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CANCER

Stromal-derived MAOB promotes prostate cancer

growth and progression

Tianjie Pu', Jing Wang't, Jing Wei', Alan Zeng?, Jinglong Zhang'#, Jingrui Chen', Lijuan Yin§,
Jingjing Li'1, Tzu-Ping Lin*?, Jonathan Melamed®#, Eva Corey’, Allen C. Gao®, Boyang Jason Wu'*

Prostate cancer (PC) develops in a microenvironment where the stromal cells modulate adjacent tumor growth
and progression. Here, we demonstrated elevated levels of monoamine oxidase B (MAOB), a mitochondrial
enzyme that degrades biogenic and dietary monoamines, in human PC stroma, which was associated with poor
clinical outcomes of PC patients. Knockdown or overexpression of MAOB in human prostate stromal fibroblasts

Copyright © 2024 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

indicated that MAOB promotes cocultured PC cell proliferation, migration, and invasion and co-inoculated pros-
tate tumor growth in mice. Mechanistically, MAOB induces a reactive stroma with activated marker expression,
increased extracellular matrix remodeling, and acquisition of a protumorigenic phenotype through enhanced
production of reactive oxygen species. Moreover, MAOB transcriptionally activates CXCL12 through Twist1 syner-
gizing with TGFB1-dependent Smads in prostate stroma, which stimulates tumor-expressed CXCR4-Src/JNK
signaling in a paracrine manner. Pharmacological inhibition of stromal MAOB restricted PC xenograft growth in
mice. Collectively, these findings characterize the contribution of MAOB to PC and suggest MAOB as a potential

stroma-based therapeutic target.

INTRODUCTION

Prostate cancer (PC) is the second most commonly diagnosed can-
cer and the fifth leading cause of cancer death in men worldwide (I).
Although PC is widely considered to arise by stepwise accumulation
of genetic and epigenetic alterations within the epithelial compo-
nent of the prostatic gland, the surrounding stroma is increasingly
recognized as a key contributor to carcinogenesis and cancer pro-
gression, including the development of castration-resistant and neu-
roendocrine (NE) phenotypes and loss of therapeutic responsiveness
(2-4). Induced stromal activation during the tumorigenic process
promotes the transformation and growth of epithelial tumor cells.
Reprogramming reactive stromal cells, especially cancer-associated
fibroblasts (CAFs), the predominant cell type within the tumor
microenvironment, has proven feasible for normalizing tumor cells
and hampering tumor progression in many experimental cancer
models, including PC (5, 6). Despite the therapeutic potential of
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stroma-based interventions, most current PC therapies focus on
tumor cells, resulting in modest to no effectiveness at prolonging the
survival of patients with advanced relapsed PC, underscoring the
need to develop better strategies targeting stromal cells to comple-
ment tumor cell-focused therapies for improved disease control.

Stromal-epithelial interactions dictate PC development and pro-
gression via cross-talk, mediated primarily through a wide variety of
paracrine signaling molecules from stromal cells to enable epithelial
tumor cell acquisition of aggressive properties (7). For example,
transforming growth factor p (TGFp) signaling has been shown to
play a critical regulatory role in stromal-epithelial interactions during
PC tumorigenesis by inducing normal-to-reactive stromal transi-
tion and maintaining the protumorigenic status of the remodeled
stroma (8). CAFs, the most abundant stromal cell population within
the tumor microenvironment, are a fundamental source of a com-
plex set of growth factors, cytokines, and chemokines that create a
proinflammatory and protumorigenic microenvironment potenti-
ating the malignant behavior of tumor cells. Examples of soluble
factors enriched in and released by prostatic CAFs include TGFp,
fibroblast growth factor 10 (FGF10), interleukin-6 (IL-6), C-X-C
motif chemokine ligand 12 (CXCL12), and growth differentiation
factor 15 (GDF15), which stimulate adjacent tumor growth and
invasion (8-11).

Monoamine oxidases, with two isoforms (MAOA and MAOB),
are a pair of mitochondrial outer membrane-bound enzymes that
break down a number of biogenic and dietary amines, including
monoamine neurotransmitters, and generate hydrogen peroxide
(H,03), a reactive oxygen species (ROS), as a byproduct. These
isoenzymes differ in cell- and tissue-specific distribution, substrate
preference, and inhibitor specificity. By regulating the levels of
monoamine neurotransmitters, such as serotonin and dopamine,
MAO enzymes contribute to modulation of mood, behavior, and
cognition in humans. The small-molecule MAO inhibitors, used ei-
ther selectively against individual enzymes or nonselectively against
both enzymes, are currently in clinical use for treating neurological
disorders such as depression (12, 13). Beyond their brain functions,
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we and others previously demonstrated that MAOA expressed in PC
tumor epithelial cells and associated stromal cells is up-regulated
throughout the disease course and plays an essential role mediating
PC tumorigenesis, growth, progression, and metastasis (14-16).
However, the function and clinical relevance of MAOB in PC remain
unclear. Here, we address the role of MAOB in the stromal fibro-
blasts in PC pathogenesis and progression.

RESULTS

MAOB expression levels are elevated in PC stroma

To seek initial evidence of MAOB’s role in PC, we assessed MAOB
protein levels in a commercial tissue microarray (TMA) from US
Biomax, including primary human PC (n = 97) and normal human
prostate tissues (n = 12), by immunohistochemistry (IHC). We
found higher MAOB expression in stromal cells compared to adja-
cent epithelial cells in cancerous tissues (fig. SIA), where the stroma
was recognized as a cell population expressing o smooth muscle
actin (aSMA; encoded by ACTA2) as stained on a separate serial
section of TMA by IHC. In contrast to decreased MAOB expression
in the epithelial cells of cancerous relative to normal prostate tissues
(fig. S1B), we found elevated levels of both MAOB and aSMA in
tumor-associated stroma compared to normal prostate stroma
(Fig. 1A). We also costained the TMA for MAOB and aSMA by
immunofluorescence (IF) and confirmed increased MAOB expres-
sion in the aSMA™ cells of tumor versus normal tissues (fig. S1C).
On the basis of these findings, we speculated that the higher MAOB
expression in the tumor stroma is more likely to have an effect in PC
compared to MAOB expressed in the epithelium, leading us to focus
on stromal MAOB’s role in PC in this study. Next, we assessed the
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association of stromal MAOB with PC progression using TMAs
from two independent cohorts [US Biomax and New York Univer-
sity (NYU)], where tumor samples were categorized on the basis of
high Gleason scores (GS 7 to 10) versus low Gleason scores (GS 4 to
6). IHC analysis of MAOB and aSMA in serial sections of individu-
al TMAs revealed increased expression of MAOB and aSMA in the
aSMA™ tumor stroma upon progression to aggressive, poorly
differentiated high-grade stage PC in both cohorts (Fig. 1, B and C).
Costaining the US Biomax TMA with MAOB and aSMA by IF also
demonstrated up-regulated MAOB expression in the aSMA™
stromal cells of high- versus low-GS PC, accompanied by a positive
correlation between MAOB and aSMA expression in the aSMA™
stroma (fig. S1D).

To further compare the expression patterns of MAOA and
MAOB in PC epithelial and stromal cells, we performed a co-IF
assay to simultaneously visualize both MAOs in the US Biomax
TMA. We demonstrated a higher level of MAOA than MAOB in
epithelial tumor cells and a greater abundance of MAOB than
MAOA in stromal cells. Moreover, MAOA had increased expression
in tumor cells relative to stromal cells, while MAOB was more
present in stromal cells than tumor cells (fig. S2A). In contrast to the
elevated expression of MAOA in the tumor cells of high- versus
low-GS PC, which recapitulated the previous findings from others
and us (14, 15), MAOB expression in tumor cells was not altered by
GSs. On the other hand, both MAOA and MAOB demonstrated
higher expression levels in the stromal cells of high- versus low-
GS PC, which was consistent with the above and our previously
reported findings (fig. S2B) (16). Given recent studies indicating
gene expression and phenotypic and functional heterogeneities in
CAFs (17, 18), we also examined the expression patterns of MAOA
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Fig. 1. MAOB levels are elevated in the stroma of human PC. (A) Representative images and quantitation of MAOB and aSMA IHC staining in the stroma of normal
prostates (n = 12) and PC (n = 97) from a US Biomax TMA. Scale bars, 50 pm. (B) Representative images and quantitation of MAOB and aSMA IHC staining in the stroma
along with PC progression categorized by low GS (4 to 6, n = 18) and high GS (7 to 10, n = 79) from the TMA in (A). Scale bars, 50 pm. (C) Representative images and quan-
titation of MAOB and aSMA IHC staining in the stroma along with PC progression categorized by low GS (n = 70) and high GS (n = 125) from the NYU TMA. Scale bars,
50 pm. (D) Western blot of MAOB and its quantitation from three independent blots of three matched pairs of PC patient—derived fibroblasts, normal prostate fibroblasts
(PNFs), and PC-associated fibroblasts (PCFs). (E) Western blot of MAOB in NPFs and CAFs derived from WT mouse prostates and Pten-KO mouse prostate tumors, respec-
tively. Statistical analysis was performed using unpaired Student’s t test. Data represent means + SEM. *P < 0.05, **P < 0.01.
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and MAOB in different CAF subsets. To this end, we collected
single-cell RNA sequencing (RNA-seq) data for 13 primary PC
samples and 6 castration-resistant PC (CRPC) samples from two
public datasets (GSE141445 and GSE137829). By distinguishing
1518 and 1144 fibroblast cells from the primary PC and CRPC
cohorts, respectively, as three well-established CAF subsets, includ-
ing myofibroblast-like CAF (myCAF), inflammatory CAF (iCAF),
and antigen-presenting CAF (apCAF), using corresponding bio-
markers (myCAF: ACTA2, RSG5, POSTN, and TAGLN; iCAF:
CCL2, CXCL12, and IL6; apCAF:CD74 and HLA-DRA) (17, 18), we
found that the fibroblasts from both primary PC and CRPC were
mainly composed of myCAFs with limited iCAFs and absent apCAFs
(fig. S2, C and D). Next, we assessed MAOA and MAOB levels in
individual CAF subsets from a small portion of fibroblast cells with
detectable MAOA and/or MAOB transcripts, up to 119 and 106 cells
from primary PC and CRPC, respectively. MAOA expression had
no significant changes between myCAFs and iCAFs of both primary
PC and CRPC. MAOB expression remained invariable between
myCAFs and iCAFs of primary PC but was up-regulated in iCAFs
relative to myCAFs of CRPC (fig. S2E).

Examining three matched pairs of PC patient-derived primary
fibroblasts as established and characterized in a prior report (19), we
demonstrated 58 to 128% higher MAOB protein levels, increases
with statistical significance, in CAFs (PCF1, PCF2, and PCF3) com-
pared to their counterparts, adjacent normal prostate-associated
fibroblasts (PNF1, PNF2, and PNF3) (Fig. 1D). We also revealed up-
regulated MAOB protein expression in mouse CAFs from prostate

tumors developed in prostate-specific Pten-knockout (KO) mice
compared to normal prostate fibroblasts (NPFs) from wild-type
(WT) mice (Fig. 1E). We then examined MAOB response to select
well-established activating signals for CAF generation and activa-
tion, as exemplified by inflammatory modulators, which are released
from tumor cells including PC cells during tumor-stroma coevolu-
tion (18, 20-23). We demonstrated induction of MAOB and select
CAF markers [fibroblast activation protein (FAP) and vimentin
(VIM)] at the mRNA level upon treatment with tumor necrosis
factor a (TNFa) and IL-6 but not IL-1a in normal human prostate
fibroblast prostate stromal cells (PrSC) cells (fig. S1E). These data
provided clues for potential upstream cues and signaling mecha-
nisms [e.g., TNFa-nuclear factor kB (NF-«B) and IL-6-signal
transducer and activator of transcription 3 (STAT3)] for MAOB
up-regulation in CAFs, which merits additional investigation.
Collectively, these results suggested the potential association of
stromal MAOB with PC tumorigenesis and progression.

Up-regulated MAOB levels in the stroma are associated with
worse clinical outcomes in PC

To determine the association of stromal MAOB with additional
clinical indicators along the disease trajectory, we first examined
stromal MAOB protein expression in a tissue panel including
hormone-naive PC (HNPC) and CRPC by IHC and found higher
MAOB levels in the stroma of CRPC (n = 16) relative to HNPC
(n=38) (Fig. 2A). NE differentiation has been shown to emerge and
expand along disease progression toward high-grade and high-stage
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Fig. 2. MAOB up-regulation in the tumor stroma is associated with worse clinical outcomes in PC patients. (A) Representative images and quantitation of MAOB IHC
staining in the stroma of hormone-naive (HNPC, n = 38) and castration-resistant (CRPC, n = 16) PCs. Scale bars, 50 pm. (B) Representative images and corresponding
Pearson’s correlation analysis of stromal MAOB and adjacent epithelial CHGA expression from the CRPC cohort (n = 16) in (A). Scale bars, 100 pm. (C) Western blot of MAOB
in PrSC and PCF2 cells upon ENZ treatment (20 pM) at indicated times. (D and E) Kaplan-Meier recurrence-free (D, n = 195) and cancer-specific (E, n = 161) survival curves
of PC patients from the NYU cohort with either low or high stromal MAOB protein levels. (F) Kaplan-Meier recurrence-free survival curves of BC patients from GSE9014
with either low or high MAOB mRNA levels in the tumor stroma. Statistical analysis was performed using unpaired Student’s t test in (A) and log-rank test in (D) to (F). Data

represent means + SEM. **P < 0.01.
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PC tumors, particularly upon androgen deprivation therapy as a
treatment-induced response, which correlates with adverse clinical
outcomes (24, 25). Using the NE marker chromogranin A (CHGA)
for assessing the extent of NE differentiation in CRPC tumors, we
found a positive correlation between stromal MAOB and adjacent
tumor CHGA protein expression in CRPC samples (Pearson’s
r=0.57, P=0.02, n = 16) (Fig. 2B). To consolidate this finding in
a different cohort with additional NE markers, we demonstrated a
positive relationship of protein levels between stromal MAOB and
two NE markers (CHGA and SYP) in adjacent tumor cells in a
human primary PC TMA (n = 40) including high-grade PC by
multiplex IF staining (CHGA: Pearson’s r = 0.49, P = 0.001; SYP:
Pearson’s r = 0.90, P < 0.001) (fig. S3A). To recapitulate these find-
ings in vitro, we determined whether cancer cell-focused anti-
androgen receptor (AR) therapy has a direct effect on stromal
MAOB. To this end, we treated AR-expressing PrSC and PCF2 cells
(26) with enzalutamide (ENZ), an AR inhibitor used clinically for
CRPC management and able to induce a NE phenotype (27). Sys-
temic administration of ENZ is considered to also modulate the
stromal AR signaling that plays a role in PC tumorigenesis and pro-
gression as reported previously (28, 29). PCF2 was selected as a
representative primary human prostatic CAF cell line, which had
the utmost MAOB up-regulation compared to its normal counter-
part among three fibroblast pairs (Fig. 1D). We showed that ENZ
time-dependently increased MAOB protein expression in both
PrSC and PCF2 cells (Fig. 2C), suggesting that MAOB up-regulation
may be a stromal response to anti-AR therapy in PC. We also
demonstrated that ENZ enhanced MAOB mRNA level in PrSC cells,
but we did not identify any obvious AR-binding peaks at the MAOB
gene locus by interrogating existing AR chromatin immunopre-
cipitation (ChIP) sequencing data obtained in human prostate
fibroblast cells (GSE90772) (fig. S3, B and C). These data suggested
that AR is likely to regulate MAOB expression indirectly in stromal
fibroblasts, which warrants further investigation.

Correlating stromal MAOB protein levels with clinical attribute
data procured from the NYU cohort, we further demonstrated that
high-stromal MAOB patients had significantly greater incidence of
recurrence (log-rank P < 0.01) and shorter cancer-specific survival
times (log-rank P < 0.05) compared to low-stromal MAOB patients
(Fig. 2, D and E). In contrast, tumor epithelial MAOB expression
was not found to be associated with disease recurrence and survival
in the same cohort (fig. S3, D and E). We also interrogated a breast
cancer (BC) clinical dataset (GSE9014) and found that BC patients
with high stromal MAOB mRNA expression had a significantly
greater incidence of recurrence (log-rank P < 0.05) compared to
those with low expression (Fig. 2F). Together, these data indicated
the clinical relevance and importance of stromal MAOB in PC.

Stromal MAOB promotes PC cell proliferation, invasion, and
tumor growth

To test whether stromal MAOB influences PC cell behavior and
associated properties, we first stably overexpressed or knocked
down MAOB in PrSC cells proven suitable for use to investigate
stromal-epithelial cell interactions in PC based on prior reports
including ours (16, 30, 31) (Fig. 3A). Parallel stable introduction of
an empty vector or a scrambled short hairpin RNA (shRNA) into
PrSC cells as controls did not alter endogenous MAOB expression
as compared to parental cells (fig. S4A). To determine the role of
MAOB silencing in normal stroma, we performed a series of cell
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health assays with PrSC and PNF1 cells, where PNF1 was selected
as a representative primary normal fibroblast cell line. With compa-
rable MAOB levels expressed between PrSC and PNF cells (fig. S4B),
we found that knocking down MAOB caused no toxicity to PrSC
and PNF1 cells, with negligible changes in cell cycle and cell via-
bility, proliferation, and apoptosis (fig. S4, C to G). We set up a two-
dimensional (2D) cell coculture model growing PC cells expressing
luciferase (Luc) or a fluorescence protein over a monolayer of fibro-
blast cells. A panel of aggressive human PC cell lines with different
AR status and ENZ responsiveness was selected for cocultures,
including C4-2 (AR-positive CRPC), PC-3 (AR-negative CRPC),
DU145 (AR-negative CRPC), and C4-2B**® [ AR-indifferent ENZ-
resistant CRPC with acquired NE traits (32, 33)]. Coculturing
different PC cells with PrSC cells, we showed up to a 6.3-fold
increase or 79% decrease in cancer cells when MAOB overexpres-
sion (OE) or knockdown (KD) was executed, respectively, in PrSC
cells compared to controls (Fig. 3, B and C). Treating PC cells
with conditioned media (CM) from control and MAOB-manipulated
PrSC cells corroborated these findings (Fig. 3D). Applying a 3D
organotypic cell coculture model validated in multiple types of can-
cer including PC (8, 34-36), we demonstrated increased or reduced
proliferation of PC-3 cells when cocultured with MAOB-OE or KD
human fibroblasts, respectively, compared to controls (Fig. 3E).
Consistent with the observations in human cell cultures, ablating
Maob in mouse CAFs also decreased proliferation of cocultured
mouse PC MPC3 and TRAMP-C2 cells compared to controls
(fig. S5, A and B). Moreover, we established a transwell-based cocul-
ture model with cancer cells added inside transwell inserts, while
fibroblast cells were seeded into the bottom of lower chambers, and
showed that OE or KD of MAOB in PrSC cells, respectively, en-
hanced or repressed the invasiveness of C4-2 and PC-3 cells com-
pared to controls (Fig. 3F). Complementing the shRNA-based stable
silencing approach, we generated and cocultured PrSC cells express-
ing a doxycycline (Dox)-inducible MAOB shRNA with PC cells and
demonstrated reduced proliferation and invasion of C4-2 and PC-3
cells in cocultures upon Dox stimulation for stromal depletion of
MAGOB (fig. S5, C to E). Furthermore, we enforced MAOB expres-
sion in three PNF cell lines, silenced MAOB in three PCF cell lines,
and revealed similar results in epithelial proliferation and invasion
from cell co-cultures (fig. S5, F to K). In addition, the growth of or-
ganoids derived from LuCaP 147CR and LuCaP 93 PC patient-
derived xenograft (PDX) tumors, which have castration-resistant
and NE features (37), was enhanced or repressed, respectively, upon
treatment with media conditioned by MAOB-OE PNF1 or MAOB-
KD PCF2 as representatives of primary fibroblasts compared to con-
trols (Fig. 3G).

Given the association of stromal MAOB with PC progression, as
seen in CRPC, we sought to examine stromal MAOB’s effect on anti-
AR therapy response, NE differentiation, and other established
mechanisms for therapy resistance. To this end, we first showed that
treatment with CM of MAOB-OE PrSC cells reduced ENZ efficacy
in C4-2 cells, while C4-2B*™“® cells had increased sensitivity to
ENZ in the presence of CM of MAOB-KD PrSC cells, compared to
controls (fig. S6A). Moreover, we found that treatment with MAOB-
OE PrSC CM induced a NE-like differentiated cell morphology with
increases in per-cell number of neurites and average neurite lengths,
accompanied by up-regulation of several NE markers (CHGA, SYP,
CD56, and NSE), in C4-2 and DU145 cells compared to controls
(fig. S6, B to D). In addition to triggering a NE phenotype, alternative
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Fig. 3. Stromal MAOB promotes PC cell proliferation, invasion, and tumor growth. (A) Western blot of MAOB in control and MAOB-OE/MAOB-KD PrSC fibroblasts. (B) Quantita-
tion of PC cells in 2D coculture with control and MAOB-manipulated PrSC cells by Luc assays (n = 3). (C) Representative fluorescence images and quantitation of green fluorescent
protein (GFP)—tagged PC-3 or red fluorescent protein (RFP)—tagged C4-2 cells in 2D coculture with control and MAOB-manipulated PrSC cells by fluorescence microscopy (n = 3).
Scale bars, 100 pm. (D) Quantitation of PC cells incubated with CM from control and MAOB-manipulated PrSC cells for 3 to 5 days (n = 3). (E) Quantitation of EpCAM* cancer epithe-
lium in 3D cocultures of PC-3 cells with control and MAOB-manipulated PrSC cells by flow cytometry (n = 3). (F) Representative images and quantitation of invasive PC cells in
transwell-based coculture with control and MAOB-manipulated PrSC cells (n = 3). Scale bars, 200 pm. (G) Representative fluorescence images and quantitation of LuCaP 147CR and
LuCaP 93 PC PDX—derived organoids after 14-day incubation with CM from control and MAOB-manipulated primary fibroblasts (n = 3). Scale bars, 50 or 800 um. (H) BLI-based
growth curves of subrenal capsule xenografts combining Luc-tagged C4-2 cells with control or MAOB-KD PrSC cells in male SCID mice (n = 5). (I) Representative anatomical images
of tumor-grown mouse kidneys from each group. Green dashed circles denote size of tumor outgrowth from renal capsules. (J) Tumor weights from each group (n = 5). (K) Repre-
sentative images of hematoxylin and eosin (H&E) and IHC staining of stromal (Str) MAOB and tumor (T) Ki-67, AR, and SYP and their quantitation in tumor samples from each group
(n=5). Scale bars, 10 pm. Statistical analysis was performed using unpaired Student’s t test for comparisons between two groups and one-way analysis of variance (ANOVA) with
Dunnett’s test for comparisons between three groups in (B) to (F), (G), (J), and (K), and two-way ANOVA with Sidak’s test in (H). Data represent means + SEM. *P < 0.05, **P < 0.01; ns,
not significant.
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mechanisms by which PC cells evade anti-AR therapy such as ENZ
have been reported, including promotion of AR variants/mutants
with constitutive activity, conversion to glucocorticoid receptor
(GR) dependence, induction of androgen biosynthetic and meta-
bolic pathways, and activation of master regulators driving lineage
plasticity toward a stemness and multilineage state without neces-
sarily involving a NE lineage (38-41). We demonstrated down-
regulated mRNA levels of AR variants, GR, androgen biosynthetic
and metabolic pathway genes, and master regulators and lineage
markers associated with multiple cell lineages (NE, basal, stemness
and multilineage, and mesenchymal) in C4-2B**® cells exposed
to MAOB-KD PrSC CM compared to controls (fig. S6E). Con-
versely, treating C4-2 cells with MAOB-OE PrSC CM resulted in the
opposite expression changes of these genes compared to controls
(fig. S6F). These data suggested that stromal MAOB may use diverse
mechanisms to contribute to anti-AR therapy resistance in PC.

To investigate the in vivo consequences of MAOB expression in
the tumor stroma, we admixed Luc-tagged C4-2 cells with control
or MAOB-KD PrSC fibroblasts as recombinant tissue grafts and
transplanted the grafts under the renal capsule of immunodeficient
male mice. We showed that MAOB KD in PrSC cells markedly
slowed tumor growth in mice (Fig. 3H). Eight weeks after implanta-
tion, C4-2 grafts grew to a substantially smaller size in the presence
of MAOB-KD fibroblasts compared to those with control fibroblasts
(Fig. 3,Tand J). Continued MAOB silencing in fibroblasts as con-
firmed by THC yielded a 43% decrease of Ki-67" tumor cells and
49% lower tumor expression of SYP with no significant changes in
tumor AR expression compared to controls (Fig. 3K). To further
assess mouse fibroblast infiltrates likely to be recruited into human
tumor xenografts, we measured mRNA levels of several stromal
markers (Acta2, Rgs5, Dcn, Itga2, and Plaur) in xenograft samples
using mouse-specific primers. Our data revealed the presence of
tumor-infiltrating mouse fibroblasts based on the mouse stromal
gene expression detected. The mouse fibroblasts found in tumor xe-
nografts grown with MAOB-KD PrSC cells demonstrated preva-
lently lower levels of stromal markers, indicative of either fewer
mouse fibroblast infiltrates or less stromal reactivity of mouse fibro-
blasts, compared to controls (fig. S7A). In addition, we co-inoculated
tumorigenic C57BL/6 syngeneic mouse PC Pten-KO/Kras-OE
cells with control or Maob-KD mouse CAFs subcutaneously into
C57BL/6 immunocompetent male mice. Similarly, we observed
smaller tumors associated with lower weight and less percentage of
Ki-67" tumor cells from the groups with Maob-KD CAFs relative to
controls at the end point (fig. S7, B to D).

Our recent findings have shown that up-regulated MAOA in
stromal cells can promote PC by enhancing ROS production via
oxidative enzymatic reactions and activating paracrine IL-6 sig-
naling (16). Since MAOB and MAOA are isoenzymes with similar
functions, we sought to elucidate whether MAOA is involved in
MAOB modulation and function in stromal cells. We demonstrated
that neither OF nor KD of MAOB changed MAOA and IL-6 protein
expression and MAOA enzymatic activity in PrSC or PCF2 cells
(fig. S8, A and B). Moreover, IHC analysis revealed stable MAOA
levels in both epithelial and stromal compartments of C4-2 xeno-
graft tumors grown with MAOB-silenced PrSC fibroblasts com-
pared to control tumors (fig. S8C). These data support the finding
that MAOB functions independently from MAOA in stromal cells.
In all, we concluded that MAOB up-regulation in stromal fibroblasts
has a pivotal role supporting PC growth and invasion.

Puetal., Sci. Adv. 10, eadi4935 (2024) 9 February 2024

MAOB induces stromal reactivity by activation of
ROS-dependent transition toward a CAF phenotype
Considering our above findings that stromal MAOB stimulates
PC cell proliferation and invasion, we speculated that stromal
MAOB activation may enable stromal reprogramming to a reactive
state for epithelial acquisition of aggressive properties. We carried
out transcriptome profiling of MAOB-OE versus control PrSC
fibroblasts. Gene set enrichment analysis (GSEA) identified positive
enrichment of the “response to wounding” gene signature from
the gene ontology (GO) gene set library in MAOB-OE fibroblasts
(Fig. 4A). Because CAFs exhibit an “activated phenotype” during
tumor progression that mirrors fibroblasts during the wound-
healing process (2, 8), this result suggested that activated MAOB-
high stroma likewise has a more CAF-like phenotype than normal
controls. To prove this idea, we first examined MAOB’s effect on
aSMA and TGFp1 expression, two bona fide markers of the CAF
phenotype (2), in fibroblasts. We found that MAOB OE induced,
while MAOB KD repressed, aSMA protein expression in PrSC cells
(Fig. 4B), which was paralleled by a decrease in aSMA THC stain-
ing, indicative of less reactive stroma, in sections from C4-2 tumors
grown with MAOB-KD PrSC fibroblasts relative to controls
(Fig. 4C). We showed that MAOB OE increased, while MAOB
silencing reduced, the secretion of TGFf1 as well as the phosphory-
lation levels of Smad2 and Smad3 proteins, the principal down-
stream effectors of TGFp signaling, in PrSC cells (Fig. 4, D and E).
MAOB KD also down-regulated TGFf1 and Smad2/Smad3 phos-
phorylation in PCF2 cells (fig. S9, A and B). Consistent with this,
GSEA revealed positive and negative enrichment of an activated
TGEFp signaling target gene signature in MAOB-OE and KD PrSC
cells, respectively (Fig. 4F). In addition, we demonstrated the same
trend of changes in the mRNA levels of several reactive stromal
markers (ACTA2, TGFBI, FAP, and VIM) upon either OE or KD of
MAOB in PNFs and PCFs, respectively (fig. S9, C and D).

Next, we questioned how MAOB promotes the formation of
reactive stroma. Following previous observations of oxidative stress
as an inductive mechanism contributing to the development of reac-
tive stroma in PC (8, 42), we hypothesized that MAOB may cause
stromal activation through ROS generation as an oxidative enzyme.
Testing this possibility, we found a 57% drop in intracellular ROS
levels in MAOB-KD PrSC cells compared to controls (Fig. 4G).
Concordantly, GSEA revealed two ROS-dependent gene signatures
for “reactive oxygen species pathway” and “cellular response to reac-
tive oxygen species” in the Hallmark and GO gene set libraries,
respectively, negatively enriched in MAOB-silenced PrSC cells
(Fig. 4H). To determine whether ROS mediates MAOB'’s effect on
stromal reactivity, we found that N-acetylcysteine (NAC), a ROS
scavenger, reversed MAOB OE-induced aSMA protein expression
in PrSC cells, while addition of H,O,, the direct ROS byproduct of
MAOB-mediated enzymatic reaction, rescued aSMA protein levels
repressed by MAOB silencing in PrSC cells (Fig. 4I). Similar findings
were also demonstrated on the expression patterns of additional reac-
tive stromal markers, such as TGFB1, FAP, and VIM, under the iden-
tical conditions in PrSC cells (Fig. 4]). To further establish that MAOB
induces a reactive stroma through ROS, we generated a MAOB (Y435S)
active site mutant construct deficient in enzymatic activity as reported
previously (43). Forced expression of MAOB (Y435S) mutant, resulting
in a complete loss of enzymatic activity and associated ROS production,
failed to induce the expression of several reactive stromal markers in
PrSC cells compared to the WT counterpart (fig. S9, E to G).
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Fig. 4. MAOB induces development of reactive stroma in a ROS-dependent manner. (A) GSEA plot of “response to wounding” gene signature enriched in MAOB-OE
PrSC cells versus controls. (B) Western blot of xSMA in control and MAOB-OE/MAOB-KD PrSC cells. (C) Representative aSMA IHC staining of C4-2 tumors co-inoculated with
control or MAOB-KD fibroblasts in mice. Scale bars, 100 pm. (D) Enzyme-linked immunosorbent assay (ELISA) of TGFB1 secretion in the culture media of control and MAOB-
manipulated PrSC cells (n = 3). (E) Western blot of p-Smad2 and p-Smad3 in control and MAOB-manipulated PrSC cells. (F) GSEA plots of “TGF1 targets up” gene signature
enriched in MAOB-manipulated PrSC cells versus controls. (G) Quantitation of intracellular ROS levels in control and MAOB-KD PrSC cells (n = 3). (H) GSEA plots of two
ROS-related gene sets enriched in MAOB-KD PrSC cells versus controls. (I) Western blot of «SMA in control and MAOB-manipulated PrSC cells upon NAC (5 mM, 48 hours)
or H,0, treatment (40 pM, 24 hours). (J) qPCR of indicated reactive stromal markers in control and MAOB-manipulated PrSC cells upon NAC (5 mM, 48 hours) or H,0,
treatment (40 pM, 24 hours) (n = 3). (K and L) Determination of collagen levels deposited (K) and collagen-based cell contraction (L) in control and MAOB-KD PrSC cells
under H,0, treatment (40 pM, 24 hours) (n = 3). (M) Quantitation of PC-3 cells in coculture with control and MAOB-OE PrSC cells pretreated with NAC (5 mM, 24 hours)
(n = 3). Statistical analysis was performed using unpaired Student’s t test for comparisons between two groups and one-way ANOVA with Dunnett’s test for comparisons
between three groups in (D) and (G); one-way ANOVA with Tukey’s test in (J), (K), and (M); and two-way ANOVA with Tukey’s test in (L). Data represent means + SEM.
*P < 0.05, #*P < 0.01.
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We also assessed the effects of MAOB and ROS on extracellular
matrix (ECM) deposition and remodeling since reactive stroma like
CAFs secrete increased levels of ECM molecules, including colla-
gens, and modify the stromal ECM to enhance cancer cell migration
and invasion (44). To this end, we performed a collagen deposition
assay and found that MAOB KD reduced collagen accumulation in
PrSC cells, which was restored to control levels upon addition of
H,0, (Fig. 4K). We also performed a collagen gel contraction assay
and demonstrated that MAOB-KD PrSC cells had decreased activity
in collagen contraction over controls, which was enhanced by H,0,
treatment (Fig. 4L). To determine whether ROS mediates MAOB’s
effects creating a protumorigenic stromal cell phenotype, we treated
MAOB-OE PrSC cells with NAC before setting up cell cocultures
with PC-3 cells and found that NAC pretreatment remarkably at-
tenuated epithelial proliferation accelerated by cocultured MAOB-
high PrSC cells compared to controls (Fig. 4M). Together, these
results suggested that MAOB reprograms the stroma by triggering a
CAF phenotype in a ROS-dependent manner.

MAOB activates CXCL12 through Twist1 synergizing with
TGFp signaling in prostate stroma

Having demonstrated the tumor-supportive role of stromal MAOB
in PC, we sought to explore the underlying molecular mechanism.
Since we demonstrated that epithelial proliferation could be influ-
enced by treatment with stromal cell CM in a stromal MAOB-
dependent manner, we speculated that MAOB may function via
downstream secreted protein factors to trigger paracrine signaling
to engage in stromal-epithelial cross-talk. To test this hypothesis, we
first subjected the transcriptome profiling data from MAOB-OE
versus control PrSC cells to GSEA using the gene sets from the
Kyoto Encyclopedia of Genes and Genomes (KEGG) signal trans-
duction category. We identified a list of signaling pathway gene
signatures that were positively enriched in MAOB-OE PrSC cells
with statistical significance (fig. SI0A). Several of these pathways are
well known to exert a paracrine-acting effect on stromal-epithelial
interactions, including the pathways governed by neurotrophins,
insulin, ErbB, vascular endothelial growth factor (VEGF), Wnt, and
chemokines. Then, we conducted quantitative polymerase chain
reaction (QPCR) screening in three pairs of MAOB-manipulated
PrSC or PCF2 cells of the primary secreted factors of these pathways
that are abundantly expressed in the stroma and have a stroma-
initiated paracrine function enhancing stromal-epithelial interac-
tions (45-66). We identified CXCLI12 (a-isoform, denoted as CXCL12
hereafter) as the top candidate because of its relatively larger differ-
ences and consistent pattern of expression changes in response to
MAOB across all three cell pairs compared to other genes (fig. S10B).
CXCL12, also known as stromal cell-derived factor 1 (SDF1), is a
member of the C-X-C family of chemokines that can be secreted
by stromal cells and exhibit elevated expression in CAFs of multiple
tumor types including PC. Stromal-derived CXCL12 serves as a
paracrine effector and binds to tumor-expressed C-X-C chemokine
receptor type 4 (CXCR4) and CXCR?7, which are both G protein-
coupled receptors, to activate divergent downstream signaling
pathways promoting PC growth and dissemination (11, 67, 68).
In addition to the chemokine signaling pathway gene signature
from the KEGG database, GSEA also revealed a chemotaxis gene
signature positively enriched in MAOB-OE PrSC cells (Fig. 5A).
We demonstrated lower levels of CXCL12 protein secretion in
the culture media of MAOB-KD PrSC cells compared to controls

Puetal., Sci. Adv. 10, eadi4935 (2024) 9 February 2024

(Fig. 5B). As opposed to MAOB, we found that MAOA exerted a
suppressive effect on CXCL12 expression in PrSC cells (fig. S10C).
To determine whether the identified MAOB-CXCL12 axis in stro-
mal cells could be recapitulated in the clinical setting, we assessed
MAOB and CXCL12 protein levels in serial sections of a human PC
TMA by IHC. Consistent with previous reports (69, 70) and our
findings above (fig. S1), MAOB and CXCL12 were found to be
expressed in both tumor and stromal cells. Examining the stromal
compartment specifically, we demonstrated a positive relationship
of protein levels between stroma-expressed MAOB and CXCL12 in
the TMA (Pearson’s r = 0.38, P < 0.05, n = 37) (Fig. 5C). This was
reinforced by a similar positive coexpression correlation between
MAOB and CXCL12 mRNA in additional public clinical datasets
of stromal gene expression in cultured prostatic stromal cells
(GSE34312, Pearson’s r = 0.46, P < 0.05, n = 20) and laser-capture
microdissected breast tumor stroma (GSE9014, Pearson’s r = 0.37,
P <0.01, n = 53) (Fig. 5D), emphasizing the clinical relevance of the
MAOB-CXCLI12 connection in the stroma. These results in sum
implicated CXCL12 as a potential mediator of stromal MAOB func-
tion in PC.

Next, we sought to find out how MAOB activates CXCL12 in PC
stroma. We previously reported that MAOA activates Twist1, a basic
helix-loop-helix transcription factor, via a ROS-driven signaling
cascade to support MAOA function in PC cells. Mechanistically,
MAOA produces ROS via oxidative deamination to stabilize hypoxia-
inducible factor la (HIF1la) protein and subsequently induce the
VEGF-A-mediated AKT/FOXO1 pathway, resulting in the nuclear
export of transcription repressor FOXOL1 to activate TWISTI tran-
scription and gene expression (14). This led us to surmise that
MAOB may also induce Twistl as a key downstream effector in
prostate stromal cells, possibly through the same ROS-dictated
mechanism shared with MAOA given their similarity in multiple
aspects as isoenzymes. To prove this idea, we demonstrated that
MAOB OE in PrSC and PNF1 cells up-regulated, while MAOB KD
in PrSC and PCF?2 cells down-regulated, HIF1a protein and VEGFA
mRNA (fig. S11, A and B). Analyzing a human PC TMA by co-IF
staining, we revealed a positive correlation of protein levels between
MAOB and HIFla expressed in the tumor stroma (Pearson’s r = 0.43,
P < 0.05, n = 20) (fig. S11C), which is consistent with the previously
identified coexpression correlation between MAOB and HIFla in
human gliomas (71). Moreover, MAOB OE in PrSC and PNF1 cells
activated, while MAOB silencing in PrSC and PCF2 cells reduced,
AKT and FOXO1 protein phosphorylation and Twist1 protein levels
(fig. S11D). We also showed that forced expression of a constitu-
tively active FOXO1 expression construct (AAA FOXO1) decreased
MAOB-induced Twist1 protein levels in PrSC and PNF1 cells, while
small interfering RNA (siRNA)-based KD of FOXO1 rescued Twistl
protein levels repressed by MAOB silencing in PrSC and PCF2 cells
(fig. S11, E and F). To determine a direct connection of Twistl
with ROS in the stromal MAOB context, we demonstrated that
NAC treatment reversed MAOB-activated Twistl protein expres-
sion, whereas addition of H,O; restored Twist1 protein levels down-
regulated by MAOB KD in PrSC cells (Fig. 6A). Furthermore, unlike
WT MAOB, forced expression of MAOB (Y435S) mutant deficient
in ROS production did not induce TWISTI mRNA expression in
PrSC cells (fig. S11G). These data in aggregate indicated ROS-
dependent MAOB activation of Twistl in prostate stromal cells.
In addition, we found that pretreatment of MAOB-OE PrSC cells
with TWIST1 siRNA suppressed the proliferation of cocultured
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PC-3 cells, suggesting that Twist] mediates MAOB induction of a
protumorigenic stromal phenotype (fig. S11H).

To determine whether Twist] mediates MAOB regulation of
CXCL12, we showed that Twistl KD reverted MAOB-induced
CXCLI12 protein secretion and mRNA levels in PrSC cells. In parallel,
NAC treatment in the context of MAOB, which reduced the levels of
ROS as an upstream inducer of Twistl, corroborated these findings
(Fig. 6, B and C). Conversely, forced expression of Twistl restored
CXCLI2 mRNA to control levels in MAOB-silenced PrSC cells
(Fig. 6C). We also found the same trend of changes in TWISTI and
CXCL12 mRNA levels by OE or KD of MAOB in PNFs and PCFs,
respectively (fig. S11, I and J]). Furthermore, in contrast to WT
MAOB, forced expression of a MAOB (Y435S) mutant that was un-
able to produce ROS and activate TWIST] failed to induce CXCL12
mRNA in PrSC cells (fig. S11G). These results suggested that MAOB
regulates CXCL12 at the transcriptional level likely in a Twist1-
dependent manner in stromal cells. To explore the possible underly-
ing transcriptional machinery, we analyzed the 0.7-kb human
CXCL12 promoter sequence with bioinformatical search tools for
predicting putative transcription factor-binding sites and identified
a putative Twist1-binding E-box site, CAGGTG (-514/-509) (72), in
the proximal region of CXCLI2 promoter. We also found two
putative Smad-binding elements (SBEs), AGAC (—570/—567) and
GTCT (—564/-561) (73), located in close proximity to the E-box
site on CXCL12 promoter, which are able to bind an activated Smad
complex by forming inverted repeats (74). These findings raised the
possibility that TGFp1-dependent Smads under MAOB’s control
may also contribute to CXCLI2 transcription in stromal cells.

Puetal., Sci. Adv. 10, eadi4935 (2024) 9 February 2024

To examine the effects of Twistl and TGFf1 on CXCLI2 tran-
scription, we found that forced expression of Twistl but not TGFf1
treatment increased CXCL12 mRNA levels in PrSC cells. Intrigu-
ingly, combined Twistl and TGFf1 treatment resulted in signifi-
cantly higher induction of CXCL12 mRNA in PrSC cells compared
to either single treatment (Fig. 6D). We also observed a similar
response of 0.7-kb CXCL12 promoter Luc reporter to single or com-
bination treatment with Twistl and TGFf1 in PrSC cells (Fig. 6E).
Next, we inserted the 171-base pair (bp) E-box/SBE-centric pro-
moter sequence upstream of the minimal promoter-driven Luc gene
to construct a CXCL12 E-box/SBE-Luc reporter and generated a
series of reporters with the E-box, the SBEs, or both mutated. Unlike
the WT reporter that was induced by Twistl and/or TGFp1 treat-
ment in a similar trend as CXCL12 mRNA and 0.7-kb promoter,
mutating the E-box alone or the E-box and SBEs together rendered
the reporters no longer responsive to either individual or combina-
tion treatment with Twistl and TGFp1, while mutating the SBEs
alone retained the reporter inducible to Twistl as well as to Twistl1
and TGFp1 in combination to a comparable extent in PrSC cells
(Fig. 6F). These data support a model in which TGFp1-dependent
Smads induce CXCLI2 transcription by synergizing with Twist1
to enhance Twist1 transactivation activity. Following previous studies
demonstrating the capability of Smads to interact with other tran-
scription factors such as Snail to synergistically regulate target gene
transcription and expression (75), we hypothesized that Smads may
form a transcriptional complex with Twist1 to cooperatively activate
CXCL1I2 transcription. To test this hypothesis, we first performed a
proximity ligation assay to assess whether Twist1 interacts with the
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Fig. 6. MAOB induces CXCL12 transcription and expression through Twist1 synergizing with TGFf1/Smads in prostate stromal cells. (A) Western blot of Twist1 in
control and MAOB-manipulated PrSC cells upon NAC (5 mM, 48 hours) or H,0, (40 pM, 24 hours) treatment. (B) ELISA of CXCL12 secretion in culture media of control and
MAOB-OE PrSC cells treated with TWISTT siRNA or NAC (5 mM, 48 hours) (n = 3). (C) gPCR of CXCL12 in indicated PrSC cells upon NAC treatment (5 mM, 48 hours) or
Twist1/TWISTT siRNA expression (n = 3). (D and E) Determination of CXCL72 mRNA (D) and 0.7-kb promoter activity (E) in PrSC cells upon Twist1 expression and/or TGFf1
treatment (10 ng/ml, 12 hours) (n = 3). (F) Schematic diagrams of WT and mutated CXCL12 E-box/SBE-Luc constructs and determination of their activities in PrSC cells
upon Twist1 expression and/or TGFB1 treatment (10 ng/ml, 12 hours) (n = 3). (G) Representative proximity ligation assay staining and quantitation of indicated Twist1-
Smad interactions by per-nucleus fluorescence intensity in control and MAOB-OE PrSC cells. Smad antibody incubation alone served as negative control. Numbers of
nuclei included for comparisons between groups are denoted. Scale bars, 50 pm. (H) Co-IP assays of indicated Twist1-Smad interactions in PrSC cells with coexpression of
Twist1 and individual Smads. Immunoglobulin G (IgG) was used in IP as negative control. Ten percent input was blotted as positive control. (I) ChIP analysis of chromatin
from control and MAOB-OE PrSC cells precipitated with anti-Twist1, anti-Smad4, or a control IgG, followed by qPCR probing the E-box/SBE-centric CXCL12 promoter region
(n =3). (J) ChIP analysis of chromatin from PrSC cells precipitated with anti-Smad4 antibody and then reprecipitated with anti-Twist1 or a control IgG (re-ChlIP), followed
by qPCR probing the E-box/SBE-encompassing CXCL12 promoter sequence (n = 3). Statistical analysis was performed using one-way ANOVA with Tukey’s test. Data
represent means + SEM. *P < 0.05, **P < 0.01; ns, not significant.
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three Smads, where Smad4 forms a heteromeric complex with
Smad2 or Smad3 in the nucleus to bind regulatory sequences of
target genes (76). In situ assays visualized endogenous Twist1-
Smad2, Twistl-Smad3, and Twistl-Smad4 protein complexes in
PrSC cells, with 2.6- to 4.9-fold increases of Twistl-Smad interac-
tions in the nucleus upon MAOB OE (Fig. 6G). We also performed
a co-immunoprecipitation (IP) assay confirming that Twist1 physi-
cally interacts with all three Smads in PrSC cells (Fig. 6H). To assess
direct occupancy of Twistl and Smad4 as a representative Smad
on CXCLI12 promoter, we performed a ChIP assay and found that
Twistl and Smad4 occupied the region encompassing their binding
elements on CXCLI12 promoter in PrSC cells, with the occupancy
enhanced upon MAOB OE (Fig. 6I). We further performed a ChIP-
re-ChIP assay and demonstrated that Twistl and Smad4 formed a
complex on the E-box/SBE-centric region of CXCLI12 promoter in
PrSC cells (Fig. 6]). Together, these results demonstrated that
MAOB activates CXCL12 through Twistl synergizing with TGFf1-
induced Smads for transcriptional up-regulation of CXCLI2 in
prostate stromal cells.

MAOB promotes PC stromal-epithelial interactions and
aggressive tumor behavior via the CXCL12/CXCR4

paracrine axis

Since our results nominated CXCL12 as a candidate paracrine
factor underlying stromal MAOB function, we sought to determine
whether CXCLI12 in conjunction with its cognate receptors CXCR4
and CXCR7 mediates MAOB-elicited stromal-epithelial interac-
tions. Coculturing PrSC and PC cells, we showed that inhibition
of CXCL12 by a neutralizing antibody reversed the proliferation of
C4-2 and PC-3 cells stimulated by MAOB-OE PrSC cells compared
to controls. Parallel incubation of the anti-CXCL12 antibody with
PC cells cultured alone demonstrated minimal effect on epithelial
proliferation, eliminating the interference of a potential autocrine
effect from tumor-derived CXCL12 with epithelial proliferation
in cocultures (Fig. 7A). Conversely, we found that adding recombi-
nant CXCL12 (rCXCL12) protein restored the proliferation of C4-2
and PC-3 cells suppressed by MAOB-KD PrSC cells in cocultures
compared to controls (Fig. 7B). To investigate whether tumor-
derived CXCLI12 receptors engage in MAOB-dictated stromal-
epithelial cross-talk, we silenced CXCR4 and CXCR?7 individually
by siRNA with their KD confirmed by Western blots in C4-2 and
PC-3 cells (Fig. 7C), which were then subjected to cocultures with
PrSC cells. We found that KD of CXCR4 but not CXCR?7 in C4-2
and PC-3 cells blunted their proliferative response to MAOB-OE or
KD PrSC cells in cocultures relative to controls. Furthermore, addi-
tion of rCXCL12 rescued CXCR7-KD C4-2 and PC-3 cell prolifera-
tion repressed by cocultured MAOB-silenced PrSC cells relative to
controls but failed to do so with CXCR4-KD PC cells (Fig. 7, D and
E). Consistently, we showed that treatment with AMD3100, a small-
molecule CXCR4 antagonist, reduced the proliferation of C4-2 and
PC-3 cells in coculture with MAOB-OE PrSC cells relative to
controls (Fig. 7F). These results suggested that CXCR4 is the domi-
nant CXCL12 receptor used by epithelial cells for connecting
with stromal-derived MAOB/CXCL12 signaling to influence epi-
thelial proliferation. The lessened ability of CXCR?7 to confer a pro-
proliferative effect of stromal MAOB/CXCL12 on epithelial cells in
cocultures might be due to its nature as a scavenger receptor as well
as its role assisting CXCRA4 to trigger G protein-mediated intracel-
lular signaling (68). To assess the migratory and invasive behavior of
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PC cells in response to stromal MAOB/CXCL12, we demonstrated
that treatment with a CXCL12-neutralizing antibody or AMD3100
decreased epithelial cell migration and invasion induced by cocul-
tured MAOB-OE PrSC cells compared to controls (Fig. 7G).
Conversely, adding rCXCL12 restored the epithelial cell migration
suppressed by MAOB-silenced PrSC cells to control levels in co-
cultures (Fig. 7H). Furthermore, treating C4-2 and PC-3 cells with
rCXCL12 induced cell invasion to a similar extent as caused by
MAOB-OE PrSC cells in cocultures compared to controls (as in
Fig. 3F) (fig. S12A).

Next, we sought to elucidate the signaling pathways evoked by
stromal MAOB via the CXCL12/CXCR4 axis in PC cells. To this
end, we performed an unbiased proteomic screen using a cancer
signaling phospho-antibody array featuring 269 highly specific anti-
bodies important to cancer signaling pathways. We compared
signaling protein levels in PC-3 cells treated with CM of MAOB-
OE versus control PrSC cells. On the basis of stringent selection
criteria (fold change > 1.5, P < 0.05), we identified a J)lethora of
proteins, including p-Src (Tyr*'®), p-caspase 9 (Ser'®), p-CREB
(Serm) p-c-Kit (Tyr 2, p-Janus k1nase 1 (JAK1) (Tyrlozz) p-BAD
(Ser''?), and p-c-Jun N-terminal kinase (JNK) (Thr'®?), whose
phosphorylation was up-regulated in PC-3 cells by stromal MAOB
and demonstrated a positive impact on epithelial growth by either
enhancing proliferation or repressing apoptosis (Fig. 7I). Then, we
performed independent Western blots and validated phosphoryla-
tion increases for Src, JNK, and CREB but not others in PC-3 cells
exposed to CM of MAOB-OE PrSC cells versus controls, which
was mirrored by their decreased phosphorylation in PC-3 cells
treated with CM of MAOB-silenced PrSC cells versus controls
(fig. S12, B and C). To further determine whether these proteins act
downstream of CXCR4 in epithelial cells in the stromal MAOB con-
text, we showed that CXCR4 KD attenuated the stromal MAOB-
induced phosphorylation of Src and JNK but not CREB in PC-3
cells, while treatment with rCXCL12 rescued Src and JNK phos-
phorylation repressed by stromal MAOB silencing in PC-3 cells
(Fig. 7, J and K, and fig. S12D). Consistent with the above find-
ings pointing out CXCR4 as the dominant receptor conveying
the effect of MAOB/CXCLI12 paracrine signaling in epithelial
cells, we demonstrated that KD of CXCR7 had no effect on stro-
mal MAOB induction of Src and JNK phosphorylation in PC-3
cells (fig. S12E). Furthermore, we showed that pretreatment of
C4-2 and PC-3 cells with Src inhibitor 1 or SP600125, small-
molecule inhibitors of Src and JNK, respectively, before initiat-
ing stromal-epithelial cell cocultures led to complete blockade
of stromal MAOB induction of epithelial proliferation, suggest-
ing that both Src and JNK confer the protumorigenic effect of
the MAOB/CXCL12-CXCR4 axis (Fig. 7L). Last, we determined
the potential contributions of CXCL12-CXCR4/Src/JNK signal-
ing to stromal MAOB’s impact on the cancer cell expression of
multiple genes involved in different mechanisms for anti-AR
therapy resistance as shown above. We demonstrated that an-
tagonizing the CXCL12-CXCR4/Src/JNK signaling by blocking
agents against individual proteins of the axis suppressed the
mRNA levels of most of those genes as induced in C4-2 cells
exposed to CM of MAOB-OE PrSC cells compared to controls
(fig. S12F). Together, these data demonstrated that stromal-
derived MAOB promotes PC epithelial cell proliferation, migra-
tion, and invasion by activating the paracrine CXCL12-CXCR4/
Src/JNK signaling pathway.
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Fig. 7. Stromal MAOB promotes PC cell proliferation, migration, and invasion via CXCL12-CXCR4/Src/JNK paracrine signaling. (A) Quantitation of C4-2 and
PC-3 PC cells in monoculture and coculture with indicated PrSC fibroblasts upon anti-CXCL12 (0.1 pg/ml) antibody treatment (n = 3). (B) Quantitation of PC cells in cocul-
ture with indicated PrSC cells treated with rCXCL12 protein (50 ng/ml; n = 3). (C) Western blot of CXCR4 and CXCR?7 in control and CXCR4-KD/CXCR7-KD PC cells.
(D and E) Quantitation of control and CXCR4-KD/CXCR7-KD PC cells in coculture with indicated PrSC cells treated without (D) or with (E) rCXCL12 (50 ng/ml; n = 3).
(F) Quantitation of PC cells in coculture with indicated PrSC cells treated with 10 nM AMD3100 (n = 3). (G) Representative images and quantitation of PC-3 cell migration
and invasion in coculture with indicated PrSC cells upon treatment with anti-CXCL12 antibody (0.1 pg/ml) or 10 nM AMD3100 (n = 3). Scale bars, 200 pm. (H) Representa-
tive images and quantitation of PC cell migration in coculture with indicated PrSC cells treated with rCXCL12 (50 ng/ml; n = 3). Scale bars, 100 pm. (I) Phospho-antibody
array analysis of PC-3 cells treated with indicated PrSC cell CM. All phosphoprotein levels were normalized to their total forms from a single array with six replicate spots,
with significantly activated phosphoproteins (fold change > 1.5, P < 0.05) denoted. (J) Western blot of p-Src and p-JNK in control and CXCR4-KD PC-3 cells treated with
indicated PrSC cell CM. (K) Western blot of p-Src and p-JNK in PC-3 cells treated with indicated PrSC cell CM plus rCXCL12 (50 ng/ml). (L) Quantitation of PC cells in cocul-
ture with indicated PrSC cells following pretreatment with 40 nM Src inhibitor 1 or 10 pM SP600125 for 24 hours (n = 3). Statistical analysis was performed using one-way
ANOVA with Tukey’s test. Data represent means + SEM. *P < 0.05, **P < 0.01; ns, not significant.
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Pharmacological inhibition of MAOB in the tumor stroma
restricts PC tumor growth in mice

Given the clinical availability of MAOB inhibitors (13), we sought to
evaluate the therapeutic potential of targeting stromal MAOB to
limit PC growth. To this end, we first determined the effectiveness of
selegiline, a selective small-molecule MAOB inhibitor currently
applied in the clinic to treat depression and early-stage Parkinson’s
disease (77), for suppressing PC cell growth in stromal-epithelial
cell cocultures. We showed that selegiline treatment abolished the
growth advantages of C4-2 and PC-3 cells in coculture with MAOB-OE
PrSC cells relative to controls, which was paralleled by undetectable
changes in the proliferation of C4-2 and PC-3 cells cultured alone
upon selegiline treatment (Fig. 8A). Similarly, selegiline treatment
inhibited the growth of C4-2 and PC-3 cells in coculture with mouse
CAFs but not in monoculture (fig. S13A). We further found sub-
stantially lower MAOB protein levels in these PC cells compared to
stromal cells (fig. S13, B and C), which is likely to render PC cells in
monoculture insensitive to selegiline treatment compared to their
response in coculture with stromal cells. These data in aggregate
suggested that selegiline inhibits PC cell growth in stromal-epithelial
cell cocultures through a cell-nonautonomous mechanism depen-
dent on stromal MAOB inactivation.

Next, we established an orthotopic xenograft tumor model by
inoculating Luc-tagged PC-3 cells into the prostates of immunode-
ficient male mice. After mice started to show visible development of
tumor growth in prostates as examined by bioluminescence imaging
(BLI), we treated mice with saline or selegiline at gradually increas-
ing doses (0.5, 2, and 10 mg/kg) in a stroma-targeted manner given
that the growth of PC-3 cells in monoculture was not affected by
selegiline. Compared to the progressive growth of control tumors,
we found that selegiline treatment dose-dependently suppressed
prostate tumor growth in mice with significance reached starting at
the dose of 2 mg/kg throughout a 6-week monitoring period, with
an up to 78% reduction in tumor burden by BLI as well as tumor
weighing at the experimental end point (Fig. 8, B to D). We also
demonstrated that selegiline inhibited MAOB enzymatic activity in
a dose-dependent manner without interference with MAOA activity
in mouse liver where both isoforms distribute equally at the end
point, confirming the specificity of selegiline (Fig. 8E). Consistent
with tumor growth profiles, IHC analysis revealed dose-dependent
decreases in Ki-67" tumor cell percentage, stromal expression of
aSMA and CXCL12, and tumor expression of p-Src and p-JNK
in treated tumors compared to controls (Fig. 8F). In addition, sele-
giline treatment at all doses did not alter mouse body weights
(Fig. 8G). We also harvested vital organs including liver and kidneys
for histopathological examination and collected blood from mice
for liver and kidney function tests by measurement of a panel of
markers [alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), blood urea nitrogen (BUN), and creatinine]. We found
no significant pathological and functional changes in liver and
kidneys between any selegiline-treated and control groups (Fig. 8,
HtoL).

In summary, our preclinical studies suggest that up-regulated
MAOB expression in the prostate stromal fibroblasts fosters stromal
reprogramming toward a reactive state and consequently facilitates
the acquisition of aggressive behavior by adjacent prostate tumor
cells through a mechanism dictated by ROS-dependent synergistic
interplay between Twistl and TGFP1/Smads to activate CXCL12/
CXCR4 paracrine signaling, thereby driving stromal-epithelial
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interactions and prostate tumor growth and progression. Our re-
sults support repurposing a clinically used MAOB inhibitor to inac-
tivate MAOB in the tumor stroma to disengage the interactive
paracrine signaling network and disrupt stromal-tumor communi-
cation as a potential therapy for PC (Fig. 8M).

DISCUSSION

This study presented the first evidence that activation of MAOB in
the stromal fibroblasts of the tumor microenvironment supports PC
growth and progression by promoting stromal transition to a reac-
tive protumorigenic state and stimulating the paracrine CXCL12/
CXCR4 signaling axis to drive stromal-epithelial interactions. We
demonstrated that pharmacological inactivation of stromal MAOB
with a clinically used MAOB-selective inhibitor is a feasible and
effective approach for PC intervention in an orthotopic xenograft
model. Other than stromal MAOB’ influence on PC tumors, we
also provided hints for MAOB up-regulation in prostate stroma,
which could be attributed in part to tumor-secreted factors (e.g.,
TNFa and IL-6) known to promote a CAF phenotype during the
initial stage of communication between normal stromal and tumor
cells. Additional potential stromal MAOB-activating inducers and
signals from tumor cells and other cells within the tumor micro-
environment also merit further exploration.

Tumor cells are codependent and coevolve with the surrounding
stroma in the tumor microenvironment to receive growth stimuli
and nutrients necessary for development into a fully malignant
and aggressive stage (8, 36). Thus, stroma-targeted therapeutic
strategies have the potential to achieve antitumor efficacy by dis-
rupting stromal-tumor communication. Especially in PC, prostatic
CAFs are considered relatively genetically stable with evidence of
excluding somatic mutations (78) and are thus an ideal therapeutic
target with reduced risk of therapy resistance and tumor recurrence.
Currently, most PC therapies in clinical use or trials emphasize
tumor cell targeting and neglect the tumor-supportive stroma,
resulting in limited survival benefits, especially in patients with
relapsed disease. Filling this gap, we showed that stromal MAOB
affects castration-resistant and metastatic epithelial proliferation
regardless of the distinct intrinsic characteristics of different PC
cells. We also demonstrated that stromal MAOB modulates the
efficacy of anti-AR therapies such as ENZ in both sensitive and
resistant PC cells, accompanied by corresponding changes in the ex-
pression levels of diverse underlying mechanistic regulators. These
findings provide insights into developing a therapeutic strategy
targeting MAOB in the tumor stroma as a likely generic approach
bypassing tumor heterogeneity to complement malignant cell-
targeted therapies for better therapeutic outcomes in advanced PC.

Our findings identified cellular redox under the control of
MAOB in the stroma as a central mediator of reactive stroma forma-
tion. Supporting this idea, our interference and rescue experiments
with the use of chemical redox modulators demonstrated the direct
impact of MAOB-dependent ROS on stromal marker expression,
ECM remodeling, and PC cell growth. This was reinforced by our
observations that a MAOB enzyme-dead mutant incapable of ROS
production failed to induce a reactive stroma in contrast to WT
MAOB. ROS acts as a double-edged sword in a dose-dependent
manner in stromal cell biology as well as in determination of tumor
cell fate (79). We showed that enhanced ROS production in MAOB-
activated stromal fibroblasts did not adversely perturb stromal cell
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Fig. 8. Pharmacological inhibition of MAOB in stromal cells restricts PC growth in mice. (A) Quantitation of C4-2 and PC-3 cell proliferation in monoculture and coculture with
control and MAOB-OE PrSC cells upon selegiline treatment (10 nM, 72 hours) (n = 3). (B) BLI-based growth curves of Luc-tagged PC-3 tumors grown in the prostates of male NSG
mice treated with selegiline at various doses (0.5, 2,and 10 mg/kg) or saline as a vehicle (n =5 per group). (C) BLI images of mice from each group at the end point. (D) Determination
of tumor weights (n = 5). (E) Determination of MAOA and MAOB enzymatic activities in mouse liver tissue from each group at the end point (n = 3). (F) Representative images of H&E
and IHC staining of tumor-expressed Ki-67, p-Src, and p-JNK and stroma-expressed «SMA and CXCL12 and their quantitation in tumor samples from each group (n = 5). Scale bars,
100 pm. (G) Mouse body weights determined weekly (n = 5). (H) Representative H&E images of mouse liver and kidney tissue from each group. Scale bars, 100 pm. (I to L) ELISA of
ALT (1), AST (J), BUN (K), and creatinine (L) in mouse sera at the end point (n = 5). (M) Schematic depicting stromal-derived MAOB activation of paracrine CXCL12-CXCR4/Src/JNK
signaling through interplay between ROS-dependent Twist1 (via a HIF 1a/VEGF-A/AKT/FOXO1 pathway) and TGF1/Smads to promote stromal-epithelial interactions for PC growth
and progression. Statistical analysis was performed using one-way ANOVA with Tukey’s test in (A), (D) to (F), and () to (L) and two-way ANOVA with Tukey’s test in (B) and (G). Data
represent means + SEM. *P < 0.05, **P < 0.01; ns, not significant.

growth and survival but rather conferred a proinflammatory and These MAOB effectors have been reported to enhance cellular oxi-
protumorigenic phenotype, suggesting that the potentially excessive  dative stress through diverse mechanisms in both normal and can-
levels of ROS produced by MAOB up-regulation may not be high  cerous circumstances. For example, TGFp signaling has been shown
enough to trigger a cell death pathway in stromal fibroblasts. We  to increase mitochondrial ROS production in various cell types via
established that MAOB induces activation of Twistl/TGFp1-dependent ~ different mechanisms (80, 81). CXCL12 was also demonstrated to
CXCL12 signaling in a ROS-dependent manner in stromal fibroblasts.  induce ROS generation through NADPH (reduced form of nicotinamide
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adenine dinucleotide phosphate) oxidases to promote endothelial
cell migration and angiogenesis (82). Thus, the reciprocal interplay
of ROS with MAOB-downstream effectors may constitute a possible
vicious cycle in the MAOB context to progressively achieve a level
sufficient to convert naive stroma to a reactive tumor-supportive
phenotype. This model may also explain in part the minimal effect
of MAOB activation on the fitness of stromal cells, as stromal cells
would be able to gradually adapt to increasing levels of ROS to avoid
acute cell injury and death.

One of the salient mechanistic features in this study is the dis-
covery of Twistl- and TGFp1/Smad-induced synergistic transcrip-
tional activation of CXCLI12 in prostate stromal cells. Analogous to
the mechanism of MAOAs role in PC epithelial cells (14), we found
that Twistl is activated by MAOB via ROS and becomes an effective
regulatory node for MAOB action in prostate stromal cells, which
coincides with previous findings that Twistl is sufficient to drive
CAF marker expression and tumor-supporting features in gastric
cancer (83). Consistent with prior reports (83, 84), we showed
that Twistl is recruited to an E-box site on CXCL12 promoter to
stimulate CXCL12 gene transcription and expression in prostate
stromal cells. An inverse regulatory relationship between Twistl
and CXCL12 was demonstrated in pulmonary mesenchymal cells
(85). These opposing results suggest that Twistl regulation of
CXCL12 may be context dependent. In addition, we showed that
MAOB-induced TGFp1/Smad signaling acts as a catalyst to boost
Twist1 transactivation of CXCL12, which is achieved by a synergism
between Twistl and Smads forming a transcriptional complex on
CXCL12 promoter. In contrast, our results indicate a marginal effect
of TGFp1 signaling on CXCLI2 transcription. Many studies have
reported cross-talk and interplay between TGFp1 and CXCLI12
in stromal cells to cooperatively promote tumor progression, albeit
with few clear clues to the underlying molecular mechanism (11,
86). Our findings suggest a mechanism by which TGFf signaling
activates CXCL12 and potentially other stromal factors in a manner
dependent on specific stromal active transcription factors like
Twistl in stromal cells.

Comparing in vitro and in vivo data, we noted that using selegi-
line in a stroma-targeted manner resulted in more reductions in
prostate tumor growth in mice than PC cell growth in stromal-
epithelial cell cocultures. One possible explanation could be that
MAOB from other microenvironmental sources in addition to stro-
mal fibroblasts may contribute to tumor growth. Another reason-
able speculation could be that MAOB in the stromal fibroblasts may
facilitate the participation of other types of stromal cells to coopera-
tively regulate tumor growth. For example, CAF-secreted CXCL12
was demonstrated to enhance angiogenesis by recruiting endothe-
lial progenitor cells into carcinomas such as BC for tumor promo-
tion (67). This appears to be a possible mechanism involved in
stromal MAOB activation of tumor cell growth in mice but not in
stromal-epithelial cell cocultures, thus likely accounting for the
stronger inhibitory effect of selegiline in vivo than in vitro. These
ideas need follow-up investigation and validation in more sophisti-
cated models, such as tissue-specific conditional MAOB-KO mouse
models and multicellular coculture systems comprising cancer,
fibroblast, and other types of cells (e.g., endothelial cells).

Despite our findings demonstrating stromal MAOB’s clinical and
functional importance in PC, we recognize several limitations of
our study. First, we manipulated MAOB levels in human fibroblast
PrSC cells to generate a tissue recombinant xenograft mouse model
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for assessment of stromal MAOB’s role in tumor growth. Although
such an in vivo approach has been well documented in previous
similar PC studies using either PrSC cells (30, 31) or other human
prostate fibroblast cells (54) to address the stromal impact on tumor
growth, we did not take into account the viability of human fibro-
blasts following xenograft establishment in mice as well as the
potential impact of mouse fibroblasts attracted by human xenografts
on tumor growth. Our mouse study would definitely be strength-
ened by distinguishing and characterizing the individual state and
role of human fibroblasts implanted and mouse fibroblasts recruited
in mediating stromal MAOB’s effect on tumor growth using stromal
cell labeling and tracking methods. Second, we used several estab-
lished human fibroblast cell lines in our study, which were also com-
monly used in prior studies addressing stromal-epithelial cross-talk
in PC (19, 30, 31). However, their precise composition with regard
to fibroblast subtypes and reactive status is not yet fully known.
Future efforts are thus required for a more careful and comprehen-
sive examination of the potential heterogeneities in different aspects
of these fibroblast cell lines as well as their association with stromal
MAOB expression and function in PC. Last, selegiline is known to
have undesired side effects, which have been partially resolved, such
as elimination of the dietary restrictions, by the recent development
of transdermal delivery of selegiline (77). Despite pharmaceutical
advances improving the safety of clinical MAOB inhibitors, addi-
tional studies are warranted to better characterize and optimize the
type of dosing and delivery of selegiline and potentially other
MAOB inhibitors necessary to achieve an anticancer effect with an
acceptable safety profile in preclinical models and clinical trials.

MATERIALS AND METHODS

Clinical specimens

The TMAs for MAOB evaluation in Fig. 1 (A and B) and fig. S1 (A
to D) and MAOA and MAOB expression patterns in fig. S2 (A and
B) were obtained from PC tissue array PR1211 (US Biomax) con-
taining 97 cases of prostate adenocarcinoma and 12 cases of normal
prostate tissue with a single core and 1.5-mm-diameter size. The
TMA for MAOB evaluation and association with clinical outcomes
in Figs. 1C and 2 (D and E) and fig. S3 (D and E) was obtained from
the NYU site of the Prostate Cancer Biorepository Network (PCBN),
which originally contained 204 cases of prostate adenocarcinoma
with two to six replicate cores per patient, with cohort characteris-
tics summarized in table S1. Tissue cores for some cases in the NYU
TMA were detached or wrinkled during the preparation process,
leaving 195 cases from the NYU cohort for MAOB IHC staining.
The castration-resistant (n = 16) and hormone-naive (n = 38) PC
TMAs for evaluation of stromal MAOB and adjacent epithelial
CHGA in Fig. 2 (A and B) were constructed by the Biobank of
Taipei General Veterans Hospital, as reviewed and approved by the
Institutional Review Board (IRB) of Taipei General Veterans Hospi-
tal with written informed consent provided by patients. The TMA
for evaluation of stromal MAOB-CXCLI12 association in Fig. 5C
was obtained from PC tissue array PR483c (US Biomax) contain-
ing 40 cases of prostate adenocarcinoma with a single core and
1.5-mm-diameter size. The TMAs for evaluation of stromal MAOB
association with NE markers in fig. S3A and stromal MAOB-HIF1a
association in fig. S11C were obtained from PC tissue array PR482a
(US Biomax) containing 24 cases of prostate adenocarcinoma with
duplicated cores and 1.5-mm-diameter size. Tissue cores for some
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cases from TMAs PR483c and PR482a were lost during the stain-
ing process.

Cell lines and cell culture

Human PC PC-3 (CRL-1435) and DU145 (HTB-81), mouse PC
TRAMP-C2 (CRL-2731), and human embryonic kidney 293T (CRL-
3216) cell lines were obtained from the American Type Culture Col-
lection. The human PC C4-2 cell line, mouse PC MPC3 and Pten-KO/
Kras-OE cell lines, and three matched pairs of patient-derived pros-
tatic normal (PNF1-3)- and cancer (PCF1-3)-associated primary
fibroblast cell lines (19) were provided by L. W. K. Chung (Cedars-
Sinai Medical Center). The ENZ-resistant C4-2B cell line, C4-
2B"™N“R was generated as described previously (32). The normal
human prostate stromal fibroblast cell line PrSC was obtained from
Lonza. The mouse NPF and prostatic CAF cell lines were provided
by P. Roy-Burman (University of Southern California) and cultured
as described previously (87). All human cell lines were authenticated
by short tandem repeat profiling, regularly tested for Mycoplasma by
the MycoProbe Mycoplasma Detection Kit (R&D Systems, CUL001B),
and used with the number of cell passages kept below 10. Human
PC cells were cultured in RPMI 1640 medium (Corning) supple-
mented with 10% fetal bovine serum (FBS; Atlanta Biologicals) and
1% penicillin-streptomycin (Corning). C4-2B"™*® cells were cultured
further in the continuous presence of 20 puM ENZ. 293T and mouse
PC cells were cultured in Dulbeccos modified Eagles medium
(DMEM) (Corning) supplemented with 10% FBS and 1% penicillin-
streptomycin. Human and mouse stromal fibroblast cells were cul-
tured in T medium (Thermo Fisher Scientific) supplemented with
10% FBS and 1% penicillin-streptomycin.

Plasmids and reagents

A human MAOB lentiviral expression construct was generated by
inserting the human MAOB coding region at EcoRI/Xhol sites
in pLVX-AcGFP1-N1 vector (Clontech) containing a puromycin-
resistant gene. The human MAOB (Y435S) mutant lentiviral expres-
sion construct was generated using a QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies, E200524) following the
manufacturer’s instructions, with WT construct used as a template.
The primer sequence for mutagenesis is 5'-CACACTGGAGCGGCAG-
CATGGAGGGGGCTG-3' (mutated nucleotides underlined). A
Dox-inducible MAOB shRNA expression construct was generated
by inserting a human MAOB shRNA sequence from TRCN0000046019
at Nhel/EcoRI sites in EZ-Tet-pLKO-Puro vector (Addgene) con-
taining a puromycin-resistant gene. Primer sequences for constructing
MAOB shRNA oligomers are forward 5'-CTAGCCCCAGAATCGT-
ATCTTGAGATTACTAGTATCTCAAGATACGATTC-
TGGGTTTTTG-3’ and reverse 5'-AATTCAAAAACCCAGAA-
TCGTATCTTGAGATACTAGTAATCTCAAGATACGA-
TTCTGGGG-3'. The human TWISTI expression construct was
provided by A. Firulli (Indiana University). The human constitu-
tively active AAA FOXOI expression construct was provided by
K. -L. Guan (University of California, San Diego) and obtained from
Addgene. The human 0.7-kb CXCL12 promoter Firefly Luc reporter
construct was provided by A. Caruz (University of Jaen, Spain). A
human 171-bp CXCL12 E-box/SBE-containing promoter Firefly Luc
reporter construct (CXCL12 E-box/SBE-Luc) was generated by in-
serting the corresponding promoter sequence upstream of a mini-
mal promoter and the Firefly Luc gene of pGL4.26 vector (Promega).
Primer sequences for cloning the sequence were forward 5'-AATCT-
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CGAGCTTTGTTTGTACAGGCGAGG-3' and reverse 5'-CTCAA
GCTTCTGCTTTCTGTGCGTGGG-3'. The pRL-TK Renilla Luc
reporter was purchased from Promega. Human and mouse MAOB
and nontarget control shRNA lentiviral particles were purchased
from Sigma-Aldrich. Human MAOB siRNA pool (sc-35849), TWIST1
siRNA pool (sc-38604), CXCR4 siRNA pool (sc-35421), CXCR7
siRNA pool (sc-94573), MAOA siRNA pool (sc-35847), FOXO1I
siRNA pool (sc-35382), and nontarget control siRNA (sc-37007) were
purchased from Santa Cruz Biotechnology. Selegiline, NAC, H,O,,
AMD3100, and Dox were purchased from Sigma-Aldrich. ENZ was
purchased from MedChemExpress. Src inhibitor 1 was purchased
from Selleck Chemicals. SP60025 was purchased from LC Laboratories.
Human recombinant TGFp1 and CXCL12 proteins were purchased
from PeproTech. Human recombinant TNFa, IL-1a, and IL-6 proteins
were purchased from Sino Biological.

Biochemical analyses

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, 74104)
and reverse-transcribed to cDNA by Moloney Murine Leukemia
Virus reverse transcriptase (Promega) following the manufacturers’
instructions. Subsequently, qPCR was conducted using SYBR Green
PCR Master Mix and run with the Applied Biosystems QuantStudio
3 Real-Time PCR System (Thermo Fisher Scientific). PCR condi-
tions included an initial denaturation step of 10 min at 95°C, fol-
lowed by 40 cycles of PCR consisting of 15 s at 95°C and 1 min at
60°C. PCR data were analyzed by the 274" method (88). Details
on the primers used for qPCR are provided in table S2. For immu-
noblots, cells were extracted with radioimmunoprecipitation assay
buffer in the presence of a protease/phosphatase inhibitor cocktail
(Thermo Fisher Scientific). Blots were performed as described
previously (89) using primary antibodies against MAOB (Sigma-
Aldrich, HPA002328, RRID:AB_1854062), xSMA (Abcam, ab5694,
RRID:AB_2223021), p-Smad2 (Ser*®*%") (Cell Signaling Technology,
3108, RRID:AB_490941), Smad2 (Cell Signaling Technology, 5339,
RRID:AB_10626777), p-Smad3 (Ser*?*%) (Cell Signaling Technol-
ogy, 9520, RRID:AB_2193207), Smad3 (Cell Signaling Technology,
9523, RRID:AB_2193182), Twist1 (Novus Biologicals, NBP2-37364,
RRID:AB_2801339), CXCR4 (Santa Cruz Biotechnology, sc-9046),
CXCR7 (GeneTex, GTX100027, RRID:AB_1240639), p-Src (Tyr*'?)
(Santa Cruz Biotechnology, sc-139601), Src (Santa Cruz Biotechnol-
ogy, sc-8056, RRID:AB_627306), p-JNK (Thr'®/Tyr'®) (Cell Sig-
naling Technology, 4668, RRID:AB_823588), JNK (Cell Signaling
Technology, 9252, RRID:AB_2250373), p-caspase 9 (Ser*®) (Pro-
teintech, 28794-1-AP, RRID:AB_2881214), caspase 9 (Proteintech,
10380-1-AP, RRID:AB_2068632), p-c-Kit (Tyr’*") (Signalway Anti-
body, 11240, RRID:AB_895204), c-Kit (Proteintech, 18696-1-AP,
RRID:AB_2249558), p-JAK1 (Tyr'®**) (Novus Biologicals, NB100-
82005, RRID:AB_1144529), JAK1 (Proteintech, 66466-1-Ig,
RRID:AB_2881834), p-BAD (Ser!'?) (Cell Signaling Technolo-
gy, 5284, RRID:AB_560884), BAD (Proteintech, 10435-1-AP,
RRID:AB_2061994), p-CREB (Ser'*) (Santa Cruz Biotechnology,
sc-81486, RRID:AB_1125727), CREB (Cell Signaling Technolo-
gy, 9197, RRID:AB_331277), HIFla (BD Biosciences, 610959,
RRID:AB_398272), p-AKT (Ser?”?) (Cell Signaling Technolo-
gy, 4060, RRID:AB_2315049), AKT (Cell Signaling Technology, 4691,
RRID:AB_915783), p-FOXO1 (Ser®®®) (Cell Signaling Technolo-
gy, 9461, RRID:AB_329831), FOXO1 (Cell Signaling Technology,
2880, RRID:AB_2106495), or B-actin (Santa Cruz Biotechnology,
sc-69879, RRID:AB_1123605). TGFpP1 (ELH-TGFb1-1) and
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CXCL12 (DLH-SDF1la-1) protein levels in cell culture media were
quantified by enzyme-linked immunosorbent assay (ELISA) (Ray-
Biotech). Stromal MAOB target phosphoproteins expressed in PC
cells were probed using a Cancer Signaling Phospho Antibody
Array (Full Moon BioSystems, PCS248) following the manufactur-
er’s instructions. MAOA and MAOB enzymatic activities in mouse
liver tissue were measured with serotonin and benzylamine as sub-
strates, respectively, by an EnzyChrom Monoamine Oxidase Assay
Kit (BioAssay Systems, EMAO-100) following the manufacturer’s
instructions. Mouse serum levels of ALT (EALT-100), AST (EASTR-
100), BUN (DIUR-100), and creatinine (DICT-500) were quantified
by ELISA (BioAssay Systems).

Generation of stable OE and KD cells

Stable shRNA-mediated MAOB KD was achieved by infecting cells
with lentivirus expressing human MAOB shRNA TRCN0000046019
(shMAOB#1, mainly used in this study and usually dubbed
“shMAOB”) or TRCN0000046021 (shMAOB#2) or mouse Maob
shRNA TRCNO0000076753 (shMaob#1) or TRCN0000076755
(shMaob#2) followed by puromycin (2 pg/ml) selection for 2 weeks
to establish stable cell lines. A nontarget control shRNA was used as
control for stable KD cells. Lentivirus production was performed for
stable OE of MAOB or Dox-inducible MAOB shRNA in fibroblast
cells. Briefly, 293T cells were cotransfected with a MAOB- or Dox-
inducible MAOB shRNA-expressing lentiviral construct, pPCMV
delta R8.2 (Addgene), and pVSVG (Addgene) in a 4:2:1 ratio using
Lipofectamine 2000 reagent (Thermo Fisher Scientific) following
the manufacturer’s instructions. The medium was changed 6 hours
after transfection. The medium containing lentivirus was harvested
48 hours after transfection. Fibroblast cells were infected with lenti-
virus in the presence of polybrene (8 pg/ml) followed by 2-week
puromycin selection. An empty lentiviral construct was used as
control for stable MAOB OE in cells.

Analyses of tumor cell proliferation, apoptosis, migration,
and invasion

For determining tumor cell proliferation in 2D coculture with fibro-
blasts as a coculture model primarily used in this study, 1 x 10
Luc- or fluorescence protein-tagged tumor cells were seeded over a
monolayer of 2 X 10* fibroblast cells (tumor:fibroblast ratio, 1:20) in
direct contact in 24-well plates to grow for 3 to 5 days. Tumor cell
proliferation was determined by Luc readout using a luminometer
or fluorescence readout by fluorescence microscopy. Fluorescence
intensity was quantified by Image] software. Alternatively, Luc-
tagged tumor cells were treated with CM of fibroblast cells for 3 to
5 days followed by determination of tumor cell proliferation by Luc
readout. For determining stromal MAOB’s effect on tumor cell pro-
liferation in cocultures using an inducible KD system, fibroblasts
expressing a Dox-inducible MAOB shRNA were treated with Dox
(100 ng/ml) for 72 hours before tumor cell seeding, followed by
determination of tumor cell proliferation. For determining the
effects of stromal-derived ROS and Twistl on tumor cell prolifera-
tion in cocultures, fibroblasts were treated with NAC or TWIST1
siRNA for 24 hours before addition of tumor cells to establish cocul-
tures, followed by determination of tumor cell proliferation. For
determining the effect of stromal-derived MAOB/CXCL12-CXCR4
paracrine signaling on tumor cell proliferation in cocultures, selegi-
line, anti-CXCL12-neutralizing antibody (R&D Systems, MAB310,
RRID:AB_2276927), rCXCL12 protein, or AMD3100 was added to
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cocultures 24 hours after tumor cell seeding, followed by determina-
tion of tumor cell proliferation. Parallel treatments of tumor cells
cultured alone with selegiline or anti-CXCL12-neutralizing anti-
body were used as controls. For determining the effects of tumor-
expressed CXCR4/CXCR7 and Src/JNK on tumor cell proliferation
in cocultures, tumor cells were treated with CXCR4 or CXCR7
siRNA for 48 hours, or with Src or JNK inhibitors for 24 hours before
seeding with fibroblasts to establish cocultures, followed by deter-
mination of tumor cell proliferation. For determining tumor cell
proliferation in 3D coculture with fibroblasts, collagen gels were
prepared by mixing 7 volumes of collage type 1 (4 mg/ml, Corning)
with 1 volume of 10x DMEM, 1 volume of 1X DMEM, and 1 volume
of FBS on ice. Reconstitution buffer (50 mM NaOH, 260 mM
NaHCO3;, and 200 mM Hepes) was added dropwise for pH neutral-
ization. Tumor cells were mixed with fibroblasts in a 1:3 ratio in the
gel matrix. One milliliter of cell solution, including 3 x 10> tumor
cells and 9 x 10° fibroblasts, was then added into a well of a 12-well
plate. The gel was allowed to polymerize at 37°C for 1 hour followed
by addition of complete medium. After 7 days, cells were dissociated
from the gel with collagenase and dispersed for flow cytometric
analysis of percentages of EpCAM™ (an epithelial cell marker) tumor
cells. For determining tumor cell migration and invasion in cocul-
ture with fibroblasts, 6.5-mm transwell inserts (8-pm pore size)
coated with collagen I or growth factor-reduced Matrigel (Corning)
were used. Tumor cells were serum-starved overnight before seed-
ing. As a chemoattractant, 1 x 10* fibroblasts in serum-reduced
medium were added to the bottom of lower chamber 24 hours
before seeding of 5 x 10* tumor cells inside transwell inserts con-
taining serum-free culture medium. After 24 to 48 hours, tumor
cells that translocated to the lower surface of the insert filter were
fixed in 4% formaldehyde. The fixed membranes were stained with
1% crystal violet. Assays were quantified by counting the number of
stained nuclei in five independent fields in each transwell by Image]J
software. For determining stromal MAOB’s effect on tumor cell in-
vasion in cocultures using an inducible KD system, fibroblasts
expressing a Dox-inducible MAOB shRNA were treated with Dox
(100 ng/ml) for 72 hours before tumor cell seeding, followed by
determination of tumor cell invasion. For determining the effect of
stromal-derived CXCL12-CXCR4 paracrine signaling on tumor cell
migration and invasion in cocultures, anti-CXCL12-neutralizing
antibody, rCXCL12 protein, or AMD3100 were added concurrently
with tumor cell seeding, followed by determination of tumor cell
migration and invasion.

Analyses of stromal cell viability, proliferation, apoptosis,
and senescence

Stromal fibroblast cells with shRNA- or siRNA-mediated KD of
MAOB were assessed for cell viability and proliferation by multiple
assays. For 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays, cells were seeded
in 96-well plates (2 X 10° cells per well) and grown for 5 days. Cells
were then treated with MTS reagent for 30 min and proceeded with
measurement of absorbance at 490 nm using an MTS cell prolifera-
tion assay kit (Abcam, ab197010). For cell cycle assays, cells were
harvested and fixed in 70% ethanol at —20°C overnight. Fixed cells
were then rinsed with cold phosphate-buffered saline (PBS) and in-
cubated with 0.5 ml of propidium iodide/ribonuclease staining
buffer (BD Biosciences) at room temperature for 15 min, followed
by flow cytometric analysis of cell cycle phase distribution. For
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5-bromo-2’-deoxyuridine (BrdU) assays, cells were incubated with
BrdU for 6 hours and measured for absorbance at 450 nm using a
BrdU cell proliferation ELISA kit (Abcam, ab126556). For deter-
mining MAOB’s effect on stromal cell apoptosis, control and MAOB-
KD stromal fibroblasts were fixed with 4% formaldehyde for 10 min
at room temperature, rinsed twice with PBS, and permeabilized with
0.1% Triton X-100 solution for 10 min at room temperature fol-
lowed by two washes with PBS. Subsequently, terminal deoxynucle-
otidyl transferase-mediated deoxyuridine triphosphate nick end
labeling (TUNEL) staining was performed in cells using a
fluorescein-based In Situ Cell Death Detection Kit (Sigma-Aldrich,
12156792910) following the manufacturer’s instructions. DAPI
(4',6-diamidino-2-phenylindole) was added for nuclear staining
before mounting. Images were acquired by fluorescence micros-
copy and analyzed for nuclear fluorescence with HALO (Indica
Labs) software.

Analysis of PDX-derived organoid growth

Tumor tissues from LuCaP 147CR and LuCaP 93 advanced PC PDX
models (37) were implanted into male 4- to 6-week-old NSG [non-
obese diabetic SCID (severe combined immunodeficient) gamma]
mice (The Jackson Laboratory, RRID:IMSR_JAX:005557) for ex-
pansion. The LuCaP 147CR tumor tissue was cut into ~5- to 10-mm®
pieces and implanted subcutaneously into both flanks of the
mice receiving surgical castration 2 weeks before implantation,
while the LuCaP 93 tumor pieces were implanted subcutane-
ously into intact mice. Six weeks later, tumors were collected
from the corresponding donor mice and subjected to digestion
and seeding in 48-well plates (1 x 10* cells per well) with growth
factor-reduced Matrigel for organoid culture following a pub-
lished protocol (90). For determination of stromal MAOB’s ef-
fect on organoid growth, established organoids were treated
with CM of control and MAOB-manipulated fibroblasts, which
were mixed 1:1 with complete medium, for 14 days with medi-
um replenished every 3 days. Viability of the organoids was
measured using a calcein AM dye-based LIVE/DEAD Viability/
Cytotoxicity Kit (Thermo Fisher Scientific, L3224) and quanti-
fied by fluorescence microscopy following the manufacturer’s
instructions.

ROS measurement

Cells were washed with PBS and incubated with 5 pM CM-
H,DCFDA (Thermo Fisher Scientific) for 30 min. Cells were
then trypsinized, and mean fluorescence reflecting cellular ROS
levels was measured by flow cytometry or a microplate reader.

Collagen deposition assay

Collagen deposition was determined in PrSC cells with manipulated
MAOB and ROS levels using a soluble collagen assay kit (Cell Bio-
Labs, MET-5016) following the manufacturer’s instructions. Briefly,
cells were homogenized in lysis buffer containing 2.5% acetic acid
and pepsin (0.1 mg/ml). The cell extracts were centrifuged at 12,000
for 10 min. The supernatant was neutralized with 2 N NaOH and
transferred into a 96-well plate, followed by drying at 37°C overnight.
Sirius Red reagent was added to the samples and standards to
stain the collagen’s triple-helix structure. The stained cells were
washed with 5% acetic acid and incubated with extraction solu-
tion, followed by measurement of absorbance at 560 nm using a
microplate reader.
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Collagen gel contraction assay

Cell contraction was determined in PrSC cells with manipulated
MAOB and ROS levels using a collagen-based cell contraction assay
kit (Cell BioLabs, CBA-201) following the manufacturer’s instruc-
tions. Briefly, cells were trypsinized and resuspended in complete
medium at a density of 5 x 10° cells/ml. Cell suspensions were
mixed with collagen gel working solution in a 1:4 ratio and plated
into 48-well plates (250 pl per well). After incubation at 37°C for
1 hour, 500 pl of serum-free medium was added into each well. After
2 days, the gels were released from the side of the well. Gels were
imaged every day, and cell contraction was assessed by measuring
changes in the collagen gel size using Image] software.

Luc reporter assays

For determining the effect of Twistl and TGFp1 individually or in
combination on CXCL12 0.7-kb promoter Luc reporter and WT and
mutant CXCLI12 E-box/SBE-Luc reporters, PrSC cells were trans-
fected with corresponding reporters together with TWISTI and
pRL-TK plasmids and incubated for 24 hours, followed by treatment
with recombinant TGFp1 protein for another 12 hours. Cells were
then harvested, and cell lysates were assayed for relative Luc activity
by a Dual-Luciferase Reporter Assay (Promega, E1910) following
the manufacturer’ instructions.

ChIP- and re-ChIP-qPCR assays

ChIP-qPCR assays were used to determine the association of endoge-
nous Twistl and Smad4 proteins with an E-box and two SBEs on
CXCL12 promoter, respectively, in control and MAOB-OE PrSC
cells treated with TGFp1 (10 ng/ml) for 12 hours using a Simple-
ChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology,
9002) following the manufacturer’s instructions. Briefly, the chro-
matin was cross-linked with nuclear proteins, enzymatically
digested with micrococcal nuclease followed by sonication, and
immunoprecipitated with anti-Twistl, anti-Smad4 (Cell Signaling
Technology, 46535, RRID:AB_2736998), or a normal immunoglob-
ulin G (IgG, Cell Signaling Technology, 2729, RRID:AB_1031062).
For further determining the association of a Twistl1-Smad4 protein
complex with the E-box/SBE-encompassing CXCLI2 promoter
region, a re-ChIP-qPCR assay was performed using a Re-ChIP-IT
Kit (Active Motif, 53016) following the manufacturer’s instructions.
Briefly, the chromatin eluted from the first ChIP assayed with anti-
Smad4 antibody as described above was subjected to the second
ChIP (re-ChIP) with anti-Twist1 or a normal IgG. The immunopre-
cipitates were pelleted with agarose beads, purified, and subjected
to qPCR with primers specifically targeting the E-box/SBE-
centric CXCLI2 promoter region. Primer sequences were forward
5-GCTTTGTTTGTACAGGCGAGG-3' and reverse 5'-CTGCT-
TTCTGTGCGTGGG-3'.

Proximity ligation assay

Cells were seeded on chamber slides and fixed with 4% formalde-
hyde for 10 min at room temperature, washed twice with PBS con-
taining 0.02% Tween 20, and permeabilized with 0.5% Triton X-100/
PBS solution (blocking solution) for 30 min at room temperature.
Primary antibodies against Twistl (mouse IgG), Smad2 (rabbit
IgG), Smad3 (rabbit IgG), or Smad4 (rabbit IgG) were incubated in
blocking solution at 4°C overnight. Assays were then performed
with the Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma-
Aldrich, DUO92101-1KT) according to the manufacturer’s instructions
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using anti-mouse MINUS and anti-rabbit PLUS proximity ligation
assay probes. Images were acquired by a Zeiss Axio Imager M2
upright microscope using a X40 objective and analyzed for fluores-
cence per nucleus with HALO software.

Co-IP assay

Twist1-Smad interactions in PrSC cells cotransfected with a TWIST1
and an individual SMAD plasmid were determined using a Pierce
Co-Immunoprecipitation Kit (Thermo Fisher Scientific, 26149)
following the manufacturer’s instructions. Briefly, cells were lysed in
ice-cold IP lysis/wash buffer. An antibody against Twistl, Smad2,
Smad3, Smad4, or a control IgG was immobilized for 2 hours using
AminoLink Plus coupling resin for IP. One microgram of total
protein lysates was immunoprecipitated with the resin at 4°C over-
night. After incubation, the resin was washed and proteins in the
immunoprecipitates were eluted and then subjected to immuno-
blotting analysis with antibodies against Twist1 or individual Smads.

Analysis of CXCL12 promoter

Site-directed mutagenesis was used to mutate the E-box and SBEs
on CXCLI12 E-box/SBE-Luc, with WT construct used as the tem-
plate. Mutagenesis was carried out using a QuikChange II XL Site-
Directed Mutagenesis Kit following the manufacturer’s instructions.
The primer sequences for mutating the E-box and SBEs were for-
ward 5'-GCCGCAAGCCGGGITGGTGGCGAGCTTG-3' and
reverse 5'-CGAGCCACGCTGACTGCAAACATGGCTTTCATTC-
CCGCAGATCG-3', respectively (mutated nucleotides underlined).
Mutated nucleotides were verified by DNA sequencing before
experimental use.

Animal studies

Male 4- to 6-week-old SCID (RRID:IMSR_TAC:CB17SC), NSG
(RRID:IMSR_JAX:005557), and C57BL/6 (RRID:IMSR_
JAX:000664) mice were purchased from Taconic or The Jackson
Laboratory, housed in the animal research facilities at Cedars-Sinai
Medical Center or Washington State University, and fed a normal
chow diet. For determining stromal MAOB’s effect on adjacent
tumor growth in a tissue recombinant xenograft model, tissue
recombinants were prepared following a published protocol (91)
with minor adjustments of the tumor:fibroblast mix ratio and total
number of cells for transplantation as described previously (16).
Briefly, PC cells were mixed with fibroblast cells at a ratio of 1:3, with
each recombinant composed of 2.5 x 10° Luc-tagged PC C4-2 cells
and 7.5 x 10° control or MAOB-KD PrSC fibroblast cells. After
polymerization with rat tail collagen, the cell-collagen mixture graft
was overlaid with complete medium and incubated at 37°C over-
night before transplantation. The grafts were transplanted under the
renal capsule of anesthetized SCID mice to allow development of
tumors (n = 5 mice per group). Tumor growth was monitored by
BLI with a Xenogen IVIS Spectrum Imaging System (PerkinElmer)
weekly for 8 weeks after transplantation. The photon flux in mouse
kidneys was analyzed by Living Image software (PerkinElmer). BLI
signal data were acquired after background subtraction. At the end
point, tumors were dissected, weighed, and collected for subsequent
analyses. For determining stromal Maob’s effect on mouse prostate
tumor growth in an immunocompetent mouse model, a mix of
1 x 10° Pten-KO/Kras-OE mouse PC cells with 3 x 10° control or
Maob-KD mouse CAFs was injected subcutaneously into C57BL/6
mice (# = 4 mice per group). At the end point, tumors were dissected,
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weighed, and collected for subsequent analyses. For determining the
effect of the MAOB inhibitor selegiline on tumor growth in an
orthotopic xenograft model, 5 X 10°> Luc-tagged PC-3 cells were
mixed 1:1 with Matrigel and injected into the prostates of anesthe-
tized NSG mice to develop prostate tumors. Mice were randomized
into four groups to receive treatments with selegiline at various
doses (0.5, 2, and 10 mg/kg) or saline as a vehicle (n = 5 mice per
group) based on BLI signal in prostates 1 week after tumor injection.
Daily intraperitoneal injections of selegiline were given for 6 weeks,
with saline injection for the control group. Tumor growth was
monitored by BLI weekly. At the experimental end point, tumors
were dissected for analysis.

IHC and IF analyses

IHC and IF analyses of clinical prostate tumor and xenograft and
allograft tumor samples were performed using antibodies against
MAOB, CHGA (Santa Cruz Biotechnology, sc-393941,
RRID:AB_2801371), SYP (Santa Cruz Biotechnology, sc-17750,
RRID:AB_628311), Ki-67 (Cell Signaling Technology, 9027,
RRID:AB_2636984), AR (Cell Signaling Technology, 5153,
RRID:AB_10691711), aSMA, CXCL12 (R&D Systems, MAB350,
RRID:AB_2088149), p-Src (Tyr*'®), p-JNK (Thr'®/Tyr'®), or
HIF1la following a published protocol (14). Serial TMA sections
were used for IHC staining of two proteins separately as in Figs. 1
(A to C), 2B, and 5C. A single TMA was used for co-IF staining of
two proteins simultaneously as in figs. S1 (C and D), S2 (A and B),
and S11C. The IHC and IF data were quantitatively analyzed by
assigning H score, cell-based intensity, or percentage of positive
expression for individual protein staining by HALO software after
areas of interest were defined using manual tissue segmentation by a
pathologist.

For multiplex IF staining, all primary antibodies were tested as
mono-staining before multiplex staining. Multiplex IF staining was
performed using an Opal 6-Plex Detection Kit (Akoya Biosciences,
NEL811001KT) following the manufacturer’s protocol. Briefly, after
deparaffinization and rehydration, antigen retrieval was performed
by heat treatment using AR6 buffer. After cooling, nonspecific bind-
ing was blocked using antibody diluent/block for 10 min, followed
by incubation with a primary antibody overnight at 4°C. Slides were
then incubated with Opal polymer horseradish peroxidase for
10 min, followed by incubation with Opal fluorophores for 10 min.
The antibody was stripped by heat treatment. The procedures
above were repeated from the antigen retrieval step for each subse-
quent antibody. The primary antibodies against MAOB, SYP, and
CHGA were sequentially used. Last, slides were counterstained with
DAPI for 5 min and mounted using antifade mounting medium
(VECTASHIELD). Tissue dots were scanned under Leica CMi8
confocal microscopy to obtain multispectral images for quantifica-
tion using HALO software.

RNA-seq, single-cell RNA-seq, and bioinformatics analyses

The total RNA of control and MAOB-OE and KD PrSC cells was
extracted by RNeasy Mini Kit and underwent deoxyribonuclease
digestion following the manufacturer’s instructions. RNA-seq was
performed on an Illumina HiSeq 4000 at Novogene. Bowtie 2 v2.1.0
was used for mapping to the human genome hgl9 transcript set.
RSEM v1.2.15 was used to calculate the count and estimate the gene
expression level. Trimmed mean of M-values (TMM) method in the
edge R package was used for gene expression normalization. GSEA
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v4.1.0 was used to evaluate the association of MAOB expression
with response to wounding, ROS, TGFp and chemokine signaling,
and other pathways using relevant gene sets from the molecular
signature database (MSigDB v7.4). The human PC (GSE34312)
and BC (GSE9014) datasets of stromal gene expression used for dif-
ferent correlation studies or examination of stromal MAOB ex-
pression between different disease states were downloaded from the
Oncomine or National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus (GEO) databases.

The single-cell RNA-seq raw data in GSE141445 and GSE137829
datasets were downloaded from the NCBI GEO database and ana-
lyzed using the R and Bioconductor packages. The basic quality
metrics including unique molecular identifier (UMI) per cell and
gene counts per cell were estimated using the scater package. Cells
with low library size, low numbers of features, or a high number of
mitochondrial genes were filtered out using the quickPerCellQC
function in the scater package. The cutoffs for UMI and mitochon-
drial genes are 1000 and 10%, respectively. Batch effects were re-
moved, and datasets from each sample were integrated using the
fastMNN method in the bachelor R package. Hypervariable ex-
pressed genes were identified by the getTopHVGs function in the
scran package. The top 500 genes with the highest biological vari-
ances were selected for dimension reduction using the TSNE algo-
rithm. Clusters were identified using the buildSNNGraph function
in the scran package. Literature-based marker genes were selected
for categorizing different fibroblast subtypes.

Statistics

Data are presented as means + SEM as indicated in figure legends.
Comparisons between Kaplan-Meier curves were analyzed using
the log-rank test. Correlations between groups were determined by
Pearson correlation. All other comparisons were analyzed by un-
paired two-tailed Student’s ¢ test, one-way analysis of variance
(ANOVA) with Tukey’s or Dunnett’s multiple-comparison tests, or
two-way ANOVA with Tukey’s or Sidak’s multiple-comparison test.
A P value less than 0.05 was considered statistically significant.

Study approval

All animal studies received prior approval from the Institutional
Animal Care and Use Committees (IACUCs) at Cedars-Sinai
Medical Center and Washington State University and complied
with TJACUC recommendations. Human tissue samples were ob-
tained from the NYU site of the PCBN and the Biobank of Taipei
Veterans General Hospital under approved protocols from their
local IRBs.
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