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Abstract

Purpose: this study aimed to identify subpopulations of prostate cancer cells that are responsible for the
initiation of bone metastases.

Procedures: Using rapidly dividing human prostate cancer cell lines, we identified mitotically quiescent
subpopulations (<1%), which we compared with the rapidly dividing populations for patterns of gene
expression and for their ability to migrate to the skeletons of athymic mice. The study used 2-photot
microscopy to track migration of fluorescently labeled cells and luciferase expression to determine the
presence of growing bone metastases.

Findings: We showed that the mitotically quiescent cells were very significantly more tumourogenic in
forming bone metastases than fast growing cells (55% vs 15%) and had a unigue gene expression profi
The quiescent cells were not uniquely stem-cell like, with no expression of CD133 but same leve
expression of other putativegstate stem cell markers (CD44 and integrins a2/B1), when compared to the

rapidly proliferating population. In addition, mitotic quiescence was associated with very high levels of
CXCR4 production. Inhibition of CXCR4 activity altered the homing of quiescent tumour cells to bone.
Conclusions: Mitotic dormancy is a unique phenotype that facilitates tumour cell colonization of the
skeleton in prostate cancer.

Abbreviations: CXCR4: C-X-C chemokine receptor type 4

Key words: prostate cancer, bone metastasis, cell quiescence, CXCR4
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Introduction

Although prostatectomy is a successful treatment for prostate cancer that appears to be organ confined,
a significant number of patients the disease progresses, primarily by metastasis to the skeleton. In sot
cases this occurs many years after removal of the primary cancer so that it is clear that ¢raffickior

cells in/out of the bone microenvironment occurs at an early stage in the disease in some patients. It is al

likely that this continues throughout the disease and is a major driver of disease progression.

Recent studies have suggested that prostate cancers contain stem cell-like pogl{a}iand these may
contribute to tumor heterogeneity and their adaptability. Others have suggested disseminating prosta
cancer cells locate to ‘niches’ within the bone marrow, normally occupied by haematopoietic stem cells
(HSCs) (10). However, the phenotype of the metastasis initiating population remains elusive, although it i
believed that metastasizing cells will be mitotically quiescent. In this state they could survive in specific
metastatic niches and their lack of proliferation would allow them to remain undetected for extendec

periods of time and confer resistaro anti-proliferative agents.

We have studied several human prostate cancer cell lines in vitro to determine if they contair
subpopulations that are mitotically quiescent with metastasis initiating potential. The cell lines were staine
with vital lipophilic fluorescent dyes and followed in culture for several weeks. These dyes are very bright
and importantly, are lost as cells divide, allowing non-dividing/slowly dividing cells, referreer¢oals
quiescent, to be identified and distinguished from proliferating cells (11). Using this method we have
isolated and characterized a low frequency, quiescent population from all cell lines. Theser cell
equivalent numbers of rapidly dividing cells were injected into the circulation of athymic mice and tumour
growth assessed using bioluminescent in vivo imaging and post-mortem histology/2-photon microscopy
We assessed the relative capacities of these populations to form skeletal tumours in these animals. We h.

also presented a gene expression profile for quiescent cells.

Methods

Cell lines

The PC3 prostate cancer cell line (ATCC) was stably transfected with a firefly luciferasdugen
(pGL4.51 [luc2/CMV/Neo] vector, Promega) using a Gene Piffselectroporator (Bio-Rad) (denoted
PC3-NW1) and transfected with Amaxa pmaxGFP vector (Lonza) (PC3-GFP). LNCaP were purchase
from ATCC (ATCC) and the C4 2B4 strain supplied by the University of Bern (Switzerland). All cell lines

were maintained iulbecco’s Modified Eagle’s Medium (Gibco, Life Technologies), supplemented with
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antibiotics and foetal bovine serum (Sigma Aldrich). All cell lines were genetically profiled by Stem Elite
ID system (Promega) that confirmed their identity (18/18 STRSs).

Mitotically quiescent cells in vitro

Defining the quiescent population in vitro

Prostate cancer cells were stained in suspensibrsuM lipophilic carbocyanine dye Vybrant DiD (Life
Technologies) according to the manufacturers instructions. The proportion of cells retaining the dye
with/without a 3hr pretreatment of 5ug/mL Mitomycin C (Sigma Aldrich) were analyzed by FAGBUiCa

, BD Biosciences, Oxford, UK). Cells were imaged using a Leica DMI 4000B microscope (Leica
Microsystems GmbH). The effect of lipophilic dyes on cell proliferation was determined by quantifying
cell number up to 12 days in culture to determine the cell cycle phase of the quiescent population. Dil
labeled PC3-NW1 cells were seeded at 6000/cm2 into a Permanox® Lab-Tek® Chambeysiide S
(Thermo Scientific) and subcultured for 14 days. Mouse anti-human Ki-67 antibody (BD Bioscience) was
then used to identify the growing cells according to the manufattyn@tocol. The fraction of Ki-67
positive (Ki-67+) to negative (Ki-67-) cells were analyzed using the FACS Caliburcfftameter and
compared between the DiD positive (DiD+) and negative (DiD-) populations.

TagMan® Custom Array

Mitotically quiescent and rapidly dividing cells were isolated on day 14 by FACS and totatRN#&ted

using the ReliaPrep™ RNA Cell Miniprep System (Promega). cDNA was synthesized using SuperScript™

Il reverse trancriptase (Invitrogen, Life technologies) with a 1:1 mix of Oligo(dT) 15 and Random primers
(Promega) and samples analyzed using a 96 gene TagMan® low density array (Applied Biosystems) wil
an Applied Biosystems 7900HT Real-Time PCR system (Applied Biosysten?§), (B®in, 94.8C, 10

min, 97.0C, 30 s, 59.7C, 1 min, repeated x40), covering markers of stem cells, HSC niche components,
epithelial to mesenchymal transition (EMT), extracellular matrix (ECM) and osteomimicry (complete list
in Supplementary tables 1 and 2). Data was analysed using the Applied Biosystems SDS 2.3 softwal
Quantification of the target cDNAs in all samples was normalized to the endogenous control gene: GAPDI
(ACT = CTiarget— CTearpH). The difference in expression for each target cONA between the between
quiescent/nonagescent cells was expressed as AACT (AACT = ACTquiescent- ACT non-quiescent The relative
expression levels (fold changes) were the calculated using 2 to the power of the AACT (2-*4€T), a two-fold

expression change between cell types was deemed significant (Supplementary table 2).

Immunofluorescence staining
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DID labeled prostate cancer cells were subcultured for 14 days and cytospun onto slides. The cells we
formalin fixed and stained with anti-human CXCR4 phycoerythrin conjugated monoclonal antibody (Clone
12G5) or mouse IgG2A isotype control (R&D Systems) (LRC2O0For intracellular staining of matrix
metalloproteinase-3 (MMP3) (using mouse monoclonal anti-MMP3 antibody) and follistatin (using mouse
monoclonal anti-follistatin antibody) (Abcam, Cambridge, UK), the formalin fixed cells were permeablised
first in 0.5 % tween diluted in PBS (PBST) and incubated with primary antibodies or isotype controls
overnight at 4C, followed by 30 minutes incubation with Goat anti-mouse IgG secondary antibody (Alexa
Fluor® 488)(Abcam). All samples were then counterstained with 4',6-Diamidino-2-phenylindole,
dihydrochloride (DAPI) and imaged with a Leica AF6000 time lapse microscope (Leica Microsystems).
The intensity of the immunofluorescence was then quantified with ImageJ software and compared betwee

DiD+ and DiD- populations.

Mitotically quiescent cells in vivo

Mice

Male BALB/c nude immunocompromised mice (Charles River) were used and all procedures compliec
with the UK Animals (Scientific Procedures) Act 1986 (PPL 40/3462).

Intracardiac injection of tumor cells

PC3NW1 cells were stained with SuM DiD and single-cell suspensions of 1xiMiD labeled PC3
cells/100 uL PBS were injected into the left cardiac ventricle (intracardiac (i.c.) injection) of 6-week-old
male BALB/c nude mice. Tumor growth was monitored for 6 weeks post injection using in vivo imaging
systems (IVIS Caliper Life Sciences for detection of PC3-NW1 and the lllumatool Lig&tistgm
(LightTools Research) for detection of PC3-GFP). Cohorts of animals (n>6/group) were euthanized a
different times post injection. DiD labeled LNCaP and C4 2B4 cells were also injected (i.c.) into 6-week-
old male BALB/c nude mice and animals were euthanized at 7 days post injection to confirm the presenc

of quiescent tumour cells in bone microenvironment.

Multiphoton (2-Photon) microscopy

Dissected tibias were snap-frozen in liquid nitrogen, embedded in Cryo-M-Bed compound and trimmec
longitudinally to expose bone marrow area using a cryostat (Bright Instrument Co. Ltd). A stack area o
2104pum x 2525um below the growth plate with 100pum in depth was imaged (Zeiss LSM510 NLO two-

photon microscope Carl Zeiss) and reconstructed with the LSM software 4.2 (Carl Zeiss Microscopy Ltd
Cambridge, UK) as previously described (12). A 633nm and 543nm HeNe laser was used to detect Di
and CM-Dil cells respectively. The bone and PC3-GFP cells were detectedhes®@0nm Chameleon
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multiphoton laser (Coherent, Santa Clara, CA.). The quantitative data; tumor cell number, size aral distan:
from cell centroid to bone surface, were then analyzed by Volocity 3D Image Analysis sd@t@hre
(PerkinElmer).

Disruption the CXCR4 signalling in vivo

DiD labeled 1x1BPC3-NW1 cells were i.c injected into 6-week-old male BALB/c nude mice nSiaags

post injection, animals were subject to 5 days of treatment with CXCR4 inhibitor AMD3100 (5mg/kg, daily
intrperitoneal injection)(Sigma Aldrich Co. Ltd, Poole, UK) or with PBS control (Figure 3D). Animals
were then euthanized and the presence of DiD labelled tumour cells were examined and qusintified

two-photon microscopy in tibias ex vivo.

Comparison of the tumor forming ability of the quiescent and non-quiescent subpopulations.

PC3-NW1 cells were stainedith 5uM DiD, subcultured and maintained at a density of at least®x10
cells/cnt for 14 days. The DiD positive (DiD+) quiescent and negative (DiD-) fast growing subpopulations
sorted by FACS (Aria cell sorter BD Biosciences, Oxford, UK). DiD+ quiescent cells were injected (i.c
into 6-week-old male BALB/c nude mice (5¥1€ells/mouse, n=15). DiD- non-quiescent cells were re-
stained with another lipophilic dye CellTracker, CM-Dil (Life Technologies) before injectioinfiocage-
matched mice at two different concentrations (Sxi€lls/mouse, n=15 and 1x16ells/mouse, n=10), to
allow tracking by 2-photon microscopy. A control, unsorted population of PC3-NW1 cells was passed
through the FACS-Aria and 1x30f these cells labeled with DiD and injected (i.c. n=10). Tumor growth
was monitored up to 6 weeks post injection (IVIS) and the tumour burden was evaluated using ghe Livin
Imaging® In Vivo Imaging software (PerkinElmer Inc. Massachusetts, USA) based on photon radiance
The presence of DiD+/CM-Dil+ cells was also determined in tibias using 2-Photon microscopy post-

mortem.

Statistical analysis
All data are expressed as mean = SEM. Statistical significance was tested for using an unpaired Student’s
t-test with or without Welsh’s correction or one-way ANOVA with post hoc Tukey test as appropriate using

the Prism 6 software (GraphPad). P< 0.05 was considered to be significant.

Results:

Prostate cancer cell lines contain mitotically quiescent cell populations at low frequencies
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PC3-NW1, LNCap and C4 2B4 cells were stained with DiD and followed for up to 3 wedksnby
cytometry. The proportion of cells labeled with DID (% DiD+ve) did not change during the first 3 days,
but rapidly declined to a steady level of dye retention by day 14. At this and later timegdygsetentive
population was preseat a low frequency (<2%) (Figure 1 A, B, C). To test whether loss of dye was a
result of proliferation (Figure 1A), cell division was inhibited in some cultures by treatment with Mitomycin
C. This resulted in dye retention in a high percentage of cells. Cell proliferation under standard condition

was unaffected by DiD treatment (Figure 1D).

To test the viability and proliferative potential of quiescent cells, cells that had retained DiD for 14 days
standard cultures were isolated by FACS asdultured at clonal density. The cells attached to dishes
within 24h and remained as single cells for 3-5 days. After this time cells started to form colonies in whick
dye was sequentially lost in most but not all cells. (Figure 1E). This suggests that DiD retaining population
isolated by FACS remained viable and after a short delay, regained the ability to divide when cultured &
low density. The retention of dye by some cells and its loss in most (Figure 1E, Day 10) maysuggest

asymmetry in proliferation with some cells remaining relatively quiescent.

When DiD retaining cells and proliferating cells were separated by FACS, dyeinmgtcells showed
heterogeneity in proliferative marker Ki67 with both negative and positive staining within the population
However, the percentage of cells that were Ki67 positive were significantly lower in the DID retaining
population than in the proliferating cells (Figure 1 F,G).

Mitotically quiescent populations have a distinctive gene expression profile

The Tagman custom arrays defined clear and significant differences in the genes expressed by quiesc
(dye retaining) and non-quiescent populations isolated by FACS. In particular, type 1 collagen, CXCR4
fibronectin, follistatin, matrilin 2, MMP 2 and 3, prostate stem cell antigen, TMPRSS2, tenascin 3 and
vitronectin were expressed at >2.5 fold higher levels in the quiescent population compared to the nor
quiescent cells. Of the other potential HSC niche components (13), the expression of Tie2 and JAG1 we
raised but not significantly in the quiescent cells (Figure 2A, Supplementary data table 1). The expressic
of melanoma cell adhesion molecule (MCAM, CD146) and nestin were significantly lower in quiescent
compared to the non-quiescent cells. While guiescent cells expressed putative prostate stem cell
markers, CD44, and integrins2/ 1, there were no significant differences between expression levels in
these cells compared to the proliferating population (Figure 2B). Expression of a further prostate stem ce

marker, CD133, was very low in both populations (CT<35 cycles).
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The presence of protein encoded by 3 genes that were differentially expressed between DiD redaining a
proliferating cells in the low density arrays, CXCR4, follistatin and MMP3 was assessed by
immunofluoresecent staining of cytospin preparations from mixed cultures (Figure 2 C). Comparisons fron
multiple experiments showed that DIiD positive cells expressed high levels of CXCR4 staining. However
there were no correlations between the presence of the other antigens and the transcript levels of the ge

encoding these proteins or any associations with the quiescent phenotype Figure 2 C, D, E, F).

Inhibition of CXCR4 alters the association of tumour cells with bone surfaes

We were able to track tumour cells in vivo by pre-staining populations with DIiD and examining tibias post-
mortem, by 2-photon microscopy. Animals injected with all three prostate cancer cell lines $idwe
labeled cells present in bone, signals that were absent from naive mice (Figure 3A)ri@etlsrathe

tibia within 24h, accumulated during the first week and then declined slowly over the following weeks
(Figure 3B). However, DIiD +ve quiescent cells were still detectable in bone at 6 weeks. Tumour growtt
was monitored by bioluminescence as PC3-NW1 cells expressed luciferase. Growing lesions wer
generally detected after 3-4 weeks post-injection. The positions of tumour cells reldberetavere
mapped and were shown to be in close proximity to bone (withinnd)Obut there was a gradual but not

significant increase in the distance from bone structures with time (Figure 3C).

To test the functional involvement of CXCR4 signaling in the retention of tumour cells within bone, cohorts
of animals were treated with an agent that interferes with CXCR4 signaling (AMD3100) onefteeek a
injection with tumour cells (schematic: Figure 3D). This resulted in a significant shift in the positioning of
tumour cells relative to bone surfaces (Figure 3E). There was no significant reduction in the total numbe
of tumour cells detected within bone (Figure 3F), suggesting that tumour cells were not mobilized bacl
into the circulation by this treatment.

The mitotically quiescent phenotype in vitro is more tumorigenic in vivo than proliferating chs.

We tested the hypothesis that the quiescent population, present in vitro was more tumorogeniton vivo.
do this, 5x10 mitotically quiescent (DiD+) or proliferating (DiD- on sorting, restained with CM-Dil so
they could be tracked in vivo were injected (i.c.) into 6-week old animals to evaluate their tumocitpgene
(Figure 4A). Animals were culled between 6-10 weeks post-injection of tumor cells, depending on severit)
of tumor burden. At this stage, both DiD+ and CM-Dil+ cells (sorted as DiD-) were present as single cells
within the tibias examined by 2-photon microscopy using channels that discriminated DiD/CM-Dil labeled
cells (Figure 4B). There were no DiD labeled cells detected amongst those labeled with CM-Dil. Neithe
the FACS sorting nor CM-Dil staining affected the tumourogenicity of PC3-NW1 as injectior? of 10
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unsorted cés or sortedCM-Dil restained cells produced high frequencies of growing tumours in skeleton
(>80%) as in previous studies. This confirms that dye staining and FACS treatment did not affect tumou

formation rates.

Injection of 5x18 DiD- cells formed skeletal lesions in only 15% of animals, with no long bone lesions.
Animals Injected with 5x10DiD+ cells produced tumours in 55-60% of animals and tumors were observed
in long bone tumors at week 6 post injection via the IVIS system and further anatomical confirmation pos
mortem (Figure 4C). Analyzed using the Living Imaging® In Vivo Imaging software, botiutinéer of
tumours in bone per mouse and the total bone tumour burden (photon radiance) of each mouse, were b
statistically significarly higher in the group of mice injected with DiD+ cells (Figure 4D, 4E), further
confirming the higher tumourogenicity of quiescent cells in skeleton. Interestingly, theneortereours
present in non-skeletal sites in animals injected with cells that retained DiD for 14 daysuftwelwhile

soft tissue tumours were seen in those that were injected with2iBorted populations.
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Discussion

Two key findings have been demonstrated in these studies. Firstly we have shown that the widely use
human prostate cancer cell lines PC3 and LNCaP and its variant C4 2B4 contain populations of cells th
are slow growing/quiescent but not specifically stem like. These cells are present in oultereshe
majority population grows rapidly under standard conditions. Secondly, when this population was isolatec
from PC3-NW1 cells, it was able to form skeletal tumors more frequently than the more, rapidly dividing
population, when injected into immunosuppressed animals. Others have recently used this technology
identify slow-growing cell populations in the PC3 cell line (14) but have not characterized sepéarate ce

populations as we have done here.

We compared gene expression profiles of quiescent and proliferating populations using a low density arrz
technology. The quiescent population in vitro expressed higher levels of CXCR4 and contained highe
levels of this protein, measured by immunofluorescence, than non-quiescent cells. CXCR4 has bee
implicated in PC3 cell migration (10) and is required for the quiescence of HSC (15). The present stud
has identified CXCR4 as a marker of quiescent cells in a population with increased ability to form tumors
in animals. Disruption of CXCR4 signaling using its antagonist AMD3100 did suggest that cells were
induced to move away from bone surfaces and potentially away from osteoblast lineage cells a know
source of the ligand SDF1 (CXCL12). This implies involvement of this signaling system in the homing
process as suggested by others using these models (10) where this treatment was shown to result in turr
cells re-entering the circulation. We did not see any reduction of tumour numbers in bone in our study the
would have been indicative of remobilization of tumor cells to the circulation nor did we see asemcrea

circulating tumor cells in treated animals.

While the expression of other genes in the selected arrays were increased, this did not appearctede refle
in increases in specific protein levels, apart from CXCR4. There may be a number of reasons for thi:
Firstly, there may be genuinely no increased protein production associated with the elevated transcri
levels observed. Alternatively, we may not have chosen the correct time window to observe increase
protein levels or the assays were not sensitive enough to detect differences. However, the relationsrt
between elevated expression of some of the other genes and cell migration/metastasis mayoht# still

considering. Of the other genes that were significantly upregulated as measured by QRT-PCR in tr
quiescent cell population, MMP3 is linked to the expression of CXCR4. This protease has been shown 1
be elevated in the serum of patients with metastatic prostate cancer (16) and its inhibition by treatment
animals with TIMP3, suppressed the formation of PC3 tumors (17). Others have shown that MMP:

10
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expression is induced by CXCR4 signaling (18). MMP2 has been shown to be present in patient bor
biopsies and in PC3 xenografts where it has been shown to induce recruitment of osteoclasts/participate
the formation of Iytic bone disease (19)hers have shown that experimentally induced expression V 6

integrin increased MMP2 production by PC3 cells and promoted osteolytic activity in vivo (20). The
expression of fibronectin, a binding partner for 'V 6 integrin was also increased in the quiescent cells.
Fibronectin is induced in EMT and has been associated with metastatic phenotype in breast cancer (21)
well as in prostate cancer cells (22) where overexpression of miR200b inhibited EMT, metastasis an
downregulated fibronectin expression. Vitronectin has been associated with metastasis in breast canc
where binding ofaVP3 integrin facilitated invasion under hypoxic conditions (23). Associations of
vitronectin with this integrin have also been implicated as a driver of adhesion and invasion in prostat
cancer (24). The present study would suggest that autologous production of ECM glycoproteins is a part
the quiescent, metastasis initiating phenotype. Similarly, tenascin C, which is produced by P&&licells
expression elevated in the quiescent cells in our study, has been variably linked v te@tna in

prostate cancer progression (25).

The present study suggested that the quiescent population in the PC3-NW1 cell line did not specificall
share the full putative prostate stem cell phenotype (1). In particular, the quiescent cells did not expre:
CDI133, but did express high levels of integrin B1 and CD44. However there were no significant
differences in the levels of expression of these markers between quiescent and non-quiescent cells.
contrast the expression of PSCA was elevated in the quiescent population. This protein is highly express
in prostate cancer compared to normal tissues and has been associated with tumor progression (26, 27).
conclude that while the quiescent population carries some stem cell markers these do not uniquely identi
this population. It is quiescence itself that is specifically associated with increased capacity to for

metastatic lesions in xenograft models.

Taken together, the gene expression profiling data presented in this study suggests that theacells that
quiescent in vitro express higher levels of transcripts consistent with an invasive, metastatic phenotyp

How and why this rare population is present or is generated in vitro remains to be discovered.

The in vivo studies clearly demonstrated that the quiescent cells isolated from cell culturesonesre
tumourogenic in initiating tumours in bone than rapidly dividing populations. This suggests that the
guiescent population contains higher numbers of cells capable of surviving in the circulation, homing tc

the bone marrow and eventually being activated to form growing lesions.

11
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Our studies suggest that mitotic quiescence, as defined by retention of the DIiD dye for long periods, is |
itself a marker for increased ability to form metastases in experimental animals. These celswaof s

the putative prostate cancer stem cell markers suggested by others but these are not exclusive to
quiescent phenotype. The consistently increased expression of CXCR4 in the quiescent population wou
enhance migration to bone for this cell type, which may, in part, provide an explanation for theethcrea
capacity of these cells to generate lesions in bone. The presence of increased levels of thistprotain in
populations may be useful in predicting their capacity for migration and metastasis formation. In our
previous studies, we have highlighted problems in detecting CXCR4 in prostate cancer tissues (7). |
particular, we showed that the staining patterns reported were prone to artifact and that the overall frequen
of CXCR4 staining was low in prostate tissues. To date, there have been no definitive, properly validate
studies using primary prostate cancer tissue arrays with good clinical follow-up to test the hypothesis th:
the presence of CXCR4 in subpopulations of cells in these tissues predicts the presence of occult metasta
in patients. Our studies and others (10) would suggest that this now needs to be given priority, especial
where patients are being diagnosed with early stage disease and for whom prognosis is currently not clea
defined.

In conclusion, our study is the first to show that mitotic quiescence identifies cells with the highest capacit
to form bone metastases in prostate cancer models. This is counterintuitive in that it might be expected tt
rapidly growing populations would be more capable of forming lesions. However our studies show that the
quiescent phenotype, wiits consistent gene expression profile, in particular the production of CXCRA4,

allows cells to survive and home to bone where mitotic quiescence persists until proliferation is initiated.
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Figure Legends:

Figure 1: Defining the mitotically quiescent population in prostate cancer cell lines.

A) Analysis of the retention of DiD labeling in cultures of PC3-NW1 cells in the presence and
absence of mitomycin C for up to 3 weeks by flow cytometry. (n=3, **** p<0.0001, t test).

B) A representative dot plot of flow cytometry gating shows distinct population of prostate cancer
cells which maintain DiD labeling after 14 days of culture.

C) Dye content (% DiD+ve) of PC3-NW1, LNCap and C42B4 stained with DiD were followed and
analyzed for 14 days by flow cytometry. (n=3).
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D)

E)

F)

The effects of DiD labeling on proliferation over standard growth curves up to 12 days in culture.
(n=3)

Cells that retained DiD for 14 days were isolated by FACS and re-cultured at clonal density.
Immunofluorescence microscopy was used to visualize DIiD +ve cells at day 2, 6 and 10 post-
seeding. Scale bar = 50um.

Immunofluorescent image of mixed population with dye retaining cells (DiD+, Red) and
proliferating cells (DiD-) were immunostained with mouse anti-human Ki-67 antibody (Green)
and counterstained with DAPI (Blue). Scale bar = 50um.

G) Comparison of the percentage of Ki67 positivity between DiD+ and DiD- populations by flow

cytometry analysis. (n=3, *** p<0.001, t test).

Figure 2: Characterization of quiescent vs non-quiescent cells

A)

B)

C)

D)
E)
F)

Fold differences in expression of connective tissue proteins, markers of EMT, and HSC niche
molecules, compared between quiescent vsguixseent cells.  CT was relative to the

housekeeping gene (GAPDH) measured by QRT-PCR in low-density arrays. (n=3, significant
changes = fold differences >2 or < 0.5)

Fold differences in expression of putative cancer stem cell markers, compared between quiescent
vs non-quiescent cells. CT was relative to the housekeeping gene (GAP DH) measured by QRT-

PCR in low-density arrays. (n=3, significant changes = fold differences >2 or < 0.5) ITGAZ2 :
integrin a2, ITGB1: integrin bl

Immunofluorescence staining showing that DiD labeled, quiescent PC3-NW1 cells (red)
correlated with higher expression of CXCR4 protein (PE+, Green) but neither FST (Green) nor
MMP3 (Green), following 14 days of culture after the initial DiD staining.

The immunofluorescence staining intensity of CXCR4,

FST, and

MMP3 were quantified with ImageJ software and compared between DiD+ and DiD- populations.
(Scale bar = 50pum. n=3, * p<0.05, ** p<0.01, paired t test)

Figure 3. Disruption of CXCR4 interactions induces a shift in tumour cell position in bone.

A)

Two-photon scans of tibias from naive mice and mice injected (intracardiac) with DiD labeled
PC3-NW1, C4 2B4, and LNCaP cells, 7 days post injection. DiD labeled cells indicated (yellow

arrows)
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B)

C)

D)

E)
F)

Frequency of DiD labeled tumor cells per fipone marrow detected by 2-photon microscopy in
tibias of a cohort of mice injected (intracardiac) with PC3-NW1 cells over a 6 weeks of time post
injection (n > 6, ** p<0.01, one-way ANOVA with post Tukey test).

The position of tumour cells relative to bone surfaces over time mapped using the Volocity 3D
Image Analysis software. (n > 6).

Schematic outline of the procedure used to inhibit CXCR4 and evaluate the association of tumour
cells and bone: 6-week old athymic mice were injected (intracardiac) with DIiD labeled PC3-NW1
and daily treatment of CXCR4 antagonist (AMD3100) were started 7 days post injection for five
consecutive days. The mice were then euthanized 24hr later for 2-photon microscopy analysis.
The distance from tumour cells to the nearest bone surface, and

The number of DiD labelled tumour cell per rhbone marrow were compared between the
AMD3100 treated and control animals. (n=8, ** p<0.01, t test).

Figure 4: Assessment of the growth and tumor initiating capacity of mitotically quiescent prostate

cancer cells in vivo.

A)

B)

C)

D)
E)

Schematic outline of the procedure used to isolate and evaluate the tumorogenicity of mitotically
quiescent and dividing cells in vivo: PC3-NW1 cells were stained with DiD and cultured
continuously in standard medium for 14 days. DiD retaining (DiD+) and non-retaining DiD- cells
were FACS sorted and DiD- cells were restained with CM-Dil. Different populations were then
injected intracardiac into athymic mice including mitotically quiescent (DiD+, $x10

cells/mouse), non-quiescent populations (DiD-, SxcIs/mouse) and the whole, mock-sorted
population (1x10cells/mouse).

DiD (upper panel) or CM-Dil (DiD-, lower panel) labeled tumor cells were visualized in tibias by
two-photon microscopy (arrows), 6 weeks post injection.

The tumourogenecity in the skeleton especially in long bone were visualized by bioluminescence
for 6 weeks post injection using IVIS system and compared between groups injected with DiD+
cells (n=15) and DiD- cells (n=15).

The number of tumours per mouse, and

Tumour burden (photon radiance) was analyzed and compared between the two groups using the

Living Image software. (n=15, * p<0.05, t test).
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Table 1 (Eatom)

Geme iD+ FPralne | Gene i Fralne
e DiD+ (aci) DiD-{ACY) Ceme Dib={aCH DiD-{ACY)

ACPF 2.00 + 0.288 004 + 0178 | 0450 | kik3 ND HD

ACTAZ 15.40 + D481 | 1585 + 0236 | 0.424 | kRTYE 1111 £ 0.315 | 11.08 & 0.172 | D.0D6
ADAMTSY | 2081 £ 0443 10.50 £ 0.188 | 0187 | kRTS ND ND

ADMZ 1227 + 0448 | 1285 + 0318 | 0.528 | kRTE 1644 + 0357 | 18.82 +0482 | D472
AKT1 585 + 0.378 602 + 0186 | 0717 | tDHA 288+ 0285 |322+ 0186 0,268
ALDH7AT | 888 +0.398 817 + 0180 | 0288 | tpHE 501 + 0.457 | 4.04 + 0.194 0124
ALPL 10.76 £ 1534 | 1770 £ 0435 | 0.268 | mATNZ 909+ 0.343 | 1081 £ 0.282 | o018
ANGPT1 15.38 + 0471 | 16522 + 0.362 | 0.815 | mcAM 1221 + 0369 | 1091 £ 0177 | 0034
ANXAZ 327 + 0.408 387 + 0257 | 0281 | mmrz 1629 + 0.348 | 1763 £+ 0.320 | 0,047
AR 16.58 + 0.519 | 17.00 + 0.357 | 0.545 | mwpP3 1239 + 0415 | 1863 £ 0.754 | 0.004
AXL 10.14 £ 0.331 | 10.87 & 0210 | 0.128 | MUGCY 11.82 £ 0203 | 1248 & 0.236 | 0.200
BGLAFP 17.37 £+ 0570 | 17.08 + 0.205 | 0.658 | NANOG 1182 +£ 0290 | 1202 + 0853 | 0818
B 4 66 + 0.335 506 + 0185 | 0.356 | NES 947 + 0386 | 831 + 0.201 0.056
BMP2 7.53 + 0.350 233 + 0213 | 0.112 | nOS 11.00 4+ 0467 | 11.05 £ 0.185 | 0932
BMPE 796 + 03687 7.82 + 0183 | 0.081 | NOTGHT 500+ 0.280 | B57 + 0.188 0206
cD24 3.13 £ 0320 404 + 0184 | 0.080 | NR3IGT 1250 + 0.397 | 13.16 + 0,184 | 0.200
co34 10685 £ 1485 | 2151 + 1007 | 0.442 | OCIN 815 + 0.328 | B.05 + 0.207 0818
cD38 13.88 £ 0209 | 1370 + 0221 | 0.828 | PGR 1860 + 0.537 | 18.35 + 1.315 | D627
CD44 4.66 + 0.341 513 4+ 01681 | 0.283 | POUSFY 11.84 £ 0200 | 11.80 & 0.674 | 0663
COHY 505 + 0.293 820 + 0178 | 0.371 | PROMY ND HD

GCDOHZ 6.33 + 0.305 653 + 0410 | 0717 | PSCA 1558 + 0.378 | 18.61 £ 0.336 | 0.004
COHT 11.34 £ 0403 | 1140 + 0358 | 0.788 | PTEN ND D

CLOMNS 677 + 0.310 7.00 + 0182 | 0.586 | RHOB 893 + 0.311 2,62 + 0.241 0472
COL1AT 14.15 £ 0.400 | 16.52 £ 0.648 | 0.036 | RUNXZ 11.20 £ 0422 | 1113 £ 0.217 | 0773
coxz WD M 510044 751 4 0444 748 + 0187 0.924
cxcL1 11.00 £ 0.423 | 1415 £ 0472 | 0.002 | 5DCY T24 4+ 0475 | 743+ 0285 0.748
CxXCLiZ 253 +£1.018 [2188 4155 |0.940 | sy 1783 + 0514 | 2081 + 1579 | D158
CXCLIE 204 + 0293 581+ 0188 | 0719 | soxe 12567 + 0.373 | 1247 + 0338 | D850
CXCR4 7.58 £ 0.487 936 + 0462 | 0.057 | sParc 568 + 0.380 | 580 + 0237 0,807
CXCRE MDY D SPPY ND D

CXCRT 1160 £ 0418 [ 1227 + 0174 | 0.213 | TEK 16.19 + 0421 | 17.26 + 0.863 | 0.250
DKK1 287 + 0294 393 + 0288 | 0072 | TERT 1307 +£ 0333 | 1238 4+ 0381 | 0.2
DsP 9.95 + 0.340 1047 + 0.353 | 0.344 | 7oFBY B0 + 0.419 | 552 + 0.335 0759
ERG 168.88 + 1.510 | 2082 + 1.500 | 0.655 | TSFBRY 815+ 0.345 | 500 + 0.219 0734
ESR1 1723 £ 0478 | 1852 + 0.372 | 0,100 | TuPt 8.01 + 0.287 | 310 + 0.184 0,300
ESRZ 1471 + 0.362 | 1457 + 0.241 | 0788 | pmsso. | MD HD

FGF2 996 + 0288 10.80 + 0.182 | 0.074 | ERGfusion

FGFE 16.03 + 0.840 | 1557 £ 0.740 | 0.700 | TMPRSS2 1374 + 0321 | 1560 £ 0.542 | 0.042
FH1 7.01 £ 0.287 998 + 0184 | 0.0M | TNC 776+ 0315 | 9.06 £ 0477 | 0.023
F5T 721 £ 0.430 940 + 0392 | 0020 | TNFRSFTYA | 12.54 + 0,852 | 12.63 £ 0.261 | 0.288
GASE 1852 + 1432 | 2222 4+ 0522 | 0.098 | TNFRSF11E | 14.00 + 0403 | 13.88 + 0.291 | 0.974
ITGAZ 589 + 0.374 681+ 0221 | 0101 | TNFSF11 ND HD

ITGAS MO ] TFE3 12.37 + 0430 | 9.50 + 4.500 0560
ITGEB1 383 + 0332 447 + 0600 | 0408 | ving 1.70 & 0417 1.74 + 0.281 0.935
JAGT 7.26 & 0.341 7.84 4+ 0248 | 0243 | yIN 16.58 £ 0.4861 | 21.20 £ 1.293 | 0.028
KIT ND D
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Table 2 (Eatom)

Gene Gene Name ene Gene Name
Bbreviati ABbrevias
ALFF Acid Phosphatase, Frostate KIT W-Kit Hardy-Zuckerman 4 Feline Sarcoma
Viral Oncogene Homolog
AGTAZ Actin, alpha 2 KLK3 Kallikrein-Related Pepbidase 3
ADAMTS 1 Metallopeptidase With Thrombospondin Type 1
Motif KRT18 Keratn 18
ADN2 Adrenomedullin 2 KRTS Keratin &
AKT1 W-akt murine thymoma viral oncogene homolog 1 KRTE Keratin 8
ALDHTAT Aldehyde dehydrogenase 7 family, member A1 LOHA Lactate dehydrogenase A
ALPL Alkaline phosphatase LDHA Lactate dehydrogenase B
ANGPTT Angiopoietin 1 MATHZ Matrilin 2
ANXAZ Annexin A2 MCAM Melanoma cell adhesion molecule (CD146)
AR Androgen receptor NP2 Matrix metalloprotenase-2
AXL AXL Receptor Tyrosine Kinase MMP3 Mairix metalloproteinase-3
BGLAFP Bone Gamma-Carboyghriamate (Gla) Protein MUCT Mucin 1
B B lymphoma Mo-MLY inserfion region 1 homologl | NANOG Manog Homeobox
BMFP2 Bone Morphogenetic Protein 2 NES Mestin
BMPE Bone Morphogenetic Protein 8 NOG Moggn
BMFT Bone Morphopenetic Protein 7 NOTCH1 MOTCH1
NR3CGT Muclear Recepior Subfamiy 3, Group C,
Co24 Cluster of differentiation 24 Member 1 (MR3CT)
Co34 Cluster of differentiation 34 OCLN Occludin
co3g Cluster of differentiation 38 PGR Progesterone receptor
Cod Cluster of differentiation 44 POUSFT POU Class 5 Homeobox 1{0CT4)
COHT [E-cadherin PROM1 Prominin 1({CD133)
COHZ N-Cadherin FSCA Prostate stem cell antigen
COHT Cadherin 7, Type 2 FTEN Fhosphatase and tensin homolog
CLDN4 Claudin 4 RHOB Ras Homolog Family Member B
COL1A1 Collagen, type |, alpha 1 RLUNX2 Funt-Fiedated Transcription Factor 2
Coxz Mitechondrially Encoded Cytochrome C Oxidase I | S10044 Firobiast-Specific Protein-1
CXGL1 Chemaokine (G-X-C Maotif) Ligand 1 SDGT Syndecan 1
CXCL12 Chemokine (C-X-C Motif) Ligand 12 SHH Sonic hedgehog
CXCL1E Chemokine (C-X-C Motif) Ligand 16 S0X2 SRY [Sex Determning Region ¥)-Box 2
CXCR4 Chemaokine (C-X-C Motif) Receptor 4 SPARG Osteonectin
CXCRE Chemaokine (G-X-C Motif) Receptor 6 SPP1 Osteopontn
CXCRT Chemaokine (C-X-C Motif) Receplor 7 TEK TEK Tyrosine Kinase, Endothelial
DHKT Dickkopf WHT Signaling Pathway Inhibitor 1 TERT Telomerase reverse franscriptase
osP Desmoplakin TGFB1 Transfiorming Growth Factor, Beta 1
ERG W-Eis Awian Erythroblastosis Virus E26 Oncogene | TGFBRY Transfiorming Growth Factor, Beta Recepior 1
Homalog
ESR1 Esirogen Recepior 1 TIP1 Tight Junction Protein 1
ESRZ [Estropen Recepior 2 TMPRE52- TMPRS52-ER Gfusion
FGF2 Fibroblast growth factor 2 ERG
FGFg Fibroblast growth facior 8 TMPRES2 Transmembrane Profease, Serne 2
FN1 Fibronectin TNG Tenascin C
TMFRSF11A Tumor Mecrosis Factor Receptor Superfamily,
F5T Follistatin Member 11a, NFKB Activaton FRANK)
GASE Growth arrest-specific § TMFRSF11B Osteoprotegenn
TMFSF11 Tumor Mecrosis Factor (Ligand) Superfamiy,
mGA2 Integrin, Alpha 2 Member 11[RANKL)
ITGA4 Integrin, Alpha 4 TPE3 Tumour Protein PA3
ITGE1 Integrin, Beta 1 ViM Wirmentin
JAGT Jagged 1 VTN Vitroneckn
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Supplementary Data Legends:
Table 1

Complete list of all genes analyzed by QRT-PCR in low-density amays. Data presented is
combined from 3 independent experiments. ACT values for differences between DiD+ and
DiD- cells are presented aleng with p values [t test).

Table 2
Complete list of genes evaluated by QRT-PCR on low-density arrays with abbreviations used.
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