent signaling mediates MAOA’s effect on PNI,
we showed that individual siRNA-based knockdown of SEMA3C, PlexinA2 and NRP1
suppressed MAOA OE-induced PNI of PC-3 cells when co-cultured with either PC-12 or
50B11 cells compared to controls (Fig. 3f).

SEMAZ3C, through different combinations of plexins and neuropilins, stimulates multiple
receptor tyrosine kinase (RTK) pathways such as EGFR, HER2/ErbB2, cMET, and SRC,
some of which are involved in PNI during PC progression [27, 28]. We used a phospho-
kinase antibody array coupled with a candidate approach to search for RTK(s) downstream
of the MAOA/SEMAZ3C axis in MAOA-OE and control PC-3 cells. cMET stands out
because it had the most significant activation of phosphorylation levels in MAOA-OE PC-3
cells compared to controls, with minimal changes observed for the other kinases (Fig.

4a and Supplementary Table 2). We showed that siRNA-mediated silencing of SEMA3C,
PlexinA2 and NRP1 individually suppressed MAOA-activated phosphorylation of cMET in
PC-3 cells (Fig. 4b), suggesting that MAOA signals through the SEMA3C/PlexinA2/NRP1
triad to regulate cMET. Since plexins and neuropilins have been shown to physically interact
with RTKs, a mechanism for enhanced tyrosine phosphorylation and kinase activity of
RTKs [27, 29, 30], we examined the direct interaction of PlexinA2 and NRP1 with cMET

in a MAOA/SEMAZ3C-dependent context. An /n situ proximity ligation assay visualized
endogenous PlexinA2-cMET and NRP1-cMET protein complexes in the cytoplasm of

PC-3 cells. Enforced MAOA expression strengthened PlexinA2-cMET and NRP1-cMET
interactions in PC-3 cells compared to controls, which were attenuated by siRNA-mediated
knockdown of SEMAZ3C (Fig. 4c). To determine if cMET mediates MAOA’s effect on

PNI, we showed that siRNA-based silencing of cMET reduced MAQOA OE-induced PNI

of PC-3 cells when co-cultured with PC-12 or 50B11 cells compared to controls, which

was similar to the effect exerted by SEMAS3C siRNAs. Prior treatment with cMET siRNAs
further abolished the suppressive effect of SEMA3C knockdown on MAOA-induced PNI

of PC-3 cells, supporting the idea that cMET acts downstream of SEMA3C to mediate
MAQOA’s effect on PNI (Fig. 4d). Collectively, we concluded that MAOA induces PNI of PC
cells through class 3 semaphorin signaling, particularly SEMA3C, PlexinA2 and NRP1, and
subsequent activation of cMET.

MAOA activates SEMA3C expression through Twistl-dependent transcriptional
upregulation

We next investigated the molecular basis for MAOA’s control of SEMA3C in PC cells. We
demonstrated previously that MAOA actives Twist1, a basic helix-loop-helix transcription
factor, via a reactive oxygen species-driven signaling pathway and utilizes Twistl as a
central mediator of MAOA function in PC cells [17, 18, 31], which allows us to speculate
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that Twistl may mediate MAOA’s effect on SEMA3C gene expression. We showed

that siRNA-mediated silencing of Twistl downregulated MAOA activation of SEMA3C
protein expression as well as cMET phosphorylation in PC-3 cells (Fig. 5a). Moreover,
forced expression of Twistl elevated SEMAS3C protein expression, while siRNA-based
knockdown of Twistl repressed SEMA3C at the protein level, independent from the MAOA
context (Fig. 5b). We also revealed that Twist1l knockdown suppressed MAOA-induced
SEMA3C mRNA expression (Fig. 5¢), implying that Twistl may regulate SEMA3C at the
transcriptional level. Using a 1.5-kb SEMA3C promoter-luciferase reporter construct, we
further found that 7iv/stI siRNA treatment reversed MAOA activation of SEMAS3C promoter
activity (Fig. 5d). To determine whether Twist1 directly binds to the SEMA3C gene locus
to mediate its transcriptional activation, we interrogated a Twistl ChIP-seq dataset for
Twistl binding information in human neuroblastoma cells. We found Twist1 enrichment

at the promoter region proximal to the transcription start site (—1~-280 with transcription
start site of SEMA3C set as +1). Indeed, we were able to identify several consensus
Twist1-binding E-box sites in this region (Fig. 5e). To confirm direct occupancy of Twist1
with SEMAS3C promoter, we conducted chromatin immunoprecipitation assays coupled with
quantitative PCR using primers that amplified the putative Twist1-binding region in control
and MAOA-OE PC-3 cells. We demonstrated 1.1-fold higher association of endogenous
Twistl protein with the SEMA3C promoter region encompassing putative Twist1-binding
sites in MAOA-OE cells compared to controls. Limited signals were detected from negative
controls in which either a nonspecific 1gG antibody was used in the immunoprecipitation
step or the SEMA3C exon 2 was probed in order to confirm the targeting specificity of

the primer set used in PCR (Fig. 5f). Finally, we showed that siRNA-mediated ablation

of Twist1 suppressed MAOA-induced PNI of PC-3 cells in co-cultures with PC-12 or
50B11 cells, suggesting that Twist1 regulation of SEMA3C confers MAOA’s effect on PNI
(Fig. 5g). Taken together, these observations establish that MAOA activates SEMA3C in a
Twist1-dependent manner.

MAOA enhances tumor innervation during prostate tumor growth and progression

To further elucidate MAOA’s potential supportive role in cancer-nerve crosstalk /7 vivo, we
established an orthotopic prostate tumor xenograft model allowing us to observe interaction
of cancer cells with the neural microenvironment /n vivo. We implanted luciferase-labeled
control and MAOA-OE PC-3 cells into the prostates of immunodeficient mice and
monitored growth, progression and metastasis of prostate tumors by bioluminescence
imaging (BLI). Enforced expression of MAOA in PC-3 cells accelerated prostate tumor
growth, particularly the incidence of metastasis to distant organs, including lung and

liver, as confirmed by necropsy and ex vivo BLI, compared to controls (Figs. 6a—6d).
Subsequently, we analyzed primary tumor samples by multiple quantum dot (QD) labeling
analysis, a method capable of simultaneously detecting multiple markers in a single

sample following sequential staining procedures. We found significant increases of Ki-67-
positive proliferating tumor cells and tumor-infiltrating nerve fiber density characterized by
neurofilament-L (NF-L) and neurofilament-H (NF-H) staining, which mark newly formed
and mature nerve fibers respectively [32], in MAOA-OE primary tumor samples compared
with controls (Fig. 6e). Conversely, sShRNA-mediated stable silencing of MAOA in ARCaPy,
cells, a highly invasive and metastatic line with abundant levels of MAOA [18], suppressed
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prostate tumor growth, accompanied by lower Ki-67 and NF-L/NF-H expression in tumor
samples compared to controls (Figs. 6f—6h). In addition, IHC analysis demonstrated
declined staining of cleaved caspase 3, an apoptotic cell marker, and increased expression
levels of NGF, SEMA3C and phosphorylated cMET in MAOA-OE PC-3 tumor samples
compared to controls, with consistent observations further found in control and MAOA-
knockdown ARCaP), tumor samples (Figure 6i). These data provide /n vivo evidence that
MAOA enhances prostate tumor-nerve interaction, particularly tumor-related neurogenesis,
alongside tumor growth and progression.

Pharmacological inhibition of MAOA reduces PNI in vitro and tumor-associated
neurogenesis in vivo in PC

Considering the current clinical use of MAOA inhibitors, we sought to determine

whether pharmacological interference with MAOA effectively inhibits PNI and cancer-nerve
interaction in PC. We showed that treatment with clorgyline, a MAOA small-molecule
inhibitor, suppressed PNI of LNCaP and 22Rv1 cells when co-cultured with PC-12

cells (Fig. 7a). Using an orthotopic xenograft model, we found that clorgyline treatment
significantly slowed both 22Rv1 and ARCaP), prostate tumor growth in mice (Figs. 7b—7e).
Moreover, multiple QD labeling analysis demonstrated a decreased percentage of Ki-67
positivity reflecting tumor cell proliferation and NF-L/NF-H staining indicative of nerve
fiber density in clorgyline-treated prostate tumors compared to controls in both 22Rv1

and ARCaPy, tumors (Fig. 7f). Furthermore, clorgyline treatment led to increased levels

of cleaved caspase 3 and lower expression of NGF, SEMA3C and phosphorylated cMET
compared with controls, as revealed by IHC analysis of both 22Rv1 and ARCaP), xenograft
tumors (Fig. 79).

In summary, our preclinical studies suggest that the increased intrinsic expression of
MAOA associated with PNI promotes PNI of PC cells through a mechanism initiated by
Twist1-dependent transcriptional upregulation of SEMA3C, which subsequently interacts
with PlexinA2 and NRP1 to activate cMET in either an autocrine or a paracrine manner
(Fig. 7h). We further provide evidence for using MAOA inhibitors for potential therapeutic
targeting of neoplastic invasion of nerves and cancer-related neurogenesis in PC.

Discussion

PNI is a tropism of cancer cells toward surrounding nerves, after which cancer cells
demonstrate the ability to invade and track along nerves. PNI is correlated with disease
recurrence, metastasis and poor survival in multiple malignancies, including prostate,
pancreatic, head and neck, salivary and colon cancers. In contrast to cancer metastasis
through lymphatic or vascular conduits, PNI allows cancer cells to spread along nerve tracts
beyond the predicted anatomic borders of a primary tumor, often resulting in incomplete
surgical resection associated with elevated recurrence rates. Previously underrecognized,
PNI has been brought into focus by these notorious clinical facts, encouraging mechanistic
study of its pathogenesis in recent years [3]. PNI is an active rather than a passive

process occurring within all three layers of the nerve sheath (epineurium, perineurium

and endoneurium), suggesting that cancer cells actively communicate with nerves [3, 9].

Oncogene. Author manuscript; available in PMC 2021 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yin et al.

Page 7

Using /n vitro and in vivo models coupled with clinical samples, we showed that the

neural enzyme MAOA, which is highly induced throughout the PC disease trajectory as

we previously reported, additionally contributes to PC PNI through activation of class 3
semaphorin signaling and cMET. These findings expand our understanding of the regulatory
mechanisms for PNI and suggest a novel targeting pathway to interrupt this process. We
previously established MAOA'’s role promoting PC invasion and metastasis by activating
Twistl and associated paracrine Shh signaling in an intracardiac xenograft model, which
rapidly develops distant metastasis through the bloodstream, suggesting MAOA’s capability
to induce blood-borne metastasis in PC [17, 18]. Complementarily, our current study
demonstrated that MAOA is also able to increase the invasive and metastatic potential of
PC cells along nerves as an alternative route for cancer cell spreading using Twist1-directed
SEMA3C-cMET signaling as the major driving mechanism. Collectively, these studies
reinforce MAOA’s supportive action in PC invasion and metastasis, which is likely to be
mediated by different molecular signaling depending on which metastatic route cancer cells
utilize in the microenvironmental context.

Like many other solid organs, the prostate is innervated by sensory and autonomic nerve
fibers, creating a favorable neural niche for nerves to communicate with cancer cells [22].
Indeed, a recent landmark study has demonstrated that autonomic nerve sprouting in prostate
tumors is essential and necessary for supporting PC development and progression across
nearly all phases in mouse models [33]. Intriguingly, PC also develops a neuronal phenotype
by starting to express neuronal genes and exhibit neurogenic properties during disease
progression, especially advanced, castration-resistant and metastatic stages [34], enhancing
the likelihood of reciprocal crosstalk between cancer cells and nerves. Of many emerging
neuronal genes relevant to PC, MAOA is a neural enzyme best known for degrading
monoamine neurotransmitters in the brain, including serotonin, norepinephrine, epinephrine
and dopamine [15]. A recent study has established that PC-nerve crosstalk invokes a
mechanism in which neurotransmitters released from the autonomic nervous system, such as
norepinephrine, elicit signaling cascades in cancer cells [33]. Thus, it would be interesting
to pursue whether and how MAOA modulates other aspects of cancer-nerve interactions
directly through its innate enzymatic nature, in addition to the mechanism we demonstrated
here.

Our findings revealed that class 3 semaphorin signaling, particularly SEMA3C, PlexinA2
and NRP1 that may form a ternary complex, functionally mediates MAOA’s action on

PC PNI. The class 3 semaphorin signaling molecule family genes were initially identified
as evolutionarily conserved axon guidance cues that instruct the assembly of the neural
circuity [13, 35]. Recent studies have shifted research interests in these molecules to the
area of cancer research, demonstrating their previously unknown secretion by cancer cells
in multiple tumor types, including PC, which supports the theory that PNI may result

from cancer-initiated stimulation of axonogenesis or neurogenesis [36]. Despite the more
frequent association of semaphorins and plexins with axonal guidance as repulsion signals,
semaphorin-plexin interactions can be switched to an attraction mode depending on the
context, for instance in the presence of neuropilins [13, 37]. Since we show that SEMAS3C,
PlexinA2 and NRP1 are all expressed in PC cells, it is plausible that the autocrine or
paracrine signaling involving these proteins in PC cells influences PNI. However, we could
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not rule out the possibility that nerves also express these ligand/receptors for dynamic
interaction with cancer cells and added perineural invasive potential, which warrants further
investigation.

Seeking to uncover how MAOA induces SEMA3C, we demonstrated that Twist1 directly
interacts with the SEMA3C promoter for transcriptional activation. Twistl is a master
mediator of MAOA function in PC, controlling the expression of different downstream
genes at the transcriptional level, including repressing E-cadherin to promote epithelial-
mesenchymal transition and activating Shh and IL-6 to facilitate tumor-stromal cell
interactions [17, 18, 38]. Intriguingly, Shh has been found to induce semaphorin signaling
response in axon guidance [39], which coincides with our recent findings on Twistl
activation of Shh in PC cells [18], further supporting the notion that Twist1 induces
SEMAZC as we elucidated above. In a parallel comparison, we revealed that SEMA3C

is inductive to both MAOA and AR to a similar extent in PC cells. Coincidentally, Twistl
was shown to be upregulated by androgen via two AR-regulated transcription factors, ETV1
and NKX3-1, and disruption of AR expression or activity abolishes Twistl expression

in PC cells [40, 41]. Although Tam et al. reported that AR transcriptionally activates
SEMAQSC through an androgen response element within the SEMA3C locus further in a
GATA2-dependent manner [26], we argue for another possible scenario where AR indirectly
activates SEMA3C via Twist1. On the other hand, a recent study indicated the capability

of the MAOA inhibitor clorgyline to decrease AR expression in PC cells [42], which led

us to reason that AR may also aid in MAOA induction of Twistl. These mechanistic
possibilities interwinding MAOA, AR and Twistl for SEMA3C gene regulation merit
additional exploration.

CcMET is emerging as a key regulator of a metastasis-promoting phenotype in multiple
malignancies, including PC. cMET has actions in the neuronal system and in PC, but its
possible role in regulating crosstalk between nerves and PC cells is not clear. cMET, a

RTK, binds HGF, and following dimerization and autophosphorylation it drives cancer cell
proliferation, survival, matility and invasion. Specifically, cMET overexpression is rare in
primary tumors but observed in a high portion of metastatic PC lesions, which has led to
several clinical trials testing the validity of cMET as a candidate for targeted therapeutic
intervention in metastatic PC [43, 44]. Aside from well-characterized roles of cMET in
cancer spreading, cMET is also implicated in neuronal contexts. For example, cMET
through its ligand HGF promotes peripheral nerve regeneration by activating Schwann
cell-mediated nerve repair, suggesting HGF gene transfer or cMET agonists as a potential
option for treating peripheral neuropathy [45]. cMET also synergizes with CNTF to enhance
motor neuron survival [46]. These favorable neural features may explain why cMET dictates
a PNI-promating role in PC. We demonstrated the capability of cMET to physically interact
with PlexinA2 and NRP1, a mechanism conferring cMET activation, in PC cells primed for
PNI, which is mirrored by recent evidence pointing out direct binding of cMET to PlexinB1
in the castration- and enzalutamide-resistant states in PC [27]. These results indicate a
context-dependent switch of cMET affinity with different plexins, which is likely under the
control of versatile upstream signal inputs related to disease phenotype.
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In conclusion, we identified the active role of MAOA-Twist1-SEMA3C/PlexinA2/NRP1-
cMET signaling in PC perineural invasion and infiltration. These findings contribute to a
better understanding of the molecular events underlying PNI and also provide insights into
developing future PNI-specific therapeutic strategies to improve clinical outcomes.

Materials and Methods

Clinical specimens

The PC clinical tissue samples for MAQOA evaluation were assembled from TMAs PR483c,
PR808a and PR809 containing a total of 113 cases of primary prostate adenocarcinoma with
single or duplicate cores and 1.5 mm diameter size, which were obtained from US Biomax,
and archived single tissue section slides including 3 cases of PNI-positive primary prostate
adenocarcinoma obtained from the Biobank of West China Hospital.

Cell lines and cell culture

Human PC PC-3, LNCaP, 22Rv1, rat adrenal pheochromocytoma PC-12 and human
embryonic kidney 293T cell lines were obtained from American Type Culture Collection.
The human PC LAPC4 cell line was kindly provided by Michael Freeman (Cedars-Sinai
Medical Center). The human PC ARCaPy, cell line was kindly provided by Leland W.K.
Chung (Cedars-Sinai Medical Center). The immortalized rat dorsal root ganglion sensory
neuronal 50B11 cell line was kindly provided by Ahmet Hoke (Johns Hopkins University).
All cells were regularly tested for Mycoplasma by the MycoProbe Mycoplasma Detection
kit (R&D Systems) and used with the number of cell passages below 10. The PC-3 cell
line was authenticated by STR profiling (Genetica) in August 2019. The ARCaP), cell
line was cultured in T medium supplemented with 10% FBS (Atlanta Biologicals) and
1% penicillin/streptomycin (P/S, Corning). The PC-12 and 293T cell lines were cultured
in DMEM medium supplemented with 10% FBS and 1% P/S. The 50B11 cell line was
cultured as described previously [21]. The other human PC cell lines were cultured in
RPMI-1640 medium (Corning) supplemented with 10% FBS and 1% P/S.

Perineural invasion assay

A 3D cancer-nerve cell co-culture model was established following a published protocol
[47] with minor modifications. Briefly, the PC-12 or 50B11 cells were seeded ina 2 l

drop of growth factor-reduced Matrigel (BD Biosciences, 2 x 10* cells/drop), which were
treated by recombinant NGF protein (100 ng/ml, 4 days) or forskolin (75 uM, 24 hrs)
respectively to allow cell differentiation into a neuronal phenotype with neurite outgrowth.
Subsequently, PC cells were labeled with 25 pM fluorescent CellTracker Green CMFDA
(GeneCopoeia) for 1 hr at 37°C and seeded (1.2 x 10° cells/drop) to surround the Matrigel
for co-culture with differentiated neuronal or neuronal-like cells for 4 days. A culture of PC
cells surrounding a 2 pl drop of blank Matrigel under the same experimental conditions was
performed in parallel for monitoring autonomous cancer cell invasion. At the experimental
endpoints, the media were removed, and the Matrigel was washed by PBS 3 times and
subjected to fluorescence image acquisition by a Leica DM IL microscope equipped with

a MC190 HD camera. Nerve-invading PC cells were defined as fluorescent cancer cells in
association with Matrigel-embedded neurites. The PNI extent of PC cells was calculated
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by the fluorescence signal generated from the neurite-bearing Matrigel in cancer-nerve cell
co-culture after subtraction of the fluorescence signal generated from the blank Matrigel in
parallel cancer cell culture alone by ImageJ software.

Animal studies

All animal studies received prior approval from the Cedars-Sinai Medical Center IACUC
and complied with IACUC recommendations. Male 4- to 6-week-old SCID mice were
purchased from Taconic, housed in the animal facility at Cedars-Sinai Medical Center,

and fed a normal chow diet. For determining MAOA’s effect on tumor-nerve interactions
alongside tumor growth and progression, 1 x 108 luciferase-tagged PC-3 or ARCaPy cells
subjected to different manipulations of MAOA levels were mixed 1:1 with Matrigel (BD
Biosciences) and injected into the dorsolateral lobe of the prostate in mice. Tumor growth
and progression was monitored by BLI with a Xenogen IVIS Spectrum Imaging System
(PerkinElmer) weekly after injection. Distant metastases were confirmed by necropsy and ex
vivo BLI imaging at sacrifice. For determining the effect of clorgyline on disrupting tumor-
nerve interactions /7 vivo, 1 x 108 luciferase-tagged ARCaPy or 22Rv1 cells were injected
intraprostatically into mice. Mice were randomly assigned to two groups for treatment
with vehicle or clorgyline based on BLI signals in prostates 1 week after tumor injection.
Daily intraperitoneal injection of clorgyline (10 mg/kg) was given for 5 weeks, with saline
injection for the control group. BLI signal data were acquired after background subtraction
and analyzed by Living Image software (PerkinElmer).

Statistics

Data were presented as the mean = SEM as indicated in figure legends. Comparisons were
analyzed by unpaired 2-tailed Student’s ftest. Correlations were determined by Pearson
correlation using GraphPad Prism 7. A pvalue less than 0.05 was considered statistically
significant. Sample size as indicated in the corresponding text and/or figure legends were
chosen based on the power to detect significant differences (p<0.05) between either control
versus experimental groups, control versus MAOA-OE/-KD tumor inoculated mice, or
vehicle-treated versus clorgyline-treated mice. The investigators were not blinded to the
group allocation and outcome assessment during the experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Elevated MAOA expression is associated with PNI in PC. a IHC images of MAOA
expression in tumors that invade nerves (N) in 2 representative PNI-positive PC patient
samples. Scale bars: 20 um. b Quantification of MAQOA expression in a cohort of clinical
PC tissue samples categorized by PNI positivity (PNI~, 7=104; PNI*, 7/=12). ¢ IHC images
of MAOA expression in cancerous areas distal from (PNI™) or adjacent to (PNI*) cancer-
invading perineural space from a representative PNI-positive patient sample. Scale bars: 20
um. d Quantification of MAOA expression in cancerous areas in the absence or presence of
PNI from 12 PNI-positive patient samples of the cohort described in (b). Average cell-based
IHC staining intensity was analyzed by HALO software for making comparisons in (b) and
(d). Data represent the mean + SEM. *p<0.05.
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Fig. 2.

M?AOA promotes PNI of PC cells in cancer-nerve cell co-cultures. a, c Western blot analysis
of MAOA protein expression in control and MAOA-OE PC-3 (a) or LAPCA4 (c) cells.

b, d Quantification of PNI of control and MAOA-OE PC-3 (b, 7/=4-8) or LAPC4 (d,

n=4) cells in co-cultures with PC-12 or 50B11 cells by fluorescence measurement. Cancer
cell invasion in the control group was set as 1. Representative images of fluorescence
dye-labeled cancer cells that invaded nerve cells from each group are shown. Scale bars:

50 um. e, g Western blot analysis of MAOA protein expression in control (shCon) and
MAOA-knockdown (shMAOA) LNCaP (e) or 22Rv1 (g) cells. f, h Quantification of PNI of
control and MAOA-knockdown LNCaP (f, 7=5-8) or 22Rv1 (h, n/=5-8) cells in co-cultures
with PC-12 or 50B11 cells by fluorescence measurement. Cancer cell invasion in the control
group was set as 1. Representative images of fluorescent cancer cells that invaded nerve cells
from each group are shown. Scale bars: 50 um. Data represent the mean £ SEM. *p<0.05,
**p<0.01.
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Fig. 3.

MAOA induces PNI of PC cells through activation of class 3 semaphorin signaling. a
Quantification of NGF protein secretion in conditioned media of control and MAOA-OE
PC-3 cells by ELISA (7=3). b Heatmap depicting the class 3 semaphorin family gene levels
in control and MAOA-OE PC-3 cells by RT-gPCR (/=3 with averages used for plots).

¢ Western blot analysis of SEMA3C, PlexinA2 and NRP1 protein expression in control
and MAOA-OE PC-3 cells. d Quantification of SEMAS3C, PlexinA2and NRPI mRNA
levels in control and MAOA-knockdown LNCaP and 22Rv1 cells by RT-gPCR (/7=3). e
Co-expression correlation analysis of MAOA and SEMA3C in a PC TMA (/7=40) by IHC.
Average cell-based staining intensity counts for each protein were analyzed by inForm
software to assess co-expression correlation. Images show individual protein staining in a
representative tumor area of a low- or high-expression patient sample. Scale bars: 20 um.

f Quantification of PNI of control and MAOA-OE PC-3 cells transfected with or without
SEMAS3C, PlexinAZ or NRPI siRNAs when co-cultured with PC-12 or 50B11 cells by
fluorescence measurement (/7=8). Cancer cell invasion in the control group was set as 1.
Representative images of fluorescent cancer cells that invaded nerve cells from each group
are shown. Scale bars: 50 um. Data represent the mean £ SEM. *p<0.05, **p<0.01.
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Fig. 4.

The SEMA3C/PlexnA2/NRP1 triad mediates MAOA’s effect on PNI of PC cells in a cMET-
dependent manner. a Western blot analysis of phospho-cMET and total cMET in control
and MAOA-OE PC-3 cells. b Western blot analysis of phospho-cMET and total cMET

in control and MAOA-OE PC-3 cells with or without transfection of SEMAS3C, PlexinA2
or NRPIsiRNAs. ¢ Quantification of PlexinA2-cMET and NRP1-cMET interactions by
per-cell cytoplasmic fluorescence signal intensity in control, MAOA-OE and MAOA-OE/
siRNA-based SEMA3C-knockdown PC-3 cells (PlexinA2-cMET: 7=128, 161 and 177

cells for control, MAOA-OE and MAOA-OE/SEMA3C-knockdown groups respectively;
NRP1-cMET: n=171, 73 and 151 cells for control, MAOA-OE and MAOA-OE/SEMA3C-
knockdown groups respectively). Representative fluorescence images in each group from
proximity ligation assays are shown. Scale bars: 50 pm. d Quantification of PNI of control
and MAOA-OE PC-3 cells transfected with or without SEMA3C and/or cMET siRNAs
when co-cultured with PC-12 or 50B11 cells by fluorescence measurement (/7=6-8). Cancer
cell invasion in the control group was set as 1. Representative images of fluorescent cancer
cells that invaded nerve cells from each group are shown. Scale bars: 50 pm. Data represent
the mean £ SEM. *p<0.05, **p<0.01; ns, not significant.
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Fig. 5.

M?AOA activates SEMAS3C directly through Twistl in PC cells. a Western blot analysis of
Twistl, SEMAS3C, phospho-cMET and total cMET in control, MAOA-OE and MAOA-OE/
siRNA-mediated Twist1-knockdown PC-3 cells. b Western blot analysis of Twistl and
SEMAZC in control and Twist1l-manipulated PC-3 cells. ¢ RT-gPCR analysis of SEMA3C
mMRNA levels in control, MAOA-OE and MAOA-OE/Twist1-knockdown PC-3 cells (7=3). d
Determination of SEMAS3C 1.5-kb promoter activity in control, MAOA-OE and MAOA-OE/
Twistl-knockdown PC-3 cells (/7=3). e Genomic browser representation of H3K27ac and
Twistl binding in human neuroblastoma BE(2)C cells from GSE80151 in the proximal
region of SEMA3C promoter that harbors a Twist1-binding sequence. f ChIP-gPCR analysis
of control and MAOA-OE PC-3 cells immunoprecipitated by anti-Twist1 antibody or

1gG followed by qPCR using 2 primers sets targeting the Twist1-binding sequence in
SEMAS3C promoter and SEMAS3C exon 2. Data represent the percentage of input (7=3).

g Quantification of PNI of control and MAOA-QOE PC-3 cells transfected with or without
Twist siRNA when co-cultured with PC-12 or 50B11 cells by fluorescence measurement
(m=6-8). Cancer cell invasion in the control group was set as 1. Representative images of
fluorescent cancer cells that invaded nerve cells from each group are shown. Scale bars: 50
pum. Data represent the mean = SEM. *p<0.05, **p<0.01.
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M?AOA enhances tumor innervation during prostate tumor growth and progression in mice.
a Growth curves of luciferase-tagged control and MAOA-OE PC-3 cells implanted into
the prostates of mice by weekly BLI monitoring (/7=7 mice per group). b BLI images

of a representative mouse from each group in (a). ¢ Quantification of distant metastatic
foci per mouse from each group in (a) (7=7). d BLI images of a representative mouse
developing distant metastasis in MAOA-OE PC-3 cell group. Both whole-body /7 vivo (i)
and organ-specific ex vivo (ii, prostate tumor; iii, lung metastasis) images are shown. BLI
scales: i, 8 x 104-1 x 108; ii and iii, 1 x 1062 x 107. e Quantification of Ki-67, NF-L and
NF-H per-cell staining intensity in control and MAOA-OE orthotopic xenograft tumors by
multiplexed QD labeling (/7=3). A representative multiplexed QD labeling image of Ki-67
(pink), NF-L (green) and NF-H (red) in a PC-3 control xenograft prostate tumor is shown.
Scale bars: 5 um. f Growth curves of luciferase-tagged control (shCon) and shRNA-mediates
stable MAOA-knockdown (sShMAOA) ARCaP), cells implanted into the prostates of mice
by weekly BLI monitoring (/=6 mice per group). g BLI images of a representative mouse
from each group in (f). h Quantification of Ki-67, NF-L and NF-H per-cell staining intensity
in control and MAOA-knockdown ARCaP), orthotopic xenograft tumors by multiplexed
QD labeling (7=3). i Representative IHC images of cleaved caspase 3 (c-caspase 3), NGF,
SEMA3C and phospho-cMET in orthotopic xenograft tumors from (a) and (f). Scale bars:
20 um. Data represent the mean = SEM. *p<0.05, **p<0.01.
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Fig. 7.

Pharmacological inhibition of MAOA reduces PNI and tumor infiltration by nerves in

PC. a Quantification of PNI of LNCaP and 22Rv1 cells treated with vehicle (PBS, Veh)

or clorgyline (Clg, 1 uM, 4 days) when co-cultured with PC-12 cells by fluorescence
measurement (/=4). Cancer cell invasion in the control group was set as 1. Representative
images of fluorescent cancer cells that invaded nerve cells from each group are shown.

Scale bars: 50 um. b BLI monitoring growth of luciferase-tagged ARCaP, cells implanted
into the prostates of mice followed by saline (MVeh) or clorgyline (10 mg/kg, i.p., daily)
treatment one week after tumor cell injection (/=7 mice per group). ¢ BLI images of a
representative mouse from each group in (b). d BLI monitoring growth of luciferase-tagged
22Rv1 cells implanted into the prostates of mice followed by saline (\eh) or clorgyline (10
mg/Kkg, i.p., daily) treatment one week after tumor cell injection (/7=7-8 mice per group).

e BLI images of a representative mouse from each group in (d). f Quantification of Ki-67,
NF-L and NF-H per-cell staining intensity in control and clorgyline-treated ARCaP), and
22Rv1 orthotopic xenograft tumors by multiplexed QD labeling (7=3). g Representative IHC
images of c-caspase 3, NGF, SEMA3C and phospho-cMET in orthotopic xenograft tumors
from (b) and (d). Scale bars: 20 um. h Schematic depicting the mechanism by which MAOA
promotes PNI of PC cells where MAOA upregulates SEMA3C in a Twist1-dependent
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transcriptional manner, which in turn via autocrine or paracrine interaction with coactivated
PlexinA2 and NRP1 to stimulate cMET to promote PNI. Data represent the mean £ SEM.
*p<0.05, **p<0.01.
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