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Abstract:

Bone metastasis remains the most frequent and the deadliest complication of prostate cancer
(PCa). Mechanisms leading to the homing of tumor cells to bone remain poorly characterized.
Role of chemokines in providing navigational cues to migrating cancer cells bearing specific
receptors is well established. Bone is an adipocyte-rich organ since 50 to 70% of the adult bone
marrow (BM) volume comprise bone marrow adipocytes (BM-Ads), which are likely to
produce chemokines within the bone microenvironment. Using in vitro migration assays, we
demonstrated that soluble factors released by human primary BM-Ads are able to support the
directed migration of PCa cells in a CCR3-dependent manner. In addition, we showed that
CCL7, a chemokine previously involved in the CCR3-dependent migration of PCa cells outside
of the prostate gland, is released by human BM-Ads. These effects are amplified by obesity and
ageing, two clinical conditions known to promote aggressive and metastatic PCa. In human
tumors, we found an enrichment of CCR3 in bone metastasis vs. primary tumors at mRNA
levels using Oncomine microarray database. In addition, immunohistochemistry experiments
demonstrated overexpression of CCR3 in bone versus visceral metastases. These results
underline the potential importance of BM-Ads in the bone metastatic process and imply a
CCR3/CCL7 axis whose pharmacological interest needs to be evaluated.
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1. Introduction
Prostate cancer (PCa) is a major healthcare problem, hitting the third rank in term of mortality
by cancer in men and the first rank in term of incidence [1]. Dissemination of the tumor cells

outside of the prostate gland within the proximal fat depot (called Peri Prostatic Adipose Tissue,
PPAT) is a widely acknowledged adverse factor in PCa prognosis [2]. Cell migration is an
essential component of metastatic dissemination of tumor cells from the primary tumor to local
and distant sites. Invasion and dissemination are most efficient when the cells are involved in
directed migration that involve chemokines and their receptors [3]. We have previously
demonstrated that adipocytes from PPAT favor the initial step of PPAT infiltration by secreting
the CCL7/MCP3 chemokine that attracts CCR3-expressing cancer cells, and this process is
amplified in obesity [4]. Indeed, obesity, a condition where the secretory profiles of PPAT is
modified, is associated with greater occurrence of developing advanced and high-grade PCa
[5,6]. In human, ex-pression of the C-C chemokine receptor CCR3 is associated with the
occurrence of aggressive disease with extended local dissemination and a higher risk of
biochemical recurrence [4]. In addition to PCa, recent studies demonstrate that this receptor is
involved in thyroid [7], colon cancer [8] and glioblastoma [9] dissemination. Hitherto, the
central role of this receptor was demonstrated in eosinophil trafficking in allergic airway
diseases leading to the development of targeted inhibitors [10].

Even if local dissemination is a crucial step in PCa progression, the prognosis of PCa is
determined by the presence of metastases, that will be, in about 80 percent of the time, into the
bones [11]. Multiple chemokines and their receptors have been implicated in PCa progression
[12,13], but the picture lacks clarity when the question of bone homing is raised and the role of
CCR3 has never been investigated in this context [14]. It has been suggested that disseminated
tumor cells can use the same physiological mechanisms as those used by hematopoietic stem
cells (HSCs) homing to bone, involving primarily the CXCR4/CXCL12 axis [15]. In animal
models, metastatic PCa directly compete for the occupancy of the HSC niche during
localization to the bone marrow (BM) [16]. In the BM microenvironment, CXCL12 is primarily
expressed by perivascular mesenchymal stromal cells and at lower levels by endothelial cells
and osteoblast [17]. Pre-treatment of PCa cell lines with anti-CXCR4 antibodies or use of
CXCR4 antagonist decreases their ability to form bone metastasis in a mouse model [18,19].
At clinical levels, data are clearly lacking. A recent review of the literature suggests that the
increased expression of CXCR4 in primary tumors is significantly associated with lymph nodes
or bone metastasis occurrence in human [20]. Besides the CXCR4/CXCL12 axis, other studies
have implicated the CCL2/CCR2 axis in vitro and in animal models, although the experimental
design used in these studies more specifically addressed tumor growth into bones rather than
homing from distant sites [21]. According to our results involving CCR3 in local PCa
dissemination along a concentration gradient of adipocytes-secreted chemokines, we asked
whether this receptor might also be involved in the directed migration of PCa cells to bones
through the involvement of bone-marrow adipocyte (BM-Ad) secretion.

Bone is an adipocyte-rich organ since 50 to 70% of the adult bone marrow (BM) volume
comprise BM-Ads [22]. As adipocytes from other depots, BM-Ads appear to secrete bioactive
molecules termed adipokines, but limited data are available concerning their secretory profile
and its functional implication [22,23]. The number and size of adipocytes in the BM increase
with obesity as well as during ageing, conditions compromising hematopoiesis as well as bone



formation [24,25]. Obesity and ageing have also been associated with increased bone metastasis
in PCa, suggesting a potential role of BM-Ads in this process [26,27]. Therefore, these two
conditions, obesity and ageing, share common features. We have recently set up the purification
of human primary BM-Ads and demonstrated these cells exhibit a very specific lipid
metabolism as compared to sub-cutaneous adipocytes (SC-Ads) [28]. The use of human
material is of major importance since specie-specific differences exist between rodent and
human BM adipose tissue [22,23]. In addition, our recent study highlights the importance of
using primary human BM-Ads since their phenotype are not recapitulated by human BM
mesenchymal cells (BMSCs) differentiated in vitro [28]. Our current work first demonstrated
that in vitro human primary BM-Ads secretions are able to support PCa directed migration in a
CCR3-dependent manner. In addition, we demonstrated that, in human samples, PCa bone
metastasis were enriched in CRR3 positive cells. Taken together, the results obtained support a
potential role for CCR3 in the homing of PCa cells to bone.

2. Results

2.1. Obesity and Ageing Increase the Ability of BM-Ads to Promote the Migration of
Cancer Cells

To study the chemoattractant potential of BM-Ads, conditioned media (CM) were prepared
from either BM-Ads or paired SAT obtained from male patients (age between 51 and 73 years
and with body mass index (BMI) between 20 and 25 kg/m?2). Directed migration assays were
performed on two PCa cell lines with low (C4-2B) or high (PC-3) aggressiveness (Figure 1A
and B). The ability of BM-Ads to chemoattract tumor cells was at least equivalent (PC-3 cells)
or greater (C4-2B) than the 10% FCS positive control whereas SAT-CM was significantly less
chemoattractant than BM-Ad-CM.

As obesity and ageing have been associated to increased distant dissemination in PCa [26,29],
similar experiments were performed with samples obtained from obese (average BMI 33.3 +
2.3 vs. 21.4 + 3.3kg/m2 in obese versus control group) or elderly (average age: 75.7 = 5.7 vs.
60.2 + 5.2 years in aged versus younger control group) patients. In obese condition, the ability
of BM-Ad-CM to chemoattract tumor cells was in-creased for C4-2B and PC3 by about 2.6-
and 1.7-fold respectively as compared to the control group (Figure 1C). A slight effect of
obesity was observed with SAT-CM, but this effect was less pronounced than with BM-Ad-
CM (Supplementary Figure S1A-B). Similarly, the chemoattractive potential of BM-Ad-CM
from aged patients was increased in PCa cell lines as compared to the younger control group
(Figure 1D) and this effect was lower with SAT-CM (Supplementary Figure S1C-D).
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Figure 1. The chemotaxis of PCa cells towards BM-Ad-CM is enhanced by obesity and ageing. In vitro
migration of C4-2B (A) or PC3 (B) towards a medium containing either 0% (used as a negative control),
10% FCS or towards SAT-CM or BM-Ad-CM (n = 4-5/group). Statistical analysis by One-way ANOVA
with Holm-Sidak's multiple comparisons test was performed. (C) In vitro migration of the indicated PCa cell
lines towards BM-Ad-CM from lean (age: 62.8 £ 6.9 years, BMI: 21.4 + 3.3 kg/m?) or obese (age: 63.3 +
10.1 years, BMI: 33.3 + 2.3 kg/m?) subjects (n = 5/group). (D) Similar experiments were performed with
aged (age: 75.7 = 5.7 years, BMI: 23.3 + 4.3 kg/m?) and younger control (age: 60.2 £ 5.2 years, BMI: 22.1 +
3.5 kg/m?) subjects (n = 5/group). Data are shown as mean =+ sem (A-B) or mean of migrating cells (with the
control groups set at 100%) + sem (C-D). Statistical analysis by Student’s t-test was performed. * p < 0.05,
**p <0.01, ¥**p <0.001, ****p <0.0001, ns: not significant.

2.2. CCR3/CCL7 Axis is Involved in the Directed Migration of PCa Cells Towards BM-
Ad-CM

To investigate which chemokine receptor is involved in the chemoattractant potential of BM-
Ads, both antagonists and blocking mAbs were used in the directed migration assays.
UCB35625 is a dual inhibitor of CCR1/CCR3, but we have previously demonstrated that the
PCa cell lines do not express the CCR1 receptor [4]. UCB35625 as well as CCR3 neutralizing
mADb inhibit the migration of both PC3 and C4-2B cell lines by 40 to 60 % (Figure 2A-B). By
contrast, no significant effect was seen with antagonists or blocking mAbs directed against
CCR?2 (for which no validated commercial blocking antibody was available), CXCR1, CXCR2
and CXCR4 (Figure 2A-B). We then investigated the regulation of these effects in obese or
elderly subjects. Inhibition of CCR3 completely abrogated the increase of cell migration
observed in obesity (Figure 2C) and during ageing (Figure 2D) in both PC3 and C4-2B cell
lines. We have previously demonstrated that CCL7 is the main CCR3 ligand regulated by
obesity in PPAT [4]. Similarly, CCL7 secretion is significantly enhanced in BM-Ad-CM from
obese or elderly subjects (Figure 3A—B). CCL7 secretion was significantly increased in SAT-
CM in obese versus lean patients whereas no effect of ageing was observed (Figure 3A—B).
These results suggest that obesity and ageing increased the directed migration of PCa cells
modulating the secretory pattern of adipocytes, this effect being mainly dependent on the
CCR3/CCL7 axis.
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Figure 2. CCR3 is an important driver in the directed migration of PCa cells towards BM-Ad-CM and its
effect is majored in obesity and ageing conditions. In vitro migration of C4-2B (A) or PC3 (B) towards BM-
Ad-CM treated or not with either pharmacological inhibitors against CCR1/CCR3 (UCB35625, 200nM),
CCR2 (5¢-202525, 25nM), CXCR1/2 (SB225002 inhibitor, 50nM) or CXCR4 (AMD3100, 100nM) or with
mAbs against CCR3, CXCR1, CXCR2 or CXCR4 (all used at 10pug/ml). Bar plots represent the percentage
of migrating cells relative to the migration of untreated cells (set to 100%). Data are shown as mean + sem
(n=4-6). The statistical significance between means of migrating cells (in %) in treated vs. control cells was
evaluated by One-way ANOVA with Tukey's multiple comparisons test. Similar experiments were
performed with the indicated cell lines towards BM-Ad-CM obtained either from lean/obese (C) or
control/aged (D) subjects in the presence of CCR3 inhibitors and blocking mAb. Data are shown as mean +
sem (n = 4-9). The statistical significance between mean of migrating cells (with the control groups set at
100%) was evaluated by Two-way ANOVA with Sidak's multiple comparisons test. * p < 0.05, **p <0.01,
**% p <0.001, **** p <0.0001, ns: not significant.
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Figure 3. CCL7 is highly secreted by BM-Ads and its secretion is enhanced in obesity and ageing conditions.
Secretion of CCL7 was evaluated by ELISA in SAT-CM or BM-Ad-CM either obtained from lean/obese (A)
or control/aged (B) subjects. Data are shown as mean + sem (n = 3-5). The statistical significance was
evaluated by Two-way ANOVA with Tukey's multiple comparisons test. * p < 0.05, **p < 0.01, *** p <
0.001, ns: not significant.



2.3. Expression of CCR3 is Increased at Bone Metastatic Sites of Human PCa
Our in vitro results demonstrate that BM-Ads support PCa cell directed-migration, this effect

being dependent of the CCR3/CCL7 axis. These results support the hypothesis that CCR3 might
be involved in the homing of PCa cells to bone. To investigate this hypothesis, we explore
whether the human bone metastatic sites were enriched with tumor cells expressing CCR3 using
two different strategies. First, the cancer microarray database Oncomine was used to identify
microarray datasets comparing the expression of genes in primary tumors versus distant bone
metastases in order to create a specific cohort suitable for meta-analysis. The expression pattern
of CCR3 was investigated along with those of CCR2, CXCR2 and CXCR4 that have been
previously involved PCa bone metastases in pre-clinical studies [4,20,21]. Six datasets were
identified which contained the chosen chemokines receptor expression data including overall
277 samples with 249 primary tumors and 28 bone metastatic sites of PCa (Tablel). Using this
cohort, we showed that the expression of CCR3, as well as CCR2 and CXCR2, was up-
regulated in bone metastatic sites compared to primary tumors whereas CXCR4 expression was
down-regulated (Figure 4). Therefore, this first data set links CCR3 expression to PCa bone
metastases in human.

Table 1. Main characteristics of studies included in meta-analysis.

Author Year Microarray Primary Site (n) Bone (n)
Grasso [30] 2012 Agilent Human Genome 44K 59 0
LaTulippe [31] 2002 Human Genome U95A-Av2 Array 23 2
Liu [32] 2015 Human Genome U133A Array 3 13
Ramaswamy [33] 2001 HumanGeneFL Array + Hu35KsubA Array 10 3
Tamura [34] 2007 Platform not pre-defined in Oncomine 23 8
Taylor [35] 2010 Platform not pre-defined in Oncomine 131
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Figure 4. Expression of chemokine receptors in primary versus bone metastases of human PCa. The cancer
microarray database, Oncomine was used to compare the RNA expression of several chemokine receptors
(CCR2, CCR3, CXCR2 and CXCR4) in patient samples collected from bone metastatic (grey squares) or
primary sites (white squares) from six different data-sets. Differences between the two independent groups
were evaluated with Mann-Whitney’s test. ***p < 0.001, **** p <(0.0001.

(6)]
1

RNA expression
(Log2 of corrected mean value)
<
(14
—Ip

|
()]
1

L
)
L



Secondly, to strengthen the clinical relevance of our results, we investigated CCR3 expression
in different metastatic sites of PCa in two independent TMA. As shown in Figure 5, the number
of CCR3 positive tumors was significantly higher in bone versus visceral metastasis, whereas
no significant differences were observed between lymph nodes and bone sites. It is interesting
to note that the majority of visceral metastases were negative for CCR3 expression. However,
the fact that 50% of the bone metastasis do not express CCR3 suggest that other chemokine
receptors might also be involved in this process.
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Figure 5. CCR3 is overexpressed in bone compared to visceral metastasis in human PCa. Meta-static PCa
samples coming from different sites (lymph nodes (LN), visceral or bone) were stained for CCR3, and
categorized as positive or negative for CCR3 expression. (A) Representative exam-ples of negative and
positive staining in bone metastases are shown. Scale bars, 50 pm. (B) Quantification of the number of
metastasis negative or positive for CCR3 according to their anatomical location (LN (n = 34), visceral (n =
38) or bone (n = 87). Percentage of each group is mentioned in each bar graph. Chi2 statistic test was
performed (p = 0.0347) and contingency coefficient was calculated (0.2014). Comparison between location
was evaluated by fisher’s exact post-test (* p < 0.05).



3. Discussion

Our study demonstrates, for the first time, the implication of CCR3 in the in vitro
directed migration towards BM-Ad secretions and the enrichment of CCR3 expressing cells in
human bone metastatic sites, suggesting that this pathway could be involved in the homing of
PCa cells to bone.

Using conditioned medium from human primary BM-Ads, we first demonstrated that
their secretions possess a strong ability to support the directed migration of PCa cells. The
localization of tumors towards adipocyte-rich microenvironment during metastatic process has
been already described (for review [36,37]). For example, ovarian cancer cells preferentially
metastasize to the omentum (a large intra-peritoneal fat pad) [38]. Leukemic cells also
disseminate to SAT and visceral adipose tissues (VAT) at least in mouse models [39,40]. Using
a set of blocking mAbs and pharmacological inhibitors, we demonstrate that CCR3 is a master
regulator of PCa cell migration towards BM-Ad-CM. By contrast, metastases of ovarian cancer
to omentum involve predominantly CXCR1 [38] and CXCR4 is necessary for leukemic cells
dissemination to SAT and VAT [40]. These results highlight that the homing of tumor cells to
adipose tissue could be dependent on both tumor-and host-dictated (nature and anatomical
location of the adipose depots) characteristics. For PCa, the migration towards both surrounding
(PPAT) [4] or distant adipose tissue (BM-adipose tissue) is dependent of CCR3 suggesting the
predominance of tumor type over depots.

As for PPAT [4], we found that BM-Ads secrete the chemokine CCL7. Among the
CCR3 ligands, CCL7 has been recently implicated in the dissemination of several cancers such
as the dissemination of colon and lung cancers to liver [8,41,42]. To our knowledge, the pattern
of the chemokines secreted by primary human BM-Ads has never been studied while some
results were obtained using BMSCs differentiated in vitro in adipocytes. In human, in vitro
BMSC-derived adipocytes secrete the cytokines I[L-6, MIP-1/CCL3, G-CSF, and GM-CSF [43]
and in mice, they also produce CXCL1 and CXCL2 [44], both ligands of the CXCR?2 receptor.
However, we recently showed that BMSCs differentiated in adipocytes in vitro do not
recapitulate the phenotype of primary BM-Ads [28] and results obtained with these models
should be interpreted with caution. To our knowledge, our study is the first to report in vitro
directed migration of tumor cells to-wards primary human BM-Ad secretions. In addition, we
observed that CCL7 secretion by BM-Ads was up-regulated by obesity and during ageing; an
increased CCL7 secretion by PPAT of obese subjects having also been demonstrated in our
previous study [4]. Secretion of chemokines is upregulated in obesity mainly in VAT from
obese animal models and humans [45] whereas this regulation has not been studied in the
context of ageing so far. Ageing is associated with the occurrence of a senescent phenotype in
mature adipocytes marked by the overexpression of beta-galactosidase, increased expression of
p53 and P16INK4a and increased ROS generation [46]. This senescent phenotype is associated
with an increased proinflammatory cytokines secretion as well as metabolic dysfunctions
characterized by altered lipolysis and decrease glucose uptake [46]. These results have been
obtained in mature adipocytes from SAT and VAT and to our knowledge, the characterization
of phenotypical changes induced by ageing in human BM-Ads has never been performed. In
our study, the observed increase in migration associated with obesity and ageing is totally
abrogated when CCR3 is inhibited. Taken together, our results show that obesity and ageing



increased the directed migration of PCa cells by modulating the secretory pattern of adipocytes,
this effect being dependent on the CCR3/CCL7 axis. Interestingly, adipose tissue senescence is
one of the common features in obesity and ageing [46] and our preliminary results suggest that
these two conditions might similarly affect the secretory profile of BM-Ads.

Finally, a set of data collected in humans potentially highlights the clinical relevance of
our study. Having demonstrated the role of CCR3 in in vitro directed migration, we evaluated
if the bone metastatic sites were enriched with tumor cells expressing this receptor. The over-
expression of CCR3 was demonstrated in bone metastasis vs. primary tumors using the cancer
microarray database, Oncomine, and at the protein levels in bone vs. visceral metastasis by
immunohistochemistry. Unfortunately, since the datasets used were not annotated in terms of
metabolic parameters (even BMI), we were not able to demonstrate in human, the influence of
obesity and ageing in this process. Although these results suggest that CCR3 favors the homing
of PCa cells to bones, we cannot formerly exclude that cancer cells began expressing CCR3
once they have reached the bone in response to the bone environment. Our results showing a
decreased CXRC4 expression in bone metastasis using Oncomine are in apparent contradiction
with the study of Chen and Zhong [20]. Several reasons can account for these discrepancies.
Chen and Zhong evaluate the expression levels of CXCR4 in primary tumors, which will further
develop or not bone metastasis using therefore a correlative approach between CXCR4
expression and aggressiveness. In contrast, we choose to compare the expression of chemokine
receptors between primary sites and metastatic sites, meaning that the tumor cells have been
able to successfully invade the bone. The fact that we used normalized RNA chip analysis also
limit the inter-studies variation that could be observed in other meta-analysis.

In addition to our previous work [4], these results highlight that both local and distant
dissemination of PCa might be dependent on CCR3. CCR3 appears to be a specific and
interesting therapeutic target that could permit to limit bone metastases, the deadliest
complication of PCa, but also help in controlling further development of the disease. Therefore,
our results suggest new strategies for the treatment of advanced PCa, involving CCR3
antagonists, which are currently being developed for other diseases including asthma [10].
However, the involvement of CCR3 in bone metastasis remain to be firmly confirmed. Mouse
models could be useful to answer this question [47]. However, in a homing process depending
on the secretion of BM-Ads, there are several arguments suggesting that this might not be an
appropriate model or at least will require extensive preliminary experiments to validate its
appropriateness. Indeed, qualitative and quantitative differences exist between rodent and
human BM-Ad highlighting that the results obtained in mice may not reproduce the
mechanisms existing in humans [23]. Two different types of BM-Ads have been described in
mouse, regulatory and constitutive BM-Ads and their existence in humans remains
unconfirmed [48]. Constitutive BM-Ads develop shortly after birth in the tail vertebrae and
their number remain constant while regulatory BM-Ads develop postnatally within the BM of
long bones, their number varies between mouse strains and some strains require
pharmacological induction to obtain the presence of a significant number of BM-Ad [23].
Accordingly, the quantity of BM-Ads in rodents models remains much lower than in humans
where BM-Ads consistently fills 50 to 70% of the bone marrow cavity of long bones [22].



Therefore, our study suggests that further investigation on the role of BM-Ads in cancer
progression are clearly needed and especially in regard to their place in homing mechanisms
and local progression of the bone lesions as they appear essential, but still neglected, cells.

4. Materials and Methods

4.1. Cell Lines and Culture

The human PCa cell lines C4-2B (from DSMZ, Braunschweig, Germany) and PC-3 (ATCC®
CRL-1435™) were provided by Dr Olivier Cuvillier; IPBS, Toulouse, France). Cells were
cultured in RPMI medium supplemented with 10% fetal calf serum (FCS) and 1% streptomycin
and penicillin (all purchased from GIBCO-Thermo Fisher Scientific, Eugene, OR, USA). All
cell lines used in this study were grown in a humid atmosphere with 5% CO2 at 37 °C and were
used within 2 months after thawing of frozen aliquots.

4.2. Human Subcutaneous Adipose Tissue (SAT) and Bone Marrow Adipocytes (BM-Ads)
Conditioned Media Preparation

Paired human SAT and BM-Ads were collected from patient undergoing hip re-placement
surgery in the orthopedic surgery unit from Purpan hospital (Toulouse, France). Briefly, SAT
and BM-Ads were collected as previously described [28]. All patients gave their inform consent
and the procedure is approved by the French ministry of education and research (authorization
DC-2017-2914; May 31st 2017). For the samples used for ageing studies, the age of the control
group corresponds to the median of the lower half of the data set. BM-Ads were isolated by
flotation and washed at least three times with DMEM medium supplemented with 1% BSA
(Sigma-Aldrich, Saint Louis, MO, USA) and 1% penicillin and streptomycin (DMEM 1%
BSA) to remove hematopoietic cells. SAT was cleaned of blood vessels and connective tissue
and washed in DMEM 1% BSA. Conditioned media were obtained by incubating overnight 1g
of SAT or BM-Ads (SAT-CM or BM-Ad-CM respectively) in 8 mL DMEM 1% BSA.

4.3. Boyden Chamber Migration Assays

Cell migration assays were performed for 12h as previously described [3] using SAT-CM or
BM-Ad-CM diluted to half in DMEM 1% BSA. As described in our previous study, the cell
lines used expressed the chemokine receptors evaluated here (CCR3, CXCRI1, CXCR2,
CXCR4) [4]. When indicated, cells were pre-incubated for 30 min at 37 °C with 10 ug/mL
blocking monoclonal antibodies (mAbs) directed against CCR3 (clone 444-11, reference D085-
3, obtained from MBL International, Woburn, MA, USA), CXCR1 (Clone 42705, reference
MAB330), CXCR2 (clone 48311, reference MAB331), CXCR4 (clone 44716, reference
MAB172) or control IgG (all obtained from R&D Systems, Minneapolis, MN, USA). Cells
were also pre-incubated for 30 min at 37° C with pharmacological inhibitors: 200nM
CCR1/CCR3 inhibitor, UCB35625 (Tocris, Bristol, UK), 25nM CCR?2 inhibitor, sc-202525
(Santa Cruz Biotechnology, Dallas, TE, USA), 50nM CXCR1/2 inhibitor, SB225002 (Tocris,
Bristol, UK) or 100nM CXCR4 inhibitor, AMD3100 (Sigma-Aldrich, Saint Louis, MO, USA).
The doses used were defined in our precedent study [4].
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4.4. PCa Tissue Micro Arrays (TMAs)

We used two TMAs to evaluate the expression of CCR3. The first one includes 39 visceral, 24
lymph node and 78 bone metastases from 45 castration resistant PCa patients and has been
provided by the Prostate Cancer Biorepository Network (www.prostatebiorepository.org ;
February 23rd 2017). These samples were harvested after patient death, during rapid autopsy
allowing to obtain a large number of metastatic samples from the same patient. The second
TMA was composed of samples from PCa patients treated at Tours University Hospital (Tours,
France), and includes bone metastasis from 13 patients and lymph node metastases from 11
patients. Written informed consents were obtained for all patients in accordance of the
requirements of the medical ethic committee. Not all cases embedded in TMAs could be
analyzed for each antibody, due to loss of tissue core, core folding, or non-interpretable staining.
Immunohistochemistry was performed as previously described [4] using the primary anti-
CCR3 antibody (clone Y31, reference ab32512, obtained from Abcam, Cambridge, MA, USA)
diluted to 1/100 and incubated overnight at 4 °C. Two pathologists (pathology unit of Tours
University Hospital) who were blind to clinical data, independently scored CCR3 expression in
human tumors as negative or positive staining.

4.5. In silico Meta-Analysis

The Oncomine database (Oncomine TM v. 4.5, www.oncomine.org; May 23rd 2017) was used
for datamining and in silico meta-analysis [49]. We used six published datasets Oncomine (table
1), including 249 primary sites and 28 bone metastases of interest for RNA analyses. We
employed filters for selection of conditions and genes of interest (PCa; bone metastasis; primary
site; genes). Data were ordered by ‘overexpression’ and the threshold was adjusted to P-value
< 0.0001; fold change, 2 and gene rank, top 10%. For each database, only genes that met the
criteria for significance were reported.

4.6. Statistical Analysis

Statistical analysis was performed using STATA 12 software (StataCorp LLC, College Station,
TX, USA) and Prism v. 7 (GraphPad Software, San Diego, CA, USA). Two group comparisons
were performed using Mann-Whitney’s test or Student’s t test and multiple comparisons were
performed by One-way or two-way ANOVA with the indicated as-sociated post hoc tests. To
determine the appropriate post hoc test to apply, normality of samples was determined using
Shapiro-Wilk test. For the TMA analysis, both TMA were associated and distributions of CCR3
expression in the three sites (lymph node (LN), visceral (V) and bone metastasis (BM)) were
compared using Chi2 distribution comparison. All statistical tests were two-sided. p values <
0.05 (*), <0.01 (**),<0.001 (***) and < 0.0001 (****). “ns” stand for “not significant”.
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Figure S1. Regulation of the chemotaxis of PCa cells towards SAT-CM by obesity and ageing. In vitro
migration of C4-2B (A) or PC3 (B) towards conditioned medium SAT (SAT-CM) from lean (age: 62,8 + 6,9
years, BMI: 21,4 + 3,3 kg/m2) or obese (age: 63,3 £ 10,1 years, BMI: 33,3 + 2,3 kg/m2) subjects (n=5/group).
In vitro migration of C4-2B (C) or PC3 (D) towards conditioned medium SAT (SAT-CM) of aged (age: 75,7
+ 5,7 years, BMI: 23,3 + 4,3kg/m2) or younger control (age: 60,2 + 5,2 years, BMI; 22,1 + 3,5kg/m2)
subjects (n=5/group). Data are shown as mean + sem. Statistical analysis by Student t test was performed. *
p<0.05, **p<0.01, ns: not significant.

Author Contributions: Conceptualization, A.G., V.L, P.V., BM., N.R,, C.A,, and C.M;
methodology, A.G., V.L. and G.F.; validation: C.A. and C.M.; formal analysis, A.G., V.L, G.F.,
D.E., J.G., E.B. and C.A.; resources, G.F., S.LG. and N.R.; data curation, A.G., V.L and G.F_;
writing—original draft preparation, A.G., C.A. and C.M.; writing—review and editing, A.G.,
V.L, GF. D.E., J.G, EB,, SLG, P.V., BM,, N.R,, C.A. and C.M.; supervision, C.A. and
C.M.; project administration, C.M.; funding acquisition, C.M. All authors have read and agreed
to the published version of the manuscript.

Funding: AG was a recipient of PhD fellowships from the “Institut National du cancer” (INCa;
“Formation a la recherche Translationnelle” program) and the “Ligue Nationale contre le
Cancer”. In addition to the Ligue Nationale contre le Cancer (Equipe Labellisée) and INCa
PLBIO20-028, this work was sup-ported by the program “Initiative D'EXcellence” Toulouse
(IDEX) from the university of Toulouse and the “Fondation de France” for running costs and
post-doctoral fellowship for CA. DE received a post-doctoral fellowship from the Fondation
pour La Recherche Médicale (SPF201809007124).

12



Institutional Review Board Statement: The study was conducted according to the guidelines
of the Declaration of Helsinki and approved by the French Ministry of Higher Education and
Research (CODECOH DC-2017-2914; approved May 31st 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available on request from
the corresponding author.

Acknowledgments: The authors thank Dr Colm Morrisey for obtaining the PCa Tissue Micro
Arrays from the Prostate Cancer Biorepository Network (PCBN). PCBN is supported by the
Department of Defense Prostate Cancer Research Program Award No W81 XWH-14-2-0182,
WE81XWH-14-2-0183, W81XWH-14-2-0185, W81XWH-14-2-0186 and W81XWH-15-2-
0062.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lee, D.J.; Mallin, K.; Graves, A.J.; Chang, S.S.; Penson, D.F.; Resnick, M.J.; Barocas,
D.A. Recent Changes in Prostate Cancer Screening Practices and Epidemiology. J.
Urol. 2017, 198, 1230-1240, doi:10.1016/j.juro.2017.05.074.

2. Kapoor, J.; Namdarian, B.; Pedersen, J.; Hovens, C.; Moon, D.; Peters, J.; Costello,
A.J.; Ruljancich, P.; Corcoran, N.M. Extraprostatic Extension into Periprostatic Fat is a
More Important Determinant of Prostate Cancer Recurrence than an Invasive
Phenotype. J. Urol. 2013, 190, 2061-2067, doi:10.1016/j.juro.2013.06.050.

3. Roussos, E.T.; Condeelis, J.S.; Patsialou, A. Chemotaxis in cancer. Nat. Rev. Cancer
2011, /1, 573-587, doi:10.1038/nrc3078.

4. Laurent, V.; Guérard, A.; Mazerolles, C.; Le Gonidec, S.; Toulet, A.; Nieto, L.; Zaidi,
F.; Majed, B.; Garandeau, D.; Socrier, Y.; et al. Periprostatic adipocytes act as a driving
force for prostate cancer progression in obesity. Nat. Commun. 2016, 7, 10230,
doi:10.1038/ncomms10230.

5. Bandini, M.; Gandaglia, G.; Briganti, A. Obesity and prostate cancer. Curr. Opin. Urol.
2017, 27, 415421, doi:10.1097/mou.0000000000000424.

6. Esteéve, D.; Roumiguié, M.; Manceau, C.; Milhas, D.; Muller, C. Periprostatic adipose
tissue: A heavy player in prostate cancer progression. Curr. Opin. Endocr. Metab. Res.
2020, 70, 29-35, doi:10.1016/j.coemr.2020.02.007.

7. Coperchini, F.; Croce, L.; Marino, M.; Chiovato, L.; Rotondi, M. Role of chemokine
receptors in thyroid cancer and immunotherapy. Endocrine-Related Cancer 2019, 26,
R465-R478, doi:10.1530/erc-19-0163.

8. Lee, Y.S.;Kim, S.-Y.; Song, S.J.; Hong, H.K.; Lee, Y.; Oh, B.Y.; Lee, W.Y.; Cho, Y.B.
Crosstalk between CCL7 and CCR3 promotes metastasis of colon cancer cells via ERK-
JNK signaling pathways. Oncotarget 2016, 7, 36842-36853,
doi:10.18632/oncotarget.9209.

9. Tian, M.; Chen, L.; Ma, L.; Wang, D.; Shao, B.; Wu, J.; Wu, H.; Jin, Y. Expression and
prognostic significance of CCL11/CCR3 in glioblastoma. Oncotarget 2016, 7, 32617—
32627, doi:10.18632/oncotarget.8958.

10. Pease, J.E.; Horuk, R. Recent progress in the development of antagonists to the
chemokine receptors CCR3 and CCR4. Expert Opin. Drug Discov. 2014, 9, 467-483,
doi:10.1517/17460441.2014.897324.

13



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Gandaglia, G.; Abdollah, F.; Schiffmann, J.; Trudeau, V.; Shariat, S.F.; Kim, S.P.;
Perrotte, P.; Montorsi, F.; Briganti, A.; Trinh, Q.-D.; et al. Distribution of metastatic
sites in patients with prostate cancer: A population-based analysis. Prostate 2014, 74,
210-216, doi:10.1002/pros.22742.

Vindrieux, D.; Escobar, P.; Lazennec, G. Emerging roles of chemokines in prostate
cancer. Endocrine-Related Cancer 2009, 16, 663—673, doi:10.1677/erc-09-0109.
Salazar, N.; Castellan, M.; Shirodkar, S.S.; Lokeshwar, B.L. Chemokines and
Chemokine Receptors as Promoters of Prostate Cancer Growth and Progression. Crit.
Rev. Eukaryot. Gene Expr. 2013, 23, 77-91,
doi:10.1615/critreveukaryotgeneexpr.2013006905.

Park, S.H.; Keller, E.T.; Shiozawa, Y. Bone Marrow Microenvironment as a Regulator
and Therapeutic Target for Prostate Cancer Bone Metastasis. Calcif. Tissue Int. 2018,
102, 152—-162, doi:10.1007/s00223-017-0350-8.

Weilbaecher, K.N.; Guise, T.A.; McCauley, L.K. Cancer to bone: a fatal attraction. Nat.
Rev. Cancer 2011, 11, 411425, doi:10.1038/nrc3055.

Shiozawa, Y.; Pedersen, E.A.; Havens, A.M.; Jung, Y.; Mishra, A.; Joseph, J.; Kim,
J.K.; Patel, L.R.; Ying, C.; Ziegler, A.M.; et al. Human prostate cancer metastases target
the hematopoietic stem cell niche to establish footholds in mouse bone marrow. J. Clin.
Investig. 2011, 121, 1298-1312, doi:10.1172/jci43414.

Morrison, S.J.; Scadden, D.T. The bone marrow niche for haematopoietic stem cells.
Nat. Cell Biol. 2014, 505, 327-334, doi:10.1038/nature12984.

Sun, Y.-X.; Schneider, A.; Jung, Y.; Wang, J.; Dai, J.; Wang, J.; Cook, K.; I Osman, N.;
Koh-Paige, A.J.; Shim, H.; et al. Skeletal Localization and Neutralization of the SDF-
I(CXCL12)/CXCR4 Axis Blocks Prostate Cancer Metastasis and Growth in Osseous
Sites In Vivo. J. Bone Miner. Res. 2004, 20, 318-329, doi:10.1359/jbmr.041109.
Gravina, G.L.; Mancini, A.; Muzi, P.; Ventura, L.; Biordi, L.; Ricevuto, E.; Pompili, S.;
Mattei, C.; Di Cesare, E.; Jannini, E.A.; et al. CXCR4 pharmacogical inhibition reduces
bone and soft tissue metastatic burden by affecting tumor growth and tumorigenic
potential in prostate cancer preclinical models. Prostate 2015, 75, 1227-1246,
doi:10.1002/pros.23007.

Chen, Q.; Zhong, T. The association of CXCR4 expression with clinicopathological
significance and potential drug target in prostate cancer: a meta-analysis and literature
review. Drug Des. Dev. Ther. 2015, 9, 5115-5122, do0i:10.2147/dddt.s82475.

Lu, Y.; Chen, Q.; Corey, E.; Xie, W.; Fan, J.; Mizokami, A.; Zhang, J. Activation of
MCP-1/CCR2 axis promotes prostate cancer growth in bone. Clin. Exp. Metastasis
2008, 26, 161-169, doi:10.1007/s10585-008-9226-7.

Hardouin, P.; Rharass, T.; Lucas, S. Bone Marrow Adipose Tissue: To Be or Not To Be
a  Typical  Adipose  Tissue?  Front.  Endocrinol. 2016, 7, 85,
doi:10.3389/fendo.2016.00085.

Scheller, E.L.; Cawthorn, W.P.; Burr, A.A.; Horowitz, M.C.; MacDougald, O.A.
Marrow Adipose Tissue: Trimming the Fat. Trends Endocrinol. Metab. 2016, 27, 392—
403, doi:10.1016/j.tem.2016.03.016.

Adler, B.J.; Kaushansky, K.; Rubin, C.T. Obesity-driven disruption of haematopoiesis
and the bone marrow niche. Nat. Rev. Endocrinol. 2014, 10, 737-748,
doi:10.1038/nrendo.2014.169.

Li, J.; Liu, X.; Zuo, B.; Zhang, L. The Role of Bone Marrow Microenvironment in
Governing the Balance between Osteoblastogenesis and Adipogenesis. Aging Dis.
2016, 7, 514-25, doi:10.14336/ad.2015.1206.

Gong, Z.; Agalliu, L.; Lin, D.W.; Stanford, J.L.; Kristal, A.R. Obesity is associated with
increased risks of prostate cancer metastasis and death after initial cancer diagnosis in
middle-aged men. Cancer 2007, 109, 1192—-1202, doi:10.1002/cncr.22534.

14



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hardaway, A.L.; Herroon, M.K.; Rajagurubandara, E.; Podgorski, I. Bone marrow fat:
linking adipocyte-induced inflammation with skeletal metastases. Cancer Metastasis
Rev. 2014, 33, 527-543, d0i:10.1007/s10555-013-9484-y.

Attané, C.; Estéve, D.; Chaoui, K.; Iacovoni, J.S.; Corre, J.; Moutahir, M.; Valet, P.;
Schiltz, O.; Reina, N.; Muller, C. Human Bone Marrow Is Comprised of Adipocytes
with  Specific Lipid Metabolism. Cell Rep. 2020, 30, 949-958.¢6,
doi:10.1016/j.celrep.2019.12.089.

Herroon, M.K.; Rajagurubandara, E.; Hardaway, A.L.; Powell, K.; Turchick, A.;
Feldmann, D.; Podgorski, I. Bone marrow adipocytes promote tumor growth in bone
via  FABP4-dependent  mechanisms.  Oncotarget 2013, 4, 2108-2123,
doi:10.18632/oncotarget.1482.

Grasso, C.S.; Wu, Y.-M.; Robinson, D.R.; Cao, X.; Dhanasekaran, S.M.; Khan, A.P.;
Quist, M.J.; Jing, X.; Lonigro, R.J.; Brenner, J.C.; et al. The mutational landscape of
lethal castration-resistant prostate cancer. Nature 2012, 487, 239-243,
doi:10.1038/nature11125.

Latulippe, E.; Satagopan, J.; Smith, A.; Scher, H.; Scardino, P.; Reuter, V.; Gerald, W.L.
Comprehensive gene expression analysis of prostate cancer reveals distinct
transcriptional programs associated with metastatic disease. Cancer Res. 2002, 62, 62.

Liu, X.; Chen, X.; Rycaj, K.; Chao, H.-P.; Deng, Q.; Jeter, C.; Liu, C.; Honorio, S.; Li,
H.; Davis, T.; et al. Systematic dissection of phenotypic, functional, and tumorigenic
heterogeneity of human prostate cancer cells. Oncotarget 2015, 6, 23959-23986,
doi:10.18632/oncotarget.4260.

Ramaswamy, S.; Tamayo, P.; Rifkin, R.; Mukherjee, S.; Yeang, C.-H.; Angelo, M.;
Ladd, C.; Reich, M.; Latulippe, E.; Mesirov, J.P.; et al. Multiclass cancer diagnosis
using tumor gene expression signatures. Proc. Natl. Acad. Sci. 2001, 98, 15149—-15154,
doi:10.1073/pnas.211566398.

Tamura, K.; Furihata, M.; Tsunoda, T.; Ashida, S.; Takata, R.; Obara, W.; Yoshioka,
H.; Daigo, Y.; Nasu, Y.; Kumon, H.; et al. Molecular Features of Hormone-Refractory
Prostate Cancer Cells by Genome-Wide Gene Expression Profiles. Cancer Res. 2007,
67,5117-5125, doi:10.1158/0008-5472.can-06-4040.

Taylor, B.S.; Schultz, N.; Hieronymus, H.; Gopalan, A.; Xiao, Y.; Carver, B.S.; Arora,
V.K.; Kaushik, P.; Cerami, E.; Reva, B.; et al. Integrative Genomic Profiling of Human
Prostate Cancer. Cancer Cell 2010, 18, 11-22, do0i:10.1016/j.ccr.2010.05.026.

Attané, C.; Muller, C. Drilling for Oil: Tumor-Surrounding Adipocytes Fueling Cancer.
Trends Cancer 2020, 6, 593—604, doi:10.1016/j.trecan.2020.03.001.

Duong, M.N.; Geneste, A.; Fallone, F.; Aline, G.; Dumontet, C.; Muller, C. The fat and
the bad: Mature adipocytes, key actors in tumor progression and resistance. Oncotarget
2017, 8, 57622-57641, doi:10.18632/oncotarget.18038.

Nieman, K.M.; A Kenny, H.; Penicka, C.V.; Ladanyi, A.; Buell-Gutbrod, R.; Zillhardt,
M.R.; Romero, I.L.; Carey, M.S.; Mills, G.B.; Hotamisligil, G.S.; et al. Adipocytes
promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat.
Med. 2011, 17, 1498—-1503, doi:10.1038/nm.2492.

Ye, H.; Adane, B.; Khan, N.; Sullivan, T.; Minhajuddin, M.; Gasparetto, M.; Stevens,
B.; Pei, S.; Balys, M.; Ashton, J.M.; et al. Leukemic Stem Cells Evade Chemotherapy
by Metabolic Adaptation to an Adipose Tissue Niche. Cell Stem Cell 2016, 19, 23-37,
doi:10.1016/j.stem.2016.06.001.

Pramanik, R.; Sheng, X.; Ichihara, B.; Heisterkamp, N.; Mittelman, S.D. Adipose tissue
attracts and protects acute lymphoblastic leukemia cells from chemotherapy. Leuk. Res.
2013, 37, 503-509, doi:10.1016/j.leukres.2012.12.013.

Qi, S.; Perrino, S.; Miao, X.; Lamarche-Vane, N.; Brodt, P. The chemokine CCL7
regulates invadopodia maturation and MMP-9 mediated collagen degradation in liver-
metastatic carcinoma cells. Cancer Lett. 2020, 483, 98-113,
doi:10.1016/j.canlet.2020.03.018.

15



42.

43.

44,

45.

46.

47.

48.

49.

Vaniotis, G.; Rayes, R.F.; Qi, S.; Milette, S.; Wang, N.; Perrino, S.; Bourdeau, F.;
Nystrom, H.; He, Y.; Lamarche-Vane, N.; et al. Collagen IV-conveyed signals can
regulate chemokine production and promote liver metastasis. Oncogene 2018, 37,
3790-3805, doi:10.1038/s41388-018-0242-z.

Corre, J.; Barreau, C.; Cousin, B.; Chavoin, J.-P.; Caton, D.; Fournial, G.; Penicaud, L.;
Casteilla, L.; Laharrague, P. Human subcutaneous adipose cells support complete
differentiation but not self-renewal of hematopoietic progenitors. J. Cell. Physiol. 2006,
208, 282288, doi:10.1002/jcp.20655.

Hardaway, A.L.; Herroon, M.K.; Rajagurubandara, E.; Podgorski, I. Marrow adipocyte-
derived CXCL1 and CXCL2 contribute to osteolysis in metastatic prostate cancer. Clin.
Exp. Metastasis 2015, 32, 353-368, doi:10.1007/s10585-015-9714-5.

Makki, K.; Froguel, P.; Wolowczuk, 1. Adipose Tissue in Obesity-Related Inflammation
and Insulin Resistance: Cells, Cytokines, and Chemokines. ISRN Inflamm. 2013, 2013,
1-12, doi:10.1155/2013/139239.

Liu, Z.; Wu, K.K.; Jiang, X.; Xu, A.; Cheng, K.K. The role of adipose tissue senescence
in obesity- and ageing-related metabolic disorders. Clin. Sci. 2020, 134, 315-330,
doi:10.1042/¢s20190966.

Park, S.H.; Eber, M.R.; Shiozawa, Y. Models of Prostate Cancer Bone Metastasis.
Methods Mol. Biol. 2019, 1914, 295-308, doi:10.1007/978-1-4939-8997-3 16.
Scheller, E.L.; Doucette, C.R.; Learman, B.S.; Cawthorn, W.P.; Khandaker, S.; Schell,
B.; Wu, B.; Ding, S.-Y.; Bredella, M.A.; Fazeli, P.K.; et al. Region-specific variation in
the properties of skeletal adipocytes reveals regulated and constitutive marrow adipose
tissues. Nat. Commun. 2015, 6, 7808, do1:10.1038/ncomms8808.

Rhodes, D.R.; Yu, J.; Shanker, K.; Deshpande, N.; Varambally, R.; Ghosh, D.; Barrette,
T.; Pander, A.; Chinnaiyan, A.M. ONCOMINE: A Cancer Microarray Database and
Integrated Data-Mining Platform. Neoplasia 2004, 6, 1-6, doi:10.1016/s1476-
5586(04)80047-2.

16



