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CHAPTER I
GENERAL INTRODUCTION

(Sections from the publication: BIOMARKERS AND MECHANISMS ASSOCIATED WITH
RECURRENT PROSTATE CANCER, Frontiers in bioscience (Landmark edition) 19 (2014):
339)

I.A. INTRODUCTION
Prostate cancer is one of the most common causes of cancer in men. The
incidence of prostate cancer is expected to increase up to 1.7 million cases by 2030 due to aging
of global population (1,2). More than 90 % of deaths associated with prostate cancer can be
attributed to metastatic disease (3). Nevertheless, with the recent advancement in diagnostic
technologies, prostate cancer is detected in patients at very early stages, leading to improved
therapeutic and treatment outcome (4). Surgical resection of primary tumor at localized state has
been established practice and is also associated with increased overall survival (5). Despite this
significant achievement in early detection and treatment, approximately 35% of patients who had
surgically resected primary tumor experience recurrent disease after years (6-8). On the other
hand, there are evidences in which prostatic foci remain indolent without further progression for a
long period of time. The lifetime mortality risk associated with these patients is approximately
3% (9). Therefore, it is important to distinguish patients who will suffer recurrence from patients
who will retain indolent disease for proper management of this disease. This can be accomplished
only by understanding the exact pathological mechanism behind dormancy and recurrence.
Increasing lines of evidence support the role of epithelial to mesenchymal
transition (EMT) in early dissemination of cells from primary tumor (10,11). EMT is also known
to induce stem-like phenotype in cancer cells, which is associated with tumor growth,
proliferation and drug resistance (12,13). Thus, EMT-induced cells with stem-like phenotype
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persist in patients either as circulating tumor cells (CTCs) in blood or disseminated tumor cells
(DTCs) at distant sites and these cells are potential seeds for recurrent disease. Mesenchymal to
epithelial transition (MET), the phenomenon which is opposite of EMT, is known to be essential
for colonization at distant sites (10), suggesting one potential mechanism of recurrence. Similarly,
prostate-specific androgen mediated signaling can also influence disseminated cells for achieving
recurrent phenotype. Additionally, loss of tumor metastasis suppressor genes (MSG), dormancy
inducer genes, and organ-specific homing genes can play major roles in recurrence.
Understanding the mechanisms involved in recurrence is critically important for identifying
therapeutic targets of this disease. Alternatively, primary prostate tumors can also be examined
for the presence of biomarkers that can successfully predict recurrence at distant sites. This
approach will enable aggressive therapeutic intervention to patients with potential recurrent
disease. Thus patients can be distinguished for possible future recurrence either by identification
of molecular components involved in recurrence of CTCs and DTCs even by analysis of such
signatures in primary biopsy samples.

I.B. DISSEMINATION OF PROSTATE TUMOR CELLS AND RESIDUAL DISEASE
The pathological process of tumor progression is complex and involves multiple
steps. This process is known as metastatic cascade and involves breaching of extracellular matrix
by primary tumor followed by invasion to nearby stroma, extravasation of tumor cells into blood
stream, circulation, intravasation into distant organ and finally formation of secondary metastasis
(14). The properties of the disseminated and circulating cells within the bloodstream or distant
organs can be explored to gain significant insight into the mechanisms associated with recurrence.
The classical view of the metastatic cascade has been changed recently after
successful isolation and enumeration of circulating tumor cells (CTCs) in the blood of patients at
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a very early stage. Patients with localized prostate tumor were often found to be positive for
CTCs, suggesting that dissemination of tumor cells to the bloodstream can be an early event
during tumorigenesis (15). Early dissemination can be explained by phenomenon of EMT which
involves acquisition of molecular and genetic changes in the cells leading to increased motility
(10). In fact, it has been recently shown that patients with localized prostate tumor were found to
be positive for EMT markers such as Twist and Vimentin further corroborating the role of EMT
in dissemination of tumor cells into blood (11). During tumor progression, EMT allows cells to
be continuously shed to the bloodstream. The number of disseminated CTCs decreases
significantly after resection of localized primary tumor (15). Although, primary tumor resection
decreases the cell number in the blood, there are no evidences that CTCs are completely
eliminated from circulation. Even after the successful treatment with chemotherapy or
radiotherapy, the remnant cells survive and potentially lead to growth of secondary tumor (16). It
is possible that CTCs home to distant organs as DTCs and seed for recurrence before diagnosis
and treatment of primary tumor. Hence, resection of primary tumor even at a very early stage
might have minimal effect in diminishing incidence of recurrence. On the other hand, in order to
regrow at a distant site, these cells must survive the barriers imposed by the immediate
environment or by therapeutic treatments. The potential of tumor cells to survive can be
explained by recent cancer stem cell theory which suggests that metastatic characteristic are
inherent properties of small fraction of the primary tumor cells that can overcome restrictive
barriers(12,13). It is likely that recurrent cells possess cancer stem-like cells (CSCs) properties. In
support of this notion, EMT has been found to be associated with acquisition of stem cells
phenotype, suggesting that recurrent cell population possesses CSCs properties (13). Therefore,
CTCs in blood survives the systemic circulation and seed to multiple distant organs for
recurrence. Homing of tumor cells at target organs is practically evident as DTCs in bone marrow
of the patients. DTCs reside at target organ for long periods of time, and can be detected in
patients either as a solitary tumor cell or as micrometastasis before and after prostatectomy
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(6,17,18). However, before recurrence, these cells must establish colonization in target organs
(10). Therefore, the time for recurrence might be regulated at two steps (i) CTCs to extravasation
and homing, and (ii) DTCs to recurrence. However, correlation between detection of DTCs and
recurrence was found to be inconclusive. Both negative and positive correlation in patients with
no previous evidence of disease was found by two different studies thereby necessitating further
verification of the role of DTCs in larger cohorts (6,17).
It is well recognized that a small population of tumor cells evading chemotherapy is frequently correlated with the properties of CTCs and DTCs in clinical settings.
Interestingly, this small population can regrow back into the primary tumor. Toivanen et al have
recently shown that when tumor cells were isolated from patients with early staged androgen
dependent disease and inoculated into mice followed by androgen ablation therapy, small
population of tumor cells survived and was able to awake from the quiescence phase in the
absence of therapy. Additionally, these quiescent cells were positive for stem-like markers such
as CD44, ALDH and Nanog, suggesting that these cells are potential residual CSCs (19). This
finding also provides insight into the role of “disease remains” or “residual disease” with stemlike characteristic, which may exist in patients as CTCs or DTCs. Moreover, the fact that “disease
remains” are non-proliferating , and can overcome therapies and exist in patients for years after
successful resection of primary tumor suggests that these cells possess characteristics of CSCs
and dormant cell (6,20,21). Recent several lines of evidence also suggest that dormant cell can
survive in stem cell niche in the distant organs as a solitary tumor cell (22,23). All these
evidences indicate that recurrent cells possess CSCs properties, disseminate from primary tumor
before resection, reside at a distant organ as a dormant disease and finally are evident as recurred
tumor.
Switching of dormant tumor cells to aggressive phenotype requires remodeling of
inherent signaling pathways within specific niche that can be acquired by genetic, epigenetic and
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metabolic changes inherited by the tumor cells. Further investigation on the identification of
evolutionary process involved during circulation and arrest at distant sites may provide definitive
clue to therapeutically target these cells to prevent relapse. Hence, it is important to decipher
intrinsic properties of disseminated cells to distinguish tumor cells with high recurrent potential
from cells with high dormancy potential.

I.C. MECHANISMS INVOLVED IN PROSTATE CANCER RECURRENCE
The disseminated cells from primary prostate face multiple challenges before
colonizing to the target organ. Most tumor cells disseminated to blood die by anoikis, shear stress
in circulation and Natural killer (NK) cell mediated lysis (24,25). However, some tumor cells
survive and escape these barriers by forming aggregate with platelets (26,27). Tumor cells also
face challenges when patients are treated with radiation or chemotherapy. Only cells capable of
overcoming these stresses can survive in circulation. Furthermore, after successful homing to the
target organ, tumor cells are exerted with inhibitory signaling from immediate microenvironment
(28). Therefore, a recurrent tumor cell must acquire mechanisms to resist these barriers by
regulating multiple signaling. Various external and internal factors are considered to be involved
during the switch from dormancy to recurrence as described below.
I.C.1. Mesenchymal to epithelial transition
The concept that EMT promotes CSC phenotype as well as dissemination is well
established. It has also been proposed that MET leads to successful seeding as well as distant
metastasis (10). Recently, Tsai et al. used squamous cell carcinoma model to show that MET is
required for the metastatic outbreak of the tumors seeded at the distant sites (29). However,
whether MET is required for seeding or homing to distant organ is yet to be verified. The fact that
EMT has been shown to be a marker of therapeutic resistance in breast cancer suggests that
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dormant cells must possess mesenchymal phenotype in patients treated with drugs (30).
Additionally, solitary survival of these cells in target organs also indicates that MET is not
required for homing which raises possibility that recurrent switch is partly regulated by
EMT/MET axis.
Notch and TGF-β associated signalings are known to induce EMT in several
cancers including prostate cancer (31-35). A study has shown the role of Notch signaling in
aggressive prostate disease. Expression of JAGGED1, a ligand in Notch signaling was found to
be highly expressed in metastatic cells compared to non-metastatic cells. This study has also
shown that patients with localized disease can be predicted for recurrence based on JAGGED1
expression in primary tumors (36). On the other hand, JAGGED induced Notch signaling is
associated with CSCs properties via EMT and is known to promote self-renewal of CSCs as well
as HSC (31,37-39). These findings further provide insight into the role of Notch signaling in
dissemination of prostate CSCs and their survival in circulation. Similarly, TGF-β signaling also
increases metastasis through induction of invasive ability of cells (40-42). However, TGF-β is
also known to suppress secondary tumor growth by activating p38 mitogen activated protein
kinases (MAPK) (43-45). Therefore, it is plausible that tumor cell programs dissemination
through EMT by activating Notch and TGF-β signalings, and these signaling increases the
number of cells at the target site. However, these cells remain dormant due to EMT and are
modulated by factors at the target site for recurrence via MET. Nevertheless, precise mechanisms
behind the switch from mesenchymal-state to epithelial state are yet to be elucidated.
Other studies suggest that disseminated prostate tumor cells occupy bone marrow
niche by expression of Annexin II receptor and replace bone marrow hematopoietic stem cells
(HSC). Annexin II receptor facilitates homing of prostate tumor cells to osteoblasts and bone
marrow endothelial cells that are major components of HSC niche (46). HSC niche involves wellregulated signaling for differentiation and retention of normal HSC (47). HSC maintains
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mesenchymal phenotype and possesses multilineage potential (48). HSC can exert same signaling
that might possibly induce dormancy of tumor cells by enhancing mesenchymal state for
extended period of time. Recurrence can then be driven by perturbing the normal homeostasis by
secreting bone remodeling cytokines leading to MET followed by expansion of osteoblast which
favors tumor progression in the bone (49). Bone microenvironment would otherwise inhibit
secretion of these cytokine and restrain tumor growth. Additionally, HSC niche is also known to
play a prominent role in maintaining stemness of tumor cells which is crucial for survival of these
cells as well as metastasizing in new environment (50).
Metastasis of prostate cancer cells to the bone is known to be mediated by
stromal derived factor 1 (SDF-1) cytokine and CXCR4 receptor axis (51,52). Prostate cancer
expresses CXCR4 receptor to localize itself to the bone, while SDF-1, the binding ligand of
CXCR4, is expressed by bone marrow cells (53). The interaction between SDF-1 and CXCR4
induces expression of Annexin II from osteoblast. In response to Annexin II signaling, prostate
cancer cells express growth arrest specific 6 (GAS6) receptors. On the other hand, osteoblast
expresses GAS6 proteins. This interaction of GAS6 and the receptor in the HSC niche has been
shown to induce dormancy. Moreover, binding between GAS6 and its receptor, specifically AXL,
makes tumor cells become chemo resistant (54). Therefore, this signaling must be disrupted to
recur in bone environment. One possibility for induction of dormancy by this signaling can be
related to phenomenon of EMT. The expression of AXL receptor tyrosine kinase is known to be
stimulated by EMT in breast cancer (55). Although this stimulation has not been shown in
prostate cancer, it is speculated that dormancy induced by Annexin II- is potentially due to EMT
of cancer cells as evident by AXL expression. Considering this scenario, MET can be a switch for
recurrence which might be mediated by disruption of Annexin II based signaling.
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I.C.2. Reactivation of androgen signaling
The phenomenon of re-activation of androgen-mediated signaling can be
observed in local recurrence, in which tumor grows back at the same site after hormone
deprivation therapy or tumor resection. At physiological level of adrenal androgen, local
recurrence has been observed in patients who were treated with hormone deprivation therapy due
to re-activation of androgen signaling (19,56,57). Several studies have shown relation of
increased levels of androgen receptor (AR) and its co-activators in patients with recurrent disease
(56,58,59). Due to AR gene amplifications and mutations in these patients, both mRNA and
protein level were found to be increased (60,61). In contrast, similar studies that have confirmed
that androgen dependency in recurrence has also shown that there was no difference in expression
of AR level between benign and primary tumors, rather, recurrence was mediated by stabilization
of receptors in tumors by both ligand dependent and independent manners (62-64). These results
were further supported by the finding that prostate specific antigen (PSA) levels showed no
significant difference between benign and recurrent prostate tissues (65). Moreover, the
expression level of dihydrotestosterone (DHT), one of the preferred ligand of AR, was found to
be sufficient in prostate tissues for recurrence to occur, which corroborates the notion of role of
androgen signaling in local recurrence of androgen dependent prostate cancer (66).
On the other hand, androgen independent prostate cancer or castration resistant
prostate cancer (CRPC) develops via adoption and activation of several other pathways and is
more metastatic and lethal (62). Activation of several androgen receptor splice variants is
associated with progression toward androgen independent disease and distant recurrence after
radical prostatectomy (67-69). Distant recurrence is known to be initiated by disseminated cells
(CTCs and DTCs) residing at distant organs (17,70). However, the role of androgen signaling in
awakening of quiescent DTCs at the distant site is poorly understood. One of the clues in relation
to the role of androgen signaling in distant recurrence was established when CRPC patients were
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found to express high levels of PSA (71). AR as well as PSA was also found to be expressed in
the bone, epidural space and periosteum metastases of these patients, suggesting that a driver
factor for progression at secondary site involves activation of androgen signaling (72). Similarly,
CTCs isolated from CRPC patients were driven in hormone dependent manner which was evident
as CTCs were positive for ERG oncogene and ER (71). Additionally, it was found that
glucocorticoid and its metabolites are able to stimulate growth of certain androgen independent
prostate cancers with double mutations in their AR. Cortisol, which is the main circulating
glucocorticoid in humans, is present in the physiological concentration greater than required to
bind and activate mutated receptor (73). These mechanisms may explain the high incidence of the
recurrent disease that grows back in androgen independent manner. However, the precise
mechanism behind recurrence of wild type AR is yet to be determined. One possible explanation
is an activation of anti-apoptotic signaling via expression of Bcl2, which renders cells with
proliferative ability. Bcl2 expression was found to be increased in cells that were recovered from
castrated mice; however, no association between CTCs and Bcl2 has been reported (74).
Alternatively, androgen deprivation may lead to selection of population with androgen
responsiveness, that remains quiescent in the absence of androgen and lead to recurrent growth in
the suitable environment (19). These findings emphasize that mechanisms for recurrence at
distant organs involve both androgen-dependent and –independent signaling and that the time
period it takes for recurrence represents time required to acquire genetic, epigenetic and
metabolic changes that enables signaling associated with recurrent growth.
I.C.3. Loss of metastasis suppressor genes
The difference between metastasis and recurrence should be considered carefully
in designing effective therapeutic strategy for recurrence. An emerging role of metastasis
suppressor genes in dormancy may not exemplify the exact setting of recurrence; however,
elucidating further mechanistic insight into the role of these genes may provide a clue in
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recurrence. Many genes are known to significantly suppress metastasis without inhibiting primary
tumor, and these suppressors act as a secondary barrier at different stages of metastasis at
different target organs (75). Several lines of evidences have also supported the role of multiple
metastasis suppressor genes including KAI1, RKIP, NDRG1 in prostate cancer dormancy (7678).
KAI1 is capable of suppressing metastasis of prostate cancer. This gene was
shown to interact with Duffy antigen receptor of chemokines (DARC) present on the endothelial
cells to suppress metastasis by inducing senescence and preventing extravasation. Indeed DARCknockout mice were shown to significantly promote metastasis (78). It can be inferred that
disseminated CTCs with high level of KAI1 expression avoid anoikis mediated cell death and
remain dormant by binding to endothelial cells. Therefore, the recurrent switch may involve
switching-off of this pathway followed by extravasation of cancer cells. One approach to
distinguish dormant population of cells from recurrent population would be evaluation of
expression level of KAI1 in isolated CTCs. Additionally, the phenomenon of senescence to
induce dormancy was also evident at the target site such as bone. Bone microenvironment has
been shown to restrict the proliferating phenotype of prostate cancer stem like cells by inducing
senescence. Moreover, the microenvironment-induced senescence was found to upregulate
NDRG1, another well studied metastasis suppressor gene. However, senescence was found to be
reversible and this reversibility was correlated to recurrence and formation of secondary tumor
(28). Taken together, reversal of cell state from senescent to active proliferating type together
with loss of metastasis suppressor gene may be one of the key recurrence mechanisms.
Another metastasis inhibitor gene Raf kinase Inhibitory Protein (RKIP) was
found to suppress prostate cancer metastasis by regulating cell cycle progression and
angiogenesis (76,79). On the other hand, RKIP is known to function by negatively regulating
Extracellular regulated protein kinases 1/2 (ERK1/2) (80,81). Recently it has been shown that the
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balance of dormancy and recurrence is regulated by the ratio between p38 MAPK and ERK1/2
MAPK level in several tumors including prostate cancer. High ratio of ERK1/2:p38 favored
proliferation whereas low ratio was associated to dormancy (82,83). The finding that p38 can
negatively regulate Raf mediated growth, suggests that p38 potentially inhibits ERK (83,84).
Moreover, p38 activation is also associated with G0-G1 arrest as well as senescence (85). In this
context, RKIP is also considered to be associated with regulation of p38 and ERK levels and
induction of cell cycle arrest or senescence. Therefore, it would be interesting to examine RKIP
levels in solitary DTCs together with p38 and ERK1/2 levels to decipher potential role of RKIP in
dormancy. On the other hand, RKIP expression is also associated with spindle arrest which
suggests that loss of this gene will increase number of chromosomal aberrations leading to
acquirement of potential to recur. However, chromosomal aberration linked to a loss of RKIP has
not been validated yet (79).
Tumor-inherent factors are responsible for retention of dormant state. These factors involve
changes associated with morphology, reduced level of intra-cellular signaling and alteration of
cellular state (Figure 1). Tumor cells must overcome resistive effect of one or more of these
factors for gaining proliferative phenotype. It is also possible that Androgen mediated signaling,
metastasis suppressing factors and MET activating factors cross-talk with each other and together
drive recurrent cell proliferation. These factors can be exploited for their ability to retain tumor
cells in dormant state which provides an alternative in treatment of recurrent disease. Moreover,
molecular characterization of CTCs/DTCs in patients can also be used to predict the risk of
recurrence (Table 1). Alternatively, patients can be segregated based on the prognostic markers
expressed either on the biopsy or resected tumor sample to selectively intervene patients who
require aggressive intervention (Table 2).
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I.D. BIOMARKERS FOR PROSTATE CANCER RECURRENCE
I.D.1. Markers based on level of PSA
The effective treatment of prostate cancer recurrence can be enhanced by
examining the established biomarkers which can precisely predict the chances of recurrences.
Present biomarkers include PSA testing and biopsy Gleason grading. Gleason grading for biopsy
involves examination of differentiation rate and has already proven to be a poor predictor of
recurrence (86,87). PSA testing, a measure of tumor burden, which is determined by quantitating
the levels of PSA in blood serum, is widely used to predict incidence among asymptomatic men
as well as disease relapse in patients after prostatectomy. Quantifying PSA levels for predicting
recurrence is also known as biochemical recurrence. Examining PSA level with time as well as
time for PSA recurrence after radical prostatectomy can independently predict recurrence based
on survival of the patients (88). It should be noted that PSA recurrence is correlated with high
expression of Androgen Receptor (AR) in primary tumor (89). Similarly, expression of different
co-factors or co-activators associated with AR such as LSD1, FLH2, and TIF2 has also been
shown to predict biochemical relapse of prostate tumor (90,91). On the other hand, a recent
elegant study by Taylor et.al has demonstrated that DNA aberrations correlate with the
biochemical relapse, by analyzing relatively large number of primary tumors, metastases, prostate
cell lines and xenografts. In this study, DNA copy number alteration (CNA) in primary prostate
was also shown to significantly relate to biochemical recurrence. Tumors with high CNA showed
less time to recur compared to tumors with low CNA (92). Various molecules associated with the
progression of tumors have been shown to possess relevance in predicting biochemical
recurrence. Tumor suppressive master regulator p53 and anti-apoptotic factor Bcl2 are actively
involved in regulation of cell growth and apoptosis. PSA-based recurrence was associated with
augmented expression of both p53 and Bcl2 in patients who had undergone radical prostatectomy
(93). Similarly, aberrant expression of E-Cadherin, protein responsible for maintenance of
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epithelial state of cells, was also demonstrated to independently predict biological relapse (94).
This finding suggests the potential role of MET in activation of androgen mediated signaling
pathway as evident by PSA expression. Alternatively, factors in microenvironment of primary
prostate tumor are also known to render prognostic value in evaluating patients for biochemical
recurrence. Decreased expression of stromal WAP-type four disulfide core (WFDC1)/ps20 and
hyaluronan (HA) in primary prostate was found to shorten recurrence-free survival time of
patients independently (95,96). Similarly, increased volume of reactive stroma and augmented
expression of Clusterin have been also shown to increase the incidence of PSA recurrence in
shorter period of time (97,98).
Ironically, prediction of recurrence based on PSA has been controversial as two
large screening trails showed that PSA level has no correlation to overall survival of patients and
has limitations such as poor specificity and sensitivity (99-101). Although, PSA levels do not
provide insight into clinical recurrence, it can segregate patients with high risk or low risk for
recurrence based on primary tumor characteristics. The predictive value of chromosomal
abnormalities, MET associated factor and anti-apoptotic factor suggests that these factors play
significant role in recurrence. New scientific approaches should be focused more toward finding
alternative biomarkers to pinpoint patients for either clinical relapse or tumor specific
biochemical relapse.
I.D.2. Circulating tumor cells
Recent evidences direct toward the role of CTCs in prediction of recurrence.
CTCs are emerging in itself as a biomarker to predict recurrence in multiple cancers including
prostate cancer (102,103). The number of shed CTCs was initially found to be correlated with
progression of prostate tumor regardless of the androgen status. Increased tumor burden was
shown to be associated with high number of isolation of CTCs (70). In case of castration resistant

26

prostate cancer (CRPC), CTCs count (>5 CTCs per 7.5ml blood) was found to be the most
accurate predictor, better than PSA-based prediction, for overall survival in post-treatment
patients (21). Similarly, in an independent study, CTCs count in CRPC patients was found to be
correlated to bone scan index, the percentage of tumor associated with bony skeleton which
indicates that CTCs may feed a growing mass of tumor in bone (104). Furthermore isolated
CTCs were also found to be positive for tumor specific markers such as EGFR, ERG and AR
which may play significant role in recurrence (71,105). The emerging prognostic value of CTCs
for overall survival as well as therapeutic efficiency extends the idea that these cells possess
CSCs features and with its malignant properties are able to form secondary metastases.
I.D.3. Other genetic markers for recurrence
Similar to PSA recurrence, tumor cell specific properties have also been shown to
offer predictive values of clinical recurrence in patients. The level of angiogenesis, process of
formation of new blood vessels, in both invasive and localized primary prostate tumor was found
to serve as predictor of recurrence. Micro-vascularity as assessed by CD34 expression was found
to be significantly correlated with clinical recurrence (106). With the advancement of technology
for high throughput gene expression analysis, the trend in identification of biomarkers has been
extended to gene expression profiling of the primary tumor followed by the prognosis prediction
based on clinical and pathological information. The combination of genes obtained based on this
approach predicted clinical recurrence in greater than 95% of patients (107). Another study
proposed 5-genes model to distinguish recurrent and non-recurrent cases using small dataset of
patients. These five genes, Chromogranin A, Sialyltransferase I, PDGFR-β, HOX6C and ITPR3,
if expressed in high levels in primary tumor were found to be significantly co-related to
recurrence (108,109). In a different approach of predicting clinical outcome, Seligson et al have
shown that global histone acetylation could predict the incidence of recurrence. This observation
was confirmed by examining five residues in Histone 3 (H3) and Histone 4 (H4) for acetylation
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and dimethylation in clinical samples. It was found that high expression of these histone markers
in primary prostate predicted biological recurrence independent of tumor stage and preoperative
PSA level. However, mechanistically how this bulk histones modification could actually confer
recurrence is yet to be determined (110). Another epigenetic based prognosis for recurrence is
based on a polycomb repression signature. The polycomb repression group complexes (PRC2),
EZH2 (enhancer of zeste homolog 2), SUZ12 (Suppressor of zeste 12) and EED (embryonic
ectoderm development) possess histone methyltransferases activity and are involved in
transcriptional silencing (111,112). PCR2 target genes were significantly correlated to clinical
outcome of the patients (112).
The identification of accurate biomarkers that hold high prognostic value for
prostate cancer recurrence is still an unmet goal. All biomarkers can confer advantages on
prediction and rationalizing decision making during treatment (Table 2). Perhaps, capability of
these biomarkers should be examined on bigger cohorts. Patients can be stratified based on the
subtype of disease and biomarker appropriate for each subtype can be identified. Moreover,
identification of organ specific recurrence biomarkers can be ideal treatment of specific disease.
On the other hand, focus should be driven toward mechanistic side to understand how these
biomarkers are responsible to predict recurrence efficiently. This mechanistic approach should
elucidate role of these genes in altering microenvironment and assisting cells for recurrence. It
might also be plausible that these genes aid only for augmenting aggressiveness of tumor cells,
however, the fact that early stage localized disease can be predicted for recurrence based on these
markers necessitates determination of exact mechanism behind it. In a different approach, CTCs
positive for these markers can precisely be correlated with recurrence. Although current studies
have shown that gene profile in CTCs and DTCs are much more heterogeneous than previously
expected, expression profiling of CTCs for site-specific recurrence may establish expression
signature associated with dormant and recurrent phenotype (113).
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I.E. ROLES OF BMP7 INDUCED SENESCENCE IN DORMANCY

Emerging evidences support the role of microenvironment in the dormancy-recurrence
loop, and therefore, therapeutic targeting of dormancy has been an attractive field. Acquisition of
senescence as a modality of dormant survival was recently shown to be one of the potential
mechanisms responsible for dormancy (28). In normal cells, senescence provides an anticarcinogenic programming thereby preventing normal cell transformation into a malignant one
(114). Senescence is predominant event when certain oncogene is expressed in the normal cells
and the phenomenon is known as Oncogene Induced Senescence (OIS) (115). Malignant
transformation of normal cells overexpressed with oncogene(s) is preceded by OIS (116). It was
also reported that premalignant lesions but not adenocarcinomas of lung were abundantly positive
for senescent cells in the K-Ras conditional knockin mouse model verifying its tumor suppressive
role during early cancer progression (117). On the other hand, in cancer cells, senescence is also
induced by expression of cell cycle inhibitors such as p53, p21 and p16, and treatment with
chemo- or radio-therapy (118). Therefore, it is possible that dormant cells acquire secondary
senescence after chemo- or radio-therapy and remain dormant at disseminated organs; however
disruption of senescence-associated signaling via epigenetic or genetic changes results in
recurrent outgrowth of the tumor.
Kobayashi et al. have reported that of Bone Morphogenetic protein 7 (BMP7) secreted by
bone marrow stroma induces senescence in CSCs (28). BMP7 was previously known to inhibit
bone metastasis in vivo; however, the exact mechanism underlying this inhibition was unclear
(119,120). Importantly, senescence induced by BMP7 in CSCs was shown to be reversible and
CSCs regained its ability to proliferate immediately after withdrawal of BMP7 both in vitro and
in vivo (28). The authors have also shown that BMP7 activates p38 MAPK, cell cycle inhibitor,
p21, and tumor metastasis suppressor gene, NDRG1 (N-Myc downstream regulated gene) in
CSCs derived from prostate carcinoma cell lines (28). NDRG1 is well-documented for its tumor
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and metastasis suppressive role in prostate, breast and colon cancers. The expression of NDRG1
inversely correlates with bone metastasis in prostate cancer patients (77,121). In the presence of
BMP7, phosphorylation of Erk was greatly suppressed whereas BMP7 withdrawal reversed this
phosphorylation. NDRG1 expression was stimulated by BMP7 in a p38 and p21 dependent
manner that further induced reversible cellular senescence in CSCs via G1 arrest (28). In this
context, it should be noted that cell cycle arrest at G1 phase is known to be important for
disseminated cancer cells in evading immune recognition to remain in sub-clinical disease state
(122).
Interestingly, analysis of expression profiles of BMP receptors showed expression of
BMPR2 (Bone Morphogenetic protein Receptor 2) to be positively correlated with recurrencefree survival of patients with prostate cancer. In addition, knockdown of BMPR2 in cancer cell
abrogated BMP7-induced dormancy in vivo, indicating the role of this receptor during dormancy.
The effect of BMP7 on recurrent growth was also found to be independent of Androgen Receptor
(AR) status, and both AR independent and AR dependent cell lines showed senescence phenotype
after addition of BMP7 (28). Accordingly, it was suggested that BMP7 functioned in an
osteoinductive manner to suppress bone tumor by inhibiting osteolysis which is in agreement
with the previous notion that increase in osteolytic type lesion precedes the relapse of prostate
cancer (123).
The early disseminated cells may represent certain subset of cancer stem-cell that
possesses the capability to disseminate and reside in different body organs; however, they lack
mechanisms for metastatic growth at distant sites. Secretion of BMP7 by bone stroma is one of
the mechanisms to inhibit growth of the disseminated CSC in bone (28). In a clinical setting,
CSCs within the bone must essentially overcome restrictions from its immediate environment,
with some genetic and epigenetic changes, and proliferate to form metastasized tumor. One
potential model of recurrence is the reversion of MET to EMT leading to cell cycle progression.
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It is noteworthy that BMP7 was previously reported to inhibit EMT (124). Therefore, signaling
from BMP7-p38-NDRG1 axis induce senescence in disseminated CSC, and a molecule that
mimics BMP7 in combination with drug targeting EMT can potentially inhibit bone recurrence
and can be used to treat the patients who are diagnosed with disseminated cells.

I.F. OBJECTIVES OF THIS STUDY
Prostate cancer is becoming a curable disease due to early diagnosis and efficient
therapeutic approach. However, the re-emergence of tumor has made this curable disease fatal.
The variable period of dormancy among patients necessitates differentiation of patients
susceptible for early recurrent disease from patients with indolent disease at molecular level. This
segregation restricts therapeutic intervention only to patients with aggressive disease. Tumor can
be differentiated as aggressive based on molecular characterization at three levels (i) Primary, (ii)
Circulating (CTCs) and (iii) Disseminated and homed (DTCs) (Table 2). Examining the levels of
biochemical or clinical recurrence-associated biomarkers can distinguish patients with aggressive
disease. Similarly, CTCs count and detection of DTCs on itself can also differentiate patients
based on prognosed survival-time. On the other hand, recurrent disease can be targeted based on
current knowledge of recurrence-involved mechanisms (Figure 1). Alternatively, recurrent
disease can be treated by inducing dormancy, the concept of making cancer a chronic disease.
Drug inhibiting Androgen mediated signaling or Specific peptide drugs that share homology to
metastasis suppressing genes can also be promising if delivered in an efficient way.
The future approach in treatment of recurrent disease should involve molecular
characterization of residual disease to identify definitive clues involved in recurrence. Molecular
mechanism associated with CTCs and DTCs, the overt seed for recurrence, should be analyzed at
single-cell level for organ-specific recurrence. Recurrent cells known to remain dormant at target
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site must adopt evolutionary switch to activate itself from dormant state. Retrospective studies
involving analysis of DTCs and CTCs in a cohort of patients with organ-specific recurrence can
aid in finding of such targetable factors. Association of pathological conditions with genetic or
epigenetic events can be validated via this approach. Similarly, experimental tool can be
established by isolating tumor cells from clinical samples (CTCs or DTCs) that mimic recurrent
or dormant growth on specific organ. This tool can be used to establish organ specific dormancy
and recurrence signatures. Alternatively, animal model recapitulating recurrent and dormant
growth can facilitate isolation and characterization of CTCs and DTCs. Monitoring these animal
models can establish link between pathological conditions and distant recurrence. Similarly,
transgenic animal models for prostate cancer can also be used for identification of novel nextgeneration biomarkers for prognosis and monitoring of therapeutic response.
The overarching goals and objectives of this project are: (i) isolation and
characterization of cell line model for dormancy and recurrence, (ii) to identify the key molecules
involved in dormancy in the bone, (iii) to decipher the molecular mechanism behind dormancy
and (iv) to therapeutically retain cancer cells in prolonged state of dormancy.
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I.H. FIGURES AND LEGENDS
Figure 1. Mechanisms involved in recurrence: Early dissemination of localized prostate tumor
leads to increased number of CTC in the bloodstream. CTC can obtain various shapes during
circulation. (A) Senescence is induced when CTC expressing KAI-1 binds to DARC expressed by
endothelial cells leading to inhibition of extravasation. Lack of this interaction leads to
extravasation and recurrence. (B) Disseminated cells can acquire double mutation on their
androgen receptor evolving itself to grow and proliferate based on glucocorticoid.

Double

mutation negative cells can reactivate androgen signaling by increased expression of androgen
receptor, its co-activators and splice variants. (C) Bone-specific homing of prostate cancer is
mediated by expression of CXCR4 receptor. Bone niche can regulate residing cancer cells to
induce dormancy via augmentation of NDRG1 and induction of senescence. Activation from
dormancy involves reversal of senescence, expression of bone remodeling cytokines, decreased
expression of NDRG1 and MET. (D) Ratio between expression levels of ERK1/2 and p38
decides fate of disseminated cells (low ratio of ERK1/2:p38 leads to dormancy, senescence, and
G0-G1 arrest. It is possible that RKIP expression and state of chromosomal aberrations can
regulate the switch. (E) Notch and TGF-β signaling based EMT via decreased expression of
JAGGED1 and p38 can reverse the mesenchymal phenotype of prostate cancer cells to epithelial
phenotype that re-activates Notch and TGF-β signaling leading to recurrence.
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I.I. TABLES
Table 1. Predicting risk of recurrence by expression levels of major genes in CTC/DTC
Expression level in CTC/DTC

Risk of recurrence

References

High

Low

KAI1

↓↓

↑↑

77

AR Mutation and splice variants

↑↑

↓↓

67, 68, 69, 73

NOTCH

↑↑

↓↓

31, 32, 33

NDRG1

↓↓

↑↑

28, 78

PSA

↑↑

↓↓

86-98

RKIP

↓↓

↑↑

76, 79, 80, 81

EMT Markers (Twist, Vimentin)

↓↓

↑↑

11

BCL2

↑↑

↓↓

74

46

Table 2. Segregating recurrent patients based on primary biopsy or tumor sample or CTC count
Affected

Predicting Genes/Proteins/factors

References

Androgen signaling

AR, LSD1, FLH2, TIF2

89, 90, 91

-

DNA Copy number Alterations

92

Pathway/signaling
PSA-based recurrence

Cell

growth

and p53, Bcl2

74, 93

Apoptosis
MET

E-cadherin

94

Stromal-associated

95, 96, 97, 98

factors
WFDC1/ps20, HS, Clusterin

Volume of reactive stroma

CTC-based recurrence
-

21, 102, 103,

CTC count > 5

105

Clinical recurrence

47

Angiogenesis

CD34/Micro-vascularity

106

-

Chromogranin A, Sialyltransferase I, PDGFR-β, 108, 109
HOX6C, ITPR3
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II.A ABSTRACT
Prostate cancer is known to frequently recur in the bone; however, how dormant cells
switch its phenotype leading to recurrent tumor remains poorly understood. We have isolated two
syngeneic cell lines (Indolent and Aggressive) through in vivo selection by implanting PC3mm
stem-like cells into the tibial bones. We found that Indolent cells retained dormant phenotype
whereas Aggressive cells grew rapidly in the bone in vivo, while the growth rates of both cells in
culture were similar, suggesting the role of tumor microenvironment in regulation of dormancy
and recurrence. Indolent cell was found to secrete a high level of SPARC which significantly
stimulated the expression of BMP7 in bone marrow stromal cells (BMSC). The secreted BMP7
then kept cancer cells in a dormant state by inducing senescence, reducing stemness and
activating dormancy-associated p38 MAPK signaling and p21 expression in cancer cells.
Importantly, we found that SPARC was epigenetically silenced in Aggressive cells by promoter
methylation, but the 5-Azacytidine treatment reactivated the expression. Furthermore, high
SPARC promoter methylation negatively correlated with disease-free survival of prostate cancer
patients. We also found that the COX2 inhibitor, NS398, downregulated DNMTs and increased
the expression of SPARC leading to tumor growth suppression in the bone in vivo. These findings
suggest that SPARC plays a key role in maintaining dormancy of prostate cancer cells in the bone
microenvironment.

II.B INTRODUCTION
Prostate carcinoma at an early stage is generally treated with surgical resection, or
radiotherapy with or without combination of androgen deprivation therapy (1-3). However,
patients often develop fatal recurrent disease months or years after treatment of primary tumor.
The culprits for the recurrent disease are the small number of residual cells that are disseminated
from primary tumor prior to treatment (4). Even patients with asymptomatic disease or no
evidence of primary disease progression are known to often harbor cancer cells at distant organ
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such as the bone, and they can be isolated from the bone marrow aspirate (5). These cells include
quiescent cancer stem cells (CSC) and may reacquire clonogenic growth at favorable
environment and cause recurrent disease which is evident in 20-50% of the patients who were
treated for localized primary disease (6).
Metastatic dormancy at a distant site is known to be determined by intrinsic molecular
characteristics of the cell as well as the extrinsic cues from the microenvironment. Dormancy of
micrometastasis and cellular dormancy have been described as the adapted modes of dormant
survival in distant environment (7-10). The ratio of p38 to Erk activation is considered to be one
of molecular indications that dictate the fate of the cancer cells. A high ratio of activated p38 to
Erk signals for inhibition of cell proliferation or cellular dormancy whereas a low ratio reverts the
phenotype to proliferative state (8,11,12). Recently, it was also demonstrated that dormant cells
are reprogrammed by epigenetic regulation that leads to quiescence state (13). In addition,
interaction between tumor cells and stroma, angiogenesis and immune surveillance of cancer cells
are also known to regulate dormancy and recurrence (8,14).
Lack of established model for dormancy has been a major hurdle for research
advancement in this field. Although several in vitro models have previously been described, in
vivo working models for dormant and recurrent growth are yet to be developed. Recent attempts
have characterized syngeneic head and neck squamous cell carcinoma cells (HNSCC) (T-Hep and
D-Hep) or pair of breast cancer cell lines (D2.OR and D2A1 cells) that recapitulates dormant
growth in vivo (13,15-17). However, there is still lack of appropriate in vivo model that mimics
dormancy and recurrence for prostate cancer, especially which replicate the phenomenon of bone
recurrence in the patients. In an approach to identify dormant prostate cancer cells in the bone, we
isolated a pair of cell line from the bone of mice that showed either aggressive growth or indolent
disease when their CSCs were injected in the tibiae. The gene profiling between the paired cell
lines revealed the role of secreted protein acidic and rich in cysteine (SPARC), also known as
Osteonectin, in dormancy of tumor cells at bone. Our results suggest that SPARC maintains the
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dormant state of cancer cells by stimulating the secretion of bone morphogenetic protein 7
(BMP7), a TGF-β family member protein, from the bone stroma. SPARC was also found to be
epigenetically controlled, and a COX2 inhibitor effectively suppressed the tumor growth in the
bone by up-regulating SPARC, suggesting this microenvironmental cue as a potential therapeutic
target for recurrent disease.

II.C RESULTS
Isolation of paired prostate cell lines as a model for dormancy and recurrent growth in
the bone --To establish a model for dormancy and recurrent growth of prostate cancer, we first
prepared CSCs from PC3mm cell line using the defined cell surface markers,
CD24low/CD44high/CD133high, as previously reported (18). CSCs were then implanted into the
mouse tibial bones with a dose by which approximately 50% of tibia developed overt tumors after
one month. The cells were then isolated from the bone with or without overt tumor growth,
followed by colony expansion of each cell in culture (Supplemental Figure S1A). The cells
derived from the bone with -overt growth or -no growth were designated as “Aggressive” and
“Indolent” cells, respectively. When the cells were re-injected into the tibial bone of the mice,
Indolent cells grew significantly slower with long lag time compared to Aggressive cells (Figure
1a). Furthermore, Indolent cells also showed decreased ability to colonize in the bone when
injected intracardially (Figure 1b). However, in contrast to their striking difference in in vivo
growth in the bone, Aggressive and Indolent cells showed no difference in in vitro cell
proliferation, invasion, migration, CSCs population and self-renewal abilities (Supplementary
Figures 1B-F), suggesting the role of bone microenvironment in differential in vivo growth. We
then performed Affymetrix microarray profiling to analyze differentially expressed genes
between Indolent and Aggressive cells. As shown in Figure 1c, SPARC and Noggin were most
significantly overexpressed in Indolent cells and Aggressive cells, respectively. Both SPARC and
Noggin are secretory proteins that are known to be present in the bone (19-22), which provides
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clues that bone environment may play a pivotal role in differential growth of Indolent and
Aggressive cells in vivo. We further verified that the expression of Noggin was increased while
SPARC level was decreased in Aggressive cells (Figures 1d and e). In addition, we found that
SPARC expression in Indolent cells was significantly higher compared to a series of prostate
cancer cell lines and similar to that of normal immortalized prostate cells (Figure 1f).
Interestingly, when we analyzed a Gene Expression Omnibus (GEO) database for expression of
SPARC on retrospective cohort of patients, we found that SPARC expression was significantly
up-regulated in patients with no recurrence status for at least 5 years after radical prostatectomy
(Figure 1g) (23). These results strongly suggest that SPARC and Noggin play critical roles in
dormancy of prostate cancer.
SPARC induces dormancy in vivo -- SPARC is a matrix-associated protein and it has
been reported to be involved in cell-cycle regulation, while Noggin is an inhibitor of BMPs (2426). To further clarify the role of SPARC, the gene was silenced by introducing shRNA with
lentiviral expression system to the Indolent cells (Figure 2a). Silencing SPARC in Indolent cells
or treating Aggressive cells with recombinant SPARC did not confer any in vitro proliferative
advantage to these cells (not shown). We then transplanted Indolent cells with or without
expression of shRNA into the tibial bone in nude mice. As shown in Figures 2b, we found that the
knockdown of SPARC significantly stimulated the growth of tumor in the bone, while the
scrambled shRNA did not affect the growth (Figure 2b). Similarly, when tumor cells were
transplanted via intracardiac route, Indolent cells that were silenced for SPARC expression
showed significant decrease in bone-met free survival (Figure 2c). To further examine the effect
of SPARC on dormancy, we performed a recurrence assay in vivo by injecting Aggressive cells
into the nude mice via intracardiac route followed by administration of recombinant SPARC
through intravenous injection every 3 days (Figure 2d). We found that SPARC significantly
delayed the incidence of bone metastasis. Importantly, withdrawal of SPARC injection after three
weeks nullified the suppressive effect and significantly accelerated the onset of bone metastasis.
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These results suggest that SPARC leads to dormant survival of Aggressive cells in the bone and
that the withdrawal of SPARC confers recurrent growth ability to the cancer cells residing in the
bone (Figure 2d).
SPARC enhances paracrine dormancy signaling from the bone stroma --The striking
growth difference of Indolent cells between in vitro and in vivo settings and the effect of
recombinant SPARC in vivo strongly suggest that the secreted SPARC from Indolent cells affect
bone environmental cells to induce growth suppressive effects on tumor cells. To test this
hypothesis, we first cultured Indolent and Aggressive cells in a transwell plate with various cell
type known to reside in bone. We found significant reduction in growth of Indolent compared to
Aggressive cells when co-cultured with either BMSC or HS5 bone stromal cell line, suggesting
that secreted factor(s) from Indolent cells induces inhibitory response from the bone stromal cells
(Figures 3a and b, Supplementary Figure S2A). The treatment of tumor cells with conditioned
medium (CM) generated from BMSC or HS5 alone showed no differential proliferative effect
(Supplementary Figures S2B and C), suggesting a need of stroma-cancer cell interaction to exert
the tumor suppressive effect of stromal cells. Furthermore, we found that the transwell co-culture
of Indolent cells activated the dormancy-associated p38 pathway and also induced the p21 cell
cycle inhibitor (Figures 3c and d). To examine if the inhibitory response is indeed induced by
SPARC, we first generated CM by treating BMSC with or without recombinant SPARC (as
outlined in Figure 3e upper panel) and treated cancer cells with the CM to examine cell
proliferation by MTS or label retention assay (Figure 3e, middle and lower panel). We found that
the CM generated from SPARC-treated BMSC significantly lowered cell proliferation of PC3mm
cells. Furthermore, CM of SPARC-treated BMSC activated p38-MAPK signaling and upregulated its downstream cell cycle inhibitors p21 and p18 expression in a panel of prostate
cancer cells (Figures 3f and g). We also observed significant decrease in cell proliferation and
increase in p21 expression when CM were generated from BMSC or HS5 that were pre-treated
with Aggressive or Indolent cell derived CM (Supplementary Figures S2D and E). In addition, we
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also verified that SPARC secreted by Indolent cells was significantly higher than bone residing
cells (Supplementary Figures S2F). These results strongly suggest that Indolent cells secrete
SPARC which then stimulates BMSC to release factor(s) that in turn activate dormancy signaling
in cancer cells in the bone.
SPARC upregulates BMP7 expression and secretion from bone stroma -- We previously
reported that stromal expression of BMP7 induced dormancy by reducing stemness and inducing
reversible senescence of prostate cancer cells in the bone (18). Therefore, we sought a possibility
if SPARC upregulated BMP7 expression in bone stromal cells. When we treated human primary
BMSC that were isolated from two different donors or bone stromal cell line, HS5, with the
recombinant SPARC, we found that BMP7 was indeed significantly upregulated (Figure 4a).
Furthermore, BMP7 was also upregulated in BMSC that were treated with CM derived from
Indolent cell when compared to the CM from Aggressive cells or from Indolent-sh-SPARC cells
(Figure 4b, Supplementary Figure S3A). BMP7 was also found to be augmented in BMSC when
co-cultured with Indolent cells in transwell and knockdown of SPARC in Indolent cell
significantly reduced BMP7 expression from BSMC in transwell culture (Figure 4b,
Supplementary Figure S3A). To further verify if SPARC-induced BMP7 increases dormancy
phenotype of cancer cells, we generated CM by treating BMSC with recombinant SPARC and
incubated cancer cells with the CM for 48 hours. We found that the CM from SPARC-treated
BMSC significantly decreased the stem cell population and sphere forming ability, and also
increased senescence in the cancer cells (Figure 4c and Supplementary Figures S3B and C).
Furthermore, SPARC-treated BMSC CM increased p16 and p21 expressions in the cancer cells
(Figure 4d). Importantly, when recombinant Noggin, a competitive inhibitor of BMPs, was added
to the SPARC-treated BMSC CM, the inhibitory effect of SPARC-treated BMSC CM was
rescued (Figure 4c and d); further verifying that dormancy phenotype is indeed mediated by
BMP7. In addition, silencing Noggin expression in Aggressive cells significantly inhibited its
ability to grow in the bone in vivo (Figure 4e and Supplementary figure S3D), suggesting that the
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absence of Noggin enhanced stromal BMP7-mediated growth suppression of tumor cells. The
activation of bone morphogenetic protein receptors (BMPRs) by BMP7 is known to trigger
downstream signaling cascade (27). We have previously shown that BMPR2 is one of the major
receptor associated with dormancy of prostate cancer cells and BMP7 selectively binds this
receptor (18). Therefore, to examine if the decrease in cancer stemness is mediated through
BMPR2 receptor, we knocked down BMPR2 in PC3mm cells that were then treated with CM
generated from BMSC with or without SPARC treatment. As shown in Figure 4f, the treatment of
PC3mm cells with the CM significantly reduced the CSC population, while the knockdown of
BMPR2 blocked this suppressive effect of CM, indicating that the decrease in stemness is
signaled through the BMPR2 receptor. These results strongly suggest that stromal education by
tumor-secreted SPARC upregulates BMP7 which binds the BMPR2 receptor on cancer cell to
promote dormancy phenotype.
Prognostic significance of BMPR2 and SPARC expression -- To examine the clinical
significance of BMPR2 in dormancy, we analyzed GEO dataset and found that high BMPR2
expression predicts longer recurrence-free survival in prostate cancer patients (Figure 5a) (28).
However, BMPR2 expression did not correlate with pre-surgical PSA, age, stage or grade of the
disease (Supplementary Figures S4A-F, Supplementary table 1). We also established a correlative
gene signature from the prostate cancer patients who had high BMPR2 expression in their
primary tumor using The Cancer Genome Atlas (TCGA) database and found that this signature is
highly enriched in the patients who did not experience recurrent disease (Figure 5b). In addition,
we performed immunohistochemical staining of the patient samples with bone metastasis and
found that BMPR2 was significantly downregulated in the bone metastatic lesions when
compared to the primary tumor in these patients (Figures 5c and d), suggesting that decreased
expression of BMPR2 is a key factor for metastatic growth in the bone. We also observed that
primary tumors of the patients with bone metastasis expressed significantly lower levels of
SPARC and BMPR2 when compared to patients with localized disease (Figure 5e-g). Tumors
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from metastasis-free patients were significantly more positive for both SPARC and BMPR2
expression, whereas low SPARC or low BMPR2 or low SPARC and BMPR2 level defined
patients with bone metastatic disease. These results strongly support the notion that both SPARC
and BMPR2 are crucial in dormancy and SPARC-BMP7-BMPR2 axis enhances dormant survival
of cancer cells in the bone.
The SPARC gene is epigenetically regulated in Aggressive cells -- The striking difference
in the expression of SPARC between Indolent and Aggressive cells prompted us to test if SPARC
is epigenetically regulated during dormancy and recurrence. We therefore examined the
methylation status of the SPARC promoter in Indolent and Aggressive cells. As shown in Figure
6a, we found that several CpG islands in the promoter region of SPARC are significantly more
methylated in Aggressive cells compared to Indolent cells. In addition, treatment with
demethylating agent (5-Azacytidine) reversed SPARC expression in Aggressive cells but not in
Indolent cells (Figure 6b and Supplementary Figure S5A). Furthermore, analysis of TCGA
database for SPARC promoter methylation revealed that the SPARC promoter is highly
methylated in prostate tumors when compared to normal tissues (Supplementary Figure S5B). To
examine the clinical relevance of SPARC promoter methylation, we stratified patients in TCGA
database according to their SPARC methylation levels and found that low SPARC promoter
methylation was significantly associated with increased disease-free survival in prostate cancer
patients (Figure 6c). In addition, we found that, DNMT1 and DNMT3b, two dominant de novo
DNA methylases that are also previously known to regulate gene expression in tumor cells, were
highly expressed in Aggressive cells (Figure 6d). Furthermore, the results of clinical data analysis
indicate that patients expressing high DNMT1 and DNMT3b showed decreased recurrence-free
survival (Supplementary Figures S5C and D). Interestingly, SPARC was previously shown to be
downregulated by the COX2 inhibitor, NS398, via downregulation of DNMT1 and DNMT3b in
lung cancer cells (29). We found that NS398 treatment also reduced the expression of both
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DNMT-1 and -3b and increased SPARC expression in Aggressive cells in COX2 independent
manner (Figure 6e and Supplementary Figure S5E and S5F).
To clarify the functional significance of this epigenetic control in dormancy, we first
treated Aggressive cells with NS398 followed by collecting CM as illustrated in figure 6f. When
BMSC was treated with this CM, BMP7 was significantly upregulated (Figure 6g). Furthermore,
CM generated by treating BMSC with CM derived from NS398-treated Aggressive cell was able
to significantly lower the cell proliferation ability of Aggressive cells (Figure 6h). In addition,
CM generated from Azacytidine-treated Aggressive cells was also able to upregulate BMP7 in
BMSC and decreased cell proliferation ability of cancer cells (Supplementary Figures S5G and
H). These results suggest that reversal of SPARC methylation offers window of therapeutic
opportunity for recurrent disease by enhancing inhibitory signaling from the bone stroma. We
transplanted Aggressive cells intracardially and treated the animals with NS398. As shown in
Figure 6i, the treatment with NS398 significantly suppressed tumor incidence in the bone in these
animals. These results suggest that reversal of SPARC promoter methylation induces dormant
survival of the cancer cells in the bone by educating stromal cells for inhibitory response via
BMP7 secretion.

II.D DISCUSSION
Prostate tumor cells are known to often disseminate at a very early stage of
tumorigenesis and approximately 90 percent of metastatic disease is related to the bone,
suggesting that tumor cells reside at bone for prolonged period of time before growing as overt
metastasis (30). The well-established tumor supportive niche provided by the bone environment
makes it one of the sanctuary sites for dormant survival of Disseminated Tumor Cells (DTC), as
evidenced by isolation of dormant DTC from bone marrow of the patient with history of prostate
cancer (5). In our study, by injecting CSC in the tibial bone of mice, we isolated a pair of cell
lines (Aggressive and Indolent cells) that mimics the phenomenon of metastatic dormancy in the
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bone. To our knowledge, this is the first established pair of cell lines that mimic phenotype of
dormant and aggressive growth in the bone in vivo. Importantly, the recurrence assay shown in
Fig 2d verified the reversibility of dormant tumor cells and therefore, our model can provide a
valuable tool to study dormancy and recurrence. The Indolent cells activated the p38 MAPK
pathway and its downstream cell cycle inhibitors only when co-cultured with bone stromal cells,
which illustrate the importance of cancer-stroma crosstalk and p38 activation in the maintenance
of dormant niche in the bone. Our results also showed that this crosstalk was mediated via
SPARC secreted by the Indolent cells and that SPARC stimulated paracrine inhibitory response
through BMP7-BMPR2 axis. Importantly, SPARC was epigenetically silenced by promoter
methylation in the Aggressive cells, and treatment with NS398 reversed SPARC methylation and
enhanced dormant survival in the bone by downregulating DNA methylase enzymes. Therefore,
this potential therapeutic strategy may keep the cancer cells in perpetual dormancy. Fig 7
illustrates the schematic diagram of how SPARC induces dormancy in bone microenvironment.
SPARC is an extracellular matrix-associated protein known for its both oncogenic and
tumor suppressive roles (31). SPARC has been documented for its role in the formation of
extracellular matrix and mineralization of bone (19,20,32,33). SPARC plays a significant role in
tissue remodeling, maintaining cell-matrix integrity and interaction, and collagen fiber assembly
(34). Stromal- as well as tumor-secreted SPARC is known to affect tumor growth in cell-type and
context-dependent manners by regulating cell proliferation, adhesion, migration, invasion and
angiogenesis (25,35-38). In prostate cancer, apparent conflicting results on SPARC expression in
both clinical and experimental studies suggest that the role of SPARC is even more complex. The
studies that involved unbiased screening by gene expression analysis have shown SPARC
expression to be correlated with high grade, androgen resistant and metastatic disease. In
addition, SPARC was previously shown to attract prostate cancer cells into the bone by
promoting migratory and invasive phenotype (39-42). Indeed, moderate level of expression of
SPARC was observed in bone metastasis of prostate cancer patients by immunohistochemistry
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(43). On the contrary, several lines of evidence indicate tumor suppressive roles of SPARC in
prostate cancer (44-47). Wong et al found significantly diminished SPARC level in patients with
metastatic disease (47). Similarly, Kwabi-addo et al have shown that SPARC is silenced by
promoter methylation in African American patients who often develop aggressive prostate cancer
with two fold higher mortality rate than Caucasian American patients (48). The apparent
disagreement between these studies may be due to multiple factors including the expression
profiling of primary tumor, batch variability and lack of clinical data for the site of metastasis.
Moreover, the controversy in pathological role of SPARC in prostate cancer was further affirmed
in two separate studies that utilized the SPARC knockout and TRAMP mouse models. Whereas
Said et al, found inhibitory role of SPARC in tumor and metastatic growth, another study did not
identify any role of SPARC in tumor progression and metastasis (25,49). The discrepancy in the
pathological outcome evident in these studies might be due to the differences in genetic
background of mice used in the study. Similarly, controversy over the role of SPARC was also
evident in carcinoma of breast and skin where both oncogenic and tumor suppressive roles were
observed in multiple in vitro, in vivo and clinical studies (50). On the other hand, the tumor and
metastasis suppressive role of SPARC has been well documented for gastrointestinal, ovarian,
pancreatic and colon cancers whereas oncogenic role was verified in glioma (38,51-55).
Therefore, the role of SPARC in tumor progression appears to be complex and specific to the
tissue-type and stages of the disease. Our data suggest a new paradigm that SPARC is highly
expressed by dormant cancer cells residing in the bone, which demonstrates that the role of
SPARC is contextually and spatiotemporally regulated. We found that bone stromal cells
specifically responded to tumor induced SPARC by secretion of tumor inhibitory BMP7, which
in turn activated the p38 MAPK pathway via BMPR2 receptor in cancer cells. Moreover, BMP7
also decreased stem cell population and enhanced reversible senescence of cancer cells. On the
other hand, disruption of BMP7-BMPR2 signaling axis by Noggin, a potent competitive inhibitor
of BMPs, rescued the inhibitory effect of BMP7 in the bone microenvironment. Therefore, the
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precise role of SPARC is greatly dependent on the tumor-niche proteome profile and crosstalk
with the microenvironment. It is conceivable that education of tumor stroma by SPARC and
explicit stromal response at various stages of tumor progression greatly dictates the functional
fate of SPARC.
Multiple types of cancer cells are known to interact and communicate with cells in the
bone marrow microenvironment through secretion of cytoactive molecules. McCabe et al
observed that SPARC suppressed osteoclast differentiation, a key step during the bone tumor
growth, wherein SPARC knockout mice showed increased osteolysis after intra-osseous
implantation of RM1 murine prostate cancer cells (56). Similarly, when cancer cells were grown
in the bone matrices generated in vitro using SPARC knockout osteoblast, bone growth of PC3
cells was greatly enhanced (57). Furthermore, the bone-metastasis suppressive function of
SPARC was previously reported for breast cancer by utilizing in vivo systemic inoculation model
(51). Based on our results of SPARC-mediated crosstalk with BMSC, it is plausible that
inhibition of cancer growth in these models involves inhibitory paracrine factor(s), such as
BMP7, from the stroma. Interestingly, a previous study has shown that tumor-stroma interaction
in the bone elevate the SPARC expression in the bone microenvironment followed by proteolytic
cleavage by stromal collagenase, cathepsin K, although the specific role of SPARC fragments in
bone metastasis was not examined (58). It is noteworthy that opposing biological roles of SPARC
fragments have been previously identified (50). Therefore, the differences in the protease profile
of microenvironment may potentially dictate the functional fate of the cleaved fragments, which
warrants further studies to identify functions of individual peptide during the pathological stages
of bone metastasis.
Bone stromal cells were previously reported to induce dormancy of cancer cells either
through exosome mediated secretion of inhibitory microRNAs or through secretion of stromal
proteins such as TGFβ2 and BMP7(18,59). BMP7 is known to affect invasion and migration by
inhibiting epithelial-to-mesenchymal transition (EMT) of cancer cells (60,61). We previously
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showed that BMP7 released by the bone stroma decreased stemness and promoted reversible
senescence of cancer cells via the signaling through BMPR2 receptor. Intriguingly, we found in
this study that SPARC elevates BMP7 expression from BMSC which led to senescence of
Indolent cells. In addition, the CM from SPARC-treated BMSC also promoted senescence
phenotype and reduced stem cell population in cancer cells. Therefore, Indolent cells maintain
dormant state in the bone microenvironment through activation of the inhibitory signaling
mediated by the BMP7-BMPR2 axis. Notably, Aggressive cells expressed a high level of Noggin,
and therefore, it is highly probable that the elevated Noggin expression in cancer cell or bone
microenvironment disrupts the BMP7-BMPR2 signaling, rescues cancer cells from dormant state
and triggers onset of recurrent disease.
Our finding shows that BMPR2 expression plays a key role in dormant survival of cancer
cells in the bone. The major molecular phenotype of dormancy, reduction in stemness, was not
evident when BMPR2 expression was knocked down in PC3mm cells. In addition, BMPR2 level
in patient’s tumor negatively correlated with the status of recurrent disease and the BMPR2correlative signature was highly enriched in the patients who did not experience recurrent disease.
In support of our finding, BMPR2 expression was previously reported to be lost in aggressive
disease of bladder and colon cancers (62,63). Importantly, our immunohistochemical analysis
also revealed decreased expression of BMPR2 receptor in bone metastatic primary tumors as well
as bone lesions compared to the primary tumor without metastasis. Therefore, it is conceivable
that decreased BMPR2 expression or downstream signaling activation may lead to conducive
environment in the bone for recurrent tumor growth. These results further underline the potential
utility of BMPR2 and its downstream proteins as biomarkers for patient prognosis.
The differential methylation status of SPARC promoter in Indolent and Aggressive cells
suggests that environmental stress reprograms tumor cells for dormant survival via epigenetic
modification. Indeed, our results revealed that reversal of SPARC promoter methylation in
Aggressive cells either by 5-Azacytidine or NS398 treatment enhanced SPARC expression and
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induced inhibitory signal from stromal cells. Methylation of promoters of prominent tumor
suppressive genes has been known to enhance aggressive growth at distant sites (64). Sosa et al
has shown that NR2F1, an orphan nuclear receptor of Retinoic acid (RA) signaling, rendered
dormancy phenotype in vivo by activating global repressive chromatin marks in cancer cells.
Interestingly, NR2F1 binds and regulate the SPARC promoter in Head and neck squamous cell
carcinoma (HNSCC), suggesting a possibility that selection of a Indolent clone is dependent on a
epigenetic master regulator that changes expression of prominent genes promoter (13). The
increased expression of de novo methylase genes DNMT1 and DNMT3b in Aggressive cells
further supports the notion that epigenetic silencing of the SPARC promoter by methylation may
be a potential key for recurrent growth in the bone (Fig 7). In support of this notion, patients with
low promoter methylation status of SPARC showed prolonged disease-free survival.
Furthermore, NS398 induced SPARC via downregulation of DNMT1 and DNMT3b, which is in
agreement with the previous study showing DNMT-dependent increase of SPARC in A549 lung
carcinoma cells by NS398 (29). In addition, NS398 is previously studied for its effect on limiting
cell proliferation, angiogenesis, invasion and metastasis of multiple cancer type (65-67). It should
be noted that NS398 was also previously shown to significantly inhibit bone metastasis of breast
cancer cells by suppressing TGF-β dependent activation of COX-2. It is conceivable to induce
SPARC by NS398 to maintain dormant state of cancer cells in the bone (68). To this end, we
transplanted Aggressive cells and found that treatment with NS398 significantly inhibited
metastatic growth in the bone. This finding shows a potential use of NS398 to maintain cancer
cells in the dormant state and offers therapeutic windows to treat bone recurrent disease.
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II.E EXPERIMENTAL PROCEDURES
Cell culture -- Indolent and Aggressive cell lines were isolated from the tibial bone of
nude mice after injection of PC3mm cancer stem like cells as described in Supplementary Figure
S1A. PC3mm cell line was provided by I.J. Fidler (The University of Texas MD Anderson
Cancer Center, Houston, TX). DU145 was obtained from the American Type Culture Collection.
ALVA41e was provided by W. Rosner (Columbia University, New York, NY). LNCaP cell was
obtained from the University of Texas MD Anderson Cancer Center. hBMSCs (donor 7075 and
donor 7083) were obtained from Texas A&M Institute for Regenerative Medicine. hBMSCs were
maintained in minimum essential medium with 20% fetal bovine serum, 100 μg/ml streptomycin,
and 100 U/ml penicillin. Other cells were grown in RPMI 1640 medium with 10% fetal bovine
serum, 100 μg/ml streptomycin, and 100 U/ml penicillin, and they were incubated at 37°C in a
5% CO2 atmosphere. PC3mm cell line was transduced with lentiviral vector carrying the firefly
luciferase gene for bioluminescent tracking. Recombinant human SPARC and BMP7
were purchased from ProSpec. For transwell co-culture, 104 cancer cells were seeded on the 24well plate, and the culture insert with 0.4μm pore size (Corning) was placed on the top of each
well followed by seeding upper chamber with 105 BMSCs.
Preparation of conditioned medium -- For generating BMSC + SP CM, hBMSC was
treated with 0.2 μg/ml recombinant SPARC, incubated for 24 hours and the media was replaced
with serum free RPMI media. After 24 hrs of incubation with serum-free RPMI media, the CM
was collected and treated to cancer cells in the ratio of 50:50 with 10% RPMI. For Supplementary
Figure S4D, Aggressive cells were treated with 0.5 uM 5-Azacytidine or vehicle (1:1, Acetic
acid:water) for 4 days followed by replacing the media to serum-free RPMI media. The cells were
then incubated for 24 hours and CM was collected. This CM was further added to hBMSC and
incubated for 24 hrs, followed by changing of media to serum-free RPMI. After 24 hrs, CM was
collected and treated to Aggressive cells.
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Isolation of CSCs -- CSCs were isolated by magnetic bead sorting using a MACS
Separator (Miltenyi Biotec) as described previously (18). PC3 mm were incubated with specific
antibodies as follows: anti-CD24-biotin (STEMCELL Technologies), anti-CD44-APC
(BioLegend), and anti-CD133-biotin (Miltenyi Biotec). CD24low/CD44high/CD133high cells were
then enriched by using a MACS magnet and MS columns (Miltenyi Biotec). All MACS
procedures were performed according to the manufacturer’s instructions.
Fluorescence activated cell sorting (FACS) --Prostate cancer cells were treated with CM
for 48 hours. CM was replaced after 24 hours. Cells were then collected after 48 hours, washed
twice in PBS, incubated with CD24-FITC, CD44-APC and CD133-PE for 20 minutes, and they
were analyzed for CSC +ve population (CD24low/CD44high/CD133high) in BD Accuri.
Western blot -- The cells were lysed and analyzed by immunoblotting using antibodies
specific for the following proteins: p21, p18, α-tubulin, GAPDH (Cell Signaling Technology),
SPARC (R&D systems), and DNMT3b, Noggin, BMP7 (AbCam) and DNMT1 (Genetex).
Sphere-forming assay -- Cancer cells were plated (200 cells/well) in 96-well ultra-low
attachment plates (Corning) with DMEM/F12 supplemented with 2% B27 (Invitrogen), 20 ng/ml
EGF (Sigma-Aldrich), and 4 μg/ml insulin (Sigma-Aldrich). They were then incubated with CM
generated with or without treatment of BMSC with recombinant SPARC. The number of
prostaspheres was counted, and data were represented as the means ± SEM.
Proliferation assay -- Cells were seeded into 96-well plates (500 cells/well) in regular
growth medium. The cells were then cultured overnight followed by treating them with
conditioned media. Cell viability was measured by the MTS assay according to the
manufacturer’s recommendations (Promega).
Animal experiments -- All animal experiments were done in accordance with a protocol
approved by the Wake Forest Institutional Animal Care and Use Committee. Athymic nude mice
(Harlan) with the ages of 4–5 and 7–8 wk were used for xenograft experiment. For isolating
Indolent and Aggressive cells, 4 000 PC3mm CSCs labeled with luciferase were injected into the
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tibial bone of nude mice. After 6 weeks, tibial bones with aggressive or indolent tumor growth
were flushed with PBS followed by selection of the cells with puromycin. For verification of
differential growth, 104 Indolent or Aggressive cells were injected into the tibial bone. For bonemetastasis free survival experiments, 105 CSCs isolated from Indolent or Aggressive cells, were
injected into the left cardiac ventricle of the mice. For recurrence assay, 200 μg/kg SPARC or
vehicle alone was subsequently injected every two days into the tail vein. For NS398 treatment,
106 Aggressive cell was injected into the left cardiac ventricle and mice were treated with either
DMSO or NS398 (20 mg/kg) every two days till day 40. The progression of cell growth and
development of metastases were monitored by Bioluminescence imaging (BLI).
Wound healing assay -- Cells were grown till confluency and cells were scratched by a 1
ml pipette tip. Migration of cells was monitored under the microscope after 9, 12, 24 and 48
hours. The percentage of wound healing was counted in three different fields for each cell line.
Invasion assay -- Cell culture inserts with microporous membrane were coated with
Matrigel (Becton Dickinson) followed by seeding 105 cancer cells. The RPMI medium containing
20% fetal bovine serum was added to the bottom chamber. The cells were then incubated for 24 h
at 37oC. The upper chamber was removed and the cells on the bottom chambers were stained with
tetrazolium dye, and counted under a microscope.
Bisulphite sequencing -- Genomic DNA was isolated using Cell and Soft Tissue DNA
isolation kit (Zymo Research). The methylation of the CpG island was examined by bisulphite
sequencing (Epignedx).
Quantitative RT-PCR (qRT-PCR) analysis -- Total RNA was isolated from the cells and
reverse transcribed. The cDNA was then amplified with a pair of forward and reverse primers to
validate the results of microarray. The thermal cycling conditions composed of an initial
denaturation step at 95°C for 1 min followed by 35 cycles of PCR using the following profile:
94°C for 30s, 58°C for 30 s, and 72°C for 30 s.
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Statistical analysis -- Results were reported as mean ± SEM. For in vitro experiments, the
Student’s t test or one-way analysis of variance was applied. For in vivo experiments, group
comparisons were performed using the nonparametric Mann-Whitney test or unpaired
Student’s t test. Kaplan-Meier curve comparison was performed with the log-lank test.
SA–β-gal staining -- Cells were treated with or without SPARC treated BMSC CM as
indicated in the figure legends, and SA–β-gal assay was performed using the SA–β-gal staining
kit (Cell Signaling Technology) according to the manufacturer’s instruction.
Gene Set Enrichment Analysis (GSEA) -- The Gene MatriX file (.gmx) was generated by
combining the top 378 genes that were significantly correlated (R2>0.5) to BMPR2 in TCGA
database with 502 prostate cancer patients. Gene Cluster Text file (.gct) was generated from
Taylor’s cohort (GSE21034) by separating prostate cancer patients based on their status of
recurrence. The patients who did not experience recurrence for at least five years were grouped in
“No recurrence” group (n=32) whereas patients who experienced recurrence before five years
were grouped in “Recurrence” group (n=34). Similarly, Categorical class file (.cls) was also
generated based on the recurrence status of each patient. The number of permutations was set to
1000, and we used GPL10264 as the chip platform.
Immunohistochemistry -- Primary prostate cancer tissue microarrays were obtained from
US Biomax, Inc (PRT195 and PR242b). Tissue microarray generated from bone metastatic
lesions was obtained from Tirstar Inc (79562475). Formaldehydefixed and paraffin-embedded
human prostate tissue specimens were obtained from the surgical pathology archives of the Akita
Red Cross Hospital (Akita, Japan) and Iwate Medical School (Iwate, Japan). The sections were
baked at 60°C for 1 h, deparaffinized in xylene, and rehydrated and fixed in 10% neutral-buffered
formalin. Immunohistochemical staining of histological sections was performed according to the
previously published protocol (Kobayashi et al., 2011) using the EnVision plus System (Dako)
and antibodies specific to BMPR2 (Abcam) and SPARC (R&D).
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Cell labeling with DiD dye -- Cells were stained with DiD dye (Molecular Probes, Eugene, OR,
Cat no. V22887), according to manufacturer instructions. Briefly, cells (1×106 cells/ml) were
incubated with DiD dye (0.5 μM) in serum-free media at 37OC for 40 minutes, washed with
serum-free medium for three times, resuspended in PBS and analysed for staining by FACS (BD,
Accuri).
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II.H FIGURES AND LEGENDS
FIGURE 1. Establishing model cell lines for dormancy-recurrence. (A) Indolent and Aggressive
cells were injected into the tibial bone of the mice (n=8) followed by examination of tumor
growth by bioluminescence for 6 weeks. Right panels show the representative pictures of
Aggressive and Indolent cell growth in the tibia of mice at day 40. **, P-value<0.01 versus
Indolent. (B) Indolent and Aggressive cells were injected via intra-cardiac route followed by
examination of bone-metastasis free survival of the mice by bioluminescence (n=10 each group).
*, P-value=0.0277 by Log-rank test. (C) Indolent and Aggressive cells were subjected to
comprehensive gene expression analysis by using Affymetrix microarray 2.0. Five most
significantly upregulated and six downregulated genes are shown in the table. (D, E) SPARC and
Noggin expression in Indolent and Aggressive cells was examined by qRT-PCR (d) and western
blot (E). (F) SPARC expression was examined in normal and various prostate cancer cell lines by
western blot. (G) Analysis of Gene Expression Omnibus (GEO) dataset for SPARC expression in
patients with or without recurrent disease (GSE25136). 15 percent outliers were removed from
the analysis. *, P-value<0.05, ** P-value<0.01 and ***, P-value<0.0001.
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FIGURE 2. SPARC plays critical role in dormancy and recurrence. (A) SPARC knockdown by
shRNA in Indolent cells was verified by western blot. (B) Tumor growth was observed after intratibial injection of Indolent-sh-SPARC or sh-Scramble cells by bioluminescence (n=10 per group).
*, P-value<0.05 versus scramble and **, P-value<0.01 versus scramble. (C) Indolent-sh-SPARC
or sh-Scramble cells were implanted to nude mice intracardially (n=10 per group) and bonemetastasis free survival was examined by bioluminescence. Indolent-Scramble versus Indolentsh-SPARC: **, P-value = 0.0032. (D) Aggressive cells were implanted in nude mice via i.c.
injection (n=10 per group), and bone-metastasis free survival was examined in the following
three groups of animals. (i) rSPARC (200 μg/kg) was administered by tail vein injection twice a
week till day 42 (Red line, +/+), (ii) rSPARC was administered till day 21 followed by
withdrawal of rSPARC injection (Blue line, +/-) and (iii) control group (Black line) without
administration of rSPARC. Right panels show representative images of mice from each group.
Control versus SPARC+/+: ****, P-value<0.0001; Control versus SPARC +/-: #, Pvalue=0.0117; SPARC +/- versus SPARC+/+: **, P-value=0.0099 by Log-rank test.
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FIGURE 3. SPARC-induced secretory factor from bone stroma activates p38 MAPK pathway.
(A) Indolent or Aggressive cells were co-cultured with various bone stromal cells in a transwell as
shown in the left panel followed by cell proliferation assay of cancer cells in the lower chamber at
day 5. (B) Indolent or Aggressive cells were co-cultured with bone marrow stromal cells (BMSC)
in the transwell plate followed by quantifying cell proliferation of cancer cells. (C) Expression of
p21, total p-38 and phosphorylated-p-38 was examined in Indolent and Aggressive cells with or
without co-culture with BMSC for 3 days. (D) p21 expression was examined by qRT-PCR for C.
(E) Upper panel: BMSC were treated with or without rSPARC (200 ng/ml) for 24 hours, then the
media was replaced with fresh medium (DMEM) and incubated for 24 hours to generate
conditioned mediums (CM). BMSC CM and SP+ BMSC CM represent rSPARC untreated or
treated BMSC CM respectively. Middle panel and lower panel: PC3mm cells were seeded in 96well plate and treated with CMs from SPARC treated or untreated BMSC, as mentioned above,
followed by examination of cell proliferation by MTS assay (middle panel) and DiD membrane
labeling assay (lower panel) at day 1, 3 and 5. (F) CMs generated from BMSC as shown in Figure
E (upper panel) were used to treat prostate cancer cells (LnCaP, PC3mm, Indolent and
Aggressive) for 24 hrs, and p21 and p18 expression was examined by western blot. (G) CMs
generated as shown in Figure E (upper panel) were used to treat series of prostate cancer cells
lines (as indicated in the figure) for 24 hrs, and phosphorylated as well as total p38 level was
examined by western blot. *, P-value<0.05, ** P-value<0.01 and ***, P-value<0.0001.
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FIGURE 4. SPARC upregulates BMP7 from BMSC. (A) BMSC from two different donors
(BMSC#1 and BMSC#2) and HS5 cell line were treated with rSPARC (200 ng/ml) for 24 hrs,
and BMP7 expression was examined by western blot and qRT-PCR. (B) BMSC#1 was treated
with CMs generated from Indolent or Aggressive for 24 hrs followed by examination of BMP7
expression by western blot (left panel). BMP7 expression was also examined in BMSC cocultured in a transwell with Indolent or Aggressive cells for 24 hrs (Right panel). (C) Indolent,
Aggressive and PC3mm cells were treated with the indicated CMs for 48 hrs followed by
examination of cancer stem cell (CSC) population (CD24low/CD44high/CD133high) by FACS. (D)
Aggressive and Indolent cells were treated with the indicated CMs for 48 hrs followed by
examination of p21 (upper panel) and p16 levels (lower panel) by western blot. (E) Aggressivesh-Noggin or –Scramble cells were implanted into the tibial bone of mice (n=6/group) and tumor
growth was observed at day 28. *, P-value<0.05 versus scramble. (F) PC3mm-shScramble or
PC3mm–shBMPR2 cells were treated with CMs (as indicated) for 48 hrs followed by examining
the CSC marker positive cells by FACS. *, P-value<0.05, ** P-value<0.01 and ***, Pvalue<0.0001.
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FIGURE 5. SPARC and BMPR2 expression is negatively correlated with bone metastasis. (A)
Patients were stratified based on BMPR2 gene expression and recurrence-free survival was
examined using GSE21034 database (n=140). (B) BMPR2 correlative signature (n=378, R2>0.5)
was established using TCGA database for prostate cancer, and enrichment of the signature was
examined in patients with or without recurrence disease (GSE21034). (C) Representative images
of BMPR2 staining in primary tumor tissue and bone metastatic lesion. (D) Quantitation of
BMPR2 staining in primary tumor tissue and bone metastatic lesion. (E) SPARC and BMPR2
expression was examined in primary tumor of the patients with or without bone metastasis by
immunohistochemistry, and the staining intensity was quantified. Consecutive sections of
formalin fixed paraffin embedded samples were used to stain SPARC and BMPR2 for each
patient. (F) The stained samples were divided into three groups: (i) positive for either SPARC or
BMPR2 (-/+ and +/- respectively), (ii) positive for both SPARC and BMPR2 and (iii) negative
for both BMPR2 and SPARC expression based on their staining intensity, and the number of
samples in each group was plotted as percentage of total stained samples from either metastasis
free (localized disease) or bone metastatic primary tumor. (G) Representative images for SPARC
and BMPR2 staining are shown. *, P-value<0.05, **, P-value<0.01 and ***, P-value<0.0001.
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FIGURE 6. SPARC is regulated by promoter methylation. (A) Methylation of SPARC promoter
around transcription start site (TSS) was examined for Indolent and Aggressive cells. (B)
Aggressive and Indolent cells were treated with 5-Azacytidine (50 nM), and SPARC expression
was examined by western blot. (C) Prostate cancer patients in TCGA database were stratified
based on the level of average SPARC promoter methylation, and new incidence or disease-free
survival was examined for five years (n=337). (D) DNMT1 and DNMT3b expression was
examined in Indolent and Aggressive cells by western blot. (E) Aggressive cells were treated with
NS398 (50 μM) for 24hrs and the expression of SPARC, DNMT1 and DNMT3b was examined
by western blot. (F) Scheme for collection of conditioned medium from Aggressive cells treated
with or without NS398 followed by treatment to BMSC. (G) The expression of BMP7 was
examined in BMSC after treatment with indicated CMs by western blot. (H) Cell proliferation
assay was performed after treating Aggressive cells with CMs outlined in F and cell growth was
examined at day 1, 3 and 5. Normalized cell count relative to day 1 is shown. *, P-value<0.05 and
**, P-value<0.01. (i) Aggressive cell was injected via intracardiac route and bone-met free
survival was examined in DMSO or NS398 treated groups (n=10/group) ****, P-value<0.0001.
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FIGURE 7. Schematic diagram illustrates how SPARC in bone microenviroment induces
dormancy.
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II.I SUPPLEMENTAL FIGURES AND LEGENDS:
SUPPLEMENTARY FIGURE 1: (A) Schematic outline for isolation of Indolent and
Aggressive cells from mice. Stem-like cell population (CD24low/CD44high/CD133high) was isolated
from PC3mm cells followed by injecting 4000 cells into the tibial bone of the nude mice. About
50 percent of the mice showed tumor incidence (overt growth) whereas rest of the mice did not
show tumor incidence as examined by bioluminescence at Day 40. The tibial bones from all the
mice were flushed out and cancer cells were isolated by adding puromycin into the culture media
and growing for 2 weeks. (B-E) Indolent and Aggressive cells were evaluated for their
proliferative ability (B), sphere formation ability (C), CD24low/CD44high/CD133high Cancer Stemlike population (D), invasive ability (E) and migration ability (F).

92

93

SUPPLEMENTARY FIGURE 2 (A) Indolent or Aggressive cells were co-cultured with HS5
bone stromal cell line in the transwell plate. Cancer cells were seeded on the lower chamber and
HS5 cell was seeded in upper chamber and cell proliferation of cancer cells were examined at
days 1, 3 and 5 by MTS assay. (B,C) Indolent and Aggressive cells were treated with Conditioned
Medium (CM) prepared from bone marrow stroma cells (BMSC) (B) and HS5 cell line (C)
followed by examining cell proliferation at days 1, 3 and 5 by MTS assay. (D) Schematic diagram
for isolation of CMs that were used to treat Indolent cells. BMSC or HS5 cells were treated with
either Indolent or Aggressive cell CM. After 24 hours of incubation, the media was replaced by
serum-free FBS DMEM for BMSC and serum-free FBS RPMI for HS5. Cells were then
incubated for 24 hours and CMs were isolated. (E) CM generated after treating BMSC/HS5 with
Indolent or Aggressive CMs (as shown in D) were treated to Indolent cells followed by
examining cell proliferation by MTS assay at day 5 (lower panels) and p21 expression after 48
hours of treatment (picture inserts). (F) SPARC expression was examined in CMs isolated from
human osteoblast cell line hFOB, BMSC, Indolent and Aggressive cell line. Cell lysate GAPDH
expression was used as a loading control. *, P-value<0.05 and ** P-value<0.01.
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SUPPLEMENTARY FIGURE 3 (A) BMSC was treated with CMs generated from Indolent
cells with or without expression of SPARC gene for 24 hrs followed by examination of BMP7
expression by western blot (left panel). BMP7 expression was also examined in BMSC cocultured in a transwell with Indolent cells either silenced for SPARC expression using shRNA or
control cells for 24 hrs (Right panel). (B) Conditioned mediums (CM) were generated from
BMSC with or without rSPARC (200 ng/ml) treatment, SP+BMSC CM or BMSC CM
respectively. Cancer cells (PC3mm, Indolent and Aggressive) were seeded in the low binding 96well cell culture plate and treated with BMSC CM or SP+ BMSC CM in a 50:50 ratio with sphere
media. The numbers of sphere formed at day 6 were counted. Representative images of spheres
are shown in right panels. (C) PC3mm, Indolent and Aggressive cells were treated seeded in 12well plate followed by treatment with BMSC CM or SP+ BMSC CM for 48 hours. SA-βgalactosidase staining was performed to stain senescent cells, and staining positive cells were
quantified. Representative images of senescent cells are shown in right panels. (D) Noggin
expression was examined in Aggressive cells with or without shRNA mediated knockdown of
Noggin by RT-PCR (left) and western blot (right).*, P-value<0.05 and ** P-value<0.01.
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SUPPLEMENTARY FIGURE 4 (A) BMPR2 expression was analyzed in patients with different
gleason grade in GSE21034 dataset. (B, C) Correlation analysis between BMPR2 expression and
pre-surgical PSA (B) or age (C) of the patient was performed using GSE21034 dataset. (D-F)
BMPR2 expression was examined between different stages (D), and different sub stages (E and
F) in cancer patients using GSE21034.
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SUPPLEMENTARY FIGURE 5 (A) Indolent and Aggressive cells were treated with 5Azacytidine (50nM) for five days followed by examination of SPARC expression by qRT-PCR.
(B) Methylation of SPARC promoter in normal (n=50) and cancer samples (n=502) from prostate
cancer patients was examined by analyzing TCGA database. (C and D) Recurrence-free survival
of DNMT1 and DNMT3b was examined using GSE27103 (C) and TCGA database (D). (E)
Aggressive cells were treated with either DMSO or NS398 (50 μM) for 24 hours and SPARC
expression was examined by qRT-PCR. (F) COX2 was overexpressed in Aggressive cells treated
with or without NS398 (50 μM) followed by examining the level of DNMT1, DNMT3b and
SPARC by western blot (G) Lower panel: Schematic diagram for generation of CMs that were
used to treat Aggressive cells. Aggressive cells were treated with or without 5-Azacytidine (50
nM) for five days and media was replaced with serum-free RPMI for collection of CM. This CM
was used to treat BMSC for 24 hours, and the media was collected and treated to Aggressive
cells. Upper panel: Western blot was performed to examine BMP7 expression in BMSC after
treatment with Aza-/+ Aggressive CM for 24 hours. (H) The CMs from F were used to treat
Aggressive cells followed by examining cell proliferation at days 1, 3 and 5 by MTS assay. *, Pvalue<0.05, **, P-value<0.01 and ****, P-value<0.00001.
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II.J SUPPLEMENTARY TABLES
Supplementary table 1:

(a) Clinical details of the patients with low BMPR2 expression
Sample ID

DxAge

PCA0008
PCA0017
PCA0024
PCA0030
PCA0031
PCA0033
PCA0040
PCA0054
PCA0057
PCA0074
PCA0075
PCA0077
PCA0084
PCA0089
PCA0094
PCA0097
PCA0110
PCA0111
PCA0112
PCA0113
PCA0114
PCA0117
PCA0119
PCA0122
PCA0128
PCA0129
PCA0130
PCA0135
PCA0136
PCA0141
PCA0144
PCA0149
PCA0150
PCA0151
PCA0155
PCA0157
PCA0158
PCA0159
PCA0160
PCA0162
PCA0163
PCA0164
PCA0165
PCA0167
PCA0171
PCA0174
PCA0175
PCA0176
PCA0179
PCA0180
PCA0181
PCA0187
PCA0200
PCA0201
PCA0206
PCA0207
PCA0208
PCA0213

64.24
55.92
56.58
60.28
54.53
61.38
46.84
54.98
67.46
58.69
54.45
48.32
70.81
57.31
44.43
62.54
58.85
60.49
58.77
56.91
66.58
58.37
63.34
51.28
64.02
62.39
64.53
56.85
53.52
60.57
56.15
52.52
58.72
58.37
57.54
47.38
56.90
45.98
62.42
55.88
67.70
58.15
64.81
55.26
60.87
54.32
51.00
53.55
64.89
67.17
69.01
66.00
53.33
66.73
57.55
67.17
64.09
54.84

PreTx Path Path Path Path BCR_Fre
ECE
SVI
LNI
PSA Stag GG1 GG2 GGS
eTime
10.40
T3A
3
3
6
149.19 ESTABLISHED Negative Normal_N0
7.65
T3A
3
4
7
104.38
FOCAL
Negative Normal_N0
18.41
T2C
3
4
7
3.94
NONE
Negative Normal_N0
12.80
T2B
3
4
7
115.09 INV_CAPSULE Negative Normal_N0
6.30
T3A
4
3
7
35.35
ESTABLISHED Negative Normal_N0
14.47
T2B
3
3
6
69.09
NONE
Negative Normal_N0
4.60
T2B
3
4
7
89.50
INV_CAPSULE Negative Normal_N0
39.90
T3C
3
5
8
2.10
ESTABLISHED Positive Abnormal_N1
5.43
T2B
3
4
7
82.86
INV_CAPSULE Negative Normal_N0
5.11
T2B
3
4
7
84.31
INV_CAPSULE Negative Normal_N0
4.62
T2B
3
4
7
49.35
NONE
Negative Normal_N0
2.77
T2B
3
3
6
61.70
INV_CAPSULE Negative Normal_N0
3.69
T2B
3
3
6
39.66
INV_CAPSULE Negative Not Done_NX
7.00
T2C
3
3
6
70.18
INV_CAPSULE Negative Normal_N0
8.60
T2B
3
4
7
66.10
NONE
Negative Normal_N0
5.30
T2B
3
3
6
1.87
NONE
Negative Normal_N0
5.70
T2C
3
3
6
58.91
NONE
Negative Not Done_NX
6.69
T2C
3
4
7
49.84
INV_CAPSULE Negative Normal_N0
33.71
T3A
4
4
8
13.21
ESTABLISHED Negative Normal_N0
4.20
T2C
3
4
7
60.45
INV_CAPSULE Negative Normal_N0
9.00
T3A
4
3
7
38.77
ESTABLISHED Negative Normal_N0
22.36
T3B
3
4
7
18.83
ESTABLISHED Positive Normal_N0
2.80
T2B
4
3
7
46.49
INV_CAPSULE Negative Normal_N0
4.20
T2B
3
3
6
52.47
INV_CAPSULE Negative Not Done_NX
1.48
T2C
4
3
7
53.82
NONE
Negative Normal_N0
11.70
T2C
3
4
7
56.87
INV_CAPSULE Negative Normal_N0
2.21
T2C
4
4
8
27.86
INV_CAPSULE Negative Normal_N0
6.10
T2B
3
4
7
51.65
INV_CAPSULE Negative Not Done_NX
4.66
T3A
4
3
7
5.72
ESTABLISHED Negative Not Done_NX
5.44
T2A
3
4
7
41.76
NONE
Negative Normal_N0
5.60
T2C
3
3
6
37.59
NONE
Negative Normal_N0
20.40
T3B
3
4
7
59.17
ESTABLISHED Positive Normal_N0
11.84
T3A
4
3
7
51.35
ESTABLISHED Negative Normal_N0
4.50
T2B
3
3
6
47.34
INV_CAPSULE Negative Not Done_NX
11.10
T2B
4
3
7
47.61
NONE
Negative Normal_N0
3.50
T3A
3
3
6
39.85
FOCAL
Negative Not Done_NX
3.20
T2C
3
3
6
31.61
INV_CAPSULE Negative Not Done_NX
5.36
T3B
4
4
8
1.41
ESTABLISHED Positive Abnormal_N1
4.00
T2A
3
3
6
12.98
NONE
Negative Not Done_NX
7.11
T2B
3
4
7
11.83
INV_CAPSULE Negative Normal_N0
2.65
T3A
3
4
7
45.37
ESTABLISHED Negative Not Done_NX
7.67
T2B
3
3
6
54.54
NONE
Negative Not Done_NX
6.34
T2B
3
3
6
30.52
INV_CAPSULE Negative Not Done_NX
2.98
T2B
3
4
7
26.84
NONE
Negative Not Done_NX
8.20
T3A
NA
NA
NA
8.84
ESTABLISHED Negative Normal_N0
4.60
T2B
4
3
7
43.30
NONE
Negative Normal_N0
5.60
T2B
3
3
6
36.01
NONE
Negative Normal_N0
8.66
T3B
4
5
9
2.56
ESTABLISHED Positive Normal_N0
46.36
T3B
4
5
9
2.92
ESTABLISHED Positive Abnormal_N1
13.34
T3A
4
5
9
1.38
ESTABLISHED Negative Abnormal_N1
27.00
T3A
4
5
9
30.03
ESTABLISHED Negative Normal_N0
506.00 T2B
4
3
7
18.00
NONE
Negative Normal_N0
9.70
T3B
4
5
9
2.89
ESTABLISHED Positive Abnormal_N1
13.32
T3B
4
4
8
4.11
ESTABLISHED Positive Abnormal_N1
15.99
T4
4
4
8
1.61
ESTABLISHED Positive Abnormal_N1
13.34
T3A
4
5
9
1.38
ESTABLISHED Negative Abnormal_N1
6.20
T3B
NA
NA
NA
11.79
INV_CAPSULE Positive Normal_N0
9.40
T3C
4
5
9
64.66
ESTABLISHED Positive Abnormal_N1
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(b) Clinical details of the patients with high BMPR2 expression
Sample ID DxAge
PCA0001
PCA0002
PCA0003
PCA0005
PCA0007
PCA0009
PCA0010
PCA0011
PCA0012
PCA0013
PCA0014
PCA0015
PCA0018
PCA0020
PCA0021
PCA0022
PCA0025
PCA0026
PCA0027
PCA0028
PCA0029
PCA0032
PCA0034
PCA0035
PCA0036
PCA0037
PCA0038
PCA0050
PCA0052
PCA0056
PCA0058
PCA0062
PCA0063
PCA0064
PCA0065
PCA0066
PCA0068
PCA0073
PCA0080
PCA0081
PCA0082
PCA0083
PCA0086
PCA0087
PCA0090
PCA0092
PCA0093
PCA0095
PCA0096
PCA0099
PCA0100
PCA0101
PCA0103
PCA0104
PCA0105
PCA0107
PCA0108
PCA0109
PCA0115
PCA0118
PCA0120
PCA0123
PCA0124
PCA0125
PCA0126
PCA0127
PCA0132
PCA0133
PCA0134
PCA0145
PCA0146
PCA0147
PCA0156
PCA0161
PCA0168
PCA0169
PCA0170
PCA0172
PCA0173
PCA0178
PCA0210
PCA0215

72.77
58.09
67.94
64.70
56.77
56.58
49.87
52.12
66.18
54.21
60.35
58.71
55.23
59.89
57.99
57.67
61.16
57.11
50.75
61.47
53.81
56.37
57.00
62.75
53.58
42.79
64.26
59.69
56.67
83.00
67.72
52.46
61.19
45.09
70.19
51.62
60.88
51.76
48.19
49.99
60.68
68.04
37.30
50.99
58.98
67.45
46.13
56.22
71.20
68.50
60.31
59.52
59.43
69.89
54.51
46.49
49.50
58.91
60.26
51.40
53.47
67.84
50.50
54.35
61.61
51.97
55.92
58.36
65.71
56.29
48.39
52.48
51.43
64.00
56.75
52.85
61.79
52.00
66.16
61.83
59.00
48.00

PreTx Path
PSA Stage
43.90
T3C
43.20
T2A
11.30
T3A
5.90
T2C
3.80
T2C
12.90
T2C
5.20
T4
6.70
T2C
3.26
T2C
9.35
T3A
2.91
T2C
2.90
T3A
9.23
T3A
3.80
T3A
9.64
T3A
5.80
T2C
3.70
T2C
9.49
T2A
6.69
T2B
3.82
T3B
6.82
T2B
16.71
T3A
5.40
T2B
13.10
T3A
6.92
T2A
5.00
T2A
5.50
T2B
6.70
T2B
12.00
T3A
NA
T2A
7.66
T2C
1.15
T2B
15.00
T2B
5.52
T2B
5.04
T2B
13.60
T3B
7.62
T2B
4.26
T3A
10.02
T2B
5.80
T4
4.13
T2B
14.00
T3A
6.63
T2A
4.90
T3A
7.40
T3B
5.00
T4
4.97
T2B
4.50
T4
8.32
T3B
12.47
T3A
6.95
T2B
5.00
T2B
4.50
T2B
1.60
T2B
3.80
T2B
1.80
T2C
4.90
T3A
5.38
T2B
5.97
T2C
5.08
T2B
4.07
T2A
6.60
T2C
10.80
T2C
4.11
T3A
3.33
T2C
5.93
T2C
5.29
T2C
6.98
T2B
26.02
T2B
6.60
T2C
3.10
T2C
5.40
T2C
13.30
T4
6.90
T2B
4.27
T2B
6.70
T2B
8.97
T3A
22.82
T4
5.24
T3B
4.65
T2B
2.86
T3C
NA
T3A

Path
GG1
4
5
3
3
3
3
3
3
3
3
3
3
4
3
3
3
3
3
3
5
3
4
3
3
4
3
4
3
3
3
3
3
4
3
3
3
4
4
4
3
3
4
3
3
3
4
3
3
4
4
3
3
3
3
4
3
3
3
3
3
3
3
3
3
3
4
3
3
4
3
3
3
3
3
3
3
4
4
3
3
4
4

Path
GG2
3
3
4
4
4
4
3
3
3
4
4
4
3
4
4
3
4
4
3
3
4
5
3
3
3
4
3
4
4
3
3
3
4
3
4
4
3
3
3
4
3
3
4
4
4
4
4
3
5
3
4
3
4
4
3
3
3
3
4
4
3
3
4
4
4
3
3
4
3
4
3
3
4
4
4
3
3
5
3
3
3
4

Path
GGS
7
8
7
7
7
7
6
6
6
7
7
7
7
7
7
6
7
7
6
8
7
9
6
6
7
7
7
7
7
6
6
6
8
6
7
7
7
7
7
7
6
7
7
7
7
8
7
6
9
7
7
6
7
7
7
6
6
6
7
7
6
6
7
7
7
7
6
7
7
7
6
6
7
7
7
6
7
9
6
6
7
8

BCR_Free
Time
18.50
58.02
93.14
126.10
98.60
64.76
35.06
82.17
128.43
10.38
76.45
22.70
18.96
56.94
61.50
39.95
68.04
78.16
116.83
27.60
26.68
3.71
92.98
77.80
85.32
104.05
100.21
83.85
102.54
25.00
30.19
42.94
74.12
24.28
77.37
77.11
45.54
13.04
55.39
9.86
58.97
31.80
60.85
56.84
48.43
16.82
46.42
51.58
42.38
5.78
38.21
62.36
28.65
43.47
23.00
56.15
59.14
13.86
26.22
43.83
62.65
60.06
55.20
61.37
51.85
43.53
48.56
28.06
8.18
48.43
50.89
45.73
10.81
19.02
49.02
42.94
52.17
30.56
32.69
37.68
20.04
5.95
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ECE

SVI

LNI

ESTABLISHED
INV_CAPSULE
ESTABLISHED
NONE
NONE
NONE
NONE
NONE
NONE
NONE
INV_CAPSULE
ESTABLISHED
ESTABLISHED
ESTABLISHED
ESTABLISHED
INV_CAPSULE
NONE
NONE
INV_CAPSULE
ESTABLISHED
INV_CAPSULE
ESTABLISHED
NONE
ESTABLISHED
INV_CAPSULE
NONE
INV_CAPSULE
NONE
ESTABLISHED
NONE
NONE
NONE
ESTABLISHED
INV_CAPSULE
INV_CAPSULE
ESTABLISHED
INV_CAPSULE
FOCAL
INV_CAPSULE
ESTABLISHED
INV_CAPSULE
ESTABLISHED
INV_CAPSULE
FOCAL
ESTABLISHED
ESTABLISHED
INV_CAPSULE
NONE
ESTABLISHED
ESTABLISHED
INV_CAPSULE
NONE
INV_CAPSULE
FOCAL
INV_CAPSULE
INV_CAPSULE
ESTABLISHED
NONE
INV_CAPSULE
NONE
NONE
INV_CAPSULE
INV_CAPSULE
FOCAL
INV_CAPSULE
INV_CAPSULE
INV_CAPSULE
NONE
INV_CAPSULE
INV_CAPSULE
INV_CAPSULE
NONE
FOCAL
NONE
NONE
NONE
ESTABLISHED
ESTABLISHED
NONE
NONE
ESTABLISHED
INV_CAPSULE

Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Positive
Negative
Positive
Negative

Normal_N0
Normal_N0
Abnormal_N1
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Not Done_NX
Not Done_NX
Not Done_NX
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Abnormal_N1
Not Done_NX
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Not Done_NX
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Not Done_NX
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Not Done_NX
Normal_N0
Normal_N0
Normal_N0
Not Done_NX
Normal_N0
Normal_N0
Not Done_NX
Normal_N0
Not Done_NX
Normal_N0
Normal_N0
Normal_N0
Normal_N0
Abnormal_N1
Normal_N0

CHAPTER III
SPARC UPREGULATES FACTOR(S) THAT DECREASE STEMNESS AND
INCREASE DORMANCY SIGNATURE GENES

III. A INTRODUCTION
Cytokine signaling in primary as well as metastatic sites plays a critical role in the
progression of breast and prostate cancer. The communication between tumor cells and the host
stroma involves dynamic interactions between multiple soluble factors and their respective
receptors (1). Furthermore, membrane-bound or secreted cytokines regulate cancer growth, and
pleiotropy of cytokine dictates overall phenotypic effect in the microenvironment (2). In bone
metastasis, the disruption of dynamics between osteoclast and osteoblast plays a critical role
during the onset of bone metastasis, and multiple cytokines mediate this event (3). Intracellular
signaling elicited by TGFβ, Wnt signal activators such as Wnt3a and Wnt5a and Notch ligands
are also known to play an important role in bone metastasis of prostate cancer (4,5). TGFβ
stimulates the release of osteolytic cytokines that activates the cascade of feed-forward cycle to
promote metastatic growth in the bone (6). On the other hand, Wnt signaling increases osteoclast
RANK expression, which binds to its ligand RANKL and promotes bone resorption and
subsequently bone metastasis (7). Both TGFβ and Wnt present in the bone microenvironment are
also known to promote the stem cell property of cancer cells (4,5,8). We aimed to identify the
soluble factors other than BMP7 that are upregulated in BMSC when treated with SPARC.
Furthermore, we identified the dormancy associated genes that are elevated in cancer cells when
they were incubated with BMSC CM that were pretreated with SPARC.
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III.B RESULTS
Our findings demonstrate that SPARC enhances BMP7 expression from BMSC as
described in Chapter II (Figure 5A and B). To further identify other factors that are induced by
SPARC, we treated BMSC with recombinant SPARC for 24 hours and examined the expression
profile of various cytokines and growth factors using the cytokine-specific PCR array. As shown
in Figure 1A, we found that DKK1 was significantly up-regulated by SPARC in BMSC. This
result was further confirmed by qRT-PCR and western blot (Figure. 1B). In addition, we treated
BMSC with CM which was generated from Indolent and Aggressive cells and found that the
DKK1 level was increased when BMSC were treated with CM derived from Indolent cells
(Figure 1B).
DKK1 is an inhibitor of Wnt signaling and it binds competitively to Wnt co-receptor. To
further examine if SPARC-treated BMSC CM can suppress Wnt signaling, we constructed a
luciferase reporter vector attached to the Wnt-responsive gene promoter (Figure 2A). This
construct was overexpressed in HEK 293TN cells. We then treated these cells with SP+BMSC
CM (Figure 2A). As expected, the treatment of HEK 293TN cells with SP+BMSC CM
significantly suppressed Wnt activity as observed by the luciferase assay (Figure 2B). In addition,
we performed the luciferase assay by using CM that were isolated from BMSC treated with either
Indolent CM or Aggressive CM. As shown in Figure 2B, the Wnt activity was strongly reduced
by the Indolent CM pre-treated BMSC CM. These results suggest that SPARC upregulates
secretory DKK1 from BMSC, which then suppresses Wnt signaling in cancer cells.
Wnt signaling is well-known to play a significant role in enhancing tumor progression by
increasing stemness in cancer cells (9). Therefore, we examined the effect of DKK1 on altering
cell proliferation by MTT assay. As shown in Figure 3A, we found that DKK1 suppressed cell
proliferation ability of Indolent and Aggressive cells. Furthermore, we also observed that DKK1
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induced G1 cell cycle arrest in PC3mm cells (Figure 3B and 3C), and the cell cycle inhibitor p21
was found to be upregulated in cells that were treated with DKK1 (Figure 3D). Furthermore, we
utilized the GEO dataset to examine the correlation of DKK1 with p21 expression. As shown in
Figure 3E, we found that DKK1 is significantly correlated with p21 expression in primary and
metastatic tumors. In addition, DKK1 expression was found to be decreased in tumors compared
to normal prostate tissues. The DKK1 level was further decreased in patients with metastatic
disease when compared to localized disease (Figure 3F), suggesting that downregulation of
DKK1 accelerates progression of primary tumor to the metastatic disease. Moreover, increased
DKK1 expression in primary prostate tumor was significantly correlated to longer recurrence-free
survival in patients (Figure 3G). These results indicate that DKK1 expression is significantly
decreased in cancers with high metastatic ability, and that the expression of DKK1 in the cancer
cells reduces their proliferative ability by inducing cell cycle arrest.
Activation of Wnt signaling was previously demonstrated to enhance stem cell property
of tumor cells (9). Therefore, we examined the effect of DKK1 on altering stem cell ability by
performing the sphere formation assay. As shown in Figure 4, DKK1 significantly reduced the
number of spheres in Indolent, Aggressive and PC3mm cells. These results suggest that DKK1
secreted by BMSC can significantly inhibit the proliferation and stem cell ability of prostate
cancer cells.
Chery et al recently reported 26 dormancy signature genes (DSGs) by profiling the DTC
that were isolated from the prostate cancer patients (10). Because SPARC responsive secreted
factor from BMSC significantly increased dormancy signaling, we examined the effect of SP+
BMSC CM on the DSGs expression. We treated Indolent cells with SP+ BMSC CM for 24 hrs
and found that 6 out of 26 dormancy signature genes (p21, TPM1, DEC1, NR2F1, SMAD7 and
IGFBP5) were significantly upregulated by SP+ BMSC CM when examined by qRT-PCR
(Figure 5A). Furthermore, we also established the six gene classifier based on the normalized
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expression of these genes, and examined its hazard ratio to recurrence by using GEO dataset. We
found that patients who expressed high levels of the six gene classifier showed lower hazard ratio
when compared to the patients who expressed decreased levels of these six genes (Figure 5B).
The increase in recurrence-free survival was evident in patients expressing high levels of the six
gene classifier (Figure 5C). Interestingly, DEC2, NR2F1 and SMAD7 were previously shown to
be involved in tumor dormancy in HNSCC (11,12). Overall, these results indicate that SPARCinduced factors from BMSC can increase key clinically relevant dormancy associated genes.
Therefore, it is plausible that BMP7/DKK1 activates dormancy signaling by upregulating these
intracellular factors.

III.C DISCUSSION
Our results indicate that SPARC secreted by Indolent cells induces expression and
secretion of the Wnt inhibitor DKK1 from BMSC. Treatment of PC3mm cells with recombinant
DKK1 elevated the expression of p21 tumor suppressor and increased G1 cell cycle arrest by
inhibiting the Wnt signaling. On the other hand, SPARC-treated CM from BMSC altered gene
expression of key dormancy-associated genes suggesting that the SPARC-induced secreted
factors, such as BMP7 and DKK1, enhance tumor cell dormancy.
Activation of Wnt signaling is associated with tumor progression and metastasis of
multiple cancer types, especially by activating stem cell programming in the cells (13). In prostate
cancer, the osteoblastic bone metastasis is mainly mediated by Wnt ligands released by prostate
cancer, and DKK1 expression inhibits endogenous Wnt activity to suppress tumor growth in the
bone (14,15). Hall et al reported decreased levels of DKK1 in bone metastases of prostate cancer
patients. In their study, they showed that loss of DKK1 enhanced formation of osteoblastic bone
lesions by inhibiting osteoblast genesis (14). Later, the same group demonstrated that DKK1
expression was regulated by crosstalk between parathyroid hormone-related protein (PTHrP) and
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the Wnt signaling pathway (16). PTHrP is highly expressed in prostate carcinoma and mainly
involved in bone metastasis of breast and prostate cancers (17). PTHrP inhibited DKK1
expression by activating c-Jun, which binds to DKK1 promoter, and thereby silences the gene
expression (16). Other mechanisms of epigenetic silencing of DKK1 have also been reported in
colon and gastrointestinal cancers, which suggests that downregulation of DKK1 plays critical
role in tumor progression (18,19). Therefore, our findings shed light into the novel mechanisms
by which decreased DKK1 signaling in primary tumor is restored during dormancy of prostate
cancer by SPARC-mediated paracrine response in the bone.
Developing new molecular signatures that distinguish aggressive and indolent prostate
cancer may be useful for predicting survival and disease progression of patients and for making a
decision of therapeutic course. Multiple genes, independently or in combination, are reported to
serve as a biomarker for PSA recurrence of prostate cancer (20,21). Furthermore, a differential
proteomic approach integrated with transcriptomic profiling has also identified gene predictor of
clinical outcome in benign or localized disease (22). Based on our analysis, the six gene classifier
that was upregulated in cancer cells can serve specifically as prognostic biomarkers for bone
dormancy. Induced expression of these six genes verifies the paracrine effect of SPARC in
dormancy, and therefore, these genes can be used as therapeutic targets to prolong dormancy.

III.D EXPERIMENTAL PROCEDURES

Quantitative RT-PCR (qRT-PCR) analysis and PCR array: Total RNA was isolated from the
cells and reverse transcribed. The cDNA was then amplified with a pair of forward and reverse
primers to validate the results of microarray and PCR array. The thermal cycling conditions
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composed of an initial denaturation step at 95°C for 1 min followed by 35 cycles of PCR using
the following profile: 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s.

Wnt luciferase assay:
The luciferase activities were measured by using the Dual-Luciferase Reporter Assay System
(Promega, Madison, MI) and a luminometer (Berthold Detection Systems,Huntsville, Alabama).
For each transfection experiment, the Renilla expression plasmid phRG-TK (Promega) was cotransfected as an internal control, and the promoter activities were normalized accordingly.

Wesstern blot: The cells were lysed and analyzed by immunoblotting using antibodies specific
for DKK1 (AbCam).

Cell cycle analysis: Cells were treated with or without 1ug/ml of DKK1, and they were
trypsinized, washed twice in PBS, and fixed in 70% ice-cold ethanol. The fixed cells were
washed twice in PBS, treated with 50μg/ml propidium iodide and 250μg/ml RNase A for 30 min
at 37oC, and analyzed by flow cytometry using the C6 flow cytometer (Accuri Cytometer) and
FCS Express software (DeNovo Software).
MTS Cell proliferation assay: 2000 cells/well were seeded into 96-well plates in regular growth
medium, and cells were treated with or without DKK1 (1ug/ml) for 72 hours. Cell viability was
measured by the MTS assay according to the manufacturer’s recommendations (Promega) at
day3.
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III.F FIGURES AND LEGENDS
Figure 1: SPARC induces DKK1 expression from BMSC. (A) Schematic illustration of SPARC
addition to BMSC (200ng/ml) followed by the PCR array (upper panel). Seven genes that were
upregulated by SPARC are shown in the table. (B) DKK1 expression was examined by western
blot (upper panel) and qRT-PCR (lower panel) 24 hrs after BMSCs were treated with either
SPARC (200ng/ml) or Indolent/Aggressive CM.
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Figure 2: SPARC-induced DKK1 inhibits Wnt activity. (A) Schematic illustration of the Wnt
luciferase reporter plasmid that was transfected to 293T cells. (B) BMSC was treated with CM
from Indolent or Aggressive cells or recombinant SPARC as shown in A. After 24 hrs, CM was
replaced by 10% RPMI and they were further incubated for 24 hrs. This CM was used to treat
293 TN cells followed by Wnt luciferase assay (E).
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Figure 3: DKK1 inhibits cell proliferation and induces cell cycle arrest. (A) The MTT cell
proliferation assay was performed 3 days after treatment of Indolent and Aggressive cells with
recombinant DKK1 (1ug/ml). (B) PC3mm cells were treated with recombinant DKK1 (1μg/ml)
for 48 hours followed by cell cycle analysis. The representative images of cell cycle are shown.
(C) The percentage change in G1, S and G2 phase after DKK1 addition is shown. (D) PC3mm
cells were treated with DKK1 (1ug/ml) for 24 hours followed by examination of p21 expression
by western blot. (E) The correlation between DKK1 expression and p21 was examined using
GSE21034. (F) The expression levels off DKK1 in the normal tissue, primary prostate tumor
tissue and primary tissue with metastasis were examined by analyzing GSE21034 dataset. (G)
The recurrence-free survival was examined by grouping patients based on DKK1 expression
using GSE21034 dataset.
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Figure 4: DKK1 inhibits sphere forming ability of prostate cancer cells. Indolent, Aggressive and
PC3mm cells were treated with or without recombinant DKK,1and number of spheres were
counted at day 5. Upper panel shows the representative picture of the spheres in treatment and
non-treatment group.

- DKK1

+ DKK1
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Figure 5: SPARC treated BMSC CM upregulates Dormancy signature genes. PC3mm cells were
exposed to CM from BMSC that were either treated with recombinant SPARC (SP + BMSC
CM), vehicle (SP – BMSC CM) or 10% RPMI media (Control), and expression of p21, NR2F1,
SMAD7, DEC2, TPM1 and IGFBP5 was examined by qRT-PCR. (B) The table shows the hazard
ratio (HR) of six genes and six gene classifier to recurrence (C) A 6 gene classifier for p21,
NR2F1, SMAD7, DEC2, TPM1 and IGFBP5 was established from GSE21034 dataset, and the
recurrence-free survival curve was plotted.
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CHAPTER IV
OVERALL DISCUSSION
IV.A DISCUSSION
SPARC stimulates paracrine inhibition of prostate tumor growth in the bone: The
process of metastatic dormancy involves a complex interplay of autocrine and/or paracrine
signaling in the target organ. Cancer cells communicate with the stroma at the metastatic site via
secreted factors or exosomes (1-3). It has also been demonstrated that dormant survival of cancer
cells is associated with activation of stress signaling (i.e. p38 activation) acted upon by the
environmental factors, and the perivascular niche where the cells reside (3,4) . In our study, we
developed model cell lines for dormancy and recurrence by limiting dilution of prostate cancer
stem cells and found that the stromal paracrine response to indolent prostate cancer cells dictates
phenotypic growth state of dormant cells. The SPARC-BMP7-BMPR2 paracrine axis maintained
the dormant state of prostate cancer cells in the bone by inducing senescence. Furthermore,
SPARC also elevated the endogenous Wnt inhibitor, DKK1, from the bone stroma resulting in
cell proliferation, cell cycle progression and stemness of prostate tumor cells. Importantly, the
inhibition of cancer cells by paracrine effect induced by SPARC resulted in activation of the p38
MAPK signaling pathway and several key dormancy associated genes. Therefore, increasing
SPARC expression, via small molecules or natural compounds, is one promising approach to
retain the disseminated cells in a prolonged dormant state and inhibit recurrent outgrowth.
Indolent and Aggressive cells serve as a new tool in the study of dormancy: The
study of cancer cell dormancy is limited mainly due to the lack of appropriate animal models that
faithfully recapitulates the clinical setting. Chamber’s group has established murine cell lines
(D2.OR and D2A1) which, when grown in 3D culture or in vivo, showed dormancy (D2OR) or
aggressive phenotype (D2A1) (5,6). Using these paired cell lines, they showed that intercellular
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signaling from extracellular matrix component plays a major role in the exit of D2.OR cells from
dormancy (7,8). These studies showed that the premetastatic niche in the lung microenvironment
was shown to be fibrotic due to deposition of Type I collagen. This fibrotic microenvironment
activated a cascade of signaling through FAK, integrin beta 1 and Src to promote escape of
D2.OR cells from dormancy. It should be noted that SPARC is reported to differentially regulate
Src and FAK, and therefore, future studies should aim to dissect complexities associated with
these dual roles of SPARC. On the other hand, D2.OR cell line was derived from the hyperplastic
alveolar nodule of the mouse, and it is possible that the dormancy signaling observed in this cell
line may be specific to mouse cells. Another paired cell line model isolated by Ghiso’s group
includes D-Hep3 and T-Hep3 lines that were derived from the human squamous carcinoma cell
line Hep3. D-Hep3 cells showed quiescent phenotype when injected into chick chorioallantoic
membrane (CAM) or in mice whereas T-Hep3 quickly colonized in distant organs in vivo (9,10).
Although differential in vivo growth patterns of D2.OR and D2A1, and D-Hep3 and T-Hep3 were
evident, no differential cell proliferation ability was observed between these paired cell lines,
which indicates that specific microenvironmental cues are necessary for the dormancy of the
tumor cells. These findings are consistent with our results that no differential growth was
observed between Indolent and Aggressive cells in vitro. The Indolent cell line, to our
knowledge, is unique cell line due to the ability to recapitulate indolent disease of prostate cancer
in the bone. In another study, Havens et al developed a new tool for the study of disseminated
tumor cells before their metastatic outgrowth (11). When multiple prostate cancer cell lines were
orthotopically or subcutaneously implanted in SCID mice, cells spread to the distant organ
without any evidence of overt metastatic diseases, suggesting that these models are extremely
useful in studying mechanisms pertaining to dormancy and premetastatic niche (11). It will be
interesting to examine the levels of SPARC, Noggin and BMPR2 in these cells disseminated to
the bone.
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Roles of SPARC in bone and bone metastatic disease: SPARC is a highly conserved
calcium binding protein present in the extracellular matrix. SPARC mediates cell-matrix
interaction and does not contribute to the maintenance of matrix structure of the cell (12). In
adults, SPARC expression is limited to remodeling tissues (13). The SPARC protein is comprised
of three domains: N-terminal Acidic, follistatin-like, and the extracellular Ca2+ binding Cterminal domain and each of these domains have a specific function. The C-terminal domain
binds to the cell matrix components via calcium-binding motifs, which is important in the
maintenance of bone matrix structure (12,14,15). In addition to its extracellular matrix function,
SPARC is also known to be secreted as several studies have shown SPARC in the human blood
(16-18). Furthermore, SPARC was detected in the golgi apparatus and nucleus of cells (17),
suggesting that the role of SPARC is not limited to extracellular matrix homeostasis.
SPARC plays an important role during the process of bone mineral deposition. SPARC
binds to insoluble type I collagen in the bone, which results in the formation of SPARC-CollagenI complex that further binds synthetic apatite crystals and free calcium ions to form the bone
matrix (15,19,20). Therefore, SPARC is important for the maintenance of bone mass and normal
bone remodeling. It was reported by multiple investigators that SPARC deficiency stimulates
osteolysis by using SPARC-null or SPARC mutated mice models (21,22). McCabe et al observed
that SPARC null mice showed decreased bone formation and decreased number of osteoclasts
and osteoblasts (21). Furthermore, the murine prostate cancer cells increased osteoclast
differentiation, which is a key step toward cancer-induced bone remodeling. It should be noted
that osteoclast maturation is frequently evident in SPARC knockout mice (21) (Figure 1). On the
other hand, SPARC increases differentiation of bone-forming osteoblast cells to maintain bone
homeostasis (22,23). Furthermore, Noggin, which is highly expressed by Aggressive cells, was
previously reported to inhibit osteoblast differentiation (24). Our result that knockdown of
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Noggin in Aggressive cells attenuates the ability to grow in the bone is consistent with the
osteoblast inhibitory function of Noggin.
The role of collagen in cancer progression and metastasis has been well documented (2527). DDR1, the receptor of collagen mediated signaling, was shown to stimulate the metastatic
outbreak of dormant cells in the lung (28). Interestingly, SPARC was reported to decrease
collagen-mediated signaling in the cancer cells. Specifically, SPARC binding of collagen reduced
the interaction of collagen and DDR1 thereby attenuating DDR1 signaling (29) (Figure 1). In
addition, other reports suggested that SPARC inhibits intracellular collagen trafficking and
extracellular collagen processing (30). However, how SPARC affects collagen processing in
cancer has not been studied.
Said et al have reported that SPARC inhibits tumor growth in an autocrine manner (31).
They utilized the TRAMP +/+/ SPARC -/- model to show that SPARC inhibits tumor progression
by upregulating tumor suppressor p21 expression (Figure 1). Furthermore, p21 expression was
also shown to be elevated when Du145, LnCaP and PC3 cells were treated with recombinant
SPARC. In contrast, Indolent and Aggressive cells did not show any differential in vitro growth
in our study. This discrepancy may be attributed to the presence of a putative SPARC receptor
and differences in intracellular and extracellular functions of SPARC. To date, no bonafide
receptor for SPARC has been identified in cancer cells. It is possible that tumor cells in TRAMP
+/+, SPARC -/- mice and Du145, LnCaP and PC3 cell lines express the putative receptor to
inhibit tumor growth via intracellular signaling, whereas PC3mm-derived Indolent and
Aggressive cells might already have lost such receptor expression. One study has reported
Stabilin1 as a receptor for SPARC in alternatively activated macrophages (M2) (32). Similarly,
SPARC was also shown to bind to Integrin β1 in murine epithelial cells and VCAM-1 in
endothelial cells; however, these receptors are yet to be verified as bonafide SPARC receptor in
the context of cancer (33,34). Furthermore, differential post-translational modifications of
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SPARC may regulate its function. Kelm et al observed differential glycosylation of SPARC
between different cell types (35). Although NH2-terminal sequence was identical, it was found to
be differentially glycosylated in osteoblasts and megakaryocytes (35). These results suggest that
SPARC possesses distinct functions depending on the N-terminal glycosylation. How
glycosylation affects the function of SPARC is not known yet, and future studies should aim to
identify the tissue-specific glycosylation and its effect on the function of SPARC.
The role of SPARC in tumors is extremely contextual, tissue-type dependent and
microenvironment dependent. Contrasting roles of SPARC in tumor progression are reported for
multiple cancer types (31,36-39). Moreover, the effect of SPARC during tumor progression could
depend upon its activity toward different cells present in the tumors. The vast majority of studies
have shown an inhibitory effect of SPARC on proliferation and spreading of endothelial cells
(12). Multiple peptides are generated when SPARC is cleaved by proteases, and these peptides
showed pro-angiogenic effects as well as angiostatic effects (40-43).Therefore, the biological
activity of SPARC is likely to be dependent on the protease profile of the specific niche.
SPARC receptor potentially dictates cancer aggressiveness: BMSC are isolated from
the bone marrow aspirates of donors by separating and plating mononuclear cells to obtain
adherent human marrow stromal cells. Therefore, BMSC are a mixture of multiple cell types
including mesenchymal stem cells, osteoblasts, osteoclasts and other stromal cells (44). It is
conceivable that specific cell types respond to SPARC by secreting BMP7, DKK1, or both. In
addition, SPARC is known to be cleaved into multiple peptides, and each peptide could bind to
specific receptors and elicit different intracellular response (12). Therefore, it is imperative to
identify such receptors in cell types present in the bone and explore the molecular mechanism of
DKK1 and BMP7 upregulation. It has been previously reported that SPARC possesses
cytoplasmic and nuclear functions in addition to its cytokine function (17,45). Therefore, SPARC
and its cleaved peptides may have different intracellular and extracellular functions in a context-
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dependent manner. In this respect, identification of specific functions of these peptides will be
helpful in deciphering the mechanism associated with aggressiveness of tumors.
BMP7-BMPR2 axis mediates inhibitory effect to the cancer cells: BMP7 is a member
of the TGF-β family and it is well-studied for its involvement in developmental processes
(46,47). In the context of cancer, BMP7 is known to inhibit migration and invasion of cancer cells
(48-50). Importantly, BMP7 was shown to inhibit EMT, which is a hallmark for an aggressive
tumor cell phenotype (48). We have reported in our previous publication that BMP7 significantly
up-regulated expression of E-cadherin while decreasing fibronectin and vimentin expression to
suppress the stem cell properties of PC3mm cells (51). Furthermore, the role of EMT in
promoting a stem cell phenotype of cancer has been well established (52). Interestingly, Zeb1and Twist2-mediated EMT was reported to suppress cellular senescence, which indicates that
reversal of EMT phenotype dictates the escape from senescence thereby leading to outgrowth of
metastasis (53,54). Therefore, it is interesting to see the expression of EMT markers in Indolent
and Aggressive cells when they were co-cultured with different bone residing cells. In addition,
the potential of Noggin to alter the expression of these genes by inhibiting BMP7 binding could
further establish the role of Noggin in recurrent disease.
Metastatic growth in the bone is coupled with the bone resorption and bone formation
processes through cancer cell interaction with osteoclasts and osteoblasts (55) Approximately, 2060% of prostate cancer bone metastases are osteolytic or a mixture of osteolytic and osteoblastic
lesions (56). We previously reported that BMP7 treatment inhibited osteolysis stimulated by
tumors in the bone (51). Similarly, SPARC was also shown to decrease osteoclast differentiation
and cancer cell growth in the bone (21). It is plausible that SPARC inhibits osteolysis via BMP7
induction as BMP7 has been reported to enhance bone formation and bone repair (57,58).
However, both BMP7 and SPARC could inhibit tumor-induced osteolysis independently, and
future studies should decipher the mechanism behind the inhibition of osteoclast differentiation.
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Wnt inhibitor DKK1 decreases bone metastasis of prostate tumors: In addition to
BMP7, this study observed that SPARC also increased expression of the endogenous Wnt
pathway inhibitor, DKK1. Activation of the Wnt pathway is known to induce tumor progression
in multiple cancer types including prostate cancer (59). In patient tumors, Wnt ligand was
upregulated, especially in metastatic lesions that included bone metastasis, and the nuclear
staining of the Wnt downstream activator, β-catenin, significantly correlated with reduced
relapse-free survival (60). It should be noted that activation of Wnt and Notch signaling pathways
is well-documented for their role in reactivating dormant cells (61). Furthermore, expression of
secreted Wnt antagonists, such as DKK1, sFRP4 and FRZb, in prostate tumor cells significantly
decreased the proliferative and invasive abilities of these cells (62-64). Wnt activation is known
to enhance the self-renewal property of prostate tumors independent of androgen receptor
activity,(65) whereas inhibition of Wnt signaling by DKK1 and sFRP2 reduces the sphere
forming ability of various prostate cancer cell lines (62,65). Our finding that the treatment of
recombinant DKK1 decreased sphere forming ability is in concordance with these studies. In
support of this finding, it was also reported that Wnt inhibition by mesenchymal stem cells within
tumor microenvironment suppresses the growth of cancer cells. DKK-1 secreted by
mesenchymal stem cells was found to limit the growth of leukemia cells both in vitro and in vivo
(64). Furthermore, our results indicate that SPARC creates a dormant microenvironment by
enhancing expression of tumor inhibitory factors such as BMP7 and DKK1.
Dormancy associated genes are induced in cancer cells in response to SPARC
secretion by cancer cells: Multiple studies have aimed to identify genes that are associated with
dormant disease. One study found 26 genes that were highly expressed in dormancy and 21 genes
that were decreased in dormancy (66). Our results suggest that CM obtained from BMSC, which
were preconditioned with SPARC treatment, increased the expression of 6 out of 26 of these
dormancy genes. Among these genes, p21 is a cell cycle inhibitor which indicates cell cycle arrest
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by BMSC CM in response to SPARC. On the other hand, SMAD7, the negative regulator of
TGFβ signaling pathway (67), was previously shown to induce apoptosis of prostate cancer by
upregulating stress response pathways (68). Similarly, DEC2 is a direct downstream target of
p38 signaling and it inhibits CDK4 to suppress cell cycle progression. It is noteworthy that unlike
TGFβ1, TGFβ2 signaling activated by the distant microenvironment was found to upregulate
DEC2 in a p38-dependent manner to induce dormancy (10). Dormant cells residing in a distant
environment showed increased NR2F1 expression that induced quiescence in DTC (9). In
agreement with this finding, we also observed increased NR2F1 expression in cancer cells treated
with BMSC CM. Moreover, NR2F1 level was further elevated when cells were treated with SP+
BMSC CM. It is obvious that factors secreted by BMSC in response to SPARC activated the p38
signaling pathway as both NR2F1 and DEC2 were found to be regulated in a p38-dependent
manner. The TPM1 (tropomyosin 1) and IGFBP5 (Insulin Growth Factor Binding Protein 5)
genes are well established tumor suppressors that affect mobility and angiogenesis of cancer cells,
respectively (69,70). Therefore, it will be interesting to examine if BMP7 and/or DKK1
specifically regulate the expression of these 8 dormancy associated genes.

IV.B FUTURE DIRECTIONS:
Our study has provided novel insight into the dormancy associated cancer stroma
crosstalk in the bone. Together with previously reported findings, as outlined in Figure 1, SPARC
is a key regulator in the dormancy of prostate cancer in the bone. Therefore, our future
experiments include examining the therapeutic effect of inducing SPARC in the treatment of
bone metastases. We sought to use two separate approaches to increase the level of SPARC (i)
screening of drugs/natural compounds that enhance SPARC expression in disseminated tumor
cells and (ii) utilize the Elastin-Like Polypeptide (ELP) to deliver SPARC or bioactive SPARC
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peptide(s) to the bone. For screening drugs/natural compounds, the SPARC promoter will be
cloned into the lentivirus based GFP reporter construct and prostate cancer cells will be infected
with the construct. We will then treat the cells with a natural compound library or FDA approved
drug library to identify drug(s) that will increase SPARC expression in cancer cells.
Additionally, we will also explore the possibility of treating bone metastasis of prostate cancer
via ELP based delivery of SPARC (71,72). ELP is a peptide with XGVPG amino acid repeats and
is an attractive carrier for delivery of peptide or drugs. ELPs can be aggregated in cells by
changing the temperature. Below the transition temperature (Tt), ELP remains in soluble form,
however, when the temperature is raised beyond its Tt, it aggregates and accumulates. This
property can be utilized to deliver and retain the drugs or peptides in the cells for prolonged
period of time. A bioactive SPARC peptide will be identified by treating BMSC and examining
BMP7 level as readout, and this peptide will be cloned into the 3-prime tail of the ELP. Tumor
cells will be implanted in the tibial bone of the mice and ELPs will be delivered intravenously.
Following ELP delivery, tibial bone will be heated to 42OC 3 times a week, and tumor growth
will be monitored by bioluminescence imaging. These experiments will establish the foundation
for using a bioactive peptide or compounds that increase SPARC expression as therapeutic
approaches to either treat bone metastasis or induce dormancy of DTC.
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Figure1: Overview of the role of SPARC in inducing dormancy in bone microenvironment
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APPENDIX

PREAMBLE
The following appendices were added by the permission of committee members. The work
discussed below is focused on Ductal Carcinoma In Situ (DCIS) and brain metastasis of breast
cancer. These studies do not have any overlap with the main thesis work. Therefore, the following
appendices were added to document projects that I have worked on during my Ph.D.
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APPENDIX I
ROLES OF IPW LONG NON CODING RNA IN DUCTAL CARCINOMA IN
SITU (DCIS)

The experimental design in this study was conceived by Kounosuke Watabe and Sambad
Sharma. Data collection and analysis was performed by Sambad Sharma, Xinhong Pei,
Yin Liu and Kounosuke Watabe. The manuscript was prepared by Sambad Sharma and
edited by Kounosuke Watabe.
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I.A INTRODUCTION
Ductal Carcinoma In situ (DCIS) is evident in approximately 60,000 patients each year in
United States (1). DCIS is localized tumor within the mammary duct and represents the most
common type of non-invasive form of cancer in female (2). Although mortality associated with
DCIS is very low, the chances of recurrence or progression to invasive disease are 20-30% (3-5).
Therefore, revelation of molecular mechanisms involved in transition of the normal duct cells to
carcinoma in situ could provide key information regarding biology of this early staged
carcinogenesis and its transition to invasive disease.
Increasing lines of evidence have suggested the role of long non-coding RNA in various
stages of cancer progression (6). We investigated differentially expressed LncRNAs in DCIS
compared to normal breast cells and identified that expression of LncRNA IPW (Imprinted in
Prader Willis) is significantly decreased in DCIS. Loss of IPW has been previously known to
cause Prader Willis Syndrome (PWS), a rare genetic disorder that is linked to paternal deletion of
multiple non-coding RNAs, including IPW, in maternally imprinted locus of Chromosome 15
(q11-13) (7-10). The complications associated with PWS include life-threatening obesity in
children, developmental and cognitive dysfunction and hypotonia (11). Interestingly, patients
with PWS are also reported to show increased susceptibility to multiple cancer types including
breast cancer incidence (12,13). In the current study, using both in vitro and in vivo approaches,
we found that IPW plays a crucial role in DCIS growth.

I.B RESULTS
We performed differential expression profiling analysis for long non-coding RNA
between DCIS.com cell line and normal immortalized MCF10A cells or Human Mammary
Epithelial Cell (HMEC) by using a PCR array that was previously described (14). As shown in
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Figure 1A, multiple LncRNAs were found to be commonly and differentially expressed in DCIS
compared to MCF10A and/or HMEC cells. Strikingly, decreased level of IPW was evident in
DCIS.com cells (Figure 1A and B). We also verified the decrease of IPW using a different pair of
normal and ductal carcinoma cell line, S1 and S2 respectively (15) and observed similar decrease
in the IPW level in S2 (Figure 1C). To further validate IPW decrease in clinical specimen, we
micro-dissected paraffin embedded patient tissue and isolated normal and DCIS cells. The result
of our PCR analysis revealed that IPW was indeed significantly downregulated in DCIS samples
(Figure 1D). In addition, when we examined a panel of breast cancer cell lines, we found that
IPW expression was lost at the very early stage of the disease (Figure 1E), suggesting its role in
transition of normal cells to DCIS. We then analyzed TCGA database and examined the IPW
level in paired samples of normal breast and tumor. As shown in Figure 1F, approximately 84%
of patients showed decreased IPW in tumors when compared to their matched normal breast
tissues. Furthermore, no significant change in IPW expression was observed between different
stages of breast cancer, suggesting that IPW plays prominent role in very early stage of tumor
transformation (Figure 1G). A similar expression pattern was observed when IPW level was
examined in different subtypes of breast cancer, except for basal-like cancers in which IPW
expression was significantly low (Figure 1H), which indicates that the decreased IPW plays
prominent role in basal-like tumors. We also observed that high expression of IPW is an indicator
for better prognosis of overall- and relapse-free survival (Figure 1I). All these results strongly
indicate the tumor suppressive role of IPW in localized ductal carcinoma as well as in advanced
invasive disease.
To further validate the role of IPW, we knocked-down IPW expression in MCF10A cells
using siRNA (Figure 2A and Figure 1E). The decrease in IPW expression conferred a strong
proliferation advantage to MCF10A cells (Figure 2B). Conversely, when we overexpressed IPW
in DCIS, we observed significant decrease in cell proliferation, colony formation, sphere
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formation ability and stem cell population (Figure 2C-F). Interestingly, DCIS overexpressed with
IPW showed strong cell cycle arrest at G1 phase via induction of p21 expression (Figure 2H and
I). In addition, the effect of IPW on cell proliferation, sphere and colony forming ability was also
evident in MCF7 cells (Figure 2J-L), which further suggest that tumor inhibitory function of IPW
is conserved in different stages of cancer progression.
To further elaborate our finding in vivo, we implanted DCIS cells with or without IPW
expression in the mammary fat pad of nude mice. As shown in Figure 3A, IPW significantly
reduced growth ability of DCIS cells (Figure 3A). These results strongly imply the tumor
suppressive role of IPW in DCIS.

I.C DISCUSSION AND FUTURE DIRECTIONS
A significant portion of transcribed human genome contains RNAs that do not translate
to protein. These RNAs includes small interfering RNAs (siRNA), Small nucleolar RNAs (Sno
RNA) and long non coding RNAs (LncRNAs). Although siRNA and SnoRNAs are well studied,
the role of LncRNAs in cellular processes is still poorly understood (16). Recent findings have
demonstrated that LncRNAs are not the leaky products of genome and they play crucial roles in
multiple cellular processes such as transcription, translation, post-transcriptional modification and
epigenetic regulation (17-20). Our work has identified novel tumor suppressive function of
lncRNA IPW in DCIS as we have shown that the expression of IPW in DCIS cell lines inhibited
the growth ability both in vitro and in vivo.
IPW is maternally imprinted RNA transcribed as a part of the host IC-SNRPN-SNURF
transcript (9). Loss of IPW expression plays a causative and critical role in the onset and
progression of PWS (10,21). Recently, it has also been identified that IPW modifies histone
marks to regulate the expression of DLK-DIO3 locus in chromosome 14 (10). This study
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established the histone modulating function of IPW by inducing H3K9 trimethylation marks. In
our study, although IPW level was significantly reduced in DCIS compared to normal cells, we
did not observe any differential expression of DLK-DIO3 locus which indicates that the target of
IPW is disease- and context-specific (figure not shown). In tumors, multiple LncRNAs are
known for their function in epigenetic regulation of genes via post-transcriptional modification
(16,22). LncRNAs such as ANRIL, HOTAIR, H19, Xist bind to the polycomb repressive
complex (PRC) and induce changes in the histones to regulate gene expression (16). IPW’s tumor
suppressive role in DCIS potentially involves epigenetic manipulation of genes. To our
knowledge, this is the first study to identify the suppressive role of IPW in DCIS and tumors, and
therefore, more detailed study of IPW is warranted to decipher its role in various cancer types.
The future experiments will aim to identify and validate specific binding partner of IPW
by performing deletion cloning followed by the RNA immunoprecipitation assay. We will focus
on verifying the role of IPW in the presence and absence of its binding partner and its
dependency on histone modifying function of IPW. Furthermore, target protein that correlates
with cell cycle arrest and stem cell inhibitory role of IPW will be identified by performing cellcycle and stem cell specific PCR arrays. It’s noteworthy that various lncRNAs were previously
reported to regulate the cell cycle and stem cell property and our study will discover a novel role
of IPW in DCIS. In addition to these experiments, IPW expressed in S2-DCIS and MCF7 cells
will be injected to the mammary fat pad of the mice and tumor growth will be measured via
bioluminescence. The results from these experiments will establish a novel role of IPW in the
context of DCIS and breast cancer.
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I.D EXPERIMENTAL PROCEDURES
MTS Cell proliferation assay: After 7 days of treatment with breast-specific radiofrequency,
2000 cells/well were seeded into 96-well plates in regular growth medium. Cell viability was
measured by the MTS assay according to the manufacturer’s recommendations (Promega) at day
1, 3 and 5.

Colony formation assay: 500 cells were seeded in each well of six-well plate and cells were
allowed to grow in a regular medium for 7 days. At day 7, the colonies were fixed with ethanol
for 30 min, stained with Crystal Violet (CV) for 20 min and then the number of colonies was
counted manually.

Fluorescence activated cell sorting (FACS): After 7 days of treatment, cells were collected,
washed with PBS, and incubated with CD44-APC and ESA-PE for 20 minutes followed by
examining marker positive population (CD44+,ESA+) using BD Accuri.

Sphere-forming assay: Cells were plated (200 cells/well) in 96-well ultra-low attachment plates
(Corning) with DMEM/F12 supplemented with 2% B27 (Invitrogen), 20 ng/ml EGF (SigmaAldrich), and 4 μg/ml insulin (Sigma-Aldrich). The number of mammospheres was counted at
day 7, and data were represented as the means ± SEM.

Quantitative RT-PCR (qRT-PCR) analysis and PCR array: Total RNA was isolated from the
cells and reverse transcribed. The cDNA was then amplified with a pair of forward and reverse
primers to validate the results of microarray and PCR array. The thermal cycling conditions
composed of an initial denaturation step at 95°C for 1 min followed by 35 cycles of PCR using
the following profile: 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s.
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Statistical analysis: Results were reported as mean ± SEM. For in vitro experiments, the
Student’s t test or one-way analysis of variance was applied. For in vivo experiments, group
comparisons were performed using the nonparametric Mann-Whitney test or unpaired
Student’s t test. Kaplan-Meier curve comparison was performed with the log-lank test.

Cell culture: MCF10A cell was purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). MCF10AT cell is a premalignant cell line generated from MCF10A by
transformation with an activated form of T24 H-ras oncogene. MCF10DCIS.com cell line
(DCIS.com) was purchased from Asterand USA (Detroit, MI, USA).Stable clones of DCIS.com
cells expressing luciferase were established by infecting with lentivirus carrying the luciferase
gene. DCIS.com cells were further infected with lentivector expressing full-length of
complimentary DNA of IPW. MCF10A and MCF10A-siIPW cells were cultured in mammary
epithelial basal medium (MEBM) media with bullet kit supplements (Lonza Inc., Walkersville,
MD, USA). DCIS.com cells were cultured in RPMI 1640 (Invitrogen, Grand island, NY, USA)
containing 10% fetal bovine serum.

Animal experiment: DCIS cells expressing IPW or vector control (1 × 105 cells) were injected
into the fourth mammary gland (both left and right) of mice. In vivo imaging was performed to
monitor the tumor growth using the IVIS Imaging System by measuring photon flux after 15 min
of intraperitoneal injection of 150 mg/kg of luciferin twice a week. Mice were sacrificed at the
endpoint and DCIS tumors were harvested and fixed with 20% formalin.

Cell cycle analysis: DCIS-pCDH2, DCIS-IPW#4 and DCIS-IPW#5 Cells were synchronized
overnight in 0%FBS RPMI media. After synchronization, cells were incubated in regular RPMI
media for 48 hours. After the incubation, cells were trypsinized, washed twice in PBS, and fixed
in 70% ice-cold ethanol. The fixed cells were washed twice in PBS, treated with 50μg/ml
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propidium iodide and 250μg/ml RNase A for 30 min at 37oC, and analyzed by flow cytometry
using the C6 flow cytometer (Accuri Cytometer) and FCS Express software (DeNovo Software).

Statistical analysis: All the numerical values were expressed as the mean±s.e. of at least three
independent experiments. Statistical significance was determined by Student’s t-test or one-way
analysis of variance. P-values ˂0.05 were considered significant. Statistical procedures were
carried out using Graphpad prism.
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I.F FIGURES AND LEGENDS
Figure 1: Identification of tumor suppressor IPW in Ductal Carcinoma in Situ (DCIS) (A)
PCR array was performed to identify differentially expressed long non coding RNA in DCIS
compared to MCF710A or Human Mammary Epithelial Cells (HMEC). LncRNAs that were
commonly up-or down-regulated in DCIS compared to HMEC or MCF10A are listed in the table.
(B) IPW expression was verified in HMEC, MCF10A and DCIS cells line by qRT-PCR. (C) IPW
levels in S1 and S2 cells were examined by qRT-PCR. (D) Normal ducts and DCIS tumor
samples were micro dissected from formalin fixed paraffin embedded (FFPE) slide from patients
and RNA was extracted. IPW expression in normal duct and DCIS samples were examined by
qRT-PCR. (E) IPW expression was examined in the paired tumor-normal samples from TCGA
database for breast cancer (n=106). Patients were categorized based on fold change of expression.
(F) IPW expression was examined in different stages of cancer (T1, T2 and T3) and Normal
samples using TCGA breast cancer dataset. (G) Recurrence-free Survival (RFS) and Overall
Survival (OS) for IPW were examined using Kaplan Meier Plotter (http://kmplot.com/analysis/).
*, P-value<0.05, ** P-value<0.01 and ***, P-value<0.0001.
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Figure 2: IPW inhibits DCIS growth and induce cell cycle arrest. (A) IPW expression was
knocked down in MCF10A cells by using siIPW and IPW level was examined using qRT-PCR.
(B) Cell proliferation assay was performed to examine the growth of MCF10A-siScramble and
MCF10A-siIPW at day 1, 3 and 5. (C) IPW was overexpressed in DCIS.com cell line and two
clones were isolated (IPW#4 or IPW#5). IPW overexpression was verified by qRT-PCR. (D) Cell
proliferation ability of DCIS.com cells overexpressed with pCDH2 vector or IPW (IPW#4 and
IPW#5) was examined at day 1, 3 and 5 by MTS assay. (E) Colony forming ability of DCISpCDH2 , DCIS-IPW#4 and DCIS-IPW#5 was examined at day 10 after seeding 1000 cells in
each well of six well plate. (n=6/group). (F) Sphere forming ability of DCIS-pCDH2, DCISIPW#4 and DCIS-IPW#5 was examined at day 7. Upper panel shows representative figures for
each group (G) CD24low/CD44high/ESAhigh population in DCIS-pCDH2, DCIS-IPW#4 and
DCIS-IPW#5 was quantified by FACS (n=6/sample). (H) DCIS-pCDH2 (Control), DCIS-IPW#4
and DCIS-IPW#5 were subjected to cell cycle analysis and percentage of cells on G1, S or G2
phase was quantified. (I) p21 expression in DCIS-pCDH2, DCIS-IPW#4 and DCIS-IPW#5 was
examined by qRT-PCR (n=6/group). (J) IPW was overexpressed in MCF7 cells and cells
proliferation was examined at day 7 by MTS assay (n=12/group). (K) Sphere forming ability of
MCF7-pCDH2 and MCF7-IPW was examined at day 7. (L) Colony forming ability of MCF7pCDH2 and MCF7-IPW was examined at day 10. *, P-value<0.05, ** P-value<0.01 and ***, Pvalue<0.0001.
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Figure 3: IPW inhibits DCIS progression in vivo. (A) 50,000 DCIS-pCDH2, DCIS-IPW#4 and
DCIS-IPW#5 cells labeled with luciferase were injected into the mammary fat pad of the mice
and tumor growth was monitored by bioluminescence (n=5/group). Right panel shows
representative bioluminescence image mice for each group. *, P-value<0.05 (pCDH2 vs IPW#4),
** P-value<0.01 (pCDH2 vs IPW#4) and #, P-value<0.05 (pCDH2 vs IPW#5).
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APPENDIX II
BREAST SPECIFIC AMPLITUDE MODULATED ELCTROMAGNETIC FIELD
RADIOFREQUENCY (AM EMF RF) INHIBITS BRAIN METASTASIS OF
BREAST CANCER

The experimental design in this study was conceived by Kounosuke Watabe, Boris
Pasche and Sambad Sharma. Data collection and analysis were performed by Sambad
Sharma, Hugo Jimenez, Fei Xing, Boris Pasche and Kounosuke Watabe. The manuscript
was prepared by Sambad Sharma and edited by Kounosuke Watabe.
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II.A INTRODUCTION
Brain metastasis is evident in approximately 30% of patients with breast cancer and one
year survival of these patients remains less than 20% (1,2). The treatment of brain metastasis
mainly involves surgical resection in combination with whole brain radiation therapy (WRBT), or
stereotactic radiosurgery (SRS) (3). However, the patients often suffer with the adverse effects of
the treatment such as cognitive dysfunction and impaired mobility (1). In addition, approximately
50% of the patients experience recurrent disease and it’s difficult to differentiate recurrent tumor
from radiation induced necrosis, making brain metastasis hard to manage clinically (4).
Therefore, there is an urgent need for a less invasive therapy with minimal side effects, and
improved therapeutic efficacy.
Our current work has established a novel treatment approach for breast cancer brain
metastasis at a preclinical level by using amplitude modulated electromagnetic field
radiofrequency (AM EMF RF). AM EMF RF virtually has no side effect and can be safely
exposed to the patients. This project was based on the foundation of previous study by Dr.
Pasche’s group that performed a clinical trial and reported that breast cancer patients with
metastatic disease responded to the radiofrequency treatment and showed stable disease (5,6). In
this study, we specifically observed the effect of AM EMF RF in brain metastatic variants of
breast cancer cells. We found that AM EMF RF significantly inhibited the growth of brain
metastatic variants of breast cancer via decreasing the expression of stemness associated gene,
HMGA2, in 231-BrM and SKBr-BrM cells. Importantly, the treatment of brain metastatic cells
with AM EMF RF also sensitized the cells to radiation. In support of this finding, we found that
the stemness of radiation resistant variants derived from 231-BrM and SKBr-BrM cells were
significantly inhibited by AM EMF RF. Therefore, the treatment of brain metastasis with this new
approach has a high translational potential owing to its no/minimal side effect and pre-clinical as
well as clinical response.
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II.B RESULTS
We exposed MDA-MB-231-BrM (231-BrM) and SKBr-BrM cells AM EMF RF and
examined its effect on cell proliferation. A significant reduction in cell growth was observed at
day 7 (Figure 1A and B). Moreover, the growth inhibitory effect of AM EMF RF was retained
five days after withdrawal of the treatment (Figure 1C). AM EMF RF treatment also reduced the
colony forming ability, stem cell population and sphere forming ability of 231-BrM and SKBrBrM cells (Figure 1D, E and F). The effect of AM EMF RF on stemness was also evident in
MCF7-siXist cell line which is established in our lab and shows brain tropism (Figure 1E, F).
These results strongly suggest that breast-specific AM EMF RF inhibits key properties of brain
metastatic breast cancer cells.
Furthermore, we also sought the possibility if radiation resistant cell lines are responsive
to AM EMF RF as radiation treatment is standard of care for the treatment of brain metastasis.
Therefore, we established radiation resistant variant of 231-BrM and SKBr-BrM cells by
exposing these cells to 2 Gy of radiation for 3 cycles. These resistant variants (231-BrM-RR and
SKBr-BrM-RR) showed increased colony formation ability when exposed to 5 Gy of radiation
compared to their parental lines (Figure 1G). Interestingly, we found that AM EMF RF
significantly reduced the stem-cell population of radio-resistant SKBrM-RR cells, suggesting that
this modality of treatment is also appropriate for the treatment of recurrent disease (Figure 1H).
To examine the effect of AM EMF-RF in vivo, we implanted SKBr-BrM cells via
intracranial route to NOD-SCID mice followed by the treatment by AM EMF RF. As shown in
Figure 2A, AM EMF RF strongly reduced the SKBr-BrM growth in the brain. In addition, we
also implanted SKBr-BrM cells systemically via intracardiac route followed by the same
treatment and observed the brain photons by bioluminescence. We found that the treatment with
AM EMF RF significantly decreased the brain metastatic ability of SKBr-BrM cells (Figure 2B).
Furthermore, AM EMF RF also decreased overall metastasis in the mice (Figure 2C). Similarly,
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when we implanted 231-BrM cells intracranially, we found that AM EMF RF treatment
significantly inhibited its growth in the brain (Figure 2D).
The striking difference in growth of brain metastatic cells both in vitro and in vivo
prompted us to examine the effect of AM EMF RF on gene expression. We therefore treated 231BrM and SKBr-BrM cells with AM EMF RF and performed RNA sequencing to identify
differentially expressed gene. As shown in Figure 3A, we found that High Mobility Group AT-2
(HMGA2) was commonly downregulated in both cell lines that were treated with AM EMF RF.
We further validated the decrease in expression of HMGA2 by qRT-PCR and western blot
(Figure 3B). Interestingly, we found that the brain metastatic variants of breast cancer cells
expressed the higher level of HMGA2 compared to their parental lines, suggesting that HMGA2
potentially promote brain metastasis (Figure 3C). HMGA2 is a transcription factor known to
enhance tumorigenesis and metastasis of multiple cancer types by affecting stemness (7-10).
Importantly, when we analyzed the Gene Expression Omnibus (GEO) database, we found that
HMGA2 expression was significantly higher in patients who showed metastatic disease (Figure
3D). Additionally, HMGA2 amplification or upregulation was also found to be associated with
poor prognosis (Figure 3E) when TCGA data was analyzed. These results suggest that the AM
EMF RF inhibits brain metastatic cells by suppressing HMGA2 expression.
It was previously reported by Pasche’s group that AM EMF RF inhibition of cell
proliferation is calcium dependent, and inhibition of T-type Ca2+ channel to block the calcium
influx specifically abrogates the inhibitory effect of AM EMF RF. We therefore treated brain
metastatic cells with ethosuximide, T-type Ca2+ channel inhibitor, and examined the cancer stem
cell population by FACS. As shown in Figure 4A and B, treatment with ethosuximide rescued the
decrease in stem cell population in both 231-BrM and SKBr-BrM cells. Similarly, HMGA2
expression decreased by AM EMF RF was also rescued when the cells were treated with
ethosuximide, suggesting that the effect of AM EMF RF is dependent on calcium import in the
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cells (Figure 4C and D). Although calcium uptake is known to activate multiple signaling
pathways and cell proliferation in cancer cells, how AM EMF RF inhibits cell proliferation via
calcium influx is still under investigation. It is possible that AM EMF RF subtly increase the
calcium level and alters the membrane potential due to transient low calcium flux, and therefore
affects signaling from the cell surface receptor.
Our findings suggest that AM EMF RF is an excellent treatment option for the patients
with brain metastatic disease. The standard of care treatment of brain metastasis involves
irradiation and the tumors frequently recur by acquiring resistance to radiation (11). Therefore,
the acquisition of radiation resistance can be attributed to the stem cells that survive radiation
treatment. As AM EMF RF was found to reduce stem cell ability of brain metastatic cells, we
hypothesized that pre-treatment of cancer cells with AM EMF RF will sensitize cancer cells to
radiation. We therefore treated SKBr-BrM and 231-BrM cells with AM EMF RF for 7 days
followed by irradiating cells with various doses of radiation. As shown in Figure 5A, we found
that AM EMF RF was able to sensitize SKBr-BrM to radiation. Furthermore, we also found that
AM EMF RF treatment of strongly decreased colony forming ability of 231-BrM-RR and SKBrBrM-RR cells (Figure 5B). These findings suggest that AM EMF RF sensitizes the brain
metastatic cells to radiation and provides a novel therapeutic modality to treat brain metastatic
disease pre-or post-radiation.

II.C DISCUSSION AND FUTURE DIRECTIONS
Therapeutic options for the patients with brain metastatic disease are limited due to Blood
Brain Barrier (BBB) restriction of drugs entry to the brain and therefore survival of the brain
metastatic patients is dismal (12). In this project, we examined the effect of breast tumor specific
AM EMF RF in the treatment of brain metastasis at preclinical level. The growth inhibitory effect
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of AM EMF RF was previously established using hepatocellular carcinoma (13). Our results
show that administration of breast specific frequencies alters the gene expression of HMGA2 to
inhibit tumor growth or metastasis in the brain. Additionally, we found that the AM EMF RF
treatment sensitizes cells to radiation which leads to a new avenue of pre-treating patients before
irradiation of the tumors. The effect of AM EMF RF was found to be dependent upon the calcium
influx to the cells, and further studies will aim to find the insight into the molecular mechanism
behind the calcium dependency.
HMGA2 belongs to the non-histone chromosomal high mobility group (HMG) protein
family and its biochemical function includes DNA binding and thereby regulating gene
expression(10). The oncogenic function of HMGA2 has been reported by several groups and
mainly involves activation of stem cell programming in the tumor cells (9,14,15). In fact,
HMGA2 is known to be the downstream target of two major pathways that induce stemness,
TGF-β- and Wnt –pathway (7,16). Moreover, high HMGA2 expression in breast cancer is
prognostic indicator for reduced relapse-free survival (17). The major targets of HMGA2 in
breast include Tet1 and homeobox genes that are negative regulators of breast cancer progression
(18). Therefore, it is conceivable that the AM EMF RF potentially reduce stem cell ability and
cell proliferation via downregulation of HMGA2 gene expression.
In our future experiments, we will verify the decrease in HMGA2 transcription level by
AM EMF RF via promoter luciferase assay. We will also knockout or overexpress HMGA2 gene
in brain metastatic or their parental cell lines and verify its effect in regulation of the cell
proliferation and stem cell property in the presence or absence of AM EMF RF treatment.
Furthermore, immunohistochemical staining of the samples from primary breast tumors will be
compared to brain metastatic lesions to observe if HMGA2 level is increased in brain metastasis.
The results from these experiments will validate the role of HMGA2 in inducing stem cell
properties and the effect of AM EMF RF in decreasing HMGA2 levels in brain metastatic cells.

155

Furthermore, these experiments will examine the HMGA2 dependency of AM EMF RF in
inhibition of cell growth and stemness.
The in vivo experiments were performed using 231-BrM and SKBr-BrM cell lines that
are known to preferentially metastasize to the brain and our results indicate that breast specific
AM EMF RF significantly reduces the growth of these cells in the brain. We will further
substantiate this finding by injecting radio-resistant variants of these cell lines intracranially.
Furthermore, we will also examine the sensitization effect of AM EMF RF in vivo. For this, we
will first establish the tumor in the brain of NOD SCID mice followed by irradiation. One group
of mice will be pretreated with AM EMF RF for 10 days and the sensitization effect in this group
will be compared to the control group that did not receive the AM EMF RF before irradiation of
tumors. These two in vivo experiments will establish the foundation for the translational relevance
of AM EMF RF in clinics.
Our results indicate that calcium influx plays important role in the inhibition of tumor
cells by the frequencies. To gain the mechanistic insights, we will first patch clamp the cells at
single cell level and examine the calcium flux into the cells in the presence and absence of AM
EMF RF. If calcium flux is altered by the exposed frequencies, the downstream target(s) that
influence HMGA2 gene transcription will be examined by performing kinase array or
transcription factor array.
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II.D EXPERIMENTAL PROCEDURES
Animal Experiments: All animal experiments were conducted in compliance with the protocol
approved by the Laboratory Animal Care and Use Committee of Wake Forest University.
Intracranial injections were performed as previously described. Briefly, 5-6 weeks SCID mice
(Harlan) were anesthetized by intraperitoneal injection of ketamine/xylazine (90-120/7-10
mg/kg). The hair were removed using clippers (ChroMini chordless clippers, Harvard apparatus)
followed by shaving the hair (2mm breadth and 8mm length) with the razor. The area of incision
was cleaned using sterile cotton swab. Then the mouse was positioned into a Kopf sterotactic
frame. With the mouse secured in the stereotactic frame, we swabbed the forehead (between eyes
back to ears) with betadine via sterilized cotton swab, and then used a scalpel to make a 5-6 mm
caudal-rostral incision slightly to the right of midline while stretching skin with thumb and
forefinger and avoiding the prefrontal sinus. We then used the wood end of cotton swab to scrape
away fascial tissues covering the skull, and dry the skull well with the cotton end to help locate
midline and coronal sutures. A small burr hole was made by using sterilized Dremmel cordless
drill (#76 drill bit) at the desired coordinates. A sterile 25 gauge needle attached to the syringe
was introduced through the calvaria and into the brain at a depth of 4mm. The cells were injected
(volume of 5uL, 20,000 for SKBrM and 25000 for 231-BrM cells). After one minute, the syringe
was pulled up and a small amount of bone wax was applied to occlude the hole. The mouse was
then removed from the frame and wound clips were used to close the skin. The tumor
progression in the brain was monitored by bioluminescence imaging.
For intracardiac injections, 5-6 weeks SCID mice (Harlan) were injected into the left cardiac
ventricle of the mice (105 SKBr-BrM cells; 2*105 231-BrM cells). The cell growth and
development of metastasis were monitored by bioluminescence imaging (BLI).
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[3H]thymidine incorporation assay: Growth inhibition (GI) was assessed in breast cancer cells
exposed to breast-specific modulation frequencies as previously described (Rosman et al, 2008).
Briefly, cells were treated with the frequencies for 7 days, 3 hours every day. At day 7, cells
were washed, [3H]thymidine (Amersham) was added, and cells were incubated for 4 hrs. After 4
hrs incubation, cells were washed with ice-cold PBS, fixed for 1 h with 95% methanol, rewashed
in PBS, and lysed with 0.2 N NaOH. [3H] thymidine incorporation was measured using the
Beckman Coulter scintillation counter.

MTS Cell proliferation assay: After 7 days of treatment with breast-specific radiofrequency,
2000 cells/well were seeded into 96-well plates in regular growth medium. Cell viability was
measured by the MTS assay according to the manufacturer’s recommendations (Promega) at day
1, 3 and 5.

Colony formation assay: 500 cells were seeded in each well of six-well plate and cells were
allowed to grow in a regular medium for 7 days. At day 7, the colonies were fixed with ethanol
for 30 min, stained with Crystal Violet (CV) for 20 min and then the number of colonies was
counted manually.
Fluorescence activated cell sorting (FACS): After 7 days of treatment, cells were collected,
washed with PBS, and incubated with CD44-APC and ESA-PE for 20 minutes followed by
examining marker positive population (CD44+,ESA+) using BD Accuri.
Sphere-forming assay: Cells were plated (200 cells/well) in 96-well ultra-low attachment plates
(Corning) with DMEM/F12 supplemented with 2% B27 (Invitrogen), 20 ng/ml EGF (SigmaAldrich), and 4 μg/ml insulin (Sigma-Aldrich). The number of mammospheres was counted at
day 7, and data were represented as the means ± SEM.
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Quantitative RT-PCR (qRT-PCR) analysis and PCR array: Total RNA was isolated from the
cells and reverse transcribed. The cDNA was then amplified with a pair of forward and reverse
primers to validate the results of microarray and PCR array. The thermal cycling conditions
composed of an initial denaturation step at 95°C for 1 min followed by 35 cycles of PCR using
the following profile: 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s.
Statistical analysis: Results were reported as mean ± SEM. For in vitro experiments, the
Student’s t test or one-way analysis of variance was applied. For in vivo experiments, group
comparisons were performed using the nonparametric Mann-Whitney test or unpaired
Student’s t test. Kaplan-Meier curve comparison was performed with the log-lank test.

Immunohistochemistry: Mice brain tumor tissues were fixed in Formaldehyde and
paraffin-embedded. The sections were baked at 60°C for 1 h, deparaffinized in xylene, and
rehydrated and fixed in 10% neutral-buffered formalin. Immunohistochemical staining of
histological sections was performed according to the previously published protocol (19) using the
EnVision plus System (Dako) and antibodies specific to HMGA2 (Abcam).

Cell culture: SKBr-BrM cells were derived as described in Xing et al, 2016 (20). 231-BrM cells
were obtained from Massague’s group. SKBr-BrM, 231-BrM and MCF7siXist cells were grown
in regular DMEM medium with 10% fetal bovine serum, 100 μg/ml streptomycin, and 100 U/ml
penicillin, and they were incubated at 37°C in a 5% CO2 atmosphere.

Western blot: The cells were lysed and analyzed by immunoblotting using antibodies specific
for HMGA2 (AbCam).
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II.F FIGURES AND FIGURE LEGENDS
Figure 1: Breast-specific AM EMF RF inhibits brain metastatic breast cancer cells in vitro.
(A-C) Schematic for the assaying cell proliferation at day 7 and 12 after radiofrequency treatment
of cancer cells (A). SKBr-BrM and 231-BrM cells were exposed to 3 hours of EMF-RF treatment
or Sham every day till day 7, followed by quantification of cell proliferation by thymidine
incorporation at day 7 (n=4/group) (B). Cells were seeded on 96-well plate at the end of day 7
exposure, and cell proliferation was examined at day 1, 3 and 5 by MTS assay (n=8/group) (C).
(D) 231-BrM and SKBr-BrM cells were treated with EMF-RF or Sham for 7 days followed by
plating the cells into six-well plates for colony formation assay. Number of colonies were counted
at day 8 (n=6/group). (E) The percentage of cancer stem-like cells (CSC) was quantified in 231BrM, SKBr-BrM and MCF7siXist cells with to EMF-RF or Sham for 7 days by FACS
(n=5/group). (F) Sphere forming ability of SKBr-BrM and MCF7siXist cell line was examined
after treating the cells with EMF-RF or Sham for 7 days (n=8/group). (G) The colony forming
ability was examined in 231-BrM, 231-BrM-RR, SKBr-BrM and SKBr-BrM-RR cells after
exposing them to 5Gy of irradiation. (I-H) CSC population was quantified by FACS in 231-BrMRR (H) and SKBr-BrM-RR (I) cells that were treated with either Sham or EMF-RF. *, Pvalue<0.05, ** P-value<0.01 and ***, P-value<0.0001.
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Figure 2: AM EMF RF inhibits tumor growth and metastasis in vivo. (A) SKBr-BrM cells
were implanted into the brain by intracranial injection and mice were exposed to EMF-RF or
Sham till day 36. Tumor growth was monitored by bioluminescence (n=8/group). Right panel
shows the representative bioluminescence images for both groups. (B) SKBr-BrM cells were
implanted via intracardiac route and the mice were treated with either EMF-RF or Sham till day
32. The photon flux in the brain was quantified by bioluminescence imaging (n=6/group). (C)
SKBr-BrM cells were implanted via intracardiac route as mentioned in B, and overall metastasisfree survival was examined by quantifying bioluminescence imaging. (D) 231-BrM cells were
inoculated into the brain of NOD-SCID mice by intracranial implantation and the mice were
treated with EMF-RF or Sham till day 42. At day 42, mice were sacrificed and tumor growth in
the brain was quantified ex vivo by using bioluminescence imaging. Right panel shows
representative ex vivo bioluminescence image for EMF-RF and Sham group.
and ** P-value<0.01.
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*, P-value<0.05
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Figure 3: AM EMF RF inhibits HMGA2 expression in brain metastatic cells. (A) RNA
sequencing was performed using 231-BrM and SKBr-BrM cells that were exposed to EMF-RF or
Sham for 7 days. Left panel shows the outline of analysis that was performed to identify 9 genes
commonly up-or-down regulated in both cell lines. Table on the right panel lists out 9 genes
(Blue colored: downregulated genes and Red colored: upregulated genes). (B) HMGA2
expression was examined by western blot (up) and qRT-PCR (down) in 231-BrM and SKBr-BrM
cells after 7 days of exposure to EMF-RF. (C) HMGA2 expression was examined in SKBr3,
SKBr-BrM, SKBr-BrM-RR, 231, 231-BrM and 231-BrM-RR cells by western blot (upper panel)
and qRT-PCR lower panel. (D) Patients were divided based on HMGA2 alterations
(amplification and mRNA upregulation) and Kaplan Meier curve for was made using cbioportal
website. (E) Overall relapse-free survival was examined by segregating breast cancer patients
based on HMGA2 levels. Five GEO datasets were used to create a combined cohort with 618
patients. *, P-value<0.05, ** P-value<0.01 and ***, P-value<0.0001.
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Figure 4: AM EMF RF inhibits stemness in calcium dependent manner. (A, B) SKBrM and
231-BrM cells were exposed to EMF-RF or Sham for 7 days in the presence of ethosuximide or
vehicle and CSC population was quantified by FACS. (C, D) HMGA2 expression in SKBr-BrM
and 231-BrM cells exposed to EMF-RF in the presence of vehicle or ehtosuximide was examined
by western blot. *, P-value<0.05 and ** P-value<0.01.
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Figure 5: AM EMF RF sensitizes cancer cells to radiation. (A) SKBr-BrM cells were exposed
to EMF-RF or Sham for 7 days followed by irradiating the cells with 2 gy, 3 gy or 4 gy of
radiation. Number of colonies was counted 7 days after irradiation. (B) SKBr-BrM-RR and 231BrM-RR cells were treated with EMF RF for 7 days followed irradiation of the cells (5 gy). The
number of colonies was counted 7 days after irradiation. *, P-value<0.05, ** P-value<0.01 and
***, P-value<0.0001.
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