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ABSTRACT
Many prostate cancer (PCa) recurrences are thoodget due to reactivation of

disseminated tumor cells (DTCs). We previously fbarrole of the TAM family of
receptor tyrosine kinases TYRO3, AXL and MERTK @d@dormancy regulation.
However, the mechanism and contributions of theviddal TAM receptors is largely
unknown. Knockdown of MERTK, but not AXL or TYRO%I8hRNA in PCa cells
induced a decreased ratio of P-Erk1/2 to P-p38eased expression of p27, NR2F1,
SOX2, and NANOG, induced higher levels of historg&BHme3 and H3K27me3, and
induced a G1/GO arrest, all of which are associaféiddormancy. Similar effects were
also observed with siRNA. Most importantly, knoawsh of MERTK in PCa cells
increased metastasis free survival in an intratgaridjection mouse xenograft model.
MERTK knockdown also failed to inhibit PCa growthvitro and subcutaneous growth
in vivo, which suggests that MERTK has specificity forrdancy regulation or requires a
signal from the PCa microenvironment. The effe€8IBRTK on the cell cycle and
histone methylation were reversed by p38 inhid8B203580, which indicates the
importance of MAP kinases for MERTK dormancy regjola. Overall, this study shows
that MERTK stimulates prostate cancer dormancypstarough a MAP kinase
dependent mechanism, also involving p27, plurippggranscription factors, and histone

methylation.

Prostate cancer patients often have long time getetween curative intent surgery or
radiation therapy until the time of biochemicalugence or metastatic disease visible
with current imaging, which marks incurable diseagtd current treatment options. For

example, in a large series of patients treated raitiical prostatectomy, nearly 20%



recurrences occurred at least 5 years after s{fymiing, Blute et al. 2000). Greater
than half of prostate cancer patients with no evieéeof disease soon after radical
prostatectomy were found to have disseminated gsimor cells (DTCs) in their bone
marrow, which are thought to be a major sourcasihdt recurrences(Morgan, Lange et
al. 2009). This finding implies that many of theésmor cells die, never grow, or grow
very slowly. Many investigators refer to this afyilof cancer cells to remain viable but

not have detectable growth as “cellular dormancy.”

There is significant interest in regulators of ameellular dormancy. Several studies
have identified a low ratio of phosphorylated MAPKMAPK1 (Erk 1/2) to
phosphorylated MAPK14 (p38) as marking dormant tuoghls. TGFB2 (TGH2)

was proposed to be the major ligand responsiblddomant behavior of head and
neck squamous cell carcinoma cells. The cell aptidvitor CDKN1B (p27) and
transcription factor BHLHE41 (DEC2) were implicatasl nuclear signals(Bragado,
Estrada et al. 2013). More recently, pluripotenesogiated transcription factors
NR2F1, SOX2, SOX9, NANOG, and RARB were identifeegitranscriptional
regulators of dormancy in head and neck, prostadebeeast cancers(Sosa, Parikh et
al. 2015). Similarly, others have shown that TGtamily member BMP7 maintains
prostate cancer dormancy through autocrine SPAREZ(&N Xing et al. 2016)
(Kobayashi, Okuda et al. 2011). A role of the ep@we in regulating cellular
dormancy is also becoming apparent. Histone HBétihylated lysine 9 and tri-
methylated lysine 27 were shown to identify aneéamportant for dormant cells,

primarily in head and neck cancer(Sosa, Parikh 045).



Our group has established a role of the TYRO3, A&xd MERTK (TAM) family of
receptors and one of their ligands, growth arrpstic 6 (GAS6), in regulation of
prostate cancer cell dormancy in the bone marrowgaiva, Pedersen et al. 2010,
Jung, Shiozawa et al. 2012, Taichman, Patel @04!3). We also found that GAS6 and
MERTK are important for cancer stem like cell fotioa (Jung, Decker et al. 2016,
Shiozawa, Berry et al. 2016). This receptor farhdg an established role in the
regulation of the innate immune system, but mocem#ly has been shown to be
important for cancer growth and metastasis as Wetlexample, MERTK was

recently identified in a screen of wild type kinases a mediator of prostate cancer
metastasis(Faltermeier, Drake et al. 2015). The TAMily of receptors have a high
degree of homology, but have been shown to haverdift functions, which might
relate to differences in ligand binding affiniti@sd downstream pathways(Graham,
DeRyckere et al. 2014). There are at least foamih K dependent-carboxyalated
protein ligands that bind at least one of the TAddaptors including GAS6, PROS1
(Protein S), TUB (tubby), and TULP1 (tubby like fgm 1)(Caberoy, Zhou et al.
2010). We found that GAS6 decreased prostate c@nokferation and protected the
cells from chemotherapy induced apoptosis(Shioz&edersen et al. 2010, Lee,
Decker et al. 2016). We also found that prostateeabone metastases grew larger in

the absence of GASG6 in a bone(Jung, Shiozawa 2042).

However, these studies did not identify which & TTAM receptors are responsible for
the ability of GAS6 to slow prostate cancer growthjle also preventing apoptosis —

findings which are consistent with cellular dormartdowever, the role of TYRO3



and MERTK remained unclear. To begin to answerdhisstion, we previously
studied the relative expression level TYRO3 and AXlprostate cancer primary
tumors, DTCs and in gross metastases. However, MBRAS not included in these
studies. We found that TYRO3 was expressed hightize primary tumors but that
AXL was expressed highly in disseminated but dotndésease(Taichman, Patel et al.
2013). Based on these results, we hypothesized #RO3 might play a role when
prostate cancer was actively growing but that AXigimplay a role when it is
dormant. However, these studies did not includeegrpents to test this hypothesis
further than gene expression. Most recently, inkabat is currently in press, we
reported that AXL is required for TGF2 to inducestate cancer dormancy(Yumoto

2016). However, the contributions of MERTK and TYR@main unclear.

In the current study we took an unbiased approacistern which of the TAM
receptors, including MERTK, are required for préstzancer dormancy escape. With
ShRNA and siRNA technology, we knocked down theresgion of each of the three
receptors in three different prostate cancer cedsl We found that loss of MERTK,
but not the other receptors decreased the rafiirk to P-p38, increased the
expression of p27 and pluripotency associated ¢rgpt®n factors, increased the
levels of dormancy associated histone H3 markscanded accumulation of cells in
the G1 and GO phases of the cell cycle, and destlessoptosis, all of which
characterize dormant cells. Importantly the eftddIERTK on the cell cycle and
histone H3 post-translational modifications wasersed by altering MAP kinase

signaling with a p38 inhibitor. We also found tMERTK knockdown increased



metastasis free survival in an intra-cardiac inggctnouse prostate cancer xenograft
model, but did not inhibiin vitro cell growth or subcutaneous tumor growth showing
that it did not compromise global growth charastges. Thus, our studies implicate
MERTK in stimulation of prostate cancer dormancyage by a mechanism particular

to the metastatic microenvironment and involving MRinases.

MATERIALS AND METHODS

Cell culture

Human PCa cell lines, PC3, Dul45, and LNCaP C4@2B74B) were obtained from
American Type Culture Collection (Rockville, MD (B@nd Dul45)) and UroCor
(Oklahoma City, OK (C4-2B)). PCa cells were mainéal in RPMI 1640 with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomyéS) in a humidified incubator with
5% CQ. Forinvitro assays, unless indicated otherwise, cells wedeseat a density 1

x 10° / ml, allowed to rest for one day in 10% serum tireh changed to reduced serum
concentrations as indicated. For the p38 inhiletqreriments, cells were first cultured
for 14 days under routine conditions with 10% seand 5 pM SB203580 (EMD

Millipore #A8254) dissolved in DMSO or 0.05% DMSGOrttrol.

TAM receptor stable shRNA knockdowns
GFP and luciferase expressing PCa cell lines (PC®U145", and C4-2B"F cells)
were first established by lentiviral transducti&table knockdowns of the TAM

receptors (TYRO3, AXL and MERTK) were then genetldig lentiviral infection.



Lentiviruses were constructed by the Universityii¢higan Vector Core using pGIPZ
lentiviral vectors containing either a shRNA tamggtone of the TAM receptors or a
nonsilencing (shControl) shRNA (Open Biosystem&bfe lines were selected with
puromycin. Knockdown of greater than 80% was vedifoy Western blotting and gRT-
PCR. qRT-PCR gene expression data is presentedas 1SEM of independent
cultures.

MerTK transient siRNA knockdowns

SsiRNAs targeting MerTK (# s20474, s20473 and s2p4n@ control siRNA (siControl)
(# 4390843) were purchased from Thermo-Fisher 8t ransient transfection in C4-
2B and PC3 cells was performed using 10 mM of e#iRNA with Lipofectamine
RNAIMAX reagent (Thermo-Fisher) using the revemsesfection protocol, followed by
three days incubation. Knockdown was verified tat tene gRT-PCR. Data is presented

as mean = SEM of triplicate PCR reactions.

Western blotting

Cells were serum starved overnight unless indicatkdrwise. Lysates were prepared in
cOmplete lysis M (Roche #04 719 956 001) suppleeatenith proteinase inhibitor Mini
cOmplete Tablets (Roche #04705378) and phosphiafaibéor PhosSTOREASYpack
Tablets (Roche #04 906 837 001). Protein concentratas determined by the BCA
method. 20 pg of total protein was added per ldde29% reducing SDS
polyacrylamide Tris-Glycine gels after sample pragian in Laemmli sample buffer.
The samples were transferred to PVDF membraneblanked for 1 hour in 5% dry

milk in TBS with 0.1% Tween-20 (TBST). Antibodiesrfphosphorylated proteins were



applied at 4°C overnight in 5% BSA TBST, washed wisdalized with a horseradish
peroxidase conjugated anti-rabbit IgG secondanpady (Cell Signalling #7074S) and
SuperSignal West Dura Chemiluminescent Substrdter(iio Scientific #34075). Images
were acquired with a ChemiDoc Touch imager (BioR&MBmbranes were stripped with
Restore PLUS stripping buffer (Thermo Scientifi&430). They were blocked and re-
probed for antibodies to total proteins, and ag#iped and re-probed for GAPDH [
actin to normalize for protein loading. All primaaptibodies were monoclonal rabbit
from Cell Signaling Technology. Catalog numbers ditgtions were as follows;
Phosphorylated-Erk 1/2 (P-Erk) Y204(#4377S, dilute€sDO0), total Erk (#4695, 1:500),
Phospho-p38 (P-p38) T190/Y182 (#4511, 1:500), 1088, (#9212, total Ax| (#4939,
1:500), total Tyro3 (#5585, 1:500), total MerTK 844, 1:500), Sox2 (# 3579, 1:500),
Caspase-9 (#9502, 1:100Bjactin (#4970, 1:2000), and GAPDH (#2118, 1:2000).
Images representative of biological replicatessai@vn and cropped for presentation.
For P-Erk, P-p38, and p27 quantification, imagesiffive independent experiments
were quantified relative to each vehicle treatedrsbled shRNA control with BioRad
ImageLab software and then normalized to housekgeggne expression. The P-Erk to
P-p38 ratio was obtained by dividing the normaliPeBrk and P-p38 values for each

independent experiment. All data are shown asdbéihge from control.

Real time reverse transcriptase PCR (QRT-PCR)
Cells were lysed and RNA was harvested using tlagépi RNeasy kit followed by
reverse transcription using Invitrogen SuperSdfiReverse Transcriptase. Real time

gPCR was performed using TagMan Universal PCR Maditeand Gene Expression



Assays on a Applied Biosystems ViiA 7 instrumerdagMan MGB probes (Applied
Biosystems) were as followMERTK (Hs00179024_m1), p270DKN1B (Hs00153277),
SOX2 (Hs01053049 s1) adANOG (Hs02387400). We designed primers and a probe
to specifically detedNR2F1 / TFCOUPL: forward; CAAAGCCATCGTGCTGTTCAC,
reverse; CCTGCAGGCTCTCGATGT, and probe; TCAGACGCUGB&CCTG.B-

actin (Hs01060665_g1) was used as an internal @dotrthe normalization of target

gene expression.

Flow cytometry for histone post-translational modifcations and Ki67.

Cell pellets were fixed and permeabilized with dvgge addition of 1 ml of cold 70%
ethanol and then incubated overnight. All stepsever4°C or on ice. Samples were then
washed, blocked and incubated for one hour in fhoffer (PBS with 2% FBS and 2 mM
EDTA) with each of the following antibodies; Alegd7 conjugated rabbit anti histone
H3 tri-methylated lysine 27 diluted 1:50 (Cell Siding Technology #12158),
unconjugated rabbit polyclonal anti histone H3ethylated lysine 9 (Abcam #8898) ,
or APC conjugated rabbit anti-human Ki-67 antib@8iplegend #350513). Cells were
washed twice with flow buffer. The unconjugateddr® H3 tri-methylated lysine 9
antibody was detected with an Alexa 647 conjugatadrabbit IgG diluted 1:250 (Cell
Signaling Technology #4414). Data was acquired withree laser (405 nm, 488 nm and
640 nm) Becton Dickinson FACS Aria llu flow cytoreet Gating was forward scatter vs
side scatter, single cells (linear on FSC-A vs FCthen the 670/30 filter (APC or
Alexa 647) vs forward scatter or histogram. Anypetcontrol antibody was used for

setting the gates. Negative and dim cells weresaldor methylated histones. Negative



cells were selected for Ki67. Data is presentegepesentative plots or mean + SEM of

triplicate wells from replicate experiments.

Cell cycle analysis

Cells were cultured for three days as indicatedmnsed with 10 uM
bromodeoxyuridine (BrdU) for 30 minutes. The celisre collected with trypsin as
necessary and then fixed and stained for total DA 7-AAD and BrdU incorporated
into DNA using the Becton Dickinson APC BrdU flowt k#552598). Data was acquired
with a Becton Dickinson FACS Aria llu flow cytomet&ating was forward scatter vs
side scatter, single cells (linear on FSC-A vs F§Cthen APC (BrdU) vs 7-AAD

(DNA).

Left ventricle intracardiac injection xenograft model of prostate cancer metastasis.
Stable shRNA infected PET (1 x 10) or Du145"" (2 x 10) prostate cancer cells were
suspended in 100 ul of PBS and injected into m&8leLl. SCID mice (6-8 weeks of age:
Charles River Labs) by left ventricle intracardiajection. For analysis of metastasis free
survival, bioluminescence images were acquired affection of luciferin twice weekly
using a PerkinElmer IVIS 2000 system. Animals tineed a large portion of the signal in
the lungs (indicative of a right ventricle injectjovere removed from analysis a priori.
After removing mice that had a right ventriculgjeictions or did not survive the
procedure, the following numbers of animals weralyaed; PC3 shControl; 6, PC3
ShMER; 7, Du145 shControl; 20, and Dul45 shMER;Ti®e to metastasis formation

visible by bioluminescence (or death in rare cages) then determined from the images.



The data was analyzed by Kaplan-Meier analysisaRalysis of transit to the bone
marrow, different mice, 5 mice per group, were ii@ed 24 hours after tumor cell
injection, and their pelvis, femora and tibiae weaevested. The bones were crushed
with a mortar and pestle and strained to removeislebll steps used PBS buffer with
2% FBS unless otherwise noted. Cells were firstedeg of mouse cells with a Mouse
Cell Depletion Kit magnetic labeling system (Miltgmiotec # 130-104-694) and anti-
Biotin MicroBeads and an AutoMACS machine (Milteiotec). The enriched cells
were incubated with an APC-Cy7 conjugated anti-HABE antibody (BioLegend
#311426) and a PerCP-Cy5.5 conjugated anti-moneade cocktail (CD3e, CD11b,
B220, Ter-119, Ly-6G and Ly-6C) (BD Biosciences #3867), for an hour at 4°C,
washed and resuspended in PBS with 2% FBS, 2 mMAEENH 0.5 pg/ml DAPI.
Thereafter, the percentage of disseminated prostaieer cells (DTCs) was determined
by gating on single, viable, lineage negative, Flicalls with a FACSAria llu flow
cytometer. Mice injected with PBS rather than PElisavere used as a negative control

for flow cytometry. Data represents 3 independ&peements.

Prostate cancer subcutaneous tumor model.

One million prostate cancer cells suspended inls@mplete media were mixed with an
equal volume of cold collagen solution and thenvglanjected under the skin of the
back of SCID mice; 5 mice per group. Biolumineseeimsages were acquired weekly.
Animals were sacrificed before tumors grew to F.offl experimental procedures were

approved by the University of Michigan Committee tlore Use and Care of Animals.



Prostate Cancer Cell Viability / MTS Assay

Prostate cancer cells were seeded at 2000 celisgiein 96 well plates and rested for
one day in 10% FCS RPMI media. The media was sulesgly changed to the indicated
serum concentrations and the cells were culturedriadditional 3 days. The total viable
cell number was then assayed with the Cell Titengays One Solution MTS
Proliferation Assay System (Promega #G3580) by rlaswe at 490 nm. Data represent

means of three independent experiments.

Statistical analyses

The type | error ratenf was set to 0.05 for all analyses. Two-sample;tailed

Student’s t-tests were used to compare means oftaugps. One-way repeated measures
analysis of variance (ANOVA) with Bonferroni postitesting was used for data
normalized to housekeeping genes (blots and PG&)d&rd one-way ANOVA with
Tukey's Honest Significant Difference post-hoc itegtvas used for multiple
comparisons in other experiments. The Log-rankwest used for Kaplan-Meier survival
analyses. Growth curves for subcutaneous tumors armalyzed with a mixed design
(split plot) ANOVA with repeated measures. All aysds were conducted with SPSS

software, except for t-tests, which were perfornmelflicrosoft Excel.

RESULTS

MERTK knockdown causes dormancy associated changesMAPK activity and

p27 expression.



To study the importance of TAM signaling on dormgreach TAM receptor was stably
knocked down with shRNA in PC3, Du145 and C4-2Bstate cancer cell lines. Protein
expression of each receptor was decreased bysat3@% (Figure S1). A decreased ratio
of P-Erk 1/2 to P-p38 MAPK marks cellular dormameyrostate and other
cancers(Kobayashi, Okuda et al. 2011, Bragadoaéstet al. 2013, Chery, Lam et al.
2014). Therefore, we first examined P-Erk1/2 armquBB-evels in PC3 cells with each of
the TAM receptors knocked down. The ratio of P-EfXto P-p38 was significantly
decreased in serum starved MERTK knockdown calisnbt in TYRO3 or AXL
knockdown cells (Figure 1A and 1B). Similarly, tbel cycle inhibitor p27 was also
previously found to be a dormancy marker(Kobaya®Skijda et al. 2011, Bragado,
Estrada et al. 2013). In agreement with the ErkgB®Idata, we found higher basal p27
protein expression in the MERTK knockdown cellgy(ffe 1C and 1D). These data are
consistent with a dormant phenotype in prostate@acells as a result of chronically

reduced expression of MERTK.

MERTK knockdown causes expression of dormancy andlgripotency associated

transcription factors

Transcription factors first studied in embryonieratcells have been found to promote
cancer dormancy(Sosa, Parikh et al. 2015). Thexgiee determined the basal
expression level of three of these transcriptiandis in PC3 cells with each of the TAM
receptors knocked down by shRNA. In parallel witt MAPK and p27 data, we saw

marked upregulation of SOX2 message and proteshMER but not shAXL or



shTYRO3 cells (Figure 2A and 2B). Similarly, weatshserved increased expression of
SOX2 in shMER C4-2B cells (Figure 2A). We also okied increased NR2F1 and
NANOG mRNA in shMER but not shAXL or shTYRO3 ce{lsgure 2C and 2D).
Because of the possibility of off target effectsbRNAs, we performed analogous
studies with siRNA rather than shRNA and found thatRNA targeting MERTK

increased expression of SOX2 and NANOG in PC3 ah@E cells.

MERTK knockdown induces cell cycle changes assocet with cellular dormancy.

Cellular dormancy and decreased Erk 1/2 activiéyadso characterized by arrest in the
G1 and GO phases of the cell cycle(Aguirre-Ghisssdski et al. 2004). Therefore, we
compared cell cycle characteristics of TAM receptoockdown PC3 cells cultured in
0.1% serum using flow cytometry to detect antibtadyeled pulsed bromodeoxyuridine
(BrdU) incorporated into DNA and 7-AAD to quantiiytal DNA content. This assay
identifies BrdU positive cells as S-phase, less @@ DNA as apoptotic or necrotic cells,
2n BrdU negative cells as G1 and GO phases, 4n Begjdtive cells as G2 and M phases
and cells with > 4n DNA as polyploid (Figure 3An. agreement with our other data,
MERTK knockdown cells showed a pattern consistattt dormancy, with a higher
percentage of cells in GO/G1 and lower percentaged/M compared to control (Figure
3B). Curiously, TYRO3 knockdown cells showed th@agte pattern with fewer cells in
GO0/G1 and more cells in the G2 and M phases. Wadli¢onvincingly see other
analogous results for TYRO3 in our other experireeWite did not see differences

between the different TAM knockdown cells in thegemtage of cells in S-phase but



note that there are very few cells in S phaseisidtudy because of the low serum
conditions. However, we did observe a reductiothensub-GO (apoptotic and necrotic)
population in the shMER cells. Further, westerndfhowed decreased levels of cleaved
Caspase-9 in the shMER cells, thus suggestingtisateduced sub-GO population
represented reduced apoptosis. There is precedetieeliterature for correlation of
reduced apoptosis with a dormant phenotype(Aguineso, Ossowski et al. 2004).
Further, p38 stimulated cellular dormancy and redwpoptosis have been proposed to
be adaptive responses to allow DTCs to survive vdoeritions are not conducive to

growth(Ranganathan, Adam et al. 2006).

Depletion of MERTK increases metastasis free surval in vivo

We next tested the importance for MERTK for dormeescapen vivo. GFP and
luciferase labeled control ShRNA or MERTK shRNA P&3u145 PCa cells were
injected in the left ventricle of SCID mice and &0 metastases visible by
bioluminescence imaging, or death in rare cases ewaluated with Kaplan-Meier
analysis (Figure 4A). Metastases are primarilydoéwith both cell lines. Metastasis
free survival in this model is established in tiberature as a measure of dormancy
(Kobayashi, Okuda et al. 2011). In agreement Wi#in vitro data, metastasis free
survival was prolonged in mice injected with shMBR3 cells relative to control cells
(Figure 4B, top left). With Du145 cells, the incsedn metastasis free survival with
MERTK knockdown was small and not statisticallyrsiigant (Figure 4B, lower left).

However, we noted that ShMER Du145 cells appearelévelop metastases to the head



more slowly, which approached statistical significa (Figure 4B, lower right). Time to
cranial metastases was again significantly diffevath PC3 cells. A defect in transit to
the bone marrow could also explain delayed metaskasnation but would not involve
dormancy escape. Therefore, in separate experimeatssed flow cytometry to
guantify the percentage of control or shMER PC&adrlmarrow one day after injection
and found no difference (Figure 4C-D). This furteapports the conclusion that
MERTK is selectively important for dormancy escagther than transit to the bone

marrow in this model.

MERTK knockdown does not decrease prostate cancergwth in vitro or at a

subcutaneous sitén vivo.

We hypothesized that the role of MERTK was somewpatific to cellular dormancy

and therefore it should not greatly affect ovecallular growthin vitro orin vivo at a site

not dependent on the usual microenvironment, saéhsubcutaneous site with an
artificial extracellular matrix. Indeed, other gpsuwho have derived dormant and
tumorigenic cancer cell lines have observed singtawth in culture(Bragado, Estrada et
al. 2013, Sharma, Xing et al. 2016). In agreemettt these expectations, we saw no
difference in subcutaneous growthvivo between control and shMER PC3 cells and saw
slightly higher growth of Du145 shMER cells comghte control (figure 5A). Similarly,

we saw no significant differences in relative eelmber, as measured by MTS assay,
between any of the TAM shRNA knockdowns in PC3, Zimand C4-2B cells cultured

for 3 days in 0.1%, 1% or 10% serum (Figure 5B Tlu145 shMER cells trended



towards higher relative cell number but did nocresatatistical significance after multiple

comparison testing.

Cell cycle changes of MERTK knockdown are MAP kinas dependent.

Because of the well-established role of MAP kinaseggulation of cancer cellular
dormancy, we investigated if p38 was required fierdormancy associated cell cycle
changes induced by knockdown of MERTK. In apprémmbf the known role of
epigenetic changes in dormancy regulation andiine period required for these changes
to occur, we cultured control and MERTK shRNA P@8 ®ul145 cells with p38
inhibitor SB203580 or 0.05% DMSO solvent contral fiwo weeks before performing
experiments(Sosa, Parikh et al. 2015). The expexegbensatory increase in P-p38 in
response to p38 active site inhibition was obsebyeWestern blot (Figure S2A). We
again observed an increased percentage of GO/Gdesmdased percentage of G2/M
cells with MERTK knockdown both in PC3 and Dul48s@-igure 6). This change
induced by MERTK knockdown was completely reversgq38 inhibition, thus
showing involvement of MAP kinases. Similarly, weaobserved a increased
percentage of Ki67 negative cells (non-cyclinghwERTK knockdown in PC3 cells,
which was also reversed by p38 inhibition (FiguB€¥ Curiously, we did not observe
reversal of ShAMER induced p27 upregulation with p88bition (Figure S2B). This

suggests that not all of the effects of MERTK kramkn are MAP kinase dependent.



MERTK knockdown induces dormancy associated changes histone H3

methylation by a MAP kinase dependent mechanism.

Lastly, we used flow cytometry with specific antibes to determine the effect of ShRNA
knockdown in PC3 cells of each of the TAM receptmmshistone H3 tri-methylated

lysine 9 (H3 K9 me3) and histone H3 tri-methylalggine 27 (H3 K27 me3). Both of
these histone marks are increased in dormant $elis( Parikh et al. 2015). Because the
majority of cells were positive, we gated on thgateve and dim populations rather than
the positive population (Figure 7A). We observesl élkpected dormancy associated
change in H3 K9me3, and a trend towards signifiedoc H3 K27me3 with MERTK
knockdown but no significant differences for AXL ®YRO3 knockdown (Figure 7B).

In cells treated with the p38 inhibitor SB20358G0lvent control, we saw significant
dormancy associated changes with MERTK knockdowmnchvwere partially reversed

by p38 inhibition (Figure 7CDISCUSSION

Overall, these studies implicate MERTK in prostzdacer dormancy escape through a
MAP kinase dependent mechanism linked to transoripgt and epigenetic regulation.
Knockdown of MERTK consistently induced the changegected for dormant cells; a
decreased ratio of P-Erk to P-p38, increased ppiesgion, expression of dormancy and
pluripotency associated transcription factors, @0dG1 arrest. Further, these findings
translated to an increased metastasis free suivivalo. This identifies MERTK as

being important for the process whereby one omnacincer cells progress to a small

tumor (i.e. escape from cellular dormancy). As exge, MERTK knockdown did not



inhibit growth in culture or growth of subcutanedusiors implanted in an artificial
matrix. This lack of a general growth inhibitoryexft of MERTK knockdown suggests
specificity for dormancy regulation in bone andguirement for a signal from the

microenvironment rather than dysregulation of npldticellular processes.

Our data do not identify which signal(s) from theermenvironment interact with
MERTK to regulate dormancy. The four other TAM neie ligands, other than GAS6
(Tulpl, Tubby, Galectin 3 and Protein S), may alsy a role. Although not a MERTK
ligand, retinoic acid may be indirectly involvedwasll because it has been shown to
stimulate cancer dormancy through NR2F1 and alswants indirectly with MERTK in
immune cells(Garabuczi, Sarang et al. 2015, Saa#tPet al. 2015). Because no
recombinant protein or other treatment other tisanderum conditions was required for
our observedn vitro effects, knockdown of MERTK may have caused emgen
reprogramming of the cells as a result of chrotterations in signaling from autocrine
TAM receptor ligands. Prostate cancer cells arevknto express MERTK ligands GAS6
and PROSL1 (Protein S)(Jung, Decker et al. 20163,Ndhong et al. 2016). The observed
changes in histone H3 methylation also suggestgtraof the effects of MERTK may
be due to epigenetic reprogramming rather tharutiir@ more immediate response to

ligands.

Previously, we examined the expression of TYRO3/&XH, but not MERTK in
disseminated tumor cells (DTCs) vs prostate capgsrary tumors and gross

metastases(Taichman, Patel et al. 2013). We raepbigler expression of AXL in DTCs



and higher expression of TYRO3 in primary tumord gross metastases. Thus, we
hypothesized that AXL might be important for mamdgace of dormancy and TYRO3
might be important for escape from dormancy or ¢ghosf a gross tumor. In retrospect, it
would have been useful in include MERTK in thesel®s. Our most recent work,
currently in press, confirms the earlier hypothesgarding AXL and shows that AXL is
required for TGH32 induced prostate cancer dormancy(Yumoto 2016)vever, prior to
the current work, the contribution of MERTK to prat® cancer dormancy remained
completely unclear. Here, we took an unbiased agbrand were consistently guided by
the data to focus on MERTK. However, our data daggule out contributions from

AXL or TYRO3 in stimulation of dormancy escape. Eaample, the percent knockdown

might have been insufficient to observe effecthiwhAXL or shTYRO3.

We recently reported a role for MERTK in formatiohprostate cancer stem-like cells
(CSCs)(Jung, Decker et al. 2016, Shiozawa, Beray. 2016). However, the
proliferative rate of CSCs was not examined in¢h&sdies and other literature reports
that CSCs can be either slowly or rapidly cyclingdna, Xing et al. 2016, Takeishi and
Nakayama 2016). Additionally, others identified MBRin an unbiased screen of over
100 kinases as a stimulator of prostate cancerstasia. Therefore, our data showing a
new role for MERTK in dormancy escape combined whih other studies implicating
MERTK in CSC formation and metastasis, suggestsMiEzRTK plays a role in prostate

cancer progression by regulating several processes.



In summary, we are beginning to understand thesrai¢he TAM kinases in prostate
cancer dormancy regulation. AXL plays a role inmdancy maintenance through TGE-
and microenvironment dependent effects. The rol[EY&O3 remains less clear.
Conversely this study provides the first eviderag MERTK stimulates prostate cancer
dormancy escape. Our studies with a p38 inhibltomsMAP kinases are required for
MERTK to stimulate dormancy escape. FurthermoreRVIE causes changes observed
in histone H3 methylation, pluripotency associdtadscription factors and cell cycle
regulatory proteins observed in dormancy regulatibother cancers (Figure 8). Thus,
MERTK appears to reprogram disseminated tumor tekgow rather than remain
dormant. This understanding of the role of MERTKuld inform future studies of
prostate cancer dormancy and may provide a thetiagatget for prevention of

recurrence.
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FIGURE LEGENDS

Figure 1. TAM receptor knockdown and dormancy associatedvgagh in prostate

cancer cellsA, Representative Western blots of PC3 cells with ediche TAM

receptors knocked down by shRNA probed for phospéated or total p38 and Erk 1/2 or
housekeeping gend3, Quantification of the samples in pawefor P-Erk, P-p38 or the
ratio of P-Erk to P-p38 relative to the valuestfor scrambled shRNA control and
normalized to the housekeeping geri@sRepresentative Western blot for p27 of the
same cellsD, Quantification of the data i6. All data is presented normalized to control.
Error bars represent mean + SEM. * Represprt®.05 compared to shRNA control

cells.

Figure 2. TAM receptor knockdown and expression of dormamay aluripotency
associated transcription factofs.PC3 cells with each of the TAM receptors knocked
down by shRNA or C4-2B cells with MERTK knocked dovanalyzed for SOX2
expression by gPCH, Representative SOX2 Western blot of shControlddER

PC3 cellsC, D, PC3 TAM receptor shRNA cells with expression of2dR or NANOG
respectively, quantified by gPCRE, PC3 cells with MerTK knocked down by siRNA
and quantified for expression of SOX2 and NANO&GBPLCR.F, C4-2B cells with
MERTK knocked down by siRNA and quantified for eggsion of SOX2 and NANOG
by gPCR. All data is presented normalized to conEoor bars represent mean + SEM.

* Representp < 0.05 compared to sShRNA or siRNA control cells.



Figure 3. Cell cycle analysis of TAM receptor knockdown P@&Hsby flow cytometry
with BrdU and total DNA labelingd, Example flow plots for each cell type. Top:
histograms of total DNA content labeled with7-AABottom: BrdU vs. total DNA plots.
The significance of each population is as follow&n DNA and BrdU negative; Sub-GO
(apoptotic and necrotic), 2n DNA and BrdU negati@gand G1 phases, 4n DNA and
BrdU negative; Gand M phases. BrdU positive; S phase, > 4n DNAypoid cells.B,
Quantification of the above cell cycle data. THaddistsp-values for each cell type
compared to control with significant comparisongkad with an asterisk. Error bars are
shown for the GOG1 and G2M populations and reptesean + SEM. * Represens<
0.05 compared to shRNA control cel3. Western blots for total caspase-9 to verify the

changes in Sub-GO cells observed by flow cytometry.

Figure 4. MERTK knockdown and metastasis free survival in@state cancer left
ventricle injection xenograft modeh, Experimental desigrB, Kaplan-Meier analysis of
time to formation of metastases visible by bioluesicence imaging or death in mice
injected with luciferase labeled control or shMEB3or Du145 cells. Left panels:
metastases to any site. Right panels: cranial tastes only.* Indicateg < 0.05 vs
control cellsC, Strategy for quantification of the percentage (3 in mouse bone
marrow by flow cytometry after first depleting thember of mouse cells with
immunomagnetic beadB, Comparison of the percentage of DTCs in mouse bone
marrow in control vs. ShMER PC3 cells one day dftgacardiac injection. Error bars

represent mean + standard error.



Figure 5. Effect of MERTK knockdown on growth of prostate cancells in culture and
in subcutaneous tumors, Subcutaneous tumor growth of control or shMER BC3
Dul45 cells as measured by bioluminescence imaBingelative cell number
qguantified by XTT assay after 3 days of culturd@¥, 1% or 0.1% serum for PC3,
Dul45 and C4-2B cells with each of the TAM receptarocked down. Data are

presented as mean £ SEM. No pairwise comparisores statistically significant.

Figure 6. Reversal of the shMER cell cycle phenotype wittgléerm p38 inhibitionA,
Control or shMER PC3 cells cultured with 5 uM SB283 or 0.05% DMSO solvent
control for 14 days in 10% serum and 3 days in Os&?am followed by cell cycle
analysis with total DNA and BrdU labeling as delsed for figure 3. Top: Total DNA
flow cytometry histograms. Bottom: quantified deEaror bars are shown for the GOG1
and G2M populations and represent mean + SEM. Té&gmt9p < 0.05 for comparisons
of interestB, Cell cycle analysis as above of Dul45 cells gréovrl7 days in 10%

serum with or without SB203580.

Figure 7. Presence and MAP kinase dependence of dormanoyiaiesi histone H3 post
translational modifications in TAM receptor knockewo prostate cancer cella,

Example plots for percentage of cells negativeir for histone H3 tri-methylated
lysine 9 and tri-methylated lysine 27 evaluatedliow cytometry.B, Percent of PC3
cells with each TAM receptor knocked down by shRhgative for each histone H3 tri-
methylation.C, Control or shMER PC3 cells cultured for 14 daythvarr without p38

inhibitor SB203580 (as in figure 6) negative or dontri-methylated histone H3 lysine 9



or lysine 27. Error bars represent mean = SEM. pirBsentp < 0.05 compared to

control for panel B, or for comparisons of interlestpanel C.

Figure 8. Results summary
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Figure S5
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