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ABSTRACT
Prostate cancer (PCa) is known to develop resistemchemotherapy. Growth arrest-specific 6

(GASG6), plays a role in tumor progression by reti¢agrowth in many cancers. Here, we
explored how GASG6 regulates the cell cycle and tgsig of PCa cells in response to
chemotherapy. We found that GASG is sufficientigmificantly increase the number and
duration of G phase in PCa cells. Importantly, GAS6 further@ased the number of G

arrested cells during docetaxel chemotherapy. Gai&6ed the signals of key cell cycle
regulators: Cyclin B1 (@M phase), CDC25A, Cyclin E1, and CDK2 (S phaseygntere all
downregulated, while p27, p21, Cyclin D1, and COKA4/G; phase) were upregulated.
Importantly, these signaling events were furth@eatuated during docetaxel treatment in the
presence of GAS6. Moreover, the apoptotic respohB€a cells to GAS6 was examined during
docetaxel chemotherapy. Docetaxel induced PCapelptosis. However, this apoptotic
response was abrogated in PCa cell cultures iprésence of GAS6 or GAS6 secreted from co-
cultured osteoblasts. Similarly, the GAS6-expreg$fione environment protects PCa cells from
apoptosis within primary tumora vivo studies. In addition, docetaxel induced signifidenels

of Caspase-3 and PARP cleavages in PCa cells, ®Ai&6 protected PCa cells from docetaxel-
induced apoptotic signaling. Together, these daggest that GAS6, expressed by osteoblasts in
the bone marrow, plays a significant role in thgutation of PCa cell survival during

chemotherapy, which may have important implicatifangargeting metastatic disease.

INTRODUCTION

Prostate cancer (PCa) is the second leading chusecer deaths in American males [Pienta
and Esper, 1993]. Death of most PCa patients acaged with bone metastasis [Koutsilieris,
1993]. PCa cells are known to develop resistanchéonotherapy, particularly within the
marrow [Petrioli et al., 2003; Taichman et al., 208weeney et al., 2015]. Therefore,
understanding the mechanisms of tumor cell sunawval drug-resistance is a key component in
targeting cancer cells more effectively.

The homing and lodging of disseminated tumor ¢&IECs) in the bone marrow and the
survival of these cells in this microenvironmerg assential steps to establish PCa bone
metastases [Jung et al., 2015]. Recent studiegsutitgat many hematopoietic and mesenchymal

cells participate in the cellular and molecularr@seequired for the establishment of metastases



and maintenance of tumor progression in marrowcfiraan et al., 2002; Sun et al., 2005; Kucia
et al., 2005 ; Shiozawa et al., 2011; Jung eR8l3]. Once in the marrow, DTC fate including
Go-G; growth arrest or dormancy and reactivation maydemed by the signals from the
metastatic microenvironment. As conventional catiterapeutics largely target proliferating
cells, dormant DTCs may be innately protected fobramotherapeutic insults setting the stage
for subsequent relapse [Quesnel, 2008; Yumotao,e2@14]. Previously, we demonstrated that
growtharrest-specific 6 (GAS6) secreted by osteoblasibits PCa proliferation [Shiozawa et
al., 2010]. These data suggest that once the Difités an environment where GASG6 levels are
high, interactions between GAS6 and its receptayg ragulate PCa dormancy [Shiozawa et al.,
2010]. Consistent with these observations, we teddhat GASG6 levels are significantly higher
in the femur and tibias the humeri of SCID mice corresponding to the pievwee at which
metastatic PCa lesions occur following intravenimosulation [Jung et al., 2012]. We also
demonstrated that the binding of PCa cells to dd&ests in bone marrow induces TANK binding
kinase 1 (TBK1) expression, which induces the cgdle arrest and enhances chemotherapeutic
resistance of PCa cells (Kim et al., 2013]. Thaséifigs suggest that identifying novel
dormancy-associated pathways are crucial to pré¥€atrecurrence and provide a more
effective therapeutic strategy for PCa.

Chemotherapy using docetaxel is a standard treatopdion for patients with metastatic
castration-resistant prostate cancer. More recesibigetaxel has also shown an impressive
survival benefit when given soon after diagnosimetastatic hormone-sensitive prostate cancer
[Sweeney et al., 2015]. However, all patients evalhy develop chemotherapy resistance, which
reduces survival in patients with advanced prostateer [Hong, 2002; Sweeney et al., 2015].
Docetaxel functions in part by disrupting the mtakwle network in cells, which is essential for
cell division during mitosis [Yoo et al., 2002; &f al., 2004]. In addition, docetaxel alters
protein targets involved in cell survival, normalygiological functions, and oncogenesis (Li et
al., 2004]. Docetaxel also increases cytokine pcbdn in PCa cell cultures and circulating
cytokines in the castration-resistant PCa patigéhon et al., 2015]. CXCL12/CXCR4
signaling is known to prevent docetaxel-inducedratitbule stabilization via p21-activated
kinase 4 (PAK4)-dependent activation of LIM domhkinase 1 in PCa cells [Bhardwaj et al.,
2014]. Further, the inflammatory cytokine CCL2 emtes the development of resistance to

docetaxel-induced cytotoxicity in PCa cells [Qiarak, 2010]. Moreover, protein inhibitors of



activated signal transducer and activator of trapgan (STAT) factors 1 (PIAS1), a crucial
survival factor, significantly increased in docethresistant PCa cells and in tissue of patients
after docetaxel chemotherapy [Puhr et al., 2014tddaxel also promotes the upregulation of
the cell cycle inhibitor (p19) and downregulatidrcgclins (cyclin A and cyclin B1) in head and
neck cancer cells [Yoo et al., 2002]. Similar reswiere observed in PCa cells with the
upregulation of cyclin-dependent protein kinase KGihhibitors (p21 and p27) and
downregulation of cyclins (cyclin A2, cyclin E2,dwyclin F), CDK4, and cell division cycles
(CDC2, CDC7, CDC20, and CDC25B) [Li et al., 2004hu§, understanding the mechanisms
underlying the extrinsic or intrinsic cellular sajimg process responsible for docetaxel
resistance is urgently needed.

In the present study we explored how GAS6, expebgasteoblasts, regulates the cell
cycle and apoptosis in PCa cells during chemotlyarathe bone marrow. We demonstrate
that GASG6 significantly increases the number pa@ested cells by altering signaling
networks associated with;@rrest and S phase delay. Furthermore, we deratasiiat
GASG6 contributes to the protection of PCa cellsifidocetaxel-induced apoptosis in cell
culture and similarly the GAS6-expressing bone emment protects PCa cells from
apoptosis within primary tumora vivo studies. In addition, we show that GAS6 can ptotec
PCa cells from apoptotic signaling via CaspaseeBRARP cleavage. Our results suggest that
GASG6 contributes to the regulation of PCa cell savduring chemotherapy in the bone

marrow microenvironment.
MATERIALS AND METHODS

CELL CULTURE

Human PCa cell lines (PC3, DU145) were obtainethftile American Type Culture Collection
(Rockville, MD). GFP expressing PCa cell lines (fC3and DU145") were established by
lenti viral transduction. Murine osteoblast cellsrevestablished as previously reported [Jung et
al., 2011]. All prostate cancer cell lines weretioely grown in RPMI 1640 (Life Technologies,
Carlsbad, CA), and murine osteoblast cells werevgnm o-MEM (Life Technologies)

supplemented with 10% fetal bovine serum (FBS, GEINBio-Products, Sacramento, CA), 1%



penicillin-streptomycin (P/S, Life Technologies)damaintained at 37°C, 5% GCand 100%
humidity.

PROLIFERATION ASSAY

PCa cells (PC8r DU145) (3 x 16) were seeded onto 96-well culture plates with RRS4O,

1% FBS, and 1% P/S and then the cells were tredtachuman recombinant GAS6 (0-3pg/mi
(cat. 885-GSB-050, R&D Systems, Minneapolis, MN)3alays. Proliferation was measured by
the XTT Assay kit (cat. TOX2, Sigma, St. Louis, MO)

FUCCI-PC3 CELLS



To develop a method to monitor the cell cycle iogpate cancer cells, we transduced a human
prostate cancer cell line, PC3 with lentivirusestaming the fluorescent ubiquitination-based
cell cycle indicator (Fucci) vectors (Clontech, Nidain View, CA). Cells contain both a
chromatin licensing and DNA replication factor I0Cl1)-Cherry reporter and a Geminin-Cyan
reporter. Early S phase cells are double-positiveétfe reporters, fluorescing yellow. M phase is
colorless due to the destruction of both Geminia€Csnd CDT1-Chern§akaue-Sawano et
al., 2008].pRetroX-G-Red vector (cat. 631463, Clontech) and pRetroXMGyan vector

(cat. 631462, Clontech) were packaged into lentsvat the University of Michigan Vector Core
Facility. Lentiviral pRetroX-GRed vector and lentiviral pRetroX-9K8-Cyan vector were
coinfected into PC3 cells. Infected cells were &el@ for 7 days in media containinggfml
Puromycin and analyzed by FACS analysis. Cell cyubamitoring was performed in Fucci-PCa
cell culture with direct GAS6 (1t8/ml) treatment or with the co-culture of osteoblastddwi
type OB GASG+/+ OB) or GASG6 deficient OBGASS-/- OB)) following treatment with
anticancer drug, docetaxel (Taxotergg/nl, cat. NDC0409-0201-10, Hospira, Lake Fordst, |
Additionally, Fucci-PC3 cell imaging was capturgavideo. Fucci-PC3 cells were cultured for
24 hours in RPMI with 10% FBS, 1% P/S and thergta@ with Vehicle or GAS6 (&/ml) for

24 hours. Five spots of cells in each group wetréosdaracking. Video images were taken for 24
hours at 15 min intervals using a Deltavision Bltieroscope (GE Healthcare Life Science,

Pittsburgh, PA). The duration ofi@hase in single cells was measured (n=20/group).

CELL DEATH ASSAYS

Cell death assays were performed in PCa cell adttreated with GAS6 or in coculture of PCa
cells with osteoblasts. First, PCa cells (1 % d€lis/well) were seeded onto 12-well culture
plates for 24 hours. Cells were cultured for 24R48rs following GAS6 (gg/ml) treatment, and
then treated with the docetaxcelgIml) for 24 hours. For the cocultur€sAS6+/+ OB or
GAS6-/- OB (1 x 108 cells/well) was seeded onto 12-well culture pldte24 hours. Thereafter,
GFP expressing PCa cells (1 X’ t@lls/well) were added to the wells. Cells werkured
together for 48 hours, and then treated with theancer drug, docetaxcely@/ml), for 24
hours in the coculture system. Apoptosis was measoy flow cytometry (FACSAria llu three
laser flow-cytometer, Becton Dickinson, MountairwjeCA) using by selecting PCa cells with
the GFP reporter and with the PE Annexin V Apog®@etection Kit | (cat. 559763, BD



Biosciences, San Jose, CA). Assays were performgaplicate and the results are
representative of three independent experimentsaysswere performed in triplicate and the
results are representative of three independemrarpnts. In tumor sections from PCa cells
were injected into vertebral bodies (vossiclesinfwild-type GAS6+/+) or GAS6 knockout
(GAS5-/-) mice [Jung et al., 2011], apoptosis of PCa ae#ls measured by Cell Meter TUNEL
Apoptosis Assay Kit (cat. 22844, AAT Bioquest, Sywade, CA).

QUANTITATIVE RT-PCR

Total RNA was extracted from cells using the RNeasgyi or micro kit (Qiagen, Valencia, CA)
and converted into cDNA using a First-Strand Sysith&it (Invitrogen). Quantitative PCR was
performed on an ABI 7700 sequence detector (ApBiedystems) using TagMan Universal
PCR Master Mix Kit (Applied Biosystems) accordimgthe directions of manufacturer. TagMan
MGB probes, PLK1 (Hs00153444 m1) and STK15 (Hs00322m1) (Applied Biosystems)
were usedp-actin (Hs01060665-g1) was used as an internafkaioiotr normalization of target

gene expression.

ELISA

An antibody sandwich ELISA was used to evaluate @Agpression in bone marrow from
GAS6+/+ or GASG-/- mice as a negative control by following the dil@es of the manufacturer
(cat. DY986; R&D Systems). Bone marrow extracelidiiaids were obtained by flushing
femora, and tibiae with 5@0of ice-cold PBS, and the supernatant was harddste

centrifugation at 400g for 5 minutes. GAS6 levets@normalized to total protein.

IMMUNOSTAINING

Cells, tumor sections and long bone sections weed tor immunostaining. Cells were fixed and
permeabilized with Perm/Wash Buffer (cat. 55472B,Bosciences). Tumor sections were
blocked with Image-iT FX signal enhancer for 30 mnd incubated for 2 hours at room
temperature with primary antibodies combined withgents of Zenon Alexa Fluor 488 (green)
or 555 (red) labeling kit (Invitrogen). GAS6 (cAf-885, R&D System) antibody was used as
primary antibody. After washing with PBS, the sidgere mounted with ProLong Gold antifade

reagent with DAPI (Invitrogen). Images were takethvdlympus FV-500 confocal microscope.



WESTERN BLOT

PCa cells were cultured in RPMI 1640 with 10% FBS8 4% P/S. Whole cell lysates were
prepared from cells, separated on 4-20% Tris-Gé/gels and transferred to PVDF membranes.
The membranes were incubated with 5% milk for 1rlamd incubated with primary antibodies
overnight at 4C. Primary antibodies used were as follows: p-CHK2,000 dilution, cat. 2197,
Cell Signaling), CHK2 (1:1,000 dilution, cat. 2662ell Signaling), Cyclin B1 (1:1,000 dilution,
cat. 4138, Cell Signaling), Cyclin D1 (1:1,000 diidun, cat. sc-753, Santa Cruz), CDK4 (1:1,000
dilution, cat.12790, Cell Signaling), p27 (1:1,0dllution, cat. 3686, Cell Signaling), p21
(1:1,000 dilution, cat. 2947, Cell Signalng), p-CZ¥2 (1:1,000 dilution, cat. sc-101655, Santa
Cruz, Santa Cruz, CA), CDC25A (1:1,000 dilutiont. &52, Cell Signaling), Cyclin E1
(1:1,000 dilution, cat. sc-481, Santa Cruz), andk€Ip1:1,000 dilution, 1:1,000 dilution, cat. sc-
163, Santa Cruz,), Caspase-3 (1:1,000 dilution 9662, Cell Signaling), and PARP (1:1,000
dilution, cat. 9542, Cell Signaling). Blots wereuated with peroxidase-coupled anti-rabbit
IgG secondary antibody (cat. 7074, 1:2,000 dilyti@all Signaling) for 1 hour, and protein
expression was detected with SuperSignal West Dbheamiluminescent Substrate (cat. Prod
34075, Thermo Scientific, Rockford, IL). Membranesre reprobed with monoclonal afti-

actin antibody (1:1,000 dilution; cat. 4970, Catirgaling) to control for equal loading.

STATISTICAL ANALYSES

Results are presented as mean * standard devfattbh Significance of the difference between
two measurements was determined by unpaired Staddast, and multiple comparisons were
evaluated by the Newman-Keuls multiple comparigsth. tValues op < 0.05 were considered

significant.

RESULTS

GAS6 EXPRESSED BY OSTEOBLASTS IN BONE MARROW, WHICH

INHIBITS PCA CELL PROLIFERATION AND EXPRESSION OF C ELL CYCLE
MARKERS

We examined the extent to which GAS6 expressedstgoblasts in the bone marrow of the long
bones of wild-type GAG+/+) mice and GAS6 deficienGASS-/-) mice. GAS6 was expressed



by osteoblasts in the marrow GAS6+/+ mice, but not in the marrow GASG-/- mice (Fig.

1A). GASG6 protein levels in the marrow were alsarexmed. It was determined that the GAS6
protein levels were significantly greater in therroev of theGAS6+/+ vs GAS6-/- mice (Fig.
1B). Next, to test the effects of Gas6 on PCapmelliferation, the proliferation assays were
performed along with gene expression profiling gs$ar cell cycle markers. GAS6 inhibited
PCa cell proliferation in a dose dependent mameitro (Fig. 1C). Levels of mRNA for PLK1
and STK15 indicative of cells in phase were dramatically decreased in the PQsiicel
response to GASG6 (Fig. 1D, E). These findings ssigipat GAS6 expressed by osteoblasts in

bone marrow inhibits PCa proliferation.

GASG6 INDUCES G, CELL CYCLE ARREST IN PCA CELLS IN RESPONSE TO
DOCETAXEL CHEMOTHERAPY

Previously we demonstrated that GAS6 secreted &steoblasts plays a critical role in
establishing PCa cell dormancy [Shiozawa et allp2(Here we further explored how GAS6
regulates the cell cycle in PCa cells. For thesestigations, the cell-cycle specific Fucci-
vectors were employed in PC3 cells and Fucci espasvas used to isolate cells at different
stages of the cell cycle [Sakaue-Sawano et al3J20pexamining FACS profiles of cells imG
S, and G/M (Fig. 2A). In standard cultures, we found thpg2nl of GAS6 increased the
percentage of cells in\®hase significantly at 48 and 72 hours (Fig. 28¢. also examined that
the duration of cell arrested time in @hase in live-cell imaging of GAS6 treated FucCi3P
cells for 24 hours.

We found that GAS6 treated Fucci-PC3 remainedénGhphase for 20.8 hours 15 minutes
vs 9.1 hours for vehicle treated cells (Fig. 2C, The cell cycle monitoring was next performed
for docetaxel treated cells with the presence seabte of GAS6. More {&arrested cells were
identified after docetaxel and GAS6 treatmentsAah@urs and 48 hours (Fig. 2E). In addition,
the cell cycle monitoring was performed in cocwdtliFucci-PC3 cells with GAS6 expressing
wild-type osteoblast€3AS6+/+ OB) or GAS6 deficient osteoblastSAS/- OB) following
treatment with docetaxel. Importantly, more &@rested cells were found in coculture with wild-
type osteoblast€3AS6+/+ OB) compared to GAS6 deficient osteobla@8%/- OB) in both
vehicle and docetaxel treated conditions (Fig. Z6)lectively, the data suggest GAS6



expressed by osteoblasts may regulate the growehtaturing docetaxel chemotherapy in bone

marrow microenvironment.

GAS6 UPREGULATES G; CELL CYCLE ARREST SIGNALS AND

DOWNREGULATES S PHASE ENTRY SIGNALS DURING DOCETAXE L
CHEMOTHERAPY IN PCA CELLS

Docetaxel is known to downregulate genes assocvwitédhe cell proliferation, while
upregulating genes associated with cell cycle temed induction of apoptosis [Li et al., 2004].
Therefore we examined the protein expression crsdeore cell cycle regulators including
cyclins, CDKs, CDK inhibitors, and CDCs by Westétat in PCa cell cultures treated with
docetaxel and/or GAS6. We found that Cyclin B¥/Gmarker) and CDC25A, Cyclin E1,
CDK?2 (S phase entry regulator) were downregulaigile p27, p21, Cyclin D1, and CDK4
(associated with expression aj/G;) were upregulated in GAS6 treated PCa cells @4g.B).
These signaling events were further accentuat&cCim cells treated with docetaxel and GAS6.

These data suggest that GAS6 promotesdB cycle arrest and a delayed entry into S phase

GAS6 EXPRESSED BY OSTEOBLASTS CONTRIBUTES TO THE

PROTECTION OF PCA CELLS FROM DOCETAXEL-INDUCED APOP TOSIS

PCa cells are known to develop resistance to chHesrayies, particularly in the marrow. To
explore whether GASG6 plays a role in this processfirst examined the percentage of apoptotic
cells following treatment with docetaxel and/or GAS/ Annexin V staining. As expected, more
PCa cells underwent apoptosis following docetaegttnent compared to vehicle treatment
(Fig. 4A, B). However, fewer PCa cells underwengtpsis in the presence of GAS6 for both
vehicle and docetaxel treatment (Fig. 4A, B). Ahially, we performed an apoptosis assay on
cocultures of PC3 cells witBASG+/+ OB or GAS/- OB following docetaxel treatment. Fewer
apoptotic cells were identified when PCa cells wereultured withGAS6+/+ OB vs GAS/-

OBs in both vehicle and docetaxel treatment (K. @). To validate thesa vitro studies, next
we performed TUNEL staining on tumors grown iGASG6+/+ or GASG-/- bone environment
(e.g. vossicles) as described in previous studiesq et al., 2012]. Fewer apoptotic tumor cells
were found in the tumors established by PC3 callsivGASG+/+ vossicles compared with
GAS6-/- vossicles (Fig. 4E, F). Finally we examined theeakto which GAS6 regulates



docetaxel-induced apoptosis signaling in PCa detisthese investigations, Caspase-3 and
PARP levels in PCa cells following treatment withicdtaxel and/or GAS6 were examined by
Western blots. We found that docetaxel inducesfsignt levels of Caspase-3 and PARP
cleavages in PCa cells. Importantly, GAS6 protectespase-3 and PARP from cleavage in the
PCa cells (Fig. 4G, H). Collectively, these datggast that GAS6 expressed by osteoblasts in
bone marrow plays a significant role in the regatabf PCa cell survival during docetaxel
chemotherapy.

DISCUSSION

Recent studies suggest that signals from the b@meom microenvironment protect PCa cells
from chemotherapy. Here we demonstrate that GAp6essed by osteoblasts regulates cell
cycle and apoptosis of PCa cells during chemotlyeisje found that GAS6 significantly
increased @arrested PCa cells by signals associating witbeB arrest and S phase delay.
Furthermore, we found that GAS6 contributes topitweection of PCa cells from docetaxel-
induced apoptosis vitro cultures and a GAS6-expressing bone environmentégis PCa cell
apoptosis within the primary tumanrsvivo studies. Finally, we found that GAS6 prevents the
activation of docetaxel-induced apoptotic signgli@gspase-3 and PARP. Our results suggest
that GAS6 expressed by osteoblasts in the boneomanlays a significant role in regulation of
PCa cell survival during chemotherapy.

PCa frequently takes more than 5 years to progodsshal metastatic disease or
biochemical recurrence after curative surgery diatéon therapy [Amling et al., 2000; Morgan
et al., 2009; Roberts and Han, 2009] indicating INECs may enter into a state of cellular
dormancy for long periods within metastatic sit@si¢snel, 2008; Yumoto et al., 2014]. Yet how
DTC cells become dormant, acquire resistance foanter drugs, and ultimately cause tumor
recurrence/metastatic relapse remain critical questPreviously, we demonstrated that GAS6
secreted from osteoblasts plays a critical rolesitablishing PCa cellular dormancy [Shiozawa et
al., 2010]. Here, we further demonstrated the mashaby which GAS6 regulates cell cycle of
PCa cells in response to chemotherapy. Indeedowedfthat GAS6 increases the number and

duration of G arrested cells by downregulation of Cyclin BL/{Gphase), CDC25A, Cyclin



E1l, and CDK2 (S phase entry) and upregulation @f p21, Cyclin D1, and CDK4 ({B5;
phase) in PCa cells during docetaxel chemotherapy.

Intensive studies have identified mechanisms gietamolecules or signals associated with
the anti-proliferative effects and anti-tumorigeaativities for the PCa treatment. Docetaxel-
chemotherapy targets proliferating cancer cellsciwvare associated by core cell cycle
regulators including cyclins, CDKs, CDK inhibitoed CDCs [Kawamata et al., 1995; EL-
Deiry et al., 1995; Nilsson and Hoffmann, 2000; ¢toly et al., 2001; Erlanson and Landberg,
2001; Yoo et al., 2002; Li et al., 2004; Roy et 2008; Chiu et al., 2009]. Double knockdown of
the cyclin-dependent kinase inhibitor 1A (p21) #mel cyclin-dependent kinase inhibitor 1B
(p27) in DU145 cells show higher tumor growth rditen the comparable growth of either p21 or
p27 knockdown [Roy et al., 2008]. Another importeell cycle regulator, CDC25A, is highly
expressed during S phase entry of the cell cychedny cancers [Busino et al., 2004; Lavecchia
et al., 2009]. CDC25A has oncogenic propertieljghly expressed in human PCa, and its
expression level correlates with high Gleason scarel metastatic PCa [Chiu et al., 200%9le
expression of CDC25A in PCa cells suppresses P$ressgion and functions as an AR
corepressor, suggesting that it may also be algessnticancer target [Chiu et al., 2009].
Further reports show that docetaxel promotes thegutation of a CDK inhibitor (p19) and
downregulation of the cyclins (cyclin A and cycBi) in the head and neck cancer cells [Yoo et
al., 2002] and the upregulation of CDK inhibitop2{ and p27) and downregulation of cyclins
(cyclin A2, cyclin E2, and cyclin F), CDK4, and tdivision cycles(CDC2, CDC7, CDC20,
and CDC25B) in PCa cells [Li et al., 2004]. Despitis evidence, docetaxel continues to be an
effective agent of growth inhibition and inductiohapoptosis in part by the upregulation of
growth arrest signals during the chemotherapy.tivete actions also lead to the generation of
cell cycle arrest signals, which induce cellulardancy and ultimately increase drug-resistance.
Here we found that in docetaxel-chemotherapy tceBtéa cells, GAS6 further downregulates
active cell cycling phase regulators including @y&81 (G/M phase), CDC25A, Cyclin E1, and
CDK2 (S phase entry). In complement, we saw upeggud of arresting cell cycle phase
regulators including p27, p21 Cyclin D1, and CDK@&y/G; phase). Taken together, GAS6
promotes induction of drug-resistant signals inedaxel-treated PCa cells. Future cancer

therapeutic studies will be required to identifleséive agents capable of inducing cancer cell



apoptosis without inducing dormancy within the esntof these complex microenvironmental
cues.

The ability of docetaxel to promote cancer cell@psis is dependent on its function in cell
death signaling [Jin and EL-Deiry, 2005]. During 16,/M phase arrest of cancer cells,
docetaxel binds to microtubules with high affiniégtivating JNK signaling causing B-cell
lymphoma 2 (Bcl-2) phosphorylation, thereby promgta cascade of events that ultimately
leads to apoptotic cell death [Haldar and Basuy]L98creased JNK signaling also increases
dephosphorylation of Bad, which associates withBakleasing Bcl-2 from Bax. Unbound Bax
translocates to the inner mitochondrial membranmiftg Bax/Bax pores, allowing release of
cytochrome c and activation of caspases leadiagpoptosis [Wolter et al., 1997]. Reduction of
multidrug resistance-associated protein-1 (MRPylpre-treatment of 1,25-dihydroxy vitamin
D3 (1,25-VD) enhanced the docetaxel antitumor agttirough Bcl-2 signaling pathway in
PC3 cells [Tinga et al., 2007]. Docetaxel is alskz&o induce apoptosis through different
caspase families in PCa cells; Caspase-3 and Gagpad NCaP and TSU-Prl cells vs.
Caspase-8 in PC3 cells [Marcelli et al., 1999; Minem et al., 2001]. Furthermore, Docetaxel-
induced apoptosis has also been associated withdreases of Survivin, GADD45A, Fas/Apo-
1, and FOXO3A in PCa cells [Li et al., 2004]. Apogit is guided by a complex series of
cellular events and initiation of these eventsgistly regulated by the balance of cell death and
survival signals. The balance of these signalindiaters is not yet fully understood, but is
essential in understanding mechanisms that gowkfate such as apoptosis and cancer cell
resistance.

Just as the docetaxel-inducing apoptotic signglatpways have been elucidated, there is
increasing evidence that docetaxel can conferteggie to cancer cells. For example, PIAS1 is a
crucial survival factor, which was significantlycreased in docetaxel resistant cells and in tissue
of patients after docetaxel chemotherapy. Downgggui of PIAS1 results in increased
apoptosis, suggesting the importance of PIAS1 imtaming cell survival [Puhr et al., 2014].
Moreover, GAS6 induces activation of AKT/PKB leaglito the phosphorylation of Bad as well
as activation of ERK, JNK/SAPK, and p38 MAPK inws@rstarved NIH3T3 cells [Goruppi et
al., 1999]. In addition, GAS6 secreted by ostedblespidly induces the phosphorylation of
ERK in PC3 cells in standard culture conditionsjchtprovides evidence that GAS6 can

promote PCa cell survival [Shiozawa et al., 20H@jwever, the balance between cell survival



signals and apoptotic signals in cell fate remamaly understood. In this investigation, we
further demonstrated that docetaxel significamtyéases the apoptotic signals, cleaved
Caspase-3 and PARP in PCa cells, while GAS6 pexddeCa cells from Caspase-3 and PARP
cleavages. These data suggest that GAS6 may ltecal enolecule in suppressing the activation
of key apoptotic signaling mediators, thus prongtell survival. Therefore, targeting GAS6 or
GASG6 signaling during cancer therapy for metastdiseases may be helpful in elimination of
quiescent PCa DTCs, as well.

In summary, this work provides evidence that sutgparcrucial role for GAS6 in PCa cell
survival during chemotherapy within the bone marroieroenvironment (Fig. 5). Importantly,
this work contributes to the understanding of darayassignals that facilitate chemotherapeutic
resistance in PCa cells, which may have importaptications for optimizing therapeutic

strategies against metastatic disease and tumareece.
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FIGURE LEGENDS

Fig. 1. GASG6 expressed by osteoblasts in bone marrow, iwh inhibits PCa cell

proliferation and the expression of cell cycle marérs.

(A) GASG6 expression by osteoblasts (red, whitevesjan the bone marrow of the long bones of
GASG6 expressing wild-typ&5AS6+/+) mice and GASG6 deficient GAS6 knocko®ASG-/-)

mice as detected by immunofluorescence staininge, BDAPI nuclear stain. Bar=20um. (B)
Secretion levels of GAS6 protein in the marrowdlof theGASG+/+ andGASG-/- mice as
detected by ELISA. (C) The proliferation assayP@a cells were performed by XTT. mRNA
expression levels of (D) PLK1 and (E) STK15 wereameged as gPCR. Data in Fig. 1B-E are

representative of mean with s.d. (Studettisst).

Fig. 2. GASG6 induces G cell cycle arrest in PCa cells during docetaxel @motherapy.

(A) A flow profile of the cell cycle status;GS, and G/M in Fucci-PC3 cells. (B) % Ccells in
Fucci-PC3 cells following treatment of GAS6 (QegZml) in standard culture conditions for 72
hours. (C) The living cell imaging of Fucci-PC3drarrows) following GAS6 (2g/ml)
treatment by video for 24 hours with 15 min intétwa Deltavision Elite Microscope.
Bar=20um. (D) Quantification of Gluration in the single cell from Fig. 2C (n=10/gp). (E) %
G; cells in Fucci-PC3 cell culture following the trewnt of docetaxel with the presence or
absence of GASG6. (F) %;@ells in cocultured Fucci-PC3 cells with GAS6 eegsing wild-type
osteoblastsGAHG+/+ OB) or GAS6 deficient osteoblastSAS/- OB) following the treatment
of docetaxel. Data in Fig. 2B, D-F are represematif mean with s.d. (Student$est).

Fig. 3. GAS6 regulates signals associated cell aycuring docetaxel chemotherapy in PCa
cells.

Examination of expression of the checkpoint antiayelle related proteins; p-CHK2, CHK2
(checkpoint), Cyclin B1 (@M marker), Cyclin D1, CDK4, p27, and p214{G; marker), and
CDC25A, Cyclin E1, CDK2 (S phase entry marker)ha tultures of (A) PC3 cells and (B)



DU145 cells following docetaxel treatment with ghresence or absence of GAS6 by Western
blots.

Fig. 4. GAS6 expressed by osteoblasts contributesthe protection of PCa cells from
docetaxel-induced apoptosis.

Examination of % apoptosis in (A) PC3 and (B) DUL448s following the docetaxel treatment
with the presence or absence of GAS6 by FACS aisalging Annexin V staining. Examination
of % apoptosis in (C) PC3 and (D) DU145 cells inudtured PC3 cells witlbASG+/+ OB or
GAS-/- OB following the treatment of docetaxel. (E) Apait tumor cells (red, white arrows)
the tumor established PC3 cells witldAS6+/+ vossicles 0GAS6-/- vossicles as evaluated by
TUNEL staining. Blue, DAPI nuclear stain. Bar=50(fA) Quantification of % apoptotic cells
from Fig. 4E. Docetaxel-induced apoptotic signgli@gspases-3 and PARP in (G) PC3 cells and
(H) DU145 cells following the treatment of docetewgth the presence or absence of GAS6
were evaluated by Western blots. Data in Fig. 4A&Rre representative of mean with s.d.
(Student'g-test).

Flg 5. Model for the role of GAS6 in PCa survival durirg chemotherapy in the bone

marrow.
GASG6 promotes PCa survival by €ell cycle arrest/ S phase delay and inhibitioadptotic
signaling pathways during chemotherapy in bone omgrwhich may have important

implications for targeting metastatic disease.
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