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Abscisic acid regulates dormancy of
prostate cancer disseminated tumor
cells in the bone marrow - >

Abstract

Prostate cancer (PCa) commonly metastasizes to the bone where the cells frequently undergo dormancy. The escape of disseminated
tumor cells from cellular dormancy is a major cause of recurrence in marrow. Abscisic acid (ABA), a phytohormone, is known to
regulate dormancy of plant seeds and to regulate other stress responses in plants. Recently, ABA was found to be synthesized by
mammals cells and has been linked to human disease. Yet the role of ABA in regulating tumor dormancy or reactivation is unknown.
We found that ABA is produced by human marrow cells, and exogenous ABA inhibits PCa cell proliferation while increasing the
expression of p27, p21, and p16 and decreasing the expression of the proliferation marker, Ki67. Further, ABA significantly increased
the percentage of PCa cells in the Gg phase of the cell cycle as well as the duration the cells were arrested in Go. We found that ABA
regulates an increase of PPARy receptor expression and suppressed phosphorylation of mMTOR/p70S6K signaling and resulting in the
induction of the cellular dormancy. We then confirmed that ABA regulates Gy cell cycle arrest through PPARy receptor signaling in
vitro and under co-culture conditions with osteoblasts. Finally, we demonstrate that ABA regulates PCa dormancy i vive following
intratibial injection in an animal model. Together these data suggest that the ABA and PPARy signaling pathways contribute to the
establishment of PCa cellular dormancy in the bone marrow microenvironment. These findings may suggest critical pathways for

targeting metastatic disease.
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Introduction

Prostate cancer (PCa) commonly metastasizes to the bone [1]. PCa
frequently takes more than 5 y to progress to biochemical recurrence
and lethal metastatic disease after curative surgery or radiation therapy.
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These observations suggest that disseminated tumor cells (DTCs) may
enter into a state of cellular dormancy for long periods within the
bone marrow and possibly other sites [2-5]. Once in the marrow, DTC
dormancy and subsequent reactivation are likely to be governed by
systemic and local signals derived from the metastatic microenvironment
[6,7].

Previously, we established that osteoblast-secreted growth arrest specific
6 (GASOG) signaling through TAM receptors (Tyro3, AXL, and MER)
expressed on PCa cells regulates dormancy. Specifically, we demonstrated
that AXL signaling directly induces DTC quiescence [8,9], and that PCa
cells which express low AXL/TYRO3 ratios escape from dormancy [10]. We
also demonstrated that PCa cells binding to osteoblasts in the bone marrow
induces a higher expression of TANK binding kinase 1 (TBK1), which
induces dormancy (Ki67-negative cells) [11] and GAS6 significantly increases
G; arrested cells by altering the signaling networks associated with Gy arrest
and S phase delay [12]. Further, GAS6-AXL signaling induces transforming
growth factor beta (TGFp) autocrine signaling to induce dormancy [13].
Conversely, MER signaling stimulates PCa dormancy escape through a MAP
kinase dependent mechanism and loss of MER delays the formation of bone
metastasis [14].

Other groups have also identified important regulators of dormancy
[15-17]. Bone marrow-derived TGFB2 activates p38, resulting in a high
p38/ERK ratio (activation of p38 and inactivation of ERK signaling), which
induces dormancy of head and neck squamous cell carcinoma cells [16].
TGFB2-induced dormancy of malignant DTCs required TGFS receptor-
I (TGFB-RI), TGFB-RIIL, and SMADI1/5 activation through induction
of DEC2/SHARP1 and p27 and downregulation of CDK4 [16]. A
recent report showed that downregulation of TGFB2 is associated with
escape from dormancy of PCa xenografts [17]. Moreover, the transcription
factors NR2F1, NANOG, and retinoic acid receptor B were identified
as transcriptional regulators of dormancy in head and neck, prostate, and
breast cancers [15]. In addition it has been demonstrated that indolent
cancer cells secrete a high level of secreted protein acidic and rich
in cysteine (SPARC), which significantly stimulates expression of bone
morphogenetic protein 7 (BMP7) in bone marrow stromal cells [18]. The
secreted BMP7 regulates PCa dormancy by inducing senescence, reducing
stemness, and activating dormancy-associated p38 MAPK signaling and p21
expression [19].

In this work, we sought to expand our understanding of the regulators
of dormancy by exploring clues from other systems in which regulators of
growth are known. Abscisic acid (ABA) was identified in the early 1960s as
a phytohormone that plays a significant role in dormancy of plant seeds and
other stress responses in plants [20-25]. More recently, ABA has received
considerable attention in mammalian cells and linked to human disease
[26,27]. Growing evidence suggests that ABA is a new and crucial signaling
regulator targeting mesenchymal stem cells (MSC) and hematopoietic stem
cells (HSC) in the bone marrow microenvironment [26,28,29]. In addition,
a few recent studies have demonstrated that ABA effectively inhibits the
proliferation of tumor cells [26,27,30]. Yet the role of ABA in regulating
metastatic tumor cell dormancy or reactivation in the bone marrow remains
unknown.

In the present study, we explored the role of ABA on the induction
of dormancy of PCa cells in the marrow. We demonstrate that ABA
inhibits PCa cell proliferation and significantly increased Gy cell cycle
arrest of PCa cells. Moreover, ABA regulates an increase in expression
of the ABA receptor PPARy, through suppression of phosphorylation of
mTOR/p70S6K signaling during cellular dormancy [31,32]. We further
demonstrate that ABA signaling through PPARy contributes to PCa cellular
dormancy in vitro when co-cultured with osteoblasts and in an in vive
intratibial animal model. Our results suggest that ABA and PPARy signaling
pathway contributes to the establishment of PCa cellular dormancy in bone
marrow microenvironment.

Materials and methods

Cell cultures

Human PCa cell lines (LNCaP, PC3, and DU145) were obtained from
the American Type Culture Collection (Rockville, MD). The metastatic
subclone of LNCaP, C42B, was originally isolated from a lymph node of a
PCa patient with disseminated bony and lymph node involvement. Murine
osteoblast precursor cells (MC3T3-El) were obtained from the American
Type Culture Collection (Rockville, MD). All PCa cell lines were routinely
grown in RPMI 1640 (Life Technologies, Carlsbad, CA), and MC3T3-E1
cells were grown in «-MEM (Life Technologies) supplemented with 10%
fetal bovine serum (FBS, GEMINI Bio-Products, Sacramento, CA), 1%
penicillin-streptomycin (P/S, Life Technologies) and maintained at 37 °C,
5% CO,, and 100% humidity. Normal human prostate epithelial PNT2 cells
(cat no. 95012613, Sigma, St. Louis, MO) were cultured in RPMI 1640,
2 mM glutamine (Life Technologies, Carlsbad, CA) supplemented with
10% fetal bovine serum (FBS, GEMINI Bio-Products, Sacramento, CA),
1% penicillin-streptomycin (P/S, Thermo Fisher Scientific, Waltham, MA).
Human MSCs were obtained from Lonza (cat. PT-2501 Lonza, Walkersville,
MD). Human osteoblasts (HOBs) were obtained using a modification of
methods described by Taichman and Emerson [33]. Human bone marrow
endothelial cells (HBMECs) were obtained using a modification of methods
described by Masek and Sweetenham [34]. The human cells were cultured in
DMEM (Life Technologies) supplemented with 10% FBS and 1% P/S.

Proliferation assays

PCa cell proliferation assays were performed in 1% FBS culture conditions
with ABA treatment using CellTiter 96 AQ,eous Non-Radioactive Cell
Proliferation Assays (cat no. G5421, Promega, Madison WI).

Cytotoxicity assays

PCa cell cytotoxicity assays were performed in 10% FBS culture condition
with various doses of ABA treatment for 4 h by CytoTox96 Non-Radioactive
Cytotoxicity Assays (cat no. G1780, Promega).

Cell cycle assays

We used gene delivery via lentivirus to stably integrate two different
combinations of cell cycle reporters in the PC3 cell line (PC3-Venus-Cherry
(PC3YC) cells [35]. Together these reporters permit us to monitor cell cycle
dynamics, including active cycling and quiescence. In the first combination,
we used the reporters generated by OKki et al [36] that distinguish quiescence
(Go) from G;. The Gq reporter is a modified inactive form of p27 cyclin-
dependent kinase inhibitor protein fused to “Venus” fluorescent protein (Go-
Venus). Go-Venus is upregulated upon entry into quiescence and is tagged for
degradation by Kipl ubiquitination-promoting complex in late G; and the
Skp2 ubiquitin ligase in the G;-S transition [36]. Therefore, this reporter is
high during Gy, but low upon G, entry and G;-S transition. The G; reporter
is based upon a portion of human Cdtl, a replication licensing gene [37],
fused to “Cherry” fluorescent protein (G;-Cherry) [38]. Like endogenous
Cdtl, this reporter is high during Gy and Gy, but degraded during S-phase
by Skp2-dependent degradation [37]. Together, these two reporters can be
used to quantify proliferation vs quiescence. Cells that are in G exhibit both
reporters with relatively stronger Go-Venus, while cells in Gy exhibit low Go-
Venus with stronger G;-Cherry expression. This is visible by live imaging and
quantifiable by flow cytometry, because the degradation of Go-Venus precedes
the degradation of G;-Cherry upon cell cycle entry. Cell cycle monitoring was
performed in PC3V cell culture with direct ABA (50 pM) (cat no. ab120860,
Abcam, Cambridge, MA) treatment.
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In coculture experiments, PC3VC cells were cocultured with MC3T3-E1
cells in culture conditions of «-MEM and RPMI media (1:1 ratio) with
5% FBS and 1% penicillin-streptomycin following direct ABA (50 uM)
treatment. For evaluating of cell cycle phase, live cells were selected by
DAPI-negative cells (cat. NBP2-31156, DAPI, NOVUSY) first, and then
the live cells were negatively gated for anti-mouse H-2kd (cat no. 116622,
PE/Cy7, BioLegend, San Diego, CA), which were then positively gated for
HLA-A,B,C (cat no. 311426, APC/Cy7, BioLegend). After these gates were
applied, cells were plotted as Venus (FITC) vs Cherry (PE-TxRed) for cell
cycle analysis. All analyses were performed using a FACS Aria Ilu three-
laser flow cytometer (Becton Dickinson, Franklin Lakes, NJ) and data were
analyzed with FACS-DIVA software (Becton Dickinson).

Additionally, PC3€ cell imaging was captured by video. PC3¥€ cells were
cultured for 24 h in RPMI with 10% FBS, 1% P/S and then, treated with
vehicle or ABA (50 uM) for 24 h. Five spots of cells in each group were set
for tracking. Video images were taken for 24 h at 15 min intervals using a
Deltavision Elite Microscope (GE Healthcare Life Science, Pittsburgh, PA).
The duration of Gy phase in single cells was measured (2= 20/group).

3VC

Ki67 staining and FACS analyses

Cells were fixed with cold 70% ethanol, and stained with an APC
conjugated anti-human Ki67 antibody (cat no. 350513, BioLegend) in PBS
containing 2% FBS for 30 min at room temperature. Ki67 negative PCa cells
were examined using a FACS Aria IIu three-laser flow cytometer (Becton
Dickinson, Franklin Lakes, NJ) and data were analyzed with FACS-DIVA
software (Becton Dickinson).

Quantitative RI-PCR

Total RNA was extracted from cells using the RNeasy mini or micro
kit (Qiagen, Valencia, CA) and converted into cDNA using a First-Strand
Synthesis Kit (Invitrogen). Quantitative PCR was performed on an ABI
7700 sequence detector (Applied Biosystems) using TagMan Universal
PCR Master Mix Kit (Applied Biosystems) according to the directions of
manufacturer. TagMan MGB probes, p27 (CDKN1B, Hs01597588_m1),
p21 (CDKNIA, Hs99999142_m1), pl6 (CDKN2A, Hs00923894_m1),
Ki67 (Hs01032440_m1), and PPARy (peroxisome proliferator-activated
receptor ¥, Hs01115513_m1) (Applied Biosystems) were used. B-actin
(Hs01060665-g1) was used as an internal control for normalization of target
gene expression.

Stable knockdown of PPARy

Lentiviral particles with PPARy human shRNA or negative control (cat
no. TL320459V, Origene, Rockville, MD) were infected into PC3VC cells
in the presence of 5 g/mL polybrene for 48 h. Infected cells were selected
for 7 d in media containing 1 pug/mL Puromycin and analyzed by real-time
PCR or ELISA. Human PPARYy silencing was verified by real-time PCR and
Western blot.

ELISA

An antibody sandwich ELISA was used to evaluate ABA production in
conditioned culture media of MSC, HOB, HBMEC, and MC3T3-E1 cells
at 72 h and serum and bone marrow fluids from 3-wk-old C57/BL6 mice
(n=28) by following the directions of the manufacturer (cat. LS- F4483-
1, Life Span Biosciences, Seattle WA). ABA levels were normalized to total
protein.

Western blot

PCa cells were cultured in RPMI 1640 with 10% FBS and 1% P/S.
Whole cell lysates were prepared from cells, separated on 4% to 20% Tris-
Glycine gels and transferred to PVDF membranes. The membranes were
incubated with 5% milk for 1 h and incubated with primary antibodies
overnight at 4 °C. Primary antibodies used were as follows: p27Kipl (1:1000
dilution, cat. 3686, Cell Signaling), p21 Wafl/Cipl (1:1000 dilution, cat.
2947, Cell Signaling), p16 (1:1000 dilution, cat. 80772, Cell Signaling),
PPARy (1:1000 dilution, cat. 2443, Cell Signaling), p70S6K (1:1000
dilution, cat. 2708, Cell Signaling), phospho-p70S6K (1:1000 dilution, cat.
9234, Cell Signaling). Blots were incubated with peroxidase-coupled anti-
rabbit IgG secondary antibody (cat. 7074, 1:2000 dilution, Cell Signaling)
for 1 h, and protein expression was detected with SuperSignal West Dura
Chemiluminescent Substrate (cat. Prod 34075, Thermo Scientific, Rockford,
IL). Membranes were reprobed with monoclonal anti-B-actin antibody
(1:1000 dilution, cat. 4970, Cell Signaling) to control for equal loading.

Animals

Five- to seven-wk-old male SCID mice (CB.17 SCID; Taconic,
Germantown, NY) were used as transplant recipients. All animal procedures
were performed in compliance with the institutional ethical requirements and
approved by the University of Michigan Institutional Committee for the Use
and Care of Animals.

In vivo experiments

Control cells (PC3YC-Control) or PPARy silenced PC3VC (PC3V¢-
shPPARy) cells (2 x 10° cells) were suspended in 30 L of PBS and injected
into 5- to 7-wk-old male CB.17 SCID mice by intratibial injection [13].
After PCa cell injection, ABA (20 mg/kg) treatment for 8 times (twice
daily) [39] was followed by intraperitoneal injection. At 96 h, mice were
sacrificed, and the tibiae which PCa cells were injected were collected for
analyzing cell cycle phase of PC3VC cells by FACS analyses. For evalation
of cell cycle phase, DAPI negative live cells (cat no. NBP2-31156, DAPI,
NOVUS) were negatively gated for anti-mouse H-2kd (cat no. 116622,
PE/Cy7, BioLegend), which were then positively gated for HLA-A,B,C (cat
no. 311426, APC/Cy7, BioLegend). After these gates were applied, cells were
plotted as Venus vs Cherry (PE-TxRed) using a FACS Aria ITu three-laser flow
cytometer (Becton Dickinson, Franklin Lakes, NJ) and data were analyzed
with FACS-DIVA software (Becton Dickinson).

Statistical analyses

Results are presented as mean = standard deviation (SD). Significance
of the difference between two measurements was determined by unpaired
Student’s ¢ test, and multiple comparisons were evaluated by the Newman-
Keuls multiple comparison test. Values of P< 0.05 were considered
significant.

Results

Human marrow cells produce ABA

Signals from bone marrow microenvironment play a critical role in
establishing dormancy of PCa cells [7,8]. To determine which marrow cells
produce ABA, human mesenchymal stem cells (MSC), human osteoblasts
(HOB), and HBMECs were cultured for 72 h and examined for ABA
production. Significant levels of ABA production were detected in the culture
media from all of three cell types (Figure 1A). To ensure that ABA production
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Figure 1. Human marrow cells produce ABA. (A) ABA production was identified in culture media of MSC, HOB, and HBMEC cells at 72 h as quantified
by ELISA (cat. LS- F4483-1, Life Span Biosciences). ABA production was normalized to total protein. (B) Serum and bone marrow fluids were collected
from 3-wk-old C57/BL6 mice (n=8). ABA production was evaluated in serum and bone marrow fluids by ELISA. ABA production was normalized to total

protein. Data in A, B are representative of mean with SD (Student’s ¢ test).

from cell lines is not an artifact of cell culture, we examined ABA levels in the
serum and bone marrow fluids from 3-wk-old C57/BL6 mice. Significant
levels of ABA production were detected from both serum and bone marrow
fluids of the mice. (Figure 1B). Together these data suggest that ABA is present
in the bone marrow and serum at significant levels, and that normal resident
cells of the bone marrow secrete ABA.

ABA induces Gy cell cycle arrest in PCa cells

ABA has been reported to alter cellular proliferation in many different
cell types. To evaluate the impact of ABA on PCa proliferation, proliferation
assays were performed along with gene expression assays for cell cycle
markers. ABA inhibited proliferation of PCa cells in a dose dependent
manner (Figure 2A), and importantly did not induce cell death (Figure 2B).
Levels of mRNA expression for p27, p21, and pl6 all indicative of cell
dormancy were dramatically increased by several PCa cells in response to
ABA, whereas mRNA expression level for Ki67, indicative of cell proliferation
was significantly decreased (Figure 2C-F).

We further explored how ABA regulates the cell cycle in PCa cells. For
these investigations, cell-cycle specific p27-Gy-Venus and Cdtl-G;-Cherry
reporters were employed, which facilitates the monitoring cell cycle dynamics,
including active cycling and quiescence [13] (Figure 3A). We treated PC3Y¢
cells with ABA and examined alternations of the cell cycle. We found that
ABA induces quiescence of PCa cells, as defined by an increase of Gy cell cycle
arrest phase and reduction of S,G; and M phases of the cell cycle (Figure 3B)
and down-regulation of Ki67 expression (Figure 3C) in 1% or 10% FBS
culture conditions at 72 h. We also found that ABA increased p27, p21,
and p16 protein expression (Figure 3D). We also examined the duration that
the cells remained in Gy phase of the cell cycle by live cell imaging. PC3Y¢
cells were cultured for 24 h in RPMI with 10% FBS and 1% P/S and then
treated with vehicle or ABA (50 uM) for 24 h. We found that ABA treated
PC3YC remained in the Gy phase for 23.6 h vs 9.4 h for vehicle treated cells
(Figure 3E,F). Together, the data demonstrate that ABA regulates cellular
dormancy of PCa cells.

ABA increases dormancy through PPARy receptor signaling in PCa cells

Under normal culture conditions, significant levels of expression of the
ABA receptor mRNA, PPARy were detected in normal prostate epithelial
cells and PCa cell lines (Figure 4A,B). To examine whether PPARy receptor
signaling is associated with ABA induced dormancy, we first examined the
PPARY receptor expression in different cell cycle phases. We isolated different

cell cycle phase of PC3YC cells by FAC sorting and then, examined PPARy
mRNA expression. We found that PPARy mRNA expression was highly
elevated in Gy phase compared with G, or S/G,/M phase of PC3YC cells,
suggesting the association of PPARy receptor expression during cellular
dormancy (Figure 4C).

To further explore the impact of PPARy on dormancy, PPARy receptor
expression was stably silenced in PC3Y¢ cells (Figure 4D). Although ABA
inhibited the proliferation in both PC3Y¢-Control and PC3YC-shPPARy
cells in a dose dependent manner, PPARy silenced PCa cells were less affected
by ABA treatment compared to control PCa cells, suggesting that ABA signals
through the PPARy receptor, although other signaling cascades are possible
(Figure 4E). We also examined cell cycle phase with ABA treatment in PC3Y¢-
Control cells or PC3YC-shPPARy cells. We found a decrease of Gy cell cycle
arrest and an increase of S/G,/M phase in shPPARy PCa cells compared with
control cells (Figure 4F). We further examined how ABA regulates PPARy
receptor expression and how ABA-PPARy signaling is linked to PCa cellular
dormancy. Here, we found that control PCa cells respond to ABA with
a significant increase of PPARy receptor signaling through suppression of
down-stream effector of mTOR signaling, phosphorylation of p70S6K (p-
p70S6K), whereas PPARy silencing dramatically reversed the activation of
p-p70S6K and did not respond to ABA (Figure 4G). These data suggest that
engagement of PPARy by ABA suppresses the activity of mTOR signaling,
which is essential for anti-proliferation or cellular dormancy [40-42].

ABA and PPARYy signaling pathway induces PCa dormancy intheBone
marrow microenvironment

PCa cells are known to develop cellular dormancy, particularly within the
marrow. To explore the role that ABA plays in the marrow we first performed
co-culture experiments with PCa cells and osteoblasts (MC3TC-E1). First,
we examined ABA production from MC3TC-E1 cells and significant levels
of ABA production were detected in the culture media from MC3TC-E1 cells
(Figure 5A). Interestingly, more G arrested cells and fewer cells in S/G,/M
were found in PC3YC- cells in the cocultured with osteoblasts compared with
PC3YC cell alone (Figure 5B). Importantly, we found that the numbers of
Gy arrested cells were not changed when PPARy was silenced from PC3
cells when cocultured with osteoblasts (Figure 5B). These data suggest that
ABA may regulate PCa growth arrest through PPARy signaling in the bone
marrow microenvironment.

To further explore the impact of ABA on PCa DTCs, animal experiments
were performed (Figure 5C). PC3Y¢-Control or PC3VC-shPPARy cells
(2 x 10° cells) were first injected intratibially. Thereafter, the animals were
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Figure 2. ABA inhibits cell proliferation and regulates cell cycle markers in PCa cells. (A) PCa cell proliferation assays were performed in 1% FBS culture
condition with ABA treatment. (B) PCa cell cytotoxicity assays were performed in 10% FBS culture condition with 4 h of the ABA treatment. Data in
Figure 1A, B are representative of mean with SD (Student’s 7 test). *, P < 0.001 to 0.01. mRNA expression levels of (C) p27, (D) p21, (E) p16, and (F) Ki67
were measured in PCa cells with vehicle or ABA (50 pM) treatment by real-time PCR. Data in C-F are representative of mean with SD (Student’s # test).

treated vehicle or ABA (20 mg/kg) twice daily by intraperitoneal injection
over 4 d for a total of 8 treatments. Subsequently, the cell cycle phase of
PC3YC cells in the marrow was evaluated by FACS analyses (Figure 5C).
More G arrested PCa cells were identified and fewer cells in S/G,/M were
identified in animals treated with ABA than the vehicle treated animals.
Further, animals which were inoculated with the PC3YC-shPPARy cells
had fewer of the recovered cells in Gy following ABA treatment compared
to the PC3Y“-Control cells (Figure 5D). The data suggest ABA may
regulate the PCa growth arrest through PPARy signaling in bone marrow
microenvironment.

Discussion

Significant progress has been made towards understanding the regulators
of DTC fate and dormancy in marrow [7,14-19]. Here, we investigated a
possible new regulator of dormancy, which is conserved throughout evolution
and known to regulate growth and dormancy. We demonstrated that marrow
niche cells produce ABA and PPARy receptor signaling in PCa cells plays a
pivotal role in regulating the metastatic PCa tumor cell dormancy just as it
regulates seed dormancy of plants. Understanding how plants regulate cellular
growth and applying this knowledge to tumors may open multiple new
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Figure 3. ABA induces Gy cell cycle arrest in PCa cells. (A) A flow profile of the cell cycle phase; Gy, Gy, and S/G,/M in PC3Y€ cells. (B) % of Gy, G, or
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at 72 h as quantified by FACS analyses. Data in B and C are representative of mean with s.d. (Student’s ¢ test). (D) Expression of p27, p21, and p16 by vehicle
or ABA treatment as quantified by Western blot. (E) Live cell imaging of PC3Y¢ (G: yellowish-orange arrow, G;: red arrow, and S/G,/M: white arrow)
following vehicle or ABA (50 uM) treatment by video for 24 h with 15 min interval by Deltavision Elite Microscope. Bar=25 pm. Insert: The color scheme
indicates the cell cycle phase, either quiescenct /Go (orange) G; (red) and the combination of S, G2 and M phases (none). (F) Quantification of Gy duration

in single cells from E (z= 10/group). Data are representative of mean with SD (Student’s # test).

targetable mechanisms controlling dormancy regulation. Other mechanisms
for dormancy regulation in plants will provide rational and hypotheses for
cancer dormancy investigations.

Growing evidence suggests that ABA is a new and crucial signaling
regulator targeting MSC and HSC in the bone marrow microenvironment

[26,28,29]. Stress signals (e.g., TNF-or, RANTES, or IL-8) secreted by

peripheral blood mononuclear cells have been shown to stimulate MSC
to release ABA. MSC-derived ABA in turn enhances hematopoietic
progenitors numbers through the cyclic adenosine diphosphate ribose
(cADPR)/[Ca2+]i-mediated signaling pathways [28,29]. BMP7 and
lymphocyte conditioned medium also stimulates ABA production by MSCs
[29], which promotes growth-stimulatory effects on early hematopoietic cells
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Figure 4. ABA induces cellular dormancy through PPARy receptor signaling in PCa cells. (A) Basal levels of mRNA expression of the receptor of ABA,
PPARy in PCa cell lines as quantified by real-time PCR. (B) Basal levels of protein expression of the receptor of ABA, PPARy in PCa cell lines as quantified
by Western blot. (C) mRNA expression of PPARy in Gy, Gy, and S/G,/M cell cycle phase of PC3YC cells. (D) Verification of PPARY mRNA expression
in PPARy silencing PC3Y€ as quantified by real-time PCR. (E) Proliferation assays in PC3"¢-Control or PC3"¢-shPPARY cells were performed in 1% FBS
culture condition with ABA treatment. (F)% of Gy G, or S/G,/M cell cycle phase in PC3YC-Control or PC3YC-shPPARy cells following vehicle or ABA
(50 pM) treatment in 1% FBS culture conditions at 72 h as quantified by FACS analyses. Data in C-F are representative of mean with SD (Student’s ¢ test).

(G) Activation of down-stream effector, p70S6K of mTOR signaling in PC3VC-Control or PC3YC-shPPARY cells following vehicle or ABA (50 pM) treatment
as quantified by Western blot.
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Figure 5. ABA and PPARY signaling pathway induces PCa cellular dormancy in the bone marrow microenvironment. (A) ABA production was identified in
culture media of MC3TC-EL1 cells at 72 h as quantified by ELISA (cat. LS- F4483-1, Life Span Biosciences). ABA production was normalized to total protein.
(B) % of Gy, G, or S/G,/M cell cycle phase when PC3Y¢-Control or PC3Y¢-shPPARY cells are co-cultured with murine osteoblasts (MC3T3-E1 cells) with
or without ABA (50 pM) treatment. Live cells (cat. NBP2-31156, DAPI, NOVUS) were negatively gated for anti-mouse H-2kd (cat no. 116622, PE/Cy7,
BioLegend), which were then positively gated for (human) HLA-A,B,C (cat no. 311426, APC/Cy7, BioLegend). After these gates were applied, the cells were
plotted on the Venus-Cherry spectrum. Cell cycle phase was determined using FACS analyses. (C) Diagram of the experimental procedures for iz vivo animal
model. PC3YC-Control or PC3YC-shPPARy cells (2 x 10° cells) were suspended in 30l of PBS and injected into 5- to 7-wk-old male CB.17. SCID mice by
i.t. injection. After PCa cell injection, vehicle or ABA (20 mg/kg) treatment for 8 times (twice daily) was followed by 7.p. injection. At 4 d, mice were sacrificed,
and the tibiae which PCa cells were injected were collected for analyzing cell cycle phase of PC3Y¢ cells by FACS analyses. Antibody staining were applied as
same as in coculture study in A. (D) Quantification of % of Go, G1, or S/G,/M cell cycle phase from 5C (n = 4/group). Data in A, B and D are representative

of mean with SD (Student’s # test).

expressing CD34 [26,43]. Further, ABA stimulates granulocyte production in
the bone marrow [26,28] and ABA-treated CD34 hematopoietic progenitor
cells are known to release VEGF and IL-8, which regulates the growth of
hematopoietic cells, stromal cells, and endothelial cells [28]. Collectively,
these data illustrate the connectedness of hematopoietic and marrow stromal
populations with regards to ABA signaling networks. Given that DTCs
parasitize the hematopoietic stem cell niche during metastasis [44], it is not
surprising that ABA would regulate DTC dormancy. We have also discussed
other parallels between DTC and HSC regulation [6].

Recently several studies have demonstrated that ABA inhibits the
proliferation of tumor cells [26,27] and ABA negatively regulates Ki67
expression in glioma cell lines, U87MG and A172 cells [30]. Another report
shows that ABA inhibits proliferation and induces cell arrested in Go/G,
phase in human hepatocellular carcinoma, SMMC-7221cells [26]. ABA also
induces expression of the p27CIP/KIP ortholog ICKI (an inhibitor of CDK
action at the G;-S phase transition) [21,22,45,46], and a single application
of ABA reduced the percentages of cells in mitosis and cells replicating DNA
in the meristem of Sinapis plants [23,47]. Together, these studies support our
findings that ABA inhibits the proliferation with an increase of Gy cell cycle
arrest in PCa cells suggesting that ABA may have wider ranging impacts of
tumor proliferation than heretofore appreciated.

Mammalian ABA signaling is known to be mediated by at least
two receptors, lanthionine synthetase C-like 2 (LANCL2) and PPARy
[26,27,48]. LANCL2, a peripheral membrane protein, regulates cell survival

by Akt activation through its interaction with mTOR signaling [49].
Interestingly, recent reports also demonstrate that LANCL2 expression is
expressed by DTCs in bone marrow of breast cancer patients [3,48]. We
found that PPARy gene expression was associated in the cell cycle phase.
However, LANCL2 gene expression may not be associated in the Gy cell cycle
phase (data not shown). Based on these findings, we pursued studies with
PPARy and demonstrated that enhancement of PPARy receptor signaling
by ABA treatment promotes PCa cellular dormancy with G cell cycle arrest
in vitro culture conditions and iz vive animal model. Moreover, PPARy has
a role as a tumor suppressor in several types of cancer cells including PCa
[42,50-55]. As such, what role LANCL2 ultimately plays in DTC biology
of DTCs will require further studies, but clearly PPARy appears to play the
predominant role in response to ABA in PCa cells.

Interestingly, PPARy appears to play a significant role in regulating
PCa growth in response to a number of ligands in addition to ABA. For
example, recent studies demonstrate that troglitazone (TZD), an agonist of
PPARy, has an anti-proliferative action on the PCa cells, in part through
inhibition of the AR pathway [55]. Further, TZD also reduced the growth
of PC3 and LNCaP tumors in nude mouse xenograft models [56-58].
Additionally, TZD upregulate CDK inhibitors, which promote cell cycle
arrest and apoptotic effects to PCa cells [57,59,60]. The study showed
that TZD increases Go/G; cell cycle arrest of PC3 cells in dose dependent
manner and further demonstrated that PPARy -mediated growth inhibition
was linked to the upregulation of the cyclin dependent kinase inhibitors p21
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and p27 and/or repression of cyclin DI expression [60]. Similarly, TZD
increased p21 expression in PC3 and C42B cells [57]. Moreover, TZD has
been shown to induce apoptosis of PC3 cells by reducing the activity of the
anti-apoptotic proteins Bcl-2 and Bcl-xL [59].

One mechanism whereby ABA induces dormancy of PCa cells through
the activation of PPARy receptor is by suppression of mTOR signaling.
Several reports now show that PPARy agonists and/or ligands inhibit
key pathways of the insulin/IGF axis, such as PI3K/mTOR, MAPK, and
GSK3B/Wnt/B-catenin cascades, which regulate cancer cell proliferation and
tumor growth [40-42]. Our findings are intriguing in that ABA increases
PPARy receptor expression while suppressing mTOR/p70S6K signaling;
however, the mTOR/p70S6K signaling was reversed in PPARy silenced PCa
cells. In fact, suppression of PPARy expression leads to Gy cell cycle arrest
under 7 vitro culture conditions and iz vivo animal models. These results
suggest that the suppression of mTOR signaling is essential for ABA-PPARy
signaling-mediated cellular dormancy in PCa cells.

In summary, this work provides evidence as to the role of ABA in
the marrow in the establishment of PCa DTC cellular dormancy. We
further demonstrate that ABA-PPARy receptor signaling strongly suppress
mTOR activity, thus inducing PCa cellular dormancy. Importantly, this work
contributes to the identification of new regulator of metastatic PCa dormancy
and may have important implications for targeting metastatic disease.
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