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Abscisic acid signaling through LANCL?2 and PPARY induces
activation of p38MAPK resulting in dormancy
of prostate cancer metastatic cells
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Abstract. Prostate cancer (PCa) is one the most common
malignancies in men. The high incidence of bone metastasis
years after primary therapy suggests that disseminated tumor
cells must become dormant, but maintain their ability to
proliferate in the bone marrow. Abscisic acid (ABA) is a stress
response molecule best known for its regulation of seed germi-
nation, stomal opening, root shoot growth and other stress
responses in plants. ABA is also synthesized by mammalian
cells and has been linked to human disease. The aim of the
present study was to examine the role of ABA in regulating
tumor dormancy via signaling through lanthionine synthetase
C-like protein 2 (LANCL2) and peroxisome proliferator acti-
vated receptor y (PPARY) receptors. ABA signaling in human
PCa cell lines was studied using targeted gene knockdown
(KD), western blotting, quantitative PCR, cell proliferation,
migration, invasion and soft agar assays, as well as co-culture
assays with bone marrow stromal cells. The data demonstrated
that ABA signaling increased the expression of p21, p27 and
pl16, while inhibiting viability, migration, invasion and colony
size in a reversable manner without toxicity. ABA also induced
p38MAPK activation and NR2F1 signaling. Targeted gene
KD of LANCL?2 and PPARYy abrogated the cellular responses
to ABA. Taken together, these data demonstrate that ABA
may induce dormancy in PCa cell lines through LANCL2
and PPARY signaling, and suggest novel targets to manage
metastatic PCa growth.
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Introduction

Prostate cancer (PCa) is the second leading cause of death
from cancer in men in the United States (1). The majority of
men who are diagnosed with localized PCa and who elect
to undergo therapy are treated with surgery or radiation, by
which they expect to be cured (2). A number of patients expe-
rience a prolonged period without evidence of biochemical
recurrence or obvious disease, but some relapse with single or
multiple metastases frequently detected in bone (3,4). Notably,
~90% of patients who succumb to advanced-stage PCa have
bone metastases, whereas only ~10% of these individuals
had bone metastases at the time of diagnosis (5-7). These
observations suggest that disseminated tumor cells (DTCs)
may have left the primary tumor site in the prostate and
took up residence in distant sites. For PCa, it has been shown
that DTCs may be present in the bone marrow at the time of
initial diagnosis (8-11). In the bone marrow, DTCs maintain
the ability to become reactivated and generate metastases by
poorly understood processes (8-11). Further studies are needed
in the context of PCa DTC dormancy to identify and develop
improved therapeutic strategies to treat metastatic diseases.
One well-delineated pathway in the understanding of
cellular dormancy is p38/ERK signaling. High levels of
p38MAPK activity function as an inhibitory regulator of
ERK, thus preventing cell proliferation by inducing G,/G,
phase arrest, or by initiating senescence and apoptosis (12-14).
Transforming growth factor-p2 (TGF-B2), which is secreted
from bone marrow-derived cells, is known to induce expres-
sion of a p38"e"/ERK'" phenotype in cancer (15). The
subsequent activation of Smadl/5 and increased expression
of p27 results in the downregulation of cyclin-dependent
kinase (CDK)4, which collectively facilitates the transition
into cellular quiescence (15,16). Additionally, p38"¢"/ERK'"
facilitates G,/G, phase arrest via the regulation of various
factors, including NR2F1, and CDK inhibitors p27 and p21.
Therefore, the combined regulation of transcription factors by
a p38Me"/ERK™ phenotype is responsible for quiescence (17).
A second well-described pathway that regulates PCa dormancy
in the bone marrow is activated by growth arrest-6 (GAS6)
signaling. In bone marrow, GAS6 secreted by osteoblasts acti-
vates the TAM family of receptors (Tyro3, Axl and MerTK)
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on PCa cells, which serve as molecular switches to turn on
(Tyro3, Ax1) and off (MerTK) the dormancy programs (18).
Similarly, bone morphogenetic protein (BMP)7, which is
produced by bone stromal cells, induces dormancy in PCa cells
by activating p38 signaling (19). These studies have suggested
that cells in the bone marrow microenvironment, including
osteoblasts, serve key roles in regulating PCa dormancy.

The present study explored the signaling pathways acti-
vated by the dormancy-inducing phytohormone ABA in PCa
cells. ABA has long been known as a regulator of plant growth
and survival under stress conditions, but has more recently
been detected in rat brain tissues (20). Since its discovery
in mammals, ABA has been identified in blood plasma (21),
and has been demonstrated to be produced by pancreatic §
cells (22), adipocytes (21), keratinocytes (23), hematopoietic
immune cells, such as granulocytes (24), monocytes (25) and
macrophages (26), and human mesenchymal stem cells (27).
ABA has also been shown to be linked to several human
diseases, including type-2 diabetes and colitis (28,29). ABA
signaling is mediated by two known receptors, lanthionine
synthetase C-like protein 2 (LANCL2) and peroxisome prolif-
erator activated receptor Y (PPARYy) (28-30). Numerous studies
have demonstrated that LANCL2 serves a role in the regula-
tion of stress responses, inflammation, and in metabolic and
immune-related diseases (31,32). It has also been demonstrated
that LANCL?2 is expressed by DTCs in the bone marrow of
patients with breast cancer (30). PPARY is a nuclear hormone
receptor, the signaling of which results in anti-proliferative
activities by decreasing the levels of cyclin D1 and E, and
increasing the expression of p21 and p27 in PCa (33-35). The
present study further explored the role of ABA in dormancy
and the molecular pathways activated by its signaling in PCa.

Materials and methods

Reagents. A number of the reagents used, their source and
catalogue numbers are presented in Table I; short hairpin
RNA (shRNA) targeting sequences are presented in Table II;
primer sequences are presented in Table I11.

Cell culture. As the present study aimed to study bone marrow
DTCs, the following metastatic cell lines were used. The
human androgen-independent bone metastatic PCa cell lines
PC3 and LnCaP subline C4-2B were predominantly used in
the present study, as they metastasize to bone (36-38). When
injected into bone, PC3 cells result in predominantly lytic
lesions, whereas C4-2B cells may produce mixed osteoblastic
and osteolytic lesions (36-38). In some experiments, the
human dura metastasis cell line DU145 and murine Myc-CaP
cells were used. We recently demonstrated that Myc-CaP cells
can also metastasize to bone (39). The human PCa cells were
routinely grown in RPMI 1640, whereas the murine Myc-CaP
cells were grown in DMEM. All cultures were supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-strep-
tomycin, and were maintained in an incubator set to 5% CO,
atmosphere at 37°C (Marshall Scientific).

Cellviability assays. To evaluate viability, 3,000 PCa cells/well
(PC3, C4-2B, Dul45 and Myc-CaP) in 100 Il medium were
added to 96-well plates in quintuplicate, and allowed to adhere

overnight. The next day, the cells were washed in PBS (Thermo
Fisher Scientific, Inc.) and fresh medium was added. ABA was
diluted in dimethyl sulfoxide (DMSO), and was added at the
following doses: 0 uM (DMSO only), 25, 50, 100 and 200 yuM
for 72 h at 37°C. To determine viability, cells were either recov-
ered from culture with trypsin (MilliporeSigma) and counted
using a hemocytometer under a Nikon Eclipse Ts2 inverted
phase light microscope (Nikon Corporation) following trypan
blue staining (at 23°C for 3 min), or were assessed using a colo-
rimetric assay. For the colorimetric assays, a total of 70 h after
the addition of ABA or control, 20 ul CellTiter 96® Aqueous
Non-Radioactive Cell Proliferation Reagent (cat. no. G5421;
Promega Corporation) was added to the cultures for 2 h at 37°C.
The optical density (O.D.) of the cell culture plates was then
measured using a plate reader (DU530 UV/Vis scanning spec-
trophotometer; BD Biosciences) at a wavelength of 490 nm. To
determine if ABA permanently affected viability, cells were
treated with ABA for 72 h at 37°C, washed, trypsinized and
counted. An equal number of cells (1x10° cells/well in 12-well
plates, 1 ml of culture media) were then added back to culture
for an additional 72 h at 37°C and cell viability was evaluated
by cell counting using a hemocytometer. Cell viability (%) was
calculated as follows: (treatment group-background)/(control
group-background)x100. The data are presented as the
mean + SEM.

Cytotoxicity assays. The cytotoxicity of ABA was assessed
using a CytoTox96 Non-Radioactive Cytotoxicity Assay
kit (Promega Corporation) according to the manufacturer's
instructions. Briefly, PCa cell lines (PC3, C4-2B, DU145 and
Myc-CaP) were seeded on 96-well plates (1x10* cells/well) in
quintuplicate per group in 100 ul complete culture medium.
After overnight incubation, the cells were treated with
25,50, 100 and 200 uM ABA for 4 h at 37°C; the control group
was treated with DMSO. To measure lactate dehydrogenase
(LDH) release, 50 ul supernatant was mixed with 50 ul recon-
stituted substrate mix solution in a new 96-well plate and was
incubated for 30 min in the dark at room temperature. The
reaction was stopped with 50 ul stop buffer and the O.D. was
then measured at a wavelength of 490 nm. Each cytotoxicity
assay was independently repeated two times.

shRNA and lentivirus preparation. pLKO.1 lentiviral
vector-based shRNAs targeting specific candidate genes and
the non-specific (NS) control shRNA were obtained from
Horizon Discovery (NS control and shRNA LANCL2) and
MilliporeSigma (shRNA PPARy) (Table II). Lentivirus particles
were prepared by transfecting 293T cells in 12-well plates
with 0.5 ug either gene-specific ShRNA plasmids (LANCL2,
clone ID no. TRCN0000045403; and PPARY, clone ID no.
TRCNO0000001670) or NS shRNA plasmids along with lenti-
viral packaging plasmids [2nd generation psPAX2 packaging
(plasmid #12260; Addgene, Inc.) and pMD2.G envelope
(plasmid #12259; Addgene, Inc.) in a 1:1 ratio for 48 h at 37°C.
All lentiviral transfections were performed using Effectene
Transfection Reagent. Stable cell lines were generated by
infecting PCa cells (PC3 and C4-2B) with a multiplicity of infec-
tion of ~250 viral particles per cell in 200 pl (total collection
volume, 1 ml) in 12-well plates for 24 h, followed by selection
in puromycin (1 ug/ml) at 37°C for 1 week. Thereafter reverse
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A, Animals

Reagent or resource

Supplier

Identifier

Male 4-6 week old C57BL/6J mice

Jackson Laboratory

Strain no. 000664

B, Antibodies

Reagent or resource Supplier Identifier
[-actin Cell Signaling Technology, Inc. 4970
Tubulin ABclonal Biotech Co., Ltd. ACO021
p21 Cell Signaling Technology, Inc. 2947

p27 Cell Signaling Technology, Inc. 3686
LANCL2 Abcam ab237520
PPARY Cell Signaling Technology, Inc. 2443
p-p38 Cell Signaling Technology, Inc. 4511

t-p38 Cell Signaling Technology, Inc. 9212
NR2F1 Abcam ab181137
C, Chemicals, peptides and recombinant proteins

Reagent or resource Supplier Identifier
DMEM Cytiva SH30022.01
RPMI Cytiva SH30027.01
a-MEM Gibco; Thermo Fisher Scientific, Inc. 12571-063
Fetal bovine serum Gemini Bio Products 50-753-2984
0.25% Trypsin-EDTA Gibco; Thermo Fisher Scientific, Inc. 25200-056
Penicillin-streptomycin Gibco; Thermo Fisher Scientific, Inc. 15140-122
Effectene transfection reagent Qiagen, Inc. 301425
ABA Abcam ab120860
D, Experimental cell lines

Reagent or resource Supplier Identifier
293T ATCC CRL-3216
PC3 ATCC CRL-1435
C4-2B ATCC CRL-3315
DU145 ATCC HTB-81
Myc-CaP ATCC CRL-3255

LANCL2, lanthionine synthetase C-like protein 2; p-, phosphorylated; PPARY, peroxisome proliferator activated receptor v; t, total.

transcription-quantitative PCR (RT-qPCR) was used to assess
the mRNA expression changes and western blotting was used to
validate protein expression changes. After the initial assessment
of the efficiency of shRNA knockdown (KD) of the target genes,
clone 1 was selected for both LANCL2 and PPARY for further
studies. Thereafter, frozen stocks were established and cells
were used for experimentation after validation of the targeted
KD within 2 weeks of transfection or thaw.

RNA extraction, cDNA preparation and RT-qPCR. Total
RNA was extracted from target cells using TRIzol® Reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) and was purified
using the RNeasy Mini Kit (Qiagen, Inc.). cDNA was synthe-
sized using the ProtoScript First Strand cDNA Synthesis Kit
(New England Biolabs, Inc.) according to the manufacturer's
instructions. qPCR was performed with gene-specific primers
using the iTaq Universal SYBR® Green Supermix (Bio-Rad
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Table II. Short hairpin RNA sequences.

Gene/shRNA Clone ID sequence Sequence, 5'-3' Supplier
Nonspecific sequence - #RHS6848 - Horizon Discovery
LANCL2 1 TRCN0000045403 TAAGGCATACAGATAACCTGC Horizon Discovery
LANCL2 2 TRCN0000045404 AAATTATGAATGATCTTCCCG Horizon Discovery
PPARY 1 TRCNO0000001670 GCCAACATTTCCCTTCTTCCA MilliporeSigma
PPARY 2 TRCNO0000001671 CTGGCCTCCTTGATGAATAAA MilliporeSigma

LANCL2, lanthionine synthetase C-like protein 2; PPARYy, peroxisome proliferator activated receptor vy.

Table III. Primer sequences.

Gene Sequence, 5'-3'

ACTB F: TCAGGACGGGAAGATCATTCA
R: CAGAGCAGTCATGGGGATCAG

LANCL2 F: TCAGGACGGGAAGATCATTCA
R: CAGAGCAGTCATGGGGATCAG

PPARY F: GGGATCAGCTCCGTGGATCT

R: TGCACTTTGGTACTCTTGAAGTT
p21 F: TGTCCGTCAGAACCCATGC
R: AAAGTCGAAGTTCCATCGCTC

p27 F: AACGTGCGAGTGTCTAACGG
R: CCCTCTAGGGGTTTGTGATTCT
pl6 F: GATCCAGGTGGGTAGAAGGTC
R: CCCCTGCAAACTTCGTCCT
E-cadherin F: CGAGAGCTACACGTTCACGG
R: GGGTGTCGAGGGAAAAATAGG
Vimentin F: GACGCCATCAACACCGAGTT
R: CTTTGTCGTTGGTTAGCTGGT
ZEB2 F:CAAGAGGCGCAAACAAGCC

R: GGTTGGCAATACCGTCATCC

LANCL2, lanthionine synthetase C-like protein 2; PPARY, peroxi-
some proliferator activated receptor vy.

Laboratories, Inc.) on an Applied Biosystems 7500 thermo-
cycler system (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The thermocycling conditions were as follows: Initial
denaturation at 95°C for 15 min; 40 cycles at 95°C for 15 sec,
annealing at 60°C for 30 sec and 72°C for 30 sec; and a final
extension step at 72°C for 7 min. Results were normalized
against B-actin levels using the formula ACq=Cq of target
gene-Cq of B-actin. The mRNA expression levels of the control
group were used to establish the baseline; therefore, AACq was
calculated using the formula AACq=ACq of target gene-ACq
of the baseline. The fold change of mRNA expression was
calculated as fold=2-22%4 (40). The primer sequences for all the
genes analyzed in the present study are provided in Table II.

Migration and invasion assays. Migration assays were
performed using a Transwell with 8.0 ym pore polycarbonate
membrane inserts (cat. no. 3422; Corning, Inc.), and invasion

assays were performed using BioCoat Growth Factor Reduced
Matrigel Invasion Chambers (cat. no. 354483; Corning,
Inc.) in Transwell inserts. For these studies, PC3 and C4-2B
cells infected with NS, LANCL2 and PPARy shRNAs were
serum-starved for 6 h, and were then recovered from culture
and seeded in triplicate in the upper chamber of Transwell
inserts (5x10* cells/well). The lower chambers were filled
with medium containing 10% FBS as a chemoattractant. The
cells in the upper chambers were treated with 100 xM ABA
or DMSO as a control at 37°C. After 24 h for PC3 cells and
48 h for C4-2B cells, the cells remaining in the top chambers
(those cells that had not migrated or invaded) were removed
with cotton-tipped applicators. The number of cells that had
migrated or invaded into the lower chambers were quantified
following DAPI staining at 23°C for 3 min; 5-8 fields/membrane
were evaluated under an All-in-one Fluorescence Microscope
(BZ-X800/BZ-X810; Keyence Corporation; x10 magnifica-
tion) and nuclei quantification was performed using ImageJ
1.53K software (National Institutes of Health). The percentage
of migration or invasion was calculated as follows: (number of
cells that migrated or invaded in the treated group)/(number of
cells that migrated or invaded in the control group) x100.

Soft agar assays. PC3 and C4-2B cells (5x10°/well) infected
with LANCL2, PPARYy or NS shRNAs were seeded into 6-well
plates on 0.4% low gelling point agarose (cat. no. A9045;
MilliporeSigma) and layered on top of 0.8% agarose. The
cultures were maintained for 15-18 days, with fresh medium
replenished every third day containing DMSO (control) or
100 uM ABA. At the end of the experiment, the images of
the cell colonies (>30 cells) in soft agar were captured using
an inverted light microscope (Olympus Corporation; x10
magnification). Colony size was measured using Imagel
1.53K software (National Institutes of Health) plotted as rela-
tive colony size (%) when compared with control cells.

Western blot analysis. Whole cell protein extracts were prepared
using RIPA lysis buffer (Pierce; Thermo Fisher Scientific, Inc.)
containing a Protease Inhibitor Cocktail (Roche Diagnostics)
and Phosphatase Inhibitor (Thermo Fisher Scientific, Inc.).
Lysed samples were centrifuged at 18,000 RCF for 15 min
at 4°C, and the clarified supernatants were collected and stored
at -80°C. Protein concentrations were determined using the
Bradford Protein Assay Reagent (Bio-Rad Laboratories Inc.).
Equal amounts of protein samples (25 pug) were separated by
10 or 12% SDS-PAGE and transferred onto polyvinylidene
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difluoride membranes (Thermo Fisher Scientific, Inc.) using
wet-transfer apparatus (Bio-Rad Laboratories, Inc.). The
membranes were blocked with 5% skim milk (AmericanBio)
and probed with primary antibodies (1:1,000 dilution)
overnight at 4°C. After washing with TBST buffer (25 mM
Tris-HCI, 125 mM NaCl, 0.1% Tween 20), the membranes were
incubated with IRDye®800CW- or IRDye®680-conjugated
secondary antibodies (cat. nos. 926-32211 and 926-68071;
1:5,000 dilution; LI-COR Biosciences) for 1 h at room
temperature. The results were visualized using an Odyssey
Infrared Imager (LI-COR Biosciences). For loading controls,
the membranes were stripped and reprobed for (3-actin and/or
tubulin. All primary antibodies used for western blotting are
listed in Table 1.

Ethics approval and consent to participate

Animal studies. The University of Alabama at Birmingham
(UAB) Institutional Animal Care and Use Committee
(TACUC) (Birmingham, AL, USA), approved the work
(approval no. IACUC-21928). Male C57B/6] mice (age,
4-6 weeks; weight, 22 g) were housed for 2-3 weeks to permit
acclimatization and were monitored daily. The animals were
housed at 25°C, under a 12-h light/dark cycle, with ad libitum
access to food and water at 50% relative humidity. The ~22 g
animals (n3) were exposed to 5% isoflurane for induction of
anesthesia. Thereafter, the animals were maintained in 3%
isoflurane until cardiac puncture and removal of the required
blood volume (1.0 ml) was performed. To ensure euthanasia,
the heart was removed. The long bone marrow of three
animals was isolated by sterile dissection, and the cells from
three animals were pooled.

Human studies. The studies were evaluated by the UAB
Human Subjects Committee under IRB-300004457 ‘The
Biology of Prostate Cancer Skeletal Metastases’. Given that
no subject interactions were planned, and cell lines were to
be purchased from commercial vendors, the studies were not
deemed Human Subjects investigations and were therefore
considered exempt.

Co-cultures of PC3-GFP cells with bone marrow cells and
fluorescence-activated cell sorting (FACS) analyses. Murine
primary bone marrow stromal cells were isolated by crushing
the long bones from ~2-month-old male C57BL/6J mice. The
cell clumps and debris were removed by filtering the cells using
a70-pm cell strainer (Thermo Fisher Scientific, Inc.). PC3 cells
infected with GFP-labeled LANCL?2 and PPARYy shRNA lenti-
viral vectors were placed into co-culture with confluent mouse
primary bone marrow cells. Co-culture of PC3-GFP and bone
marrow cells, with and without 100 uM ABA treatments were
carried out for 3 days in an atmosphere containing 5% CO,
at 37°C. The proliferating PC3-GFP cells in the co-cultured
(PC3-GFP/bone marrow) system were recovered using trypsin
in PBS, and sorted using a BD FACS Melody™ Cell Sorter
(BD Biosciences) to distinguish PC3 cells from murine bone
marrow cells based upon GFP expression. To distinguish live
versus dead cells or cellular debris, parallel cultures were used
to establish gating parameters. A minimum of 20,000 events
were recorded for each condition. The data were analyzed
using BD FACSChorus™ 3.0 software (BD Biosciences). Cell
proliferation percentages were established by comparing to

control cells, and histograms were plotted using GraphPad
Prism 5 (Dotmatics).

Statistical analyses. GraphPad Prism 5 was used for statistical
analyses. All experiments were repeated at least three times
and the results are presented as the mean + SEM. For each data
point, a two-tailed, unpaired, Student's t-test was performed
to determine the significance of the differences between two
groups, and one-way analysis of variance (ANOVA) followed
by Bonferroni's post hoc test was performed to compare three
or more groups. When analyzing multiple variables a two-way
ANOVA analysis followed by Bonferroni's post hoc test was
performed to determine significance. P<0.05 was considered
to indicate a statistically significant difference.

Results

ABA treatment inhibits PCa cell viability. To determine
the effects of ABA on PCa DTC viability, human and
mouse PCa cells were exposed to increasing doses of ABA
(0, 25, 50, 100 and 200 xM) for 72 h in culture medium.
ABA significantly reduced the viability of the PCa cell
lines in a dose-dependent manner (Fig. 1A-D). Specifically,
ABA at concentrations of 100 and 200 uM decreased the
viability of the PC3, C4-2B, DU145 and Myc-CaP cells by
~23, 33, 26 and 25%, and by ~24, 52, 36 and 48% compared
with the control groups, respectively (Fig. 1A-D).

To determine if the inhibition of viability by ABA was
reversible, a pulse-chase type of investigation was performed.
Here, the metastatic PCa cells were treated with vehicle or
ABA (100 uM) for 72 h. After the initial culture, the cells were
washed, trypsinized and secondary cultures were established
without additional ABA treatment. To account for the differ-
encesin viability that ABA induces, the secondary cultures were
established with equal numbers of viable cells. As expected,
the ABA-treated PC3 and C4-2B primary cultures had fewer
cells relative to the vehicle-treated cultures (Fig. 1E and F). In
the secondary cultures, the cells grew equally as well, regard-
less of their prior exposure in primary culture to ABA, thus
demonstrating that the ABA-induced inhibition of viability
was reversable (Fig. 1E and F). Notably, it was determined that
ABA did not induce cell death of any of the PCa cells using
a non-radioactive cytotoxicity assay to measure LDH release
(Fig. 1G). These data collectively suggested that ABA induces
reversible arrest of metastatic PCa cells.

ABA inhibits PCa cell viability by signaling through LANCL?2
and PPARy. To assess the molecular mechanisms by which
ABA signaling influences PCa viability, stable KD of the ABA
receptors LANCL2 and PPARYy were performed in metastatic
PCa cell lines using shRNAs. To evaluate the efficiency of
the KD, LANCL2 or PPARy mRNA expression levels were
confirmed by RT-qPCR (Fig. 2A-D) and protein expression
levels were detected using western blotting (Fig. 2E-H).
The targeting sequence #1 for LANCL2 and PPARy were
selected for all subsequent studies. After validation of the KD,
the sensitivity of PC3 and C4-2B cells to ABA in vitro was
assessed using cell viability assays. shRNA KD of LANCL?2
or PPARY conferred partial resistance to ABA in both PC3
and C4-2B cells (Fig. 2 and J).
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Figure 1. ABA inhibits PCa cell viability. (A) PC3, (B) C4-2B, (C) DU145 human and (D) Myc-CaP mouse PCa cells were plated in 96-well plates, and
were treated with 0, 25, 50, 100 and 200 M ABA for 72 h in quintuplicate. Changes in cell density were determined colorimetrically using the CellTiter 96
AQueous Non-Radioactive Cell Proliferation Assay. Data are presented as the mean + SEM. Significance was calculated by one-way ANOVA followed by
Bonferroni's post hoc test (‘P<0.05, “P<0.01, ““P<0.001 vs. control). (E) PC3 and (F) C4-2B cells were seeded in 12-well plates and treated with 100 xM ABA
for 72 h. Viable cell numbers were assessed using trypan blue exclusion staining and a hemocytometer. To determine if ABA-induced inhibition of viability
was reversible, ABA-treated and control cultures were established. After 72 h, the cells were recovered from culture and equal numbers of cells were plated
in secondary cultures for an additional 72 h without ABA supplementation and were quantified. Data are presented as the mean + SEM. Significance was
calculated by one-way ANOVA followed by Bonferroni's post hoc test (“"P<0.001). (G) Cytotoxicity assays on PCa cells were conducted by treating them with
ABA at concentrations of 0, 25, 50, 100 and 200 pM for 4 h, and subsequently assessing toxicity using the CytoTox96 Non-Radioactive Cytotoxicity Assay to
detect lactate dehydrogenase release into the medium. ABA, abscisic acid; O.D., optical density; PCa, prostate cancer.

As a surrogate assay for estimating in vivo tumorigen- colony formation in soft agar (Fig. 3A-D). These observations
esis, anchorage-independent growth in soft-agar assays was  suggested that LANCL2 or PPARY are required for ABA
performed to evaluate the effects of ABA and its signaling  signaling to induce anchorage-independent growth. Given the
through its receptors (41,42). ABA significantly decreased the  functional link between colony formation and cancer-stem cell
ability of PCa PC3 and C4-2B cells to form colonies in the  (CSC) activities (43), these data also indicated that ABA, and its
NS groups; however, when LANCL2 or PPARY expression  signaling though its receptors, may downregulate CSC prolif-
was downregulated by shRNA, ABA treatment did not affect  eration; however, the impact on CSCs was not formally tested.
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Figure 2. ABA inhibits PCa cell viability through LANCL2 and PPARy. For all studies, PCa cells were infected with NS shRNA, or shRNAs targeting
(A) LANCL2 or (B) PPARY for PC3 cells, and (C) LANCL2 or (D) PPARY for and C4-2B cells. The cells were then analyzed for LANCL2 and PPARy mRNA
expression by reverse transcription-quantitative PCR. Expression levels of LANCL2 and PPARy mRNA were plotted relative to those in the NS group. -actin
was used for normalization. Data are presented as the mean + SEM. (A and B) Significance was calculated by one-way ANOVA followed by Bonferroni's
post hoc test (""P<0.001 vs. shRNA NS). (C and D) Significance was calculated using a two-tailed, unpaired Student's t-test, ("“P<0.001 vs. shRNA NS).
(E) LANCL2 and (F) PPARY expression in PC3 cells, and (G) LANCL2 and (H) PPARy expression in C4-2B cells were analyzed via western blotting after
SDS-PAGE and blot transfer to membranes with specific antibodies to the receptors. -actin was used as a loading control. (I) Viability of PC3 and (J) C4-2B
cells infected with NS shRNA, or shRNAs targeting LANCL?2 or PPARY, and treated with ABA (0,25, 50, 100 and 200 M) for 72 h. Cell density was enumer-
ated colorimetrically using CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay Kit. Data are presented as the mean + SEM. Significance was
calculated by one-way ANOVA followed by Bonferroni's post hoc test ('P<0.05, “P<0.01, ““P<0.001 vs. control). ABA, abscisic acid; LANCL2, lanthionine
synthetase C-like protein 2; NS, non-specific; O.D., optical density; PCa, prostate cancer; PPARY, peroxisome proliferator activated receptor v; sShRNA, short
hairpin RNA.

ABA inhibits PCa cell migration and invasion through LANCL2  or without ABA was detected in response to FBS as a chemoat-
and PPARy receptors. Given the effects of ABA on viability and  tractant in Transwell plates. ABA decreased the invasion of PCa
colony formation, the impact of ABA on PCa invasion was next  cells, whereas targeted KD of LANCL?2 or PPARY expression
evaluated. For these studies, the migration of cells treated with ~ reduced the effects of ABA treatment on migration (Fig. 4A-D).
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Figure 3. ABA inhibits prostate cancer cell viability through LANCL2 and PPARY receptors. (A) Representative images (x10 magnification) of anchorage-inde-
pendent cell growth as determined by soft agar assay for PC3 cells stably expressing NS shRNA, or shRNAs targeting LANCL2 or PPARY in the presence
or absence of ABA (100 uM). (B) Plot showing the relative colony size (%) for data presented in (A). (C) Representative images (x10 magnification) of
anchorage-independent cell growth as determined by soft agar assay for C4-2B cells stably expressing NS shRNA, or shRNAs targeting LANCL2 or PPARy
in the presence or absence of ABA (100 xM). (D) Plot showing the relative colony size (%) for data presented in (C). Data are presented as the mean + SEM.
Significance was calculated by two-way ANOVA followed by Bonferroni's post hoc test (““P<0.001 vs. stRNA NS control). ABA, abscisic acid; LANCL2,
lanthionine synthetase C-like protein 2; NS, non-specific; PPARY, peroxisome proliferator activated receptor y; shRNA, short hairpin RNA.

To evaluate the effects of ABA and the respective receptor KD
on invasion, Transwell plates covered in Matrigel were utilized.
As with the migration assays, ABA decreased cell invasion in
response to FBS, whereas KD of LANCL?2 or PPARY expres-
sion abrogated this effect (Fig. 4E-H).

To evaluate the mechanisms by which ABA affects inva-
sion, the present study evaluated the mRNA expression levels
of E-cadherin, Vimentin and ZEB2 by RT-qPCR. The results
showed that ABA increased E-cadherin, and decreased
Vimentin and ZEB?2 expression levels in PCa cells in the NS
group (Fig. S1). However, shRNA KD of LANCL2 or PPARy
receptors mitigated the effects of ABA on the majority of the
cells. The exception being that the mRNA expression levels of
Vimentin in ABA-treated shRNA PPARy KDC4-2B cells were
reduced compared with in those cells not treated with ABA,
which could be due to a compensatory effect of the LANCL2
receptor (Fig. S1). Collectively, these results indicated that
LANCL2 and PPARYy are necessary for the effects of ABA on
PCa cell migration and invasion, and suggested that these recep-
tors play a critical role in the metastatic attributes of PCa cells.

Inhibition of PCa cell viability in co-culture is enhanced by
ABA. To explore the role that ABA and its receptors play in
promoting dormancy in bone marrow, in vitro studies were
performed. For these studies, PC3 cells were cultured in the
presence of confluent monolayers of bone marrow stromal
cells isolated from C57BL/6J mice. The co-cultures were
grown for 3 days in the presence or absence of ABA. To
distinguish the PC3 cells from the stromal layers, PC3-GFP
cells were used. The viability of PC3-GFP cells was evalu-
ated upon recovery of the cells from culture with trypsin by
FACS probing for GFP. In co-culture, PC3-GFP viability
was significantly decreased when ABA was included in
the co-cultures (Fig. 5A, B and G). Notably, when the PCa
cells with KD of LANCL2 or PPARY were cultured with the
stromal cells, they exhibited increased viability relative to
the NS control group (Fig. 5C-G). As expected, the addition
of exogenous ABA in the absence of LANCL2 or PPARY
expression led to little to no impact on cellular viability
in the co-cultures (Fig. 5C-F). These results indicated that
ABA inhibited PCa cell viability in co-culture, whereas
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Figure 4. ABA inhibits prostate cancer cell migration and invasion through LANCL?2 or PPARy. Migration of (A) PC3 or (B) C4-2B cells infected with NS
shRNA, or shRNAs targeting LANCL2 or PPARY, across a Transwell membrane in response to 10% FBS. Cells were treated with ABA (100 uM) for 24 h (PC3)
and 48 h (C4-2B), and were analyzed at the end of the culture period. Representative images (x10 magnification) at the indicated times are shown. Relative
cell migration (%) of (C) PC3 and (D) C4-2B cells. Invasion assay of vehicle- and ABA-treated (E) PC3 and (F) C4-2B cells across a Transwell membrane
covered with Matrigel (x10 magnification). Invasion through the matrix was evaluated at (G) 24 h (PC3) and (H) 48 h (C4-2B). Invasion (%) is shown. Data
are presented as the mean + SEM. Significance was calculated by two-way ANOVA followed by Bonferroni's post hoc test (‘"P<0.05, “P<0.01, *"P<0.001 vs.
shRNA NS control; “P<0.05 vs. shRNA LANCL2 control). ABA, abscisic acid; LANCL?2, lanthionine synthetase C-like protein 2; NS, non-specific; PPARY,

peroxisome proliferator activated receptor y; shRNA, short hairpin RNA.

when LANCL2 or PPARY expression was reduced, either
the PCa cells were no longer sensitive to ABA expressed by
the bone marrow cells (44), or they become insensitive to
another negative cell growth regulator produced by stomal
cells which signals through LANCL?2 or PPARY.

ABA regulates transcription of p21, p27 and pl6 through
LANCL?2 and PPARy in PCa cells. The role of p21, p27 and
pl6 in cell cycle progression is well established. Activation
of p21, p27 and pl6 inhibits phosphorylation of CDK1 and
CDK2 resulting in cell cycle arrest. To explore whether ABA
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Figure 5. Effect of bone marrow cells on the viability of prostate cancer cells with and without ABA. Murine bone marrow stromal cells were cocultured with
GFP-labeled PC3 cells with reduced expression of LANCL2 or PPARY in the presence or absence of exogenous ABA. At 72 h, the cultures were trypsinized
and the GFP-labeled PC3 cells were distinguished and enumerated by FACS gating on GFP. Representative FACS plots of the recovered cells, with PC3
cells shown in green and stromal cells in blue. In each case the sShRNA contained a GFP expression cassette. (A) Control NS PC3 cells treated with vehicle,
(B) control PC3 cells treated with ABA, (C) KD LANCL2 PC3 cells treated with vehicle, (D) KD LANCL2 PC3 cells treated with ABA, (E) KD PPARY
PC3 cells treated with vehicle and (F) KD PPARy PC3 cells treated with ABA (G) Percentage of PC3-GFP cells. Data are presented as the mean + SEM.
Significance was calculated by two-way ANOVA followed by Bonferroni's post hoc test ('P<0.05). ABA, abscisic acid; FACs, fluorescence-activated cell
sorting; LANCL2, lanthionine synthetase C-like protein 2; NS, non-specific; PPARY, peroxisome proliferator activated receptor y; shRNA, short hairpin RNA.

signaling through LANCL2 and PPARY impacts the expres-
sion of p21, p27 or pl6, the PCa control or LANCL2 and
PPARYy KD cells were treated with ABA and were examined
by RT-qPCR analysis. Unexpectedly, when PPARY expression
was knocked down by shRNA ABA increased the expression
levels of LANCL2 (Fig. 6A and F), and had variable impact
on PPARYy expression when LANCL2 expression was knocked
down by shRNA (Fig. 6B and G), thus suggesting that the
expression of these ABA receptors establish a feedback loop in
PC3 (Fig. 6A and B) and C4-2B cells (Fig. 6F and G). Notably,
ABA induced the mRNA expression levels of p21, p27 and p16
in both PC3 (Fig. 6C-E) and C4-2B (Fig. 6H-J) cells. In the
predominance of the studies, KD of LANCL2 and PPARYy by
shRNA markedly abrogated the effect of ABA on the mRNA
expression levels of p21, p27 and pl6 (Fig. 6C-E and H-J).
Collectively, these results suggested that ABA induces tran-
scriptional regulation of several cell cycle inhibitor proteins in
PCa cells through LANCL2 and PPARY signaling.

ABAinduces PCadormancy through LANCL2 and PPARy and
P38MAPK pathway activation. Phosphorylation of p38MAPK
is one of the major signaling pathways involved in the induc-
tion of dormancy by molecules that inhibit cell proliferation,
including TGFf, BMPs and GAS6 (15,17). Notably, activation
of p38MAPK signaling by phosphorylation, and enhanced
expression of the cell cycle inhibitors p21 and p27, are consid-
ered as dormancy markers in cancer cells (15,19,45). Therefore,
the present study evaluated the effects of ABA signaling on

p38MAPK activation. Treatment of the PCa cells with ABA
resulted in phosphorylation 38MAPK (Fig. 7A, B, D and E), as
well as stimulation of NR2F1 expression, a dormancy marker
(Fig. 7A, C, D and F). ABA also enhanced the expression
levels of the downstream targets of p38MAPK, including p21
and p27 (Fig. 7G and H). As expected, KD of the ABA recep-
tors LANCL2 and PPARYy negated the ABA-induced effects
on p21, p27 and NR2F1 expression (Fig. 7A-H). Collectively,
these findings indicated that ABA affects the viability arrest of
PCa cells through LANCL2 and PPARY receptors, in part by
signaling through p3SMAPK.

Discussion

PCa is a heterogenous disease, which has variable clinical
outcomes ranging from early-stage, curable, advanced and
terminal disease. Although the majority of men are cured soon
after diagnosis at an early stage, a subset of men develop recur-
rent disease, or present with de novo metastatic disease (46).
The bone is a common site for PCa metastasis (47), where
metastatic cells that have escaped the prostate early in
disease are likely to have entered a dormant state for years
or even decades. Notably, ~90% of patients who succumb to
metastatic PCa have some level of bone involvement (48).
Several new therapeutic strategies, including androgen
receptor-targeted therapies, chemotherapy, poly ADP-ribose
polymerase inhibitors, sipuleucel-T and radium-223, have
been approved for the treatment of patients with advanced
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Figure 6. ABA increases the mRNA expression levels of cell cycle-regulating genes through LANCL2 and PPARy. PC3 prostate cancer cells infected with
NS shRNA, or shRNAs targeting LANCL2 or PPARY, were treated with 100 M ABA and (A) LANCL2, (B) PPARY, (C) p21, (D) p27 and (E) p16 expres-
sion was evaluated. The mRNA expression levels of the indicated genes were analyzed by quantitative PCR. For C4-2B prostate cancer cells, they too were
infected with NS shRNA, or shRNAs targeting LANCL2 or PPARY, and were treated with 100 uM ABA, and (F) LANCL2, (G) PPARY, (H) p21, (I) p27 and
(J) p16 expression was evaluated. Fold changes were calculated based on normalization to -actin levels and using the untreated control. Data are presented
as the mean + SEM. Significance was calculated by two-way ANOVA followed by Bonferroni's post hoc test ('P<0.05, “P<0.01, ““P<0.001 vs. shRNA NS
control; *P<0.05, #P<0.01, ##P<0.001 vs. shRNA LANCL2 control; *P<0.05, *P<0.01, ***P<0.001 vs. siRNA PPARY control). ABA, abscisic acid; LANCL2,
lanthionine synthetase C-like protein 2; NS, non-specific; PPARY, peroxisome proliferator activated receptor y; sShRNA, short hairpin RNA.
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Figure 7. ABA induces changes in PCa cell dormancy via signaling through LANCL?2 or PPARY to activate the p3SMAPK pathway in PCa. PC3 and C4-2B
cells infected with either NS shRNA, or shRNAs targeting LANCL2 or PPARY, were treated with ABA and analyzed by western blotting for the indicated
proteins. (A) Expression of LANCL2, total p38 and p-p38 in PC3 cells. (B) p-p38 expression was semi-quantified, and (C) NR2F1 band intensity was measured
and normalized to the loading control tubulin using ImageJ software in PC3 cells. (D) Expression of LANCL2, total p38 and p-p38 expression in C4-2B cells.
(E) p-p38 was semi-quantified, and (F) NR2F1 band intensity was evaluated using ImageJ software in C4-2B cells. In (G) PC3 and (H) C4-2B cells, the expres-
sion levels of LANCL?2, PPARY, p21 and p27 were detected in response to ABA. Significance was calculated by two-way ANOVA followed by Bonferroni's
post hoc test ('P<0.05, “P<0.01, ““P<0.001 vs. shRNA NS control). ABA, abscisic acid; LANCL?2, lanthionine synthetase C-like protein 2; NS, non-specific;
p-, phosphorylated; PCa, prostate cancer; PPARY, peroxisome proliferator activated receptor y; shRNA, short hairpin RNA.

PCa and bone metastasis. However, this disease still repre-
sents the second most frequent cause of cancer-related death
in men in the United States (49). The challenges in treating
bone metastases at the advanced stage include a high level of

genomic heterogeneity (50), a pro-immunosuppressive envi-
ronment (51) and several emerging mechanisms of androgen
independence (52). Therefore, new therapeutics are urgently
needed.
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ABA is known to regulate cell responses and biological
processes in plants, mammals and other organisms (53,54).
ABA is a key hormone that promotes seed dormancy during
development in plants and after seed dispersal (55). ABA
controls the induction of dormancy, and ultimately the
release and germination of seeds in response to environ-
mental signals (55). ABA has also been recognized as an
endogenous hormone in humans (29). It has a role in the
inflammatory response, as well as in immunoregulatory
activities, antioxidant properties and the maintenance of
glycemic control in pre-clinical models of diabetes and
inflammatory diseases (56,57). Despite the advances in
the understanding of the role that ABA plays in several
physiological processes, the role of ABA in tumor dormancy
remains to be elucidated.

The present study demonstrated that ABA suppressed the
viability of four distinct PCa cell lines (PC3, C4-2B, DU-145
and Myc-CaP) in a dose-dependent manner; however,
exposure to ABA was not in and of itself cytotoxic to the
cancer cells. Notably, ABA-induced inhibition of PCa cell
viability was reversible, as cells which were removed from
ABA treatment were able to resume their proliferation.
There are at least two receptors that are responsible for trans-
ducing ABA signaling; LANCL2 and PPARY. To explore
how ABA induced proliferative quiescence, targeted KD
of LANCL2 and PPARYy was established using shRNAs in
PC3 and C4-2B cell lines. In almost every instance where
ABA signaling was examined, including viability, migra-
tion, invasion and downstream signaling, reduced expression
of LANCL2 and PPARY abrogated the impact of ABA on
the cancer cells. Furthermore, it was observed that ABA
inhibited the formation of PCa colonies in soft agar, whereas
LANCL2 and PPARYy KD alone did not. Mechanistically,
ABA treatment induced p21, p27 and pl6 mRNA and protein
expression, whereas LANCL2 and PPARy shRNA KD did not
significantly inhibit either p21, p27 or p16 mRNA or protein
expression relative to the controls. These data suggested that
ABA may inhibit viability through inducing the expression
levels of p21, p27 and pl16, but when the expression of ABA
receptors is reduced, there is little impact on p21, p27 and
p16 expression.

LANCL2 and PPARy are known to mediate a range of
physiological responses of ABA in a number of systems,
including granulocytes and rat insulinoma cells (31,58).
ABA signaling in mammalian immune cells, keratinocytes
and pancreatic cells requires LANCL2 expression, as small
interfering RNA targeting of LANCL?2 has been shown to
abrogate cellular responses (23,26,58). Several studies have
reported that activation of PPARy by agonists markedly
reduces cell proliferation, including in hepatocellular carci-
noma (59), PCa (60) and gastric cancer (61). Other studies
have demonstrated that PPARY agonists promote terminal
differentiation, inhibit cell proliferation and increase the
apoptosis of human cancer cell lines, as well as tumor growth
in animal models (33,62). Notably, in some cases, PPARYy
agonists have demonstrated modest efficacy as chemopreven-
tives in clinical trials (33,62). It is not surprising that clinical
studies have reported that the overall survival of patients with
colorectal cancer is better when PPARY expression is detect-
able in the primary tumors (63). In part, this may be due to

the findings that PPARy modulates the expression of different
cell cycle regulators, including decreasing the expression of
cyclin DI (64), and increasing the expression of the CDK
inhibitors p21 (65) and p27 (66).

The present study reported on notable findings in
co-culture studies of PCa with bone marrow stromal cells. In
the presence of marrow stroma, ABA is known to inhibit PCa
cell viability (44). However, when PCa cells with reduced
expression of LANCL2 and PPARy were grown on the bone
marrow stromal cells, the cells proliferated at the same rate as
the control cells. These results suggested that PCa cells with
decreased expression of LANCL2 and PPARy may no longer
be sensitive to ABA produced by the mesenchymal stromal
cells, as shown in a previous study (67), or are no longer
sensitive to growth inhibitors secreted by the stomal cells,
which also signal through LANCL2 and PPARyY. Very little
is known as to what activates LANCL?2. In glioma it has been
demonstrated that LANCL?2 expression may be co-regulated
by epidermal growth factor receptor (68). Activation of
PPARY can inhibit cell proliferation, induce differentiation
and promote metastasis in PCa cells (60). In other contexts,
PPARY is activated by fatty acids and derivatives including
polyunsaturated fatty acids, derivatives of arachidonic acid
and prostaglandins (69). However, what other negative regu-
lators of PCa cell viability are produced by bone marrow
stromal cells, which signal through LANCL2 and PPARYy
remain unclear.

In the PCa cell lines tested there appears to be some
diversity in signaling in response to ABA through PPARYy
and LANCL?2 . For example, p27 activity was enhanced by
ABA treatment in both cell lines, but when LANCL?2 was
knocked down by shRNA, the p27 response was altered in
the C4-2B and PC3 cells, although the response was in the
opposite direction. Currently, there is no specific explana-
tion as to the basis of the differences in these observations.
A reasonable possibility is that the cells have other recep-
tors for ABA in addition to LANCL2 and PPARY. In other
studies, LANCL1 and CD38 have been suggested to serve as
receptors or co-stimulatory molecules for LANCL2 (58,70).
Unfortunately, we were not able to achieve functional reduc-
tions of CD38 in the cell lines used in the present study
(C4-2B and PC3); therefore, it is possible that other players
participate in the signaling. Furthermore, there are known
ABA inhibitors in plants, including gibberellins, which can
in some cases serve as allergens and of which derivatives
may have anti-neoplastic activities (71-77). Whether equiva-
lent proteins function in human systems remains unclear.
However, in preliminary studies we did not observe any
significant impact of gibberellin on the cell cycle of meta-
static cancer cell lines (Jung ef al, unpublished data). Further
studies are needed to determine the basis of the variations in
cell cycle inhibitors.

To further understand the mechanisms by which ABA
signals through LANCL?2 and PPARY to induce dormancy,
western blot analysis was performed to detect p38 phosphor-
ylation in PCa cells. It was revealed that KD of LANCL2 and
PPARY inhibited the activation of p38 by ABA. In addition,
NR2F1 has been reported to act as a master regulator of
tumor cell dormancy (78). By binding to DNA and recruiting
coactivator or corepressor complexes, NR2F1 is able to serve
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Figure 8. A schematic diagram showing the signaling pathways by which
ABA induces PCa dormancy. ABA induces activation of p38MAPK via
LANCL2 and PPARY, which triggers NR2F1, which finally stimulates the
upregulation of cell cycle genes and induces PCa dormancy. ABA, abscisic
acid; LANCL2, lanthionine synthetase C-like protein 2; PCa, prostate
cancer; PPARY, peroxisome proliferator activated receptor y; shRNA, short
hairpin RNA.

as a cofactor to other nuclear receptors. Notably, NR2F1
expression, one of the best known dormancy markers, has
been reported to be directly regulated by ABA (78), and its
expression in this previous study was associated with p38
signaling (78). Activation of p38 signaling induces expres-
sion of the cell cycle inhibitors p21 and p27, also considered
as dormancy markers in cancer cells (15,19,45). These find-
ings make sense given the proposed hypothesis that the ratio
between the p38 MAPK stress response signaling pathway
and ERK guides cancer cells into a proliferative or dormant
state (79).

The regulation of cell proliferation in the bone marrow is
a critical function of the marrow microenvironment to protect
and promote proliferation of hematopoietic and mesenchymal
stem cells, and its integration across an organism is critical
to the survival of mammals. The present study assessed the
role of ABA and its signaling pathways in regulating cell
proliferation/quiescence of cells that do not belong in the
marrow, specifically cells of epithelial origin. Given that there
are a number of pathways that regulate the proliferation and
dormancy of stem and progenitor cells in the marrow, it is not
surprising that there are multiple pathways that can regulate
stem cell proliferation (16,80-82). That tumor cells exploit the

niches used by the bone marrow to regulate stem and progen-
itor cells is not surprising and makes sense from an ecological
perspective (80). For example, osteoblasts that participate
in forming hematopoietic stem cell (HSC) niches produce
GASG6, which not only regulates HSC function, but limits the
proliferation of PCa cells in vitro (83) and in vivo (84-86).
Other studies have shown that GAS6 and its receptor AXL
are required for TGFB2-mediated cell proliferation suppres-
sion in PCa, where AXL positively regulates the expression
of TGFf and TGFp receptor 2 (18). In the current study, it
was demonstrated that ABA in co-culture of PCa cells with
murine bone marrow significantly inhibited PCa cell viability.
However, LANCL2 and PPARy KD abrogated the response to
ABA. Together, these data suggest the following model: ABA
signaling through LANCL2 or PPARY receptors activates
signaling via p38MAPK, NR2F1, p27, pl6 and p21, which
ultimately leads to dormancy (Fig. 8). These results suggest
that interference with ABA signaling under the appropriate
conditions, or perhaps even from dietary sources such as fruits
and vegetables, may prove beneficial in treating men with
prostate cancer, by either keeping DTCs as dormant cells or by
interfering with ABA signaling together with chemotherapy to
selectively kill DTCs.

In conclusion, the present findings suggested that ABA
may induce cell cycle arrest in PCa. ABA does so by signaling
through LANCL2 and PPARYy, which activate p3SMAPK and
the CDK inhibitors, p21, pl6 and p27, and NR2F1 resulting
in PCa cell dormancy. Further investigation into how the
ABA signaling pathway results in dormancy may reveal novel
opportunities for eradicating dormant cancer cells and/or
keeping them in a perpetual dormant state, thus preventing
PCa metastasis.
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