N

N

New players in the landscape of renal cell carcinoma
bone metastasis and therapeutic opportunities
Beatrice Cesana, Claude Cochet, Odile Filhol

» To cite this version:

Beatrice Cesana, Claude Cochet, Odile Filhol. New players in the landscape of renal cell carcinoma
bone metastasis and therapeutic opportunities. International Journal of Cancer, 2024, 2024, pp.1-13.
10.1002/ijc.35181 . hal-04723194

HAL Id: hal-04723194
https://hal.science/hal-04723194v1
Submitted on 7 Oct 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-04723194v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Received: 2 May 2024

Revised: 9 August 2024

W) Check for updates

Accepted: 20 August 2024

DOI: 10.1002/ijc.35181

REVIEW

INTERNATIONAL
JOURNAL of CANCER

New players in the landscape of renal cell carcinoma bone
metastasis and therapeutic opportunities

Beatrice Cesana |

University Grenoble Alpes, INSERM, CEA,
IRIG-Biosanté, UMR 1292, Grenoble, France

Correspondence

QOdile Filhol, University Grenoble Alpes,
INSERM, CEA, IRIG-Biosanté, UMR 1292,
F-38000 Grenoble, France.

Email: odile.filhol-cochet@cea.fr

Funding information

Université Grenoble Alpes; Ligue Contre le
Cancer; Institut National de la Santé et de la
Recherche Médicale; Groupement des
Entreprises Francaises dans la lutte contre le
Cancer

1 | INTRODUCTION

Claude Cochet |

Odile Filhol

Abstract

Approximately one-third of advanced renal cell carcinoma (RCC) patients develop
osteolytic bone metastases, leading to skeletal complications. In this review, we first
provide a comprehensive perspective of seminal studies on bone metastasis of RCC
describing the main molecular modulators and growth factor signaling pathways most
important for the RCC-stimulated osteoclast-mediated bone destruction. We next
focus on newer developments revealing with in-depth details, the bidirectional inter-
play between renal cancer cells and the immune and stromal microenvironment that
can through epigenetic reprogramming, profoundly affect the behaviors of trans-
formed cells. Understanding their mechanistic interactions is of paramount impor-
tance for advancing both fundamental and translational research. These new
investigations into the landscape of RCC-bone metastasis offer novel insights and

identify potential avenues for future therapeutic interventions.
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RCC shows significant genomic transformation in advanced

metastatic stages,® with bone metastases (BM) presenting a

Kidney cancer ranks as the seventh most common cancer worldwide,
representing 2.4% of adult cancer cases.! Renal cell carcinoma (RCC) is its
predominant form, with a 5-year overall survival rate of ~76%.2 It encom-
passes various histological subtypes, including clear cell RCC (ccRCC)
accounting for 70%-80% of patients and papillary RCC at 10%-15%.3%
Initial treatment typically involves partial or total nephrectomy.”

Around 30% of RCC cases are diagnosed at a metastatic state,
with metastasis to distant organs such as lungs (70%), lymph nodes
(45%), bones (32%), liver (18%), and adrenal glands (10%) being com-
mon causes of RCC-related deaths.® Although targeted treatments
and immunotherapy extend patient lifespans, metastatic bone disease
incidence in RCC remains high.”

particularly poor prognosis, with a median overall survival of
only 14.9 months.” Skeletal-related events, including patho-
logical fractures and spinal cord compression, are frequent in RCC
bone metastasis (RCC-BM).1%*? Prognosis-predictive risk factors
for RCC-BM include sarcomatoid differentiation of the primary
tumor, spinal involvement, extraosseous metastasis, increased
alkaline phosphatase levels, and elevated C-reactive protein
levels.t?

Palliative treatment options aiming to improve quality of life,
include surgery, radiotherapy, and pharmacological approaches.”
However, managing bone pain remains challenging and imposes an

economic and psychosocial burden.*®
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This review aims to integrate background knowledge with recent
advancements in understanding the intricate interplay between RCC,
bone cells, immune and stromal cells that contribute to RCC-BM. By
elucidating these mechanisms, we can unveil potential new targets

and develop more effective treatments for RCC-BM.

2 | BONE METASTASIS

Bone, comprising 60% inorganic material like calcium and phosphate,
25% organic material primarily collagen type | and 5% water, serves
multiple functions like structural support and organ protection.™ It is
a complex tissue composed of four cell types: osteoblasts, bone lining
cells, osteocytes, and osteoclasts.

Osteoclasts, of hematopoietic origin, are multinucleated cells
involved in bone resorption in response to mechanical signals. Their
ability to resorb the mineral component relies on the production and
release of organic acids, creating a low pH at the bone surface that
dissolves the mineral component.*®

Osteoblasts, of mesenchymal origin, synthesize the nonmineral
components of bones and contribute to the mineralization of the
bone matrix. Osteoblasts have three different fate: apoptosis, differ-
entiation into osteocytes, or transformation into bone lining cells.'®
Bone lining cells are quiescent osteoblasts covering the bone, while
osteocytes, representing 90% of all bone cells, maintain the balance
between bone resorption and formation through their mechanosensi-
tive function.'”

Bone maintains a delicate balance between formation and resorp-
tion under physiological conditions, orchestrated by the complex
interplay of cytokines and hormones secreted by resident cell types.
Bone remodeling begins with osteoclast-mediated bone resorption,
followed by a reversal period transitioning to formation, ultimately
leading to matrix mineralization.'®

However, this balance is significantly disrupted in BM. According
to Paget's “seed and soil” hypothesis, the distribution of the meta-
static niches is not random, but determined through intricate modifi-
cations of the microenvironment at the metastatic tumor sites.'?
Osteomimicry, which refers to the evolution of cancer cells to exhibit
bone-resident cell phenotypes, may selectively favor metastatic seeds
capable of surviving and thriving in the bone microenvironment.
Bone-induced epigenomic reprogramming by tumor cells can dediffer-
entiate them, increasing their metastatic potential. Rather than a ter-
minal destination, bone can also serve as a “launch pad” for secondary
metastasis.?°

Once in the bone, cancer cells take advantage of products of
bone remodeling, such as collagen type |, for growth. Preferential sites
for BM, like vertebrae, ribs, and pelvis, feature active bone marrow
environments containing crucial cells for metastatic progression.?!
Upon entry into the bone, cancer cells stimulate bone cells to release
cytokines like the ligand of the receptor activator of nuclear factor-
kappa B (RANK-L) or epidermal growth factor (EGF).22 These signaling
molecules can remodel the bone and the bone marrow into a permis-

sive environment favoring the maturation of osteoclasts and tumor

cell expansion. This sets off a vicious cycle of tumor growth and bone
destruction.?®
BM are classified as osteolytic, osteoblastic, or mixed lesions, with

active involvement of both osteoclasts and osteoblasts.

e Osteolytic metastases involve bone destruction primarily driven by
osteoclast activity. High levels of osteoclast-activating factors like
RANK-L are common in breast cancer, RCC, multiple myeloma,
melanoma, nonsmall cell lung cancer, and thyroid cancer.?®

e Osteoblastic metastases enhance osteoblast function, reducing
osteoclast activity, resulting in new bone deposition, causing pain,
and restricted movement. Often seen in prostate cancer, small cell
lung cancer and medulloblastoma.?®

e Mixed BM occur when patients have both osteolytic and osteo-
blastic lesions, found in breast, gastrointestinal, and squamous

cancers.23

In RCC, BM are primarily osteolytic, leading to skeletal complica-
tions.*© No current biomarker is used in clinic to evaluate the potential
formation of RCC-BM. However, preliminary studies suggest
potential markers associated with a risk of BM,2472% but further inves-

tigations are needed to assess their utility in clinical practice.

3 | GENERAL OVERVIEW OF
CONTRIBUTING MOLECULAR COMPONENTS

Interactions between tumor cells and the bone microenvironment are

well understood in breast cancer but less in RCC (Figure 1).

3.1 | Osteolytic signaling

3.1.1 | RANK-L/RANK/osteoprotegerin

In bone, cancer cells stimulate osteoblasts to secrete RANK-L, inter-
acting with its receptor RANK on osteoclasts, promoting bone resorp-
tion.2” Osteoprotegerin (OPG) inhibits this interaction by binding with
a strong affinity to RANK-L. High RANK-L: OPG mRNA ratios in RCC
are associated with BM development. Furthermore, enhanced expres-
sion of RANK-L and RANK in primary RCCs served as significant pre-
dictors of RCC-BM.?82? However, recent single-cell analysis suggests
that tumor-associated mesenchymal stromal cells (TA-MSCs) are a sig-

nificant source of RANK-L.2°

3.1.2 | Calcium-sensing receptor

Upon bone matrix destruction by osteoclasts, high levels of extracellu-
lar calcium are released into the BM microenvironment.** The
calcium-sensing receptor (CaSR), abundant in metastatic RCC, is acti-
vated by excess of soluble calcium, contributing to its chemotactic

attraction in bone, inducing cell proliferation.®2%3
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3.2 | Growth factor signaling

The expression of growth factors and tyrosine kinase receptors in the
primary tumor cells is associated with unfavorable features of RCC.%*
Additionally, bone is a rich source of numerous growth factors,
enabling the survival of metastatic tumor cells. Growth factor recep-
tors play a crucial role in the spread of cancer and in the interactions
between tumors and the bone environment.®® In the pathogenesis of
RCC-BM, a vicious cycle exists between tumor cells and bone. Osteo-
clast activation due to the presence of malignant cells lead to bone
destruction, with secretion of different bone-derived growth factors
and cytokines, which facilitate cancer cell proliferation and enhance

tumor growth.

3.21 | TGF-o/EGF-R signaling pathway

Autocrine secretion of transforming growth factor-o (TGF-a), a ligand
for EGF receptor (EGFR), has been observed in RCC.2¢ The TGF-
o/ EGF-R signaling pathway plays a pivotal role in RCC-BM, impacting
tumor proliferation and bone resorption.®” Inhibiting these pathways
has shown promise in reducing RCC growth in bone and mitigating

bone destruction.3®

3.22 | Transforming growth factor-f

TGF-p1, a potent and multifunctional cytokine, regulates microRNAs
expression involved in RCC progression. It is released from the bone
matrix during osteoclast-mediated bone destruction, promoting tumor

growth and subsequent osteolysis in vivo.3?4°

IL-6, IL-17

323 |
pathway

Hepatocyte growth factor/c-MET signaling

c-MET receptor tyrosine kinase and its hepatocyte growth factor
(HGF) ligand are often overexpressed in RCC. The HGF/c-MET path-
way plays an important role in RCC-BM by promoting tumor cell
survival and proliferation.***2 HGF is activated by matriptase and
is predominantly expressed in osteoclasts at BM site.*’ Both
HGF/c-MET and CaSR signaling activation are interconnected and
enhanced by Von Hippel Lindau mutations and hypoxia.>2 Thus,
growth factor signaling pathways play a vital role in RCC-activated
osteoclast bone resorption and inhibition of these pathways

decreases RCC bone metastasis.>¢

3.3 | Cytokine signaling

3.3.1 | Chemokines
The primary tumor secretes several soluble factors into the blood-
stream to create a premetastatic bone niche. CXCL12, also known
as SDF-1, interacts with the CXCR4 or CXCR7 receptors on RCC
cells, shaping their metastatic potential and defining the support-
ing niches in secondary organs.*®> High levels of CXCR4, CXCR7,
and SDF-1 correlate with poor outcomes in RCC patients. More-
over, HIF2a and nuclear factor-kappa B (NF-kB) activate distant
DNA enhancers, controlling CXCR4 expression in renal cancer
cells. 4445

High serum levels of CX3CL1, also called fractalkine, are observed
in patients with spinal metastases from kidney cancer.¢ Similarly, high
expression in RCC of CX3CR1, the specific chemokine receptor of
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fractalkine, is associated with migration, metastasis, and poor

prognosis.*”

3.3.2 | Interleukins

Interleukins (ILs) are key players in RCC-BM development. IL-6,
expressed by RCC cells, stimulates cytotoxic T-cells and induces oste-
oclast differentiation, leading to bone resorption.*®*? IL-17 induces
angiogenesis and increases the production of IL-6 in fibroblasts, creat-
ing a chronic inflammatory state that supports tumor growth and

metastasis.’*>!

3.4 | Potential biomarkersin RCC-BM

3.4.1 | Cadherin-11

The calcium-dependent cell-cell adhesion molecule, Cadherin-11,
exhibits a substantial increase on the cell surface of RCC-BM cells. Its
enhanced expression promotes cell motility and leads to increased
BM, facilitated by its strong affinity for homotypic interactions with
native osteoblasts.>?

342 |
protein-3

Insulin-like growth factor mRNA-binding

The insulin-like growth factor mRNA-binding protein-3 (IMP3) binds
to a variety of mRNAs influencing gene expression linked with cell
migration and proliferation.>® IMP3 has been detected in several
malignancies, including RCC, and is correlated with poor prognosis
and metastasis.>*>® Immunohistochemical staining has confirmed its
presence in RCC-BM, suggesting its role in the metastatic

process.>3>*

3.4.3 | Glycoprotein nonmetastatic protein-B

Glycoprotein nonmetastatic protein-B (GPNMB), known as Osteoacti-
vin, is expressed in various cell types, including osteoclasts, osteo-
blasts, macrophages, and dendritic cells. GPNMB is a positive

7 associated with

mediator of tumor progression in solid cancers,’
osteolytic BM development.>® In RCC, high GPNMB expression is
associated with both the number and the extent of BM, correlating

with a poor prognosis.>”>?

3.44 | Integrins
Integrins, key transmembrane glycoproteins mediate cell interactions
with the extracellular matrix (ECM) and facilitate metastasis by guiding

tumor cells to specific niches. The a5-f1 integrin is a receptor for

fibronectin. In RCC patients, higher levels of integrin a5 correlate with
tumor grade and the onset of RCC-BM.*%4? Furthermore, Integrin 5
promotes c-MET activation, promoting tumor invasion, metastasis and

reducing survival.®®

3.4.5 | Stress-induced-phosphoprotein 1

Stress-induced-phosphoprotein 1 (STIP1), also known as HSP70/
HSP90 organizing protein (HOP), plays a significant role in tumor pro-
gression. The STIP1-ALK2-SMAD1/5 pathway contributes to tumor
cell survival through an autocrine mechanism and amplifies osteolysis
via a paracrine mechanism. RCC cells with an affinity for bone exhibit
intrinsic high levels of STIP1 expression and secretion, fostering tumor

cell proliferation and promoting osteoclast maturation.®2

34.6 | Bone TRAP-5b

Tartrate-resistant acid phosphatase (bone TRAP-5b), also called ACP5,
is secreted by osteoclasts and thus, is a relevant marker of bone
resorption. TRAP-5b levels are higher in RCC-BM patients and ele-
vated serum levels are associated with increased bone resorption.
However, its levels may not correlate directly with the number of
metastases.>® Moreover, the sensitivity and specificity of TRAP-5b
remain uncertain, suggesting caution in relying solely on it for

diagnosis.®®

4 | MOLECULAR MEDIATORS IN OTHER
OSTEOLYTIC CANCERS

The existing literature highlights in different solid tumors, particularly
in breast cancer, numerous molecules whose high expression is asso-

ciated with osteolytic BM.

4.1 | Bone morphogenetic protein 2
Bone morphogenetic protein 2 (BMP-2) is an osteo-inductive growth
factor responsible for inducing osteoblastic differentiation and bone
formation.®*

Inhibition of BMP-2 by Noggin has shown promise in preventing
bone lesion in lung-derived BM.%> Studies also show that BMP-2
might induce RCC cells to express an osteoblastic phenotype, poten-

tially explaining why bone is one of the preferential niche for RCC.%

4.2 | RunX1and RunX2
Runt homology domain transcription factor (RunX2) is particularly cru-
cial for osteoblast differentiation and bone formation. Its overexpres-

sion is observed in several metastatic cancers, including
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osteosarcoma, breast, prostate, gastric, and colorectal cancers®” and is
correlated with activation of tumor-associated factors including vas-
cular endothelial growth factor (VEGF), metallo-proteases (MMPs),
and IL-6.%® High expression of RunX2 is also found in RCC, suggesting
potential osteomimetic features.®””° Similarly, RunX1, associated with
poor prognosis in breast cancer and RCC, impacts bone homeostasis
through the WNT/p-Catenin pathway.”® 72 Targeting the RunX family

holds promise for new therapeutic approaches.®”

43 | CD44

CD44, an adhesion molecule expressed on various metastatic cancer cells,
favors migration during BM, facilitated by stemness acquired during the
epithelial-mesenchymal transition (EMT). CD44 may induce an osteomi-
mic phenotype of cancer cells, promoting survival in bone.”*”> In breast
and prostate cancer, activated CD44 on bone marrow endothelium aligns
with tumor cell CD44, stimulating osteoclast activity and osteolytic
BM.”%”7 Elevated CD44 expression in RCC correlates with poor
prognosis,”® and metastasis.”® While direct links to RCC-BM are lacking,

CD44's potential importance warrants further investigation.

44 | Osteopontin
Osteopontin (OPN), or Secreted PhosphoProtein 1 (SPP1), is a multi-
functional protein involved in cancer progression and bone remodel-
ing. Released by osteoblasts and osteoclasts, it influences osteoclast
function, matrix mineralization, and cell adherence through integrin
and CD44 receptors.®°

During cancer progression, OPN regulates cell signaling, promot-

81,82

ing affinity for bone, and contributing to bone resorption.®® Upre-

gulation of OPN in RCC correlates with poor prognosis and shorter

84-87

metastasis time, and its role in invasion is linked to MMPs activa-

tion.®8 However, OPN's impact on RCC-BM remains unexplored.

4.5 | The Jagged1-Notch pathway
In breast cancer, tumor-derived Jagged1 activates Notch pathway in
osteoblasts and osteoclasts, promoting the release of TGF-p and the
development of osteolytic BM.27~?! The inhibition of the y-secretase,
the enzymatic complex mediating the final cleavage of the Notch
receptor, reduces Jagged1-Notch-mediated metastasis.?’

Similarly, in RCC, high TGF-p levels are linked to poor prognosis
and BM.*? Notch inhibition reduces RCC cell migration, suggesting a
therapeutic potential for RCC-BM.7?

4.6 | CENP family

Aneuploidy resulting from dysregulated oncogenes may contribute to

tumorigenesis and metastasis.”® Dysfunction of the Centromere

JOURNAL of CANCER

protein family (CENPA and CENPF) leads to aneuploidy, chromosomal
mismatches, or disruption of genomic integrity.”* CENPA promotes
ccRCC progression and metastasis via Wnt/p-catenin signaling path-
way.”> Elevated CENPF expression is observed in breast cancer BM
models, with computational analysis showing the involvement of the
PI3K-AKT-mTORC1 pathway.”® This could be relevant to RCC-BM,

as mTOR pathway inhibition disrupts its development in vitro.””

4.7 | Parathyroid hormone-related peptide

Breast and prostate cancer cells secrete parathyroid hormone-related
peptide (PTHrP), triggering osteoblasts to secrete RANK-L, thereby
inhibiting OPG expression and increasing osteoclast activity. This
establishes a vicious cycle, promoting osteolytic BM and tumor
growth.?8719% While PTHrP is vital for RCC proliferation, its role in
RCC-BM remains unclear. Blocking PTHrP reduces RCC expansion

104,105 but

in vitro, its impact on bone cells and RCC-BM is

inconclusive. 3852106

48 | Dickkopf1

Whnt/B-catenin signaling maintains bone homeostasis while aberrant
expression of the Wnt inhibitor, Dickkopf 1 (DKK-1), impairs osteo-
blast activity influencing the balance between bone formation and
resorption.?%”71%? Elevated DKK-1 serum levels are found in breast
cancer osteolytic cell lines but not in osteoblastic models.*°?~111 |n
RCC, DKK-1 expression appears to induce apoptosis and inhibits can-
cer proliferation, but it is epigenetically silenced in advanced stages of
kidney cancers.!?? DKK-1 serum levels were significantly lower in
RCC patients, correlating with invasiveness and high-grade tumors.**3
Thus, a link between DKK-1 and RCC-BM remains unexplored and

warrants further investigations.

5 | COOPERATION BETWEEN RCC AND
THE BONE METASTATIC ENVIRONMENT
5.1 | Recruitment of specific immune cells

Cancer cell migration to the bone marrow disrupt its homeostasis,
leading to an immunosuppressive tumor microenvironment (TME),
featuring tumor-associated macrophages (TAM) and different T-cells
such as exhausted (T-ex), cytotoxic (CTL-3), and regulatory (T-reg)
(Figure 2). RCC-BM progression is intensified by the interaction
between TAM and T-cells, mediated by various ligand/receptors,
notably SIRPA/CD47, CCL4L2/VSIR, CCL18/CCR8, CD68/CTLA4,
and IL-10/1L10RB3%1*# (Figure 2).

Recently, single-cell transcriptome profiling identified the pres-
ence of several populations of TAM within the TME of metastatic
RCC. Metastasis-infiltrating TAMs in RCC-BM exhibit a hybrid pheno-
type, displaying characteristics of both M1 (pro-inflammatory) and M2
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(pro-tumorigenic) macrophages, and leading to an immunosuppressive
microenvironment.2>1* |nterestingly, the differentiation path of
M2-TAMs primarily originates from myeloid-derived suppressor cells
in RCC-BM.1** M2 TAM showed high expression of SPP1, CXCLS5,
CCL2, CCL7, and CCL18.1° They are involved in bone formation,
osteoclast anchoring, and premetastatic niche formation in various
cancers.80’116'119

Overall, these findings underscore the coordinated interplay
between tumor cells and bone-recruited immune cells in facilitating

metastasis.

5.2 | Distinct stroma cell populations are enriched
in RCC-BM

Single-cell transcriptome profiling of RCC-BM revealed the involve-
ment of specific cancer-associated fibroblasts (CAFs) and TA-MSCs in
bone remodeling, with their abundance correlating with poor survival
(Figure 2).

Changes in TA-MSC abundance within the BM site are corre-
lated with the bone environment remodeling and promotion of
EMT in tumor cells. In addition, dysregulation of RANK/RANK-L/

OPG signaling drives bone remodeling and osteoclast

maturation,*2%'2! supported by increased expression of mediators
like Oncostatin M (OSM) and its receptor OSMR, and VEGF-R2.3¢
Moreover, RCC-BM demonstrated a pro-angiogenic signature,
being enriched in blood vessel development and VEGFA-VEGFR2
signaling pathway.11*

As the predominant cell type of the TME, CAFs play important
roles in promoting tumorigenesis.*?? Several subpopulations of CAFs

(mCAF_1 and mCAF_2) have been identified in primary RCC and

/—?%
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RCC-BM. Elevated mCAF_2 presence, associated with elevated EMT
markers, correlates with poor prognosis in RCC patients.*** Moreover,
differential gene expression analysis revealed enrichment of EMT pro-
grams in RCC-BM, characterized by upregulation of actin cytoskeleton
and ECM organization.%°

Collectively, these studies identified key stromal cell subsets and

molecular features enriched in the environment of RCC-BM.

5.3 | Tumor-derived extracellular vesicles

Extracellular vesicles (EVs) are nanometer-sized lipid membrane-
bound vesicles carrying RNA, DNA, proteins, and lipids. They play a
crucial role in mediating communication between tumor cells and dis-
tant microenvironments, including the bone marrow. Tumor-derived
EVs contribute to vascular leakiness, ECM remodeling, immune sup-
pression, and tumor progression.'?® Several studies have explored
EVs, particularly their microRNA content, as potential RCC
biomarkers.*24712¢ Additionally, RCC-EVs induce EMT, angiogenesis,
vascular permeability, and therapeutic resistance, modifying both local
and distant establish

niches.*?”"*2? For instance, EVs from renal cancer stem cells trans-

microenvironments  to premetastatic
form healthy lungs into receptive niches able to support metastatic
RCC growth.us’130 Additionally, RCC-EVs containing a novel circular-
RNA termed EHD2, promote RCC lung metastasis by converting
fibroblasts into CAFs.'®* A recent proteomic analysis unveiled the
presence in BM-EVs of aminopeptidase N, which enhances angiogen-
esis in the bone marrow.3? Furthermore, injecting RCC-EVs into mice
increases cancer cell invasiveness, upregulating pro-angiogenic fac-
tors, such as VEGF, MMPs, while also activating angiogenic pheno-

types in endothelial cells.**°
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5.4 | Epigenetic rewiring in RCC-BM

Recent studies emphasize the importance of nongenetic factors in tumor
initiation and metastasis.*>3 In this context, epigenetic, as a nongenetic
regulation of heritable traits, plays a pivotal role through mechanisms such
as DNA methylation, histone modifications, non-coding RNAs, chromatin
accessibility, and enhancer reprogramming.** RCC tumors display a rela-
tively low tumor mutational burden but an elevated epigenetic heteroge-
neity compared to healthy kidney.**>%¢ Mutations in genes encoding
epigenome modifiers and chromatin remodelers like PBRM1, SETD2,
KDM5C, KDM6, and BAP1 are evident in RCC.*3~14° Experimental anal-
ysis have showed that HIF1a signaling activation in RCC promotes mito-
chondrial DNA hypermethylation, contributing significantly to BM
progression.1*2142 Given that these alterations may be reversible with
small molecules or inhibitors targeting epi-modifiers, the prospect of novel

epigenetic therapies is promising. 143144

6 | CURRENT RESEARCH/CLINICAL
TRENDS FOR RCC-BM

The identification of biomarkers is vital for delivering accurate diagno-
ses and enhancing the prognosis of RCC-BM patients. Hence, this
section aims to discuss the latest research on the clinical application
of several important developments in this field.

6.1 | Local therapies

Treatment objectives for RCC-BM patients involve palliative surgery
alongside non-surgical interventions to maintain neurological function and
manage pain. Surgical intervention may include resections, internal fixa-
tion, and neural decompression, often preceded by preoperative emboli-
zation in RCC metastasis to reduce bleeding.**> Conventional radiation
therapy typically yields limited response in RCC; however, higher doses
per fraction and techniques like stereotactic ablative radiotherapy show
promise.}#¢ Radiofrequency ablation or cryoablation can effectively target
and destroy metastatic tumor tissue, alleviating pain.4”1%® There are
increasing trend for metastasis-directed resections and slightly declining
numbers for radiation therapy for RCC-BM.#

6.2 | Targeted therapies and bone targeting agents
Metastatic RCC is commonly treated with tyrosine-kinase inhibitors
(TKIs), approved especially in cases with bone involvement. Preclinical
evidence suggests that TKI can inhibit osteoclastic activity and bone
resorption activity. Cabozantinib, that targets both c-MET and
VEGFR2, was related to a significant improvement of overall survival
and progression-free survival in RCC-BM patients.t>°

Bone-targeting agents (BTAs) include bisphosphonates, zoledronic
acid, and anti-RANK ligand antibody (denosumab). By interrupting the
“vicious cycle” of bone metastasis, RANKL inhibition and
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bisphosphonates have been successfully approved for the treatment of
patients with BM from various solid tumors, including prostate and breast
cancers. Zoledronic acid inhibits osteoclast activity and reduce skeletal
lesions in RCC-BM.»®! Denosumab targets RANK-L to reduce bone
resorption.>?> However, the extent to which patients benefit from BTAs
treatment depends on the origin and stage of BM. In comparison to other
solid tumors, patients with RCC-BM are particularly resistant to bone
modifying agents, reflecting unique cellular and molecular mechanisms in
the bone microenvironment that promote progression via inhibition of
the bone anabolic reparative response.*> Recent evidence indicates that
in earlier steps, RCC inhibits the bone anabolic reparative response via a
paracrine mechanism mediated by BIGH3/TGFp1 thereby impairing oste-
oblast differentiation and inducing osteocyte apoptosis.t>® To enhance
synergistic anticancer activity and improve treatment outcomes, TKIs are
often combined with BTAs. Combining TKIs with BTAs has shown favor-
able results in managing RCC-BM, however further data is required to

validate this therapeutic strategy/theses therapeutic molecules.*>*

6.3 | Enhancing endogenous antitumor immunity
TAM enrichment showed its contribution to resistance to chemother-
apy or immunotherapy.t>® Targeting TAMs shows promise in treating
RCC-BM. Approaches include TAM removal, which reduces BM
growth in breast and prostate cancer.'*41>” TAM depletion from the
TME with bisphosphonates demonstrated the ability to inhibit macro-
phage proliferation and induce apoptosis in vitro.*>® Alternatively, repro-
gramming TAMs from a pro-tumorigenic to antitumorigenic phenotype
can be achieved using CD40 monoclonal agonist antibodies or Toll-like
receptor agonists.>*1¢° Additionally, immune checkpoint ligand blockade
like PD-1, PD-L1, and CTLA-4 offer alternative strategies for TAM target-
ing, and has shown benefit in RCC.161-163 Recent research demonstrated
that ID3 expression in macrophages enhances their antitumor activity,
restricting the growth of various tumors.'** There have been few studies
on the therapeutic effect of immunotherapeutic modalities such as
immune checkpoint inhibitors (ICls) in RCC-BM. However, a case of com-
plete remission of bone metastasis was reported after ICls treatment.2%>
Furthermore, the introduction of novel combination therapies involving
TKils and ICls have resulted in improved oncological outcomes compared
to traditional TKI monotherapy.t¢

Cell-based immunotherapies, like tumor-infiltrating lymphocyte,
are still emerging for solid tumor metastasis treatment, with cases of
complete remission in RCC lung metastasis showcasing their poten-
tial.1671¢8 Advancing immunotherapeutic interventions in RCC-BM

requires a deeper understanding of this specific immune landscape.

6.4 | Targeting metastasis-associated fibroblasts

In RCC-BM, CAFs originating from TA-MSCs, contribute to bone
lesion.2¢%17° Targeting CAFs, particularly through FAP protein-directed
therapy, shows promise in various metastatic cancers, with ongoing clini-

cal trials exploring this approach.’’* In RCC, CAFs promote tumor
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metastasis by upregulating angiogenic factors like HGF and facilitating
MMP-9 accumulation.”? Targeting CAFs through immunotherapies holds
promise for treating RCC-BM. Notably, recent single-cell RNA profiling by
Ma et al.!** has identified a subcluster of FAP*™ CAFs associated with
RCC-BM and poor patient prognosis, further emphasizing the importance
of targeting CAFs in RCC treatment.

6.5 | Microbiome-oriented strategies

Emerging evidence suggests that complex microbial communities,
within primary tumors, influence responses to anticancer therapies.”®
Genomics and transcriptomic profiling have revealed the presence of
a rich microbiome in metastatic tumor biopsies, with certain microbes
linked to resistance to checkpoint blockade.t”#175 Interestingly, renal
metastases show a higher fraction of bacterial-derived reads com-
pared to other metastatic cancers.'”® Moreover, research highlights
the interplay between the gut microbiome and the bone microenvi-
ronment, indicating altered microbial compositions in patients with
BM.Y”7 Future studies targeting the intra-tumor microbiome may lead

to bacteria-focused strategies to improve cancer therapies.

7 | CONCLUSION

The bidirectional interplays involving metastatic tumor cells, bone cells,
the mineralized bone matrix, osteoclasts and osteoblasts, immune cells,
and CAFs are governed by complex molecular mechanisms that pro-
foundly influence metastatic progression and treatment responses. This
complexity greatly hinders progress in drug development, reflecting the
high failure rate of drugs developed for this disease. Although less well
known than breast cancer BM, RCC-BM also pose significant challenges
that can lead to skeletal complications and reduced quality of life for
patients. Therefore, better understanding of inherent features underlying
the dynamic heterogeneity within this tumor ecosystem and the applica-
tion of this knowledge are essential for future development of effective
and durable therapeutic strategies for RCC patients with bone metastasis.

Treatment strategies for RCC-BM encompass a multidisciplinary
approach, including surgical interventions, radiotherapy, targeted ther-
apies, BTAs, and now emerging immunotherapeutic modalities.

Overall, continued collaboration between clinicians, researchers,
and pharmaceutical companies is crucial for translating scientific dis-
coveries into clinical applications for precision medicine and addres-
sing the evolving challenges associated with metastatic RCC,
particularly in the context of bone involvement. The aforementioned
findings could lead to innovative therapeutic strategies, thereby creat-
ing optimism for advancing the management of RCC-BM and ulti-
mately improving patient survival and quality of life.

AUTHOR CONTRIBUTIONS
Beatrice Cesana: Conceptualization; writing—original draft. Claude
Cochet: Conceptualization; supervision. Odile Filhol: Funding acquisi-

tion; supervision.

ACKNOWLEDGMENTS

We would like to thank Dr. Elisa Lambert (CEA Grenoble) for her
invaluable feedback and insightful comments during the relecture of
this article. This work was supported by recurrent institutional funding
from INSERM, CEA, and Ligue Comité de I'lsere, University Grenoble
Alpes, Centre Hospitalier Universitaire de Grenoble-Alpes (CHUGA),
Groupement des Entreprises Francaises dans la Lutte contre le Cancer
(GEFLUC).

CONFLICT OF INTEREST STATEMENT
The authors declare no competing conflict of interests.

ORCID
Odile Filhol "2 https://orcid.org/0000-0003-1964-7958
REFERENCES

1. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: GLO-
BOCAN estimates of incidence and mortality worldwide for 36 can-
cers in 185 countries. CA Cancer J Clin. 2021;71(3):209-249. doi:10.
3322/caac.21660

2. Padala SA, Barsouk A, Thandra KC, et al. Epidemiology of renal cell
carcinoma. World J Oncol. 2020;11(3):79-87. doi:10.14740/
wjon1279

3. Moch H, Amin MB, Berney DM, et al. The 2022 World Health Orga-
nization classification of Tumours of the urinary system and male
genital organs—part a: renal, penile, and testicular Tumours. Eur Urol.
2022;82(5):458-468. doi:10.1016/j.eururo.2022.06.016

4. Warren AY, Harrison D. WHO/ISUP classification, grading and path-
ological staging of renal cell carcinoma: standards and controversies.
World J Urol. 2018;36(12):1913-1926. doi:10.1007/s00345-018-
2447-8

5. Yang J, Wang K, Yang Z. Treatment strategies for clear cell renal cell
carcinoma: past, present and future. Front Oncol. 2023;13:1133832.
doi:10.3389/fonc.2023.1133832

6. Dudani S, de Velasco G, Wells JC, et al. Evaluation of clear cell, papil-
lary, and Chromophobe renal cell carcinoma metastasis sites and
association with survival. JAMA Netw Open. 2021;4(1):e2021869.
doi:10.1001/jamanetworkopen.2020.21869

7. Grinwald V, Eberhardt B, Bex A, et al. An interdisciplinary consensus
on the management of bone metastases from renal cell carcinoma.
Nat Rev Urol. 2018;15(8):511-521. do0i:10.1038/s41585-018-
0034-9

8. Martinez-Jiménez F, Movasati A, Brunner SR, et al. Pan-cancer whole-
genome comparison of primary and metastatic solid tumours. Nature.
2023;618(7964):333-341. doi:10.1038/s41586-023-06054-z

9. McKay RR, Kroeger N, Xie W, et al. Impact of bone and liver metas-
tases on patients with renal cell carcinoma treated with targeted
therapy. Eur Urol. 2014,65(3):577-584. doi:10.1016/j.eururo.2013.
08.012

10. Woodward E, Jagdev S, McParland L, et al. Skeletal complications
and survival in renal cancer patients with bone metastases. Bone.
2011;48(1):160-166. doi:10.1016/j.bone.2010.09.008

11. Ruatta F, Derosa L, Escudier B, et al. Prognosis of renal cell carci-
noma with bone metastases: experience from a large cancer centre.
Eur J Cancer. 2019;107:79-85. doi:10.1016/j.ejca.2018.10.023

12. Kume H, Kakutani S, Yamada Y, et al. Prognostic factors for renal cell
carcinoma with bone metastasis: who are the Long-term survivors?
J Urol. 2011;185(5):1611-1614. doi:10.1016/j.juro.2010.12.037

13. Jing D, Zhao Q, Zhao Y, et al. Management of pain in patients with
bone metastases. Front Oncol. 2023;13:1156618. doi:10.3389/fonc.
2023.1156618

85UB0 17 SUOWIWOD BAITeRID 9|deoi[dde au Ag peusenob ae sejoiue YO ‘8sn JO SN oy AkeqiT auljuQ 481 UO (SUOIIPUOD-pUe-SLLelwWoo" 8| 1M Arelq Ul |Uo//SAny) SUONIPUCD pUe SWe | 8u1 89S *[#20z/60/c2] Uo Akeiqiauliuo (1M ‘INH3SNI Ag T8TSE 0 (1/200T 0T/I0p/wod" A8 im Akelqipuljuoy/:sdny wou) pepeojumod ‘0 ‘STZ0L60T


https://www.sciencedirect.com/topics/medicine-and-dentistry/immunotherapy
https://orcid.org/0000-0003-1964-7958
https://orcid.org/0000-0003-1964-7958
info:doi/10.3322/caac.21660
info:doi/10.3322/caac.21660
info:doi/10.14740/wjon1279
info:doi/10.14740/wjon1279
info:doi/10.1016/j.eururo.2022.06.016
info:doi/10.1007/s00345-018-2447-8
info:doi/10.1007/s00345-018-2447-8
info:doi/10.3389/fonc.2023.1133832
info:doi/10.1001/jamanetworkopen.2020.21869
info:doi/10.1038/s41585-018-0034-9
info:doi/10.1038/s41585-018-0034-9
info:doi/10.1038/s41586-023-06054-z
info:doi/10.1016/j.eururo.2013.08.012
info:doi/10.1016/j.eururo.2013.08.012
info:doi/10.1016/j.bone.2010.09.008
info:doi/10.1016/j.ejca.2018.10.023
info:doi/10.1016/j.juro.2010.12.037
info:doi/10.3389/fonc.2023.1156618
info:doi/10.3389/fonc.2023.1156618

CESANA ET AL. INTERNATIONAL 9

1JC JOURNAL of CANCER J—

14. Mohamed AM. An Overview of bone cells and their regulating fac- Oncotarget. 2018;9(21):15766-15779. doi:10.18632/oncotarget.
tors of differentiation. Malays J Med Sci. 2008;15(1):4-12. 24607

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Li Z, Kong K, Qi W. Osteoclast and its roles in calcium metabolism
and bone development and remodeling. Biochem Biophys Res Com-
mun. 2006;343(2):345-350. doi:10.1016/j.bbrc.2006.02.147
Ponzetti M, Rucci N. Osteoblast differentiation and signaling: estab-
lished concepts and emerging topics. Int J Mol Sci. 2021;22(13):
6651. doi:10.3390/ijms22136651

Florencio-Silva R, da Sasso GR, Sasso-Cerri E, Simbées MJ. Cerri
PSBiology of bone tissue: structure, function, and factors that influ-
ence bone cells. Biomed Res Int. 2015;2015:421746. doi:10.1155/
2015/421746

Sims NA, Gooi JH. Bone remodeling: multiple cellular interac-
tions required for coupling of bone formation and resorption.
Semin Cell Dev Biol. 2008;19(5):444-451. doi:10.1016/j.semcdb.
2008.07.016

Langley RR, Fidler 1J. The seed and soil hypothesis revisited - the
role of tumor-stroma interactions in metastasis to different organs.
Int J Cancer. 2011;128(11):2527-2535. doi:10.1002/ijc.26031
Satcher RL, Zhang XHF. Evolving cancer-niche interactions and ther-
apeutic targets during bone metastasis. Nat Rev Cancer. 2022;22(2):
85-101. doi:10.1038/s41568-021-00406-5

Sowder ME, Johnson RW. Bone as a preferential site for metastasis.
JBMR Plus. 2019;3(3):10126. doi:10.1002/jbm4.10126

Clézardin P, Coleman R, Puppo M, et al. Bone metastasis: mecha-
nisms, therapies, and biomarkers. Physiol Rev. 2021;101(3):797-855.
doi:10.1152/physrev.00012.2019

Macedo F, Ladeira K, Pinho F, et al. Bone metastases: an overview.
Oncol Rev. 2017;11(1):321. doi:10.4081/0oncol.2017.321

Paule B, Deslandes E, Le Mouel SE, et al. Identification of a novel
biomarker signature associated with risk for bone metastasis in
patients with renal cell carcinoma. Int J Biol Markers. 2010;25(2):
112-115. doi:10.1177/172460081002500209

Chen XY, Lan M, Zhou Y, et al. Risk factors for bone metastasis from
renal cell cancer. J Bone Oncol. 2017;9:29-33. doi:10.1016/j.jbo.
2017.10.004

Boichuk S, Diedkov A, Kostiuk V, Ostafiychuk V. Dynamics of bone
trap-5b level in patients with bone metastases of renal cell cancer
AT combined treatment. EUREKA: Health Sci. 2017;5:3-10. doi:10.
21303/2504-5679.2017.00407

Simonet WS, Lacey DL, Dunstan CR, et al. Osteoprotegerin: a novel
secreted protein involved in the regulation of bone density. Cell.
1997;89(2):309-319. doi:10.1016/50092-8674(00)80209-3

Mikami S, Katsube K, Oya M, et al. Increased RANKL expression is
related to tumour migration and metastasis of renal cell carcinomas.
J Pathol. 2009;218(4):530-539. doi:10.1002/path.2567

Beuselinck B, Jean-Baptiste J, Couchy G, et al. RANK/OPG ratio of
expression in primary clear-cell renal cell carcinoma is associated
with bone metastasis and prognosis in patients treated with anti-
VEGFR-TKIs. Br J Cancer. 2015;113(9):1313-1322. doi:10.1038/bjc.
2015.352

Mei S, Alchahin AM, Tsea |, et al. Single-cell analysis of immune and
stroma cell remodeling in clear cell renal cell carcinoma primary
tumors and bone metastatic lesions. Genome Med. 2024;16(1):1. doi:
10.1186/s13073-023-01272-6

Diez-Fraile A, Lammens T, Benoit Y, D'Herde KGMA. The calcium-
sensing receptor as a regulator of cellular fate in normal and patho-
logical conditions. Curr Mol Med. 2013;13(2):282-295. doi:10.2174/
156652413804810763

Joeckel E, Haber T, Prawitt D, et al. High calcium concentration in
bones promotes bone metastasis in renal cell carcinomas expressing
calcium-sensing receptor. Mol Cancer. 2014;13:42. doi:10.1186/
1476-4598-13-42

Frees S, Breuksch |, Haber T, et al. Calcium-sensing receptor (CaSR)
promotes development of bone metastasis in renal cell carcinoma.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Volkova M, Tsimafeyeu |, Olshanskaya A, et al. of growth factors
and their receptors in the primary renal cell carcinoma: new data and
review. Central Eur J Urol. 2020;73(4):466-475. doi:10.5173/ceju.
0189.R1

IMR Press. From tumor to bone: growth factor receptors as key
players in cancer metastasis. Accessed August 6, 2024. doi:10.
31083/j.fbl12905184

Garcia-Alonso S, Romero-Pérez |, Gandullo-Sanchez L, et al. Altered
proTGFa/cleaved TGFa ratios offer new therapeutic strategies in
renal carcinoma. J Exp Clin Cancer Res. 2021;40:256. doi:10.1186/
s13046-021-02051-0

Lu X, Kang Y. Epidermal growth factor signalling and bone metasta-
sis. Br J Cancer. 2010;102(3):457-461. doi:10.1038/sj.bjc.6605490
Weber K, Doucet M, Kominsky S. Renal cell carcinoma bone
metastasis—elucidating the molecular targets. Cancer Metastasis Rev.
2007;26(3):691-704. doi:10.1007/510555-007-9090-y

Kominsky SL, Doucet M, Brady K, Weber KL. TGF-beta promotes
the establishment of renal cell carcinoma bone metastasis. J Bone
Miner Res. 2007;22(1):37-44. doi:10.1359/jbmr.061005

Mundy GR. Metastasis to bone: causes, consequences and thera-
peutic opportunities. Nat Rev Cancer. 2002;2(8):584-593. doi:10.
1038/nrc867

Mukai S, Yorita K, Kawagoe Y, et al. Matriptase and MET are promi-
nently expressed at the site of bone metastasis in renal cell carci-
noma: immunohistochemical analysis. Hum Cell. 2015;28(1):44-50.
doi:10.1007/513577-014-0101-3

Silva Paiva R, Gomes |, Casimiro S, Fernandes |, Costa L. c-met
expression in renal cell carcinoma with bone metastases. J Bone
Oncol. 2020;25:100315. doi:10.1016/j.jb0.2020.100315
Anastasiadou DP, Quesnel A, Duran CL, Filippou PS, Karagiannis GS.
An emerging paradigm of CXCL12 involvement in the metastatic
cascade. Cytokine Growth Factor Rev. 2024;75:12-30. doi:10.1016/j.
cytogfr.2023.10.003

Rodrigues P, Patel SA, Harewood L, et al. NF-kB-dependent lym-
phoid enhancer Co-option promotes renal carcinoma metastasis.
Cancer Discov. 2018;8(7):850-865. doi:10.1158/2159-8290.CD-17-
1211

Brozovich A, Garmezy B, Pan T, Wang L, Farach-Carson MC,
Satcher RL. All bone metastases are not created equal: revisiting
treatment resistance in renal cell carcinoma. J Bone Oncol. 2021;31:
100399. d0i:10.1016/].jb0.2021.100399

Liu W, Bian C, Liang Y, Jiang L, Qian C, Dong J. CX3CL1: a potential
chemokine widely involved in the process spinal metastases. Onco-
target. 2017;8(9):15213-15219. doi:10.18632/oncotarget.14773
Yao X, Qi L, Chen X, Du J, Zhang Z, Liu S. Expression of CX3CR1
associates with cellular migration, metastasis, and prognosis in
human clear cell renal cell carcinoma. Urol Oncol. 2014;32(2):162-
170. doi:10.1016/j.urolonc.2012.12.006

Ara T, DeClerck YA. Interleukin-6 in bone metastasis and cancer pro-
gression. Eur J Cancer. 2010;46(7):1223-1231. doi:10.1016/j.ejca.
2010.02.026

Paule B, Clerc D, Rudant C, et al. Enhanced expression of
interleukin-6 in bone and serum of metastatic renal cell carcinoma.
Hum Pathol. 1998;29(4):421-424. doi:10.1016/s0046-8177(98)
90128-9

Murugaiyan G, Saha B. Protumor vs antitumor functions of IL-17.
J Immunol. 2009;183(7):4169-4175. doi:10.4049/jimmunol.0901017
Jarocki M, Karska J, Kowalski S, et al. Interleukin 17 and its involve-
ment in renal cell carcinoma. J Clin Med. 2022;11(17):4973. doi:10.
3390/jcm11174973

Satcher RL, Pan T, Cheng CJ, et al. Cadherin-11 in Renal Cell Carci-
noma Bone Metastasis. PLoS One. 2014;9(2):e89880. doi:10.1371/
journal.pone.0089880

85UB0 17 SUOWIWOD BAITeRID 9|deoi[dde au Ag peusenob ae sejoiue YO ‘8sn JO SN oy AkeqiT auljuQ 481 UO (SUOIIPUOD-pUe-SLLelwWoo" 8| 1M Arelq Ul |Uo//SAny) SUONIPUCD pUe SWe | 8u1 89S *[#20z/60/c2] Uo Akeiqiauliuo (1M ‘INH3SNI Ag T8TSE 0 (1/200T 0T/I0p/wod" A8 im Akelqipuljuoy/:sdny wou) pepeojumod ‘0 ‘STZ0L60T


info:doi/10.1016/j.bbrc.2006.02.147
info:doi/10.3390/ijms22136651
info:doi/10.1155/2015/421746
info:doi/10.1155/2015/421746
info:doi/10.1016/j.semcdb.2008.07.016
info:doi/10.1016/j.semcdb.2008.07.016
info:doi/10.1002/ijc.26031
info:doi/10.1038/s41568-021-00406-5
info:doi/10.1002/jbm4.10126
info:doi/10.1152/physrev.00012.2019
info:doi/10.4081/oncol.2017.321
info:doi/10.1177/172460081002500209
info:doi/10.1016/j.jbo.2017.10.004
info:doi/10.1016/j.jbo.2017.10.004
info:doi/10.21303/2504-5679.2017.00407
info:doi/10.21303/2504-5679.2017.00407
info:doi/10.1016/s0092-8674(00)80209-3
info:doi/10.1002/path.2567
info:doi/10.1038/bjc.2015.352
info:doi/10.1038/bjc.2015.352
info:doi/10.1186/s13073-023-01272-6
info:doi/10.2174/156652413804810763
info:doi/10.2174/156652413804810763
info:doi/10.1186/1476-4598-13-42
info:doi/10.1186/1476-4598-13-42
info:doi/10.18632/oncotarget.24607
info:doi/10.18632/oncotarget.24607
info:doi/10.5173/ceju.0189.R1
info:doi/10.5173/ceju.0189.R1
info:doi/10.31083/j.fbl2905184
info:doi/10.31083/j.fbl2905184
info:doi/10.1186/s13046-021-02051-0
info:doi/10.1186/s13046-021-02051-0
info:doi/10.1038/sj.bjc.6605490
info:doi/10.1007/s10555-007-9090-y
info:doi/10.1359/jbmr.061005
info:doi/10.1038/nrc867
info:doi/10.1038/nrc867
info:doi/10.1007/s13577-014-0101-3
info:doi/10.1016/j.jbo.2020.100315
info:doi/10.1016/j.cytogfr.2023.10.003
info:doi/10.1016/j.cytogfr.2023.10.003
info:doi/10.1158/2159-8290.CD-17-1211
info:doi/10.1158/2159-8290.CD-17-1211
info:doi/10.1016/j.jbo.2021.100399
info:doi/10.18632/oncotarget.14773
info:doi/10.1016/j.urolonc.2012.12.006
info:doi/10.1016/j.ejca.2010.02.026
info:doi/10.1016/j.ejca.2010.02.026
info:doi/10.1016/s0046-8177(98)90128-9
info:doi/10.1016/s0046-8177(98)90128-9
info:doi/10.4049/jimmunol.0901017
info:doi/10.3390/jcm11174973
info:doi/10.3390/jcm11174973
info:doi/10.1371/journal.pone.0089880
info:doi/10.1371/journal.pone.0089880

10 | INTERNATIONAL
JOURNAL of CANCER
53.
54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.
66.

67.

68.

69.

CESANA ET AL.

Xie C, Li Y, Li Q, et al. Increased insulin mRNA binding Protein-3
expression correlates with vascular enhancement of renal cell carci-
noma by intravenous contrast-CT and is associated with bone
metastasis. J Bone Oncol. 2015;4(3):69-76. doi:10.1016/j.jbo.2015.
07.001

Jiang Z, Chu PG, Woda BA, et al. Analysis of RNA-binding protein
IMP3 to predict metastasis and prognosis of renal-cell carcinoma: a
retrospective study. Lancet Oncol. 2006;7(7):556-564. doi:10.1016/
S$1470-2045(06)70732-X

Hoffmann NE, Sheinin Y, Lohse CM, et al. External validation of
IMP3 expression as an independent prognostic marker for meta-
static progression and death for patients with clear cell renal cell car-
cinoma. Cancer. 2008;112(7):1471-1479. doi:10.1002/cncr.23296
Tschirdewahn S, Panic A, Pullen L, et al. Circulating and tissue IMP3
levels are correlated with poor survival in renal cell carcinoma. Int J
Cancer. 2019;145(2):531-539. doi:10.1002/ijc.32124

Qin C, Liu Z, Yuan Y, et al. Glycoprotein non-metastatic melanoma
protein B as a predictive prognostic factor in clear-cell renal cell car-
cinoma following radical nephrectomy. Mol Med Rep. 2014;9(3):851-
856. doi:10.3892/mmr.2014.1896

Rose AAN, Pepin F, Russo C, Abou Khalil JE, Hallett M, Siegel PM.
Osteoactivin promotes breast cancer metastasis to bone. Mol Cancer
Res. 2007;5(10):1001-1014. doi:10.1158/1541-7786.MCR-07-0119
Zhai JP, Liu ZH, Wang HD, Huang GL, Man LB. GPNMB overexpres-
sion is associated with extensive bone metastasis and poor progno-
sis in renal cell carcinoma. Oncol Lett. 2022;23(1):36. doi:10.3892/0l.
2021.13154

Breuksch |, Prosinger F, Baehr F, et al. Integrin a5 triggers the meta-
static potential in renal cell carcinoma. Oncotarget. 2017;8(64):
107530-107542. doi:10.18632/oncotarget.22501

Haber T, Jockel E, Roos FC, et al. Bone metastasis in renal cell carci-
noma is preprogrammed in the primary tumor and caused by AKT
and integrin 5 signaling. J Urol. 2015;194(2):539-546. doi:10.1016/
j.juro.2015.01.079

Wang J, You H, Qi J, Yang C, Ren Y, Cheng H. Autocrine and para-
crine STIP1 signaling promote osteolytic bone metastasis in renal
cell carcinoma. Oncotarget. 2017;8(10):17012-17026. doi:10.
18632/oncotarget. 15222

Preussner R, Sauer-Eppel H, Oremek G. Tartrate-resistant acid phos-
phatase 5b as a diagnostic marker of bone metastases in patients
with renal cell carcinoma; 2014. Accessed March 12, 2024. https://
www.semanticscholar.org/paper/Tartrate-resistant-acid-phosphatase-
5b-as-a-marker-Preussner-Sauer-Eppel/af3b30béff4d84a797eec4b2
bdb543bb57ac4d39

Ehata S, Miyazono K. Bone morphogenetic protein signaling in can-
cer; some topics in the recent 10 years. Front Cell Dev Biol. 2022;10:
883523.

Feeley BT, Liu NQ, Conduah AH, et al. Mixed metastatic lung cancer
lesions in bone are inhibited by noggin overexpression and Rank:fc
administration. J Bone Miner Res. 2006;21(10):1571-1580. doi:10.
1359/jbmr.060706

Wang L, Park P, La Marca F, Than KD, Lin CY. BMP-2 inhibits
tumor-initiating ability in human renal cancer stem cells and induces
bone formation. J Cancer Res Clin Oncol. 2015;141(6):1013-1024.
doi:10.1007/s00432-014-1883-0

Zhao W, Yang H, Chai J, Xing L. RUNX2 as a promising therapeutic
target for malignant tumors. Cancer Manag Res. 2021;13:2539-
2548. doi:10.2147/CMAR.S302173

Othman A, Winogradzki M, Patel S, Holmes W, Blank A, Pratap J.
The role of Runx2 in microtubule acetylation in bone metastatic
breast cancer cells. Cancers (Basel). 2022;14(14):3436. doi:10.3390/
cancers14143436

Song X, Liu J, Liu B, Piao C, Kong C, Li Z. RUNX2 interacts with
SCD1 and activates Wnt/p-catenin signaling pathway to promote

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

the progression of clear cell renal cell carcinoma. Cancer Med. 2022;
12(5):5764-5780. doi:10.1002/cam4.5326

Rooney N, Mason SM, McDonald L, et al. RUNX1 is a driver of renal
cell carcinoma correlating with clinical outcome. Cancer Res. 2020;
80(11):2325-2339. doi:10.1158/0008-5472.CAN-19-3870

Janes KA. RUNX1 and its understudied role in breast cancer. Cell
Cycle. 2011;10(20):3461-3465. doi:10.4161/cc.10.20.18029

FuY, Sun S, Man X, Kong C. Increased expression of RUNX1 in clear
cell renal cell carcinoma predicts poor prognosis. Peer). 2019;7:
e7854. doi:10.7717/peerj.7854

Tang CY, Wu M, Zhao D, et al. Runx1 is a central regulator of osteo-
genesis for bone homeostasis by orchestrating BMP and WNT sig-
naling pathways. PLoS Genet. 2021;17(1):e1009233. doi:10.1371/
journal.pgen.1009233

Zer NS, Ben-Ghedalia-Peled N, Gheber LA, Vago R. CD44 in bone
metastasis development: a key player in the fate decisions of the
invading cells? Clin Exp Metastasis. 2023;40(2):125-135. doi:10.
1007/510585-023-10203-z

Hill A, McFarlane S, Johnston PG, Waugh DJJ. The emerging role of
CD44 in regulating skeletal micrometastasis. Cancer Lett. 2006;
237(1):1-9. doi:10.1016/j.canlet.2005.05.006

Draffin JE, McFarlane S, Hill A, Johnston PG, Waugh DJJ. CD44
potentiates the adherence of metastatic prostate and breast cancer
cells to bone marrow endothelial cells. Cancer Res. 2004;64(16):
5702-5711. doi:10.1158/0008-5472.CAN-04-0389

Hiraga T, Ito S, Nakamura H. Cancer stem-like cell marker CD44
promotes bone metastases by enhancing Tumorigenicity, cell motil-
ity, and Hyaluronan production. Cancer Res. 2013;73(13):4112-
4122. doi:10.1158/0008-5472.CAN-12-3801

Lim SD, Young AN, Paner GP, Amin MB. Prognostic role of CD44
cell adhesion molecule expression in primary and metastatic renal
cell carcinoma: a clinicopathologic study of 125 cases. Virchows Arch.
2008;452(1):49-55. doi:10.1007/s00428-007-0530-4

Ma J, Wu R, Chen Z, et al. CD44 is a prognostic biomarker corre-
lated with immune infiltrates and metastasis in clear cell renal cell
carcinoma. Anticancer Res. 2023;43(8):3493-3506. doi:10.21873/
anticanres.16526

Icer MA, Gezmen-Karadag M. The multiple functions and mecha-
nisms of osteopontin. Clin Biochem. 2018;59:17-24. doi:10.1016/j.
clinbiochem.2018.07.003

Rangaswami H, Bulbule A, Kundu GC. Osteopontin: role in cell sig-
naling and cancer progression. Trends Cell Biol. 2006;16(2):79-87.
doi:10.1016/j.tcb.2005.12.005

Anborgh PH, Mutrie JC, Tuck AB, Chambers AF. Role of the
metastasis-promoting protein osteopontin in the tumour microenvi-
ronment. J Cell Mol Med. 2010;14(8):2037-2044. doi:10.1111/j.
1582-4934.2010.01115.x

Wang L, Song L, Li J, et al. Bone sialoprotein-avp3 integrin axis pro-
motes breast cancer metastasis to the bone. Cancer Sci. 2019;
110(10):3157-3172. doi:10.1111/cas.14172

Alchahin AM, Mei S, Tsea |, et al. A transcriptional metastatic signa-
ture predicts survival in clear cell renal cell carcinoma. Nat Commun.
2022;13(1):5747. doi:10.1038/s41467-022-33375-w

Zhang J, Liu F, Guo W, et al. Single-cell transcriptome sequencing
reveals aberrantly activated inter-tumor cell signaling pathways in
the development of clear cell renal cell carcinoma. J Transl Med.
2024;22(1):37. doi:10.1186/s12967-023-04818-9

Rabjerg M, Bjerregaard H, Halekoh U, Jensen BL, Walter S,
Marcussen N. Molecular characterization of clear cell renal cell carci-
noma identifies CSNK2A1, SPP1 and DEFB1 as promising novel
prognostic markers. APMIS. 2016;124(5):372-383. doi:10.1111/
apm.12519

Matusan K, Dordevic G, Stipic D, Mozetic V, Lucin K. Osteopontin
expression correlates with prognostic variables and survival in clear

85UB0 17 SUOWIWOD BAITeRID 9|deoi[dde au Ag peusenob ae sejoiue YO ‘8sn JO SN oy AkeqiT auljuQ 481 UO (SUOIIPUOD-pUe-SLLelwWoo" 8| 1M Arelq Ul |Uo//SAny) SUONIPUCD pUe SWe | 8u1 89S *[#20z/60/c2] Uo Akeiqiauliuo (1M ‘INH3SNI Ag T8TSE 0 (1/200T 0T/I0p/wod" A8 im Akelqipuljuoy/:sdny wou) pepeojumod ‘0 ‘STZ0L60T


info:doi/10.1016/j.jbo.2015.07.001
info:doi/10.1016/j.jbo.2015.07.001
info:doi/10.1016/S1470-2045(06)70732-X
info:doi/10.1016/S1470-2045(06)70732-X
info:doi/10.1002/cncr.23296
info:doi/10.1002/ijc.32124
info:doi/10.3892/mmr.2014.1896
info:doi/10.1158/1541-7786.MCR-07-0119
info:doi/10.3892/ol.2021.13154
info:doi/10.3892/ol.2021.13154
info:doi/10.18632/oncotarget.22501
info:doi/10.1016/j.juro.2015.01.079
info:doi/10.1016/j.juro.2015.01.079
info:doi/10.18632/oncotarget.15222
info:doi/10.18632/oncotarget.15222
https://www.semanticscholar.org/paper/Tartrate-resistant-acid-phosphatase-5b-as-a-marker-Preussner-Sauer-Eppel/af3b30b6ff4d84a797eec4b2bdb543bb57ac4d39
https://www.semanticscholar.org/paper/Tartrate-resistant-acid-phosphatase-5b-as-a-marker-Preussner-Sauer-Eppel/af3b30b6ff4d84a797eec4b2bdb543bb57ac4d39
https://www.semanticscholar.org/paper/Tartrate-resistant-acid-phosphatase-5b-as-a-marker-Preussner-Sauer-Eppel/af3b30b6ff4d84a797eec4b2bdb543bb57ac4d39
https://www.semanticscholar.org/paper/Tartrate-resistant-acid-phosphatase-5b-as-a-marker-Preussner-Sauer-Eppel/af3b30b6ff4d84a797eec4b2bdb543bb57ac4d39
info:doi/10.1359/jbmr.060706
info:doi/10.1359/jbmr.060706
info:doi/10.1007/s00432-014-1883-0
info:doi/10.2147/CMAR.S302173
info:doi/10.3390/cancers14143436
info:doi/10.3390/cancers14143436
info:doi/10.1002/cam4.5326
info:doi/10.1158/0008-5472.CAN-19-3870
info:doi/10.4161/cc.10.20.18029
info:doi/10.7717/peerj.7854
info:doi/10.1371/journal.pgen.1009233
info:doi/10.1371/journal.pgen.1009233
info:doi/10.1007/s10585-023-10203-z
info:doi/10.1007/s10585-023-10203-z
info:doi/10.1016/j.canlet.2005.05.006
info:doi/10.1158/0008-5472.CAN-04-0389
info:doi/10.1158/0008-5472.CAN-12-3801
info:doi/10.1007/s00428-007-0530-4
info:doi/10.21873/anticanres.16526
info:doi/10.21873/anticanres.16526
info:doi/10.1016/j.clinbiochem.2018.07.003
info:doi/10.1016/j.clinbiochem.2018.07.003
info:doi/10.1016/j.tcb.2005.12.005
info:doi/10.1111/j.1582-4934.2010.01115.x
info:doi/10.1111/j.1582-4934.2010.01115.x
info:doi/10.1111/cas.14172
info:doi/10.1038/s41467-022-33375-w
info:doi/10.1186/s12967-023-04818-9
info:doi/10.1111/apm.12519
info:doi/10.1111/apm.12519

CESANA ET AL.

INTERNATIONAL

1 u

1JC

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

108.

104.

cell renal cell carcinoma. J Surg Oncol. 2006;94(4):325-331. doi:10.
1002/js0.20447

Liu H, Chen A, Guo F, Yuan L. Influence of osteopontin short hairpin
RNA on the proliferation and invasion of human renal cancer cells.
J Huazhong Univ Sci Technolog Med Sci. 2010;30(1):61-68. doi:10.
1007/511596-011-0111-7

Sethi N, Dai X, Winter CG, Kang Y. Tumor-derived JAGGED1 pro-
motes osteolytic bone metastasis of breast cancer by engaging
notch signaling in bone cells. Cancer Cell. 2011;19(2):192-205. doi:
10.1016/j.ccr.2010.12.022

Sethi N, Kang Y. Notch signalling in cancer progression and bone
metastasis. Br J Cancer. 2011;105(12):1805-1810. doi:10.1038/bjc.
2011.497

Trivedi T, Pagnotti GM, Guise TA, Mohammad KS. The role of TGF-p
in bone metastases. Biomolecules. 2021;11(11):1643. doi:10.3390/
biom11111643

Sjélund J, Bostrom AK, Lindgren D, et al. The notch and TGF-p sig-
naling pathways contribute to the aggressiveness of clear cell renal
cell carcinoma. PLoS One. 2011;6(8):e23057. doi:10.1371/journal.
pone.0023057

Bakhoum SF, Cantley LC. The multifaceted role of chromosomal
instability in cancer and its microenvironment. Cell. 2018;174(6):
1347-1360. doi:10.1016/j.cell.2018.08.027

Wang B, Wei W, Long S, et al. CENPA acts as a prognostic factor
that relates to immune infiltrates in gliomas. Front Neurol. 2022;13:
1015221. doi:10.3389/fneur.2022.1015221

Wang Q, Xu J, Xiong Z, et al. CENPA promotes clear cell renal cell
carcinoma progression and metastasis via Wnt/p-catenin signaling
pathway. J Transl Med. 2021;19(1):417. doi:10.1186/s12967-021-
03087-8

Sun J, Huang J, Lan J, et al. Overexpression of CENPF correlates
with poor prognosis and tumor bone metastasis in breast cancer.
Cancer Cell Int. 2019;19(1):264. doi:10.1186/s12935-019-0986-8
Spadazzi C, Recine F, Mercatali L, et al. mTOR inhibitor and bone-
targeted drugs break the vicious cycle between clear-cell renal carci-
noma and osteoclasts in an in vitro co-culture model. J Bone Oncol.
2019;16:100227. doi:10.1016/j.jb0.2019.100227

Guise TA, Yin JJ, Thomas RJ, Dallas M, Cui Y, Gillespie MT. Parathy-
roid hormone-related protein (PTHrP)-(1-139) isoform is efficiently
secreted in vitro and enhances breast cancer metastasis to bone
in vivo. Bone. 2002;30(5):670-676. doi:10.1016/s8756-3282(02)
00685-3

Martin TJ, Johnson RW. Multiple actions of pthrp in breast cancer
bone metastasis. Br J Pharmacol. 2021;178(9):1923-1935. doi:10.
1111/bph.14709

Johnson RW, Rhoades J, Martin TJ. Chapter eight - parathyroid
hormone-related protein in breast cancer bone metastasis. In:
Litwack G, ed. Vitamins and Hormones. Vol 120. Parathyroid Hor-
mone. Academic Press; 2022:215-230. doi:10.1016/bs.vh.2022.
04.006

Liao J, Li X, Koh AJ, et al. Tumor expressed PTHrP facilitates pros-
tate cancer-induced osteoblastic lesions. Int J Cancer. 2008;123(10):
2267-2278. doi:10.1002/ijc.23602

Wong SK, Mohamad NV, Giaze TR, Chin KY, Mohamed N, Ima-
Nirwana S. Prostate cancer and bone metastases: the underlying
mechanisms. Int J Mol Sci. 2019;20(10):2587. doi:10.3390/
ijms20102587

Kolb AD, Bussard KM. The bone extracellular matrix as an ideal
milieu for cancer cell metastases. Cancer. 2019;11(7):1020. doi:10.
3390/cancers11071020

Massfelder T, Lang H, Schordan E, et al. Parathyroid hormone-
related protein is an essential growth factor for human clear cell
renal carcinoma and a target for the von Hippel-Lindau tumor sup-
pressor gene. Cancer Res. 2004;64(1):180-188. doi:10.1158/0008-
5472.can-03-1968

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

JOURNAL of CANCER

Talon I, Lindner V, Sourbier C, et al. Antitumor effect of parathyroid
hormone-related protein neutralizing antibody in human renal cell
carcinoma in vitro and in vivo. Carcinogenesis. 2006;27(1):73-83. doi:
10.1093/carcin/bgi203

Strube A, Stepina E, Mumberg D, Scholz A, Hauff P, Kdkdénen SM.
Characterization of a new renal cell carcinoma bone metastasis
mouse model. Clin Exp Metastasis. 2010;27(5):319-330. doi:10.
1007/510585-010-9329-9

Liu J, Xiao Q, Xiao J, et al. Wnt/p-catenin signalling: function, biolog-
ical mechanisms, and therapeutic opportunities. Sig Transduct Target
Ther. 2022;7(1):1-23. doi:10.1038/s41392-021-00762-6

Clines KL, Clines GA. DKK1 and Kremen expression predicts the
osteoblastic response to bone metastasis. Transl Oncol. 2018;11(4):
873-882. d0i:10.1016/j.tranon.2018.04.013

Kasoha M, Bohle RM, Seibold A, Gerlinger C, Juhasz-Béss |,
Solomayer EF. Dickkopf-1 (Dkk1) protein expression in breast can-
cer with special reference to bone metastases. Clin Exp Metastasis.
2018;35(8):763-775. doi:10.1007/s10585-018-9937-3

Forget MA, Turcotte S, Beauseigle D, et al. The Wnt pathway regu-
lator DKK1 is preferentially expressed in hormone-resistant breast
tumours and in some common cancer types. Br J Cancer. 2007;96(4):
646-653. doi:10.1038/sj.bjc.6603579

Voorzanger-Rousselot N, Goehrig D, Journe F, et al. Increased
Dickkopf-1 expression in breast cancer bone metastases. Br J Can-
cer. 2007;97(7):964-970. doi:10.1038/sj.bjc.6603959

Hirata H, Hinoda Y, Nakajima K, et al. Wnt antagonist DKK1 acts as
a tumor suppressor gene that induces apoptosis and inhibits prolif-
eration in human renal cell carcinoma. Int J Cancer. 2011;128(8):
1793-1803. doi:10.1002/ijc.25507

Guo CC, Zhang XL, Yang B, Geng J, Peng B, Zheng JH. Decreased
expression of Dkk1 and Dkk3 in human clear cell renal cell carci-
noma. Mol Med Rep. 2014;9(6):2367-2373. doi:10.3892/mmr.2014.
2077

Ma F, Wang S, Xu L, et al. Single-cell profiling of the microenviron-
ment in human bone metastatic renal cell carcinoma. Commun Biol.
2024;7(1):1-16. doi:10.1038/s42003-024-05772-y

Braun DA, Street K, Burke KP, et al. Progressive immune dysfunc-
tion with advancing disease stage in renal cell carcinoma. Cancer
Cell. 2021;39(5):632-648.€8. doi:10.1016/j.ccell.2021.02.013

Nollet M, Santucci-Darmanin S, Breuil V, et al. Autophagy in osteo-
blasts is involved in mineralization and bone homeostasis. Autop-
hagy. 2014;10(11):1965-1977. doi:10.4161/aut0.36182

Korbecki J, Olbromski M, Dziegiel P. CCL18 in the progression of
cancer. Int J Mol Sci. 2020;21(21):7955. doi:10.3390/ijms21217955
Chen J, Yao Y, Gong C, et al. CCL18 from tumor-associated macro-
phages promotes breast cancer metastasis via PITPNM3. Cancer
Cell. 2011;19(4):541-555. doi:10.1016/j.ccr.2011.02.006

Zhao J, Ou B, Han D, et al. Tumor-derived CXCL5 promotes human
colorectal cancer metastasis through activation of the ERK/Elk-
1/snail and AKT/GSK3p/p-catenin pathways. Mol Cancer. 2017;
16(1):70. doi:10.1186/s12943-017-0629-4

Ganesh K, Massagué J. Targeting metastatic cancer. Nat Med. 2021;
27(1):34-44. doi:10.1038/s41591-020-01195-4

Lu W, Kang Y. Epithelial-mesenchymal plasticity in cancer progres-
sion and metastasis. Dev Cell. 2019;49(3):361-374. doi:10.1016/j.
devcel.2019.04.010

Nissen NI, Karsdal M, Willumsen N. Collagens and cancer associated
fibroblasts in the reactive stroma and its relation to cancer biology.
J Exp Clin Cancer Res. 2019;38(1):115. doi:10.1186/s13046-019-
1110-6

Wortzel |, Dror S, Kenific CM, Lyden D. Exosome-mediated metas-
tasis: communication from a distance. Dev Cell. 2019;49(3):347-360.
doi:10.1016/j.devcel.2019.04.011

Qin Z, Xu Q, Hu H, Yu L, Zeng S. Extracellular vesicles in renal cell
carcinoma: multifaceted roles and potential applications identified

85UB0 17 SUOWIWOD BAITeRID 9|deoi[dde au Ag peusenob ae sejoiue YO ‘8sn JO SN oy AkeqiT auljuQ 481 UO (SUOIIPUOD-pUe-SLLelwWoo" 8| 1M Arelq Ul |Uo//SAny) SUONIPUCD pUe SWe | 8u1 89S *[#20z/60/c2] Uo Akeiqiauliuo (1M ‘INH3SNI Ag T8TSE 0 (1/200T 0T/I0p/wod" A8 im Akelqipuljuoy/:sdny wou) pepeojumod ‘0 ‘STZ0L60T


info:doi/10.1002/jso.20447
info:doi/10.1002/jso.20447
info:doi/10.1007/s11596-011-0111-7
info:doi/10.1007/s11596-011-0111-7
info:doi/10.1016/j.ccr.2010.12.022
info:doi/10.1038/bjc.2011.497
info:doi/10.1038/bjc.2011.497
info:doi/10.3390/biom11111643
info:doi/10.3390/biom11111643
info:doi/10.1371/journal.pone.0023057
info:doi/10.1371/journal.pone.0023057
info:doi/10.1016/j.cell.2018.08.027
info:doi/10.3389/fneur.2022.1015221
info:doi/10.1186/s12967-021-03087-8
info:doi/10.1186/s12967-021-03087-8
info:doi/10.1186/s12935-019-0986-8
info:doi/10.1016/j.jbo.2019.100227
info:doi/10.1016/s8756-3282(02)00685-3
info:doi/10.1016/s8756-3282(02)00685-3
info:doi/10.1111/bph.14709
info:doi/10.1111/bph.14709
info:doi/10.1016/bs.vh.2022.04.006
info:doi/10.1016/bs.vh.2022.04.006
info:doi/10.1002/ijc.23602
info:doi/10.3390/ijms20102587
info:doi/10.3390/ijms20102587
info:doi/10.3390/cancers11071020
info:doi/10.3390/cancers11071020
info:doi/10.1158/0008-5472.can-03-1968
info:doi/10.1158/0008-5472.can-03-1968
info:doi/10.1093/carcin/bgi203
info:doi/10.1007/s10585-010-9329-9
info:doi/10.1007/s10585-010-9329-9
info:doi/10.1038/s41392-021-00762-6
info:doi/10.1016/j.tranon.2018.04.013
info:doi/10.1007/s10585-018-9937-3
info:doi/10.1038/sj.bjc.6603579
info:doi/10.1038/sj.bjc.6603959
info:doi/10.1002/ijc.25507
info:doi/10.3892/mmr.2014.2077
info:doi/10.3892/mmr.2014.2077
info:doi/10.1038/s42003-024-05772-y
info:doi/10.1016/j.ccell.2021.02.013
info:doi/10.4161/auto.36182
info:doi/10.3390/ijms21217955
info:doi/10.1016/j.ccr.2011.02.006
info:doi/10.1186/s12943-017-0629-4
info:doi/10.1038/s41591-020-01195-4
info:doi/10.1016/j.devcel.2019.04.010
info:doi/10.1016/j.devcel.2019.04.010
info:doi/10.1186/s13046-019-1110-6
info:doi/10.1186/s13046-019-1110-6
info:doi/10.1016/j.devcel.2019.04.011

12 | INTERNATIONAL
JOURNAL of CANCER

125.
126.
127.
128.
129.

130.
131

132.

133.
134.
135.

136.

137.
138.
139.

140.

141.
142.

143.

CESANA ET AL.

by experimental and computational methods. Front Oncol. 2020;10:
724. doi:10.3389/fonc.2020.00724

Gai C, Pomatto MAC, Grange C, Deregibus MC, Camussi G. Extra-
cellular vesicles in onco-nephrology. Exp Mol Med. 2019;51(3):1-8.
doi:10.1038/512276-019-0213-7

Grange C, Bussolati B. Extracellular vesicles in kidney disease. Nat
Rev  Nephrol. 2022;18(8):499-513. doi:10.1038/s41581-022-
00586-9

Adem B, Vieira PF, Melo SA. Decoding the biology of exosomes in
metastasis. Trends Cancer. 2020;6(1):20-30. doi:10.1016/j.trecan.
2019.11.007

Maas SLN, Breakefield XO, Weaver AM. Extracellular Vesicles:
Unique Intercellular Delivery Vehicles. Trends Cell Biol. 2017;27(3):
172-188. doi:10.1016/j.tcb.2016.11.003

Kanada M, Bachmann MH, Contag CH. Signaling by extracellular
vesicles advances cancer hallmarks. Trends Cancer. 2016;2(2):84-94.
doi:10.1016/j.trecan.2015.12.005

Grange C, Tapparo M, Collino F, et al. Microvesicles released from
human renal cancer stem cells stimulate angiogenesis and formation
of lung Premetastatic niche. Cancer Res. 2011;71(15):5346-5356.
doi:10.1158/0008-5472.CAN-11-0241

He T, Zhang Q, Xu P, et al. Extracellular vesicle-circEHD2 promotes
the progression of renal cell carcinoma by activating cancer-
associated fibroblasts. Mol Cancer. 2023;22(1):117. doi:10.1186/
$12943-023-01824-9

Takeda M, Sakamoto H, Ueda K, Yamasaki T. Extracellular vesicles
secreted from bone metastatic renal cell carcinoma promote angio-
genesis and endothelial gap formation in bone marrow in a time-
dependent manner in a preclinical mouse model. Front Oncol. 2023;
13:1139049. doi:10.3389/fonc.2023.1139049

Yuan S, Almagro J, Fuchs E. Beyond genetics: driving cancer with
the tumour microenvironment behind the wheel. Nat Rev Cancer.
2024;24:274-286. doi:10.1038/s41568-023-00660-9

Chen JF, Yan Q. The roles of epigenetics in cancer progression and
metastasis. Biochem J. 2021;478(17):3373-3393. doi:10.1042/
BCJ20210084

Yakirevich E, Patel NR. Tumor mutational burden and immune signa-
tures interplay in renal cell carcinoma. Ann Transl Med. 2020;8(6):
269. doi:10.21037/atm.2020.02.81

El Khoury LY, Pan X, Hlady RA, et al. Extensive intratumor regional
epigenetic heterogeneity in clear cell renal cell carcinoma targets
kidney enhancers and is associated with poor outcome. Clin Epige-
netics. 2023;15(1):71. doi:10.1186/s13148-023-01471-3

Dalgliesh GL, Furge K, Greenman C, et al. Systematic sequencing of
renal carcinoma reveals inactivation of histone modifying genes.
Nature. 2010;463(7279):360-363. doi:10.1038/nature08672

Mehdi A, Riazalhosseini Y. Epigenome aberrations: emerging driving
factors of the clear cell renal cell carcinoma. Int J Mol Sci. 2017;
18(8):1774. doi:10.3390/ijms18081774

de Cubas AA, Rathmell WK. Epigenetic modifiers: activities in renal
cell carcinoma. Nat Rev Urol. 2018;15(10):599-614. doi:10.1038/
s41585-018-0052-7

Thévenin A, Ein-Dor L, Ozery-Flato M, Shamir R. Functional gene
groups are concentrated within chromosomes, among chromosomes
and in the nuclear space of the human genome. Nucleic Acids Res.
2014;42(15):9854-9861. doi:10.1093/nar/gku667

Vanharanta S, Shu W, Brenet F, et al. Epigenetic expansion of VHL-
HIF signal output drives multiorgan metastasis in renal cancer. Nat
Med. 2013;19(1):50-56. doi:10.1038/nm.3029

Liu Z, Tian J, Peng F, Wang J. Hypermethylation of mitochondrial
DNA facilitates bone metastasis of renal cell carcinoma. J Cancer.
2022;13(1):304-312. doi:10.7150/jca.62278

Janin M, Davalos V, Esteller M. Cancer metastasis under the magni-
fying glass of epigenetics and epitranscriptomics. Cancer Metastasis
Rev. 2023;42(4):1071-1112. doi:10.1007/510555-023-10120-3

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Angulo JC, Manini C, Lépez JI, Pueyo A, Colas B, Ropero S. The role
of epigenetics in the progression of clear cell renal cell carcinoma
and the basis for future epigenetic treatments. Cancer. 2021;13(9):
2071. doi:10.3390/cancers13092071

Amado AA, Chahrour H, Hindi H, Sankaran P, Harb A. Embolization
of renal cell carcinoma skeletal metastases preceding orthopedic
surgery. Cureus. 2023;15(4):e37961. doi:10.7759/cureus.37961
Amini A, Altoos B, Bourlon MT, et al. Local control rates of meta-
static renal cell carcinoma (RCC) to the bone using stereotactic body
radiation therapy: is RCC truly radioresistant? Pract Radiat Oncol.
2015;5(6):e589-e596. doi:10.1016/j.prro.2015.05.004

Gardner CS, Ensor JE, Ahrar K, et al. Cryoablation of bone metasta-
ses from renal cell carcinoma for local tumor control. J Bone Joint
Surg Am. 2017;99(22):1916-1926. doi:10.2106/JBJS.16.01182
Karam JA, Ahrar K, Wood CG, et al. Radio frequency ablation of
renal tumors in patients with metastatic renal cell carcinoma. J Urol.
2010;184(5):1882-1887. doi:10.1016/j.juro.2010.06.109

Meyer CP, Groeben C, Marks P, Koch R, Huber J. Trends of
metastasis-directed treatments in patients with renal cell carcinoma:
a Total population-based analysis in Germany in the era of targeted
therapies. Oncol Res Treat. 2020;43(12):679-685. doi:10.1159/
000511753

Escudier B, Powles T, Motzer RJ, et al. Cabozantinib, a new standard
of Care for Patients with Advanced Renal Cell Carcinoma and Bone
Metastases? Subgroup analysis of the METEOR trial. J Clin Oncol.
2018;36(8):765-772. doi:10.1200/JC0.2017.74.7352

van Broekhoven DL, Dootjes LW, van der Veldt A, Zillikens C, van
Oldenrijk J. Effect of bisphosphonates on skeletal related events in
Long bone metastases of renal cell carcinoma: a systematic review.
Clin Genitourin Cancer. 2023;21(3):e190-e197. doi:10.1016/j.clgc.
2022.12.010

Guillot A, Joly C, Barthelemy P, et al. Denosumab in patients with
bone metastases from renal-cell carcinoma treated with anti-
angiogenic therapy: a retrospective study from the GETUG (Groupe
etude des Tumeurs Uro Genitales). Ann Oncol. 2016;27:vi289. doi:
10.1093/annonc/mdw373.56

Rau A, Lieb WS, Seifert O, et al. Inhibition of tumor cell growth and
cancer stem cell expansion by a bispecific antibody targeting EGFR
and HER3. Mol Cancer Ther. 2020;19(7):1474-1485. doi:10.1158/
1535-7163.MCT-19-1095

Wong ECL, Kapoor A. Does bone-targeted therapy benefit patients
with metastatic renal cell carcinoma? Transl Oncol. 2020;13(2):241-
244, doi:10.1016/j.tranon.2019.10.009

Li XF, Selli C, Zhou HL, et al. Macrophages promote anti-androgen
resistance in prostate cancer bone disease. J Exp Med. 2023;220(4):
€20221007. doi:10.1084/jem.20221007

Kfoury Y, Baryawno N, Severe N, et al. Human prostate cancer bone
metastases have an actionable immunosuppressive microenviron-
ment. Cancer Cell. 2021;39(11):1464-1478.e8. doi:10.1016/j.ccell.
2021.09.005

Ma RY, Zhang H, Li XF, et al. Monocyte-derived macrophages pro-
mote breast cancer bone metastasis outgrowth. J Exp Med. 2020;
217(11):e20191820. doi:10.1084/jem.20191820

Rogers TL, Holen I. Tumour macrophages as potential targets of
bisphosphonates. J Transl Med. 2011;9:177. doi:10.1186/1479-
5876-9-177

Vonderheide RH. CD40 agonist antibodies in cancer immunother-
apy. Annu Rev Med. 2020;71:47-58. doi:10.1146/annurev-med-
062518-045435

Rolfo C, Giovannetti E, Martinez P, McCue S, Naing A. Applications
and clinical trial landscape using toll-like receptor agonists to reduce
the toll of cancer. NPJ Precis Oncol. 2023;7(1):1-11. doi:10.1038/
s41698-023-00364-1

Khan SU, Khan MU, Din AU, et al. Reprogramming tumor-associated
macrophages as a unique approach to target tumor immunotherapy.

85UB0 17 SUOWIWOD BAITeRID 9|deoi[dde au Ag peusenob ae sejoiue YO ‘8sn JO SN oy AkeqiT auljuQ 481 UO (SUOIIPUOD-pUe-SLLelwWoo" 8| 1M Arelq Ul |Uo//SAny) SUONIPUCD pUe SWe | 8u1 89S *[#20z/60/c2] Uo Akeiqiauliuo (1M ‘INH3SNI Ag T8TSE 0 (1/200T 0T/I0p/wod" A8 im Akelqipuljuoy/:sdny wou) pepeojumod ‘0 ‘STZ0L60T


info:doi/10.3389/fonc.2020.00724
info:doi/10.1038/s12276-019-0213-7
info:doi/10.1038/s41581-022-00586-9
info:doi/10.1038/s41581-022-00586-9
info:doi/10.1016/j.trecan.2019.11.007
info:doi/10.1016/j.trecan.2019.11.007
info:doi/10.1016/j.tcb.2016.11.003
info:doi/10.1016/j.trecan.2015.12.005
info:doi/10.1158/0008-5472.CAN-11-0241
info:doi/10.1186/s12943-023-01824-9
info:doi/10.1186/s12943-023-01824-9
info:doi/10.3389/fonc.2023.1139049
info:doi/10.1038/s41568-023-00660-9
info:doi/10.1042/BCJ20210084
info:doi/10.1042/BCJ20210084
info:doi/10.21037/atm.2020.02.81
info:doi/10.1186/s13148-023-01471-3
info:doi/10.1038/nature08672
info:doi/10.3390/ijms18081774
info:doi/10.1038/s41585-018-0052-7
info:doi/10.1038/s41585-018-0052-7
info:doi/10.1093/nar/gku667
info:doi/10.1038/nm.3029
info:doi/10.7150/jca.62278
info:doi/10.1007/s10555-023-10120-3
info:doi/10.3390/cancers13092071
info:doi/10.7759/cureus.37961
info:doi/10.1016/j.prro.2015.05.004
info:doi/10.2106/JBJS.16.01182
info:doi/10.1016/j.juro.2010.06.109
info:doi/10.1159/000511753
info:doi/10.1159/000511753
info:doi/10.1200/JCO.2017.74.7352
info:doi/10.1016/j.clgc.2022.12.010
info:doi/10.1016/j.clgc.2022.12.010
info:doi/10.1093/annonc/mdw373.56
info:doi/10.1158/1535-7163.MCT-19-1095
info:doi/10.1158/1535-7163.MCT-19-1095
info:doi/10.1016/j.tranon.2019.10.009
info:doi/10.1084/jem.20221007
info:doi/10.1016/j.ccell.2021.09.005
info:doi/10.1016/j.ccell.2021.09.005
info:doi/10.1084/jem.20191820
info:doi/10.1186/1479-5876-9-177
info:doi/10.1186/1479-5876-9-177
info:doi/10.1146/annurev-med-062518-045435
info:doi/10.1146/annurev-med-062518-045435
info:doi/10.1038/s41698-023-00364-1
info:doi/10.1038/s41698-023-00364-1

CESANA ET AL.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Front Immunol. 2023;14:1166487. doi:10.3389/fimmu.2023.116
6487

Bi K, He MX, Bakouny Z, et al. Tumor and immune reprogramming
during immunotherapy in advanced renal cell carcinoma. Cancer Cell.
2021;39(5):649-661.e5. doi:10.1016/j.ccell.2021.02.015

Edwards SC, Hoevenaar WHM, Coffelt SB. Emerging immunother-
apies for metastasis. Br J Cancer. 2021;124(1):37-48. doi:10.1038/
s41416-020-01160-5

Deng Z, Loyher PL, Lazarov T, et al. The nuclear factor ID3 endows
macrophages with a potent anti-tumour activity. Nature. 2024;
626(8000):864-873. doi:10.1038/s41586-023-06950-4

Asano Y, Yamamoto N, Hayashi K, et al. Case report: complete remis-
sion of bone metastasis from renal cell carcinoma in histopathological
examination after treatment with immune checkpoint inhibitors. Front
Immunol. 2022;13:980456. doi:10.3389/fimmu.2022.980456

Bloise F, Manfredi F, Zatteri L, et al. First-line treatments and Man-
agement of Metastatic Renal Cell Carcinoma Patients: an Italian
interdisciplinary Uro-oncologic group algorithm. Cells. 2024;13(11):
961. doi:10.3390/cells13110961

Mullard A. Tumour-infiltrating lymphocyte cancer therapy nears
FDA finish line. Nat Rev Drug Discov. 2023;23(1):3-7. doi:10.1038/
d41573-023-00206-6

Kobayashi H, Tanaka Y, Shimmura H, Minato N, Tanabe K. Complete
remission of lung metastasis following adoptive immunotherapy
using activated autologous y& T-cells in a patient with renal cell car-
cinoma. Anticancer Res. 2010;30(2):575-579.

Liu Z, Wang H, He J, Yuan X, Sun W. Rictor ablation in BMSCs
inhibits bone metastasis of TM40D cells by attenuating osteolytic
destruction and CAF formation. Int J Biol Sci. 2019;15(11):2448-
2460. doi:10.7150/ijbs.37241

Kuo MC, Kothari AN, Kuo PC, Mi Z. Cancer stemness in bone mar-
row micrometastases of human breast cancer. Surgery. 2018;163(2):
330-335. doi:10.1016/j.surg.2017.07.027

171.

172.

173.

174.

175.

176.

177.

INTERNATIONAL 13
JOURNAL of CANCER

Wang S, Li Z, Gao S. Key regulators of sensitivity to immunomodula-
tory drugs in cancer treatment. Biomark Res. 2021;9(1):43. doi:10.
1186/540364-021-00297-6

Errarte P, Larrinaga G, Lopez JI. The role of cancer-associated fibro-
blasts in renal cell carcinoma. An example of tumor modulation
through tumor/non-tumor cell interactions. J Adv Res. 2020;21:103-
108. doi:10.1016/j.jare.2019.09.004

Routy B, Le Chatelier E, Derosa L, et al. Gut microbiome influ-
ences efficacy of PD-1-based immunotherapy against epithelial
tumors. Science. 2018;359(6371):91-97. doi:10.1126/science.
aan3706

Battaglia TW, Mimpen IL, Traets JJH, et al. A pan-cancer analysis of
the microbiome in metastatic cancer. Cell. 2024;187:2324-2335.
€19. doi:10.1016/j.cell.2024.03.021

Fu A, Yao B, Dong T, Cai S. Emerging roles of intratumor microbiota
in cancer metastasis. Trends Cell Biol. 2023;33(7):583-593. doi:10.
1016/j.tcb.2022.11.007

Meza L, Feng M, Lee K, Sperandio R, Pal SK. The gut microbiome
and metastatic renal cell carcinoma. J Clin Med. 2023;12(4):1502.
doi:10.3390/jcm12041502

Contino KF, Cook KL, Shiozawa Y. Bones and guts - why the micro-
biome matters. J Bone Oncol. 2024;44:100523. doi:10.1016/j.jbo.
2024.100523

How to cite this article: Cesana B, Cochet C, Filhol O. New
players in the landscape of renal cell carcinoma bone
metastasis and therapeutic opportunities. Int J Cancer. 2024;
1-13. doi:10.1002/ijc.35181

85UB0 17 SUOWIWOD BAITeRID 9|deoi[dde au Ag peusenob ae sejoiue YO ‘8sn JO SN oy AkeqiT auljuQ 481 UO (SUOIIPUOD-pUe-SLLelwWoo" 8| 1M Arelq Ul |Uo//SAny) SUONIPUCD pUe SWe | 8u1 89S *[#20z/60/c2] Uo Akeiqiauliuo (1M ‘INH3SNI Ag T8TSE 0 (1/200T 0T/I0p/wod" A8 im Akelqipuljuoy/:sdny wou) pepeojumod ‘0 ‘STZ0L60T


info:doi/10.3389/fimmu.2023.1166487
info:doi/10.3389/fimmu.2023.1166487
info:doi/10.1016/j.ccell.2021.02.015
info:doi/10.1038/s41416-020-01160-5
info:doi/10.1038/s41416-020-01160-5
info:doi/10.1038/s41586-023-06950-4
info:doi/10.3389/fimmu.2022.980456
info:doi/10.3390/cells13110961
info:doi/10.1038/d41573-023-00206-6
info:doi/10.1038/d41573-023-00206-6
info:doi/10.7150/ijbs.37241
info:doi/10.1016/j.surg.2017.07.027
info:doi/10.1186/s40364-021-00297-6
info:doi/10.1186/s40364-021-00297-6
info:doi/10.1016/j.jare.2019.09.004
info:doi/10.1126/science.aan3706
info:doi/10.1126/science.aan3706
info:doi/10.1016/j.cell.2024.03.021
info:doi/10.1016/j.tcb.2022.11.007
info:doi/10.1016/j.tcb.2022.11.007
info:doi/10.3390/jcm12041502
info:doi/10.1016/j.jbo.2024.100523
info:doi/10.1016/j.jbo.2024.100523
info:doi/10.1002/ijc.35181

	New players in the landscape of renal cell carcinoma bone metastasis and therapeutic opportunities
	1  INTRODUCTION
	2  BONE METASTASIS
	3  GENERAL OVERVIEW OF CONTRIBUTING MOLECULAR COMPONENTS
	3.1  Osteolytic signaling
	3.1.1  RANK-L/RANK/osteoprotegerin
	3.1.2  Calcium-sensing receptor

	3.2  Growth factor signaling
	3.2.1  TGF-α/EGF-R signaling pathway
	3.2.2  Transforming growth factor-β
	3.2.3  Hepatocyte growth factor/c-MET signaling pathway

	3.3  Cytokine signaling
	3.3.1  Chemokines
	3.3.2  Interleukins

	3.4  Potential biomarkers in RCC-BM
	3.4.1  Cadherin-11
	3.4.2  Insulin-like growth factor mRNA-binding protein-3
	3.4.3  Glycoprotein nonmetastatic protein-B
	3.4.4  Integrins
	3.4.5  Stress-induced-phosphoprotein 1
	3.4.6  Bone TRAP-5b


	4  MOLECULAR MEDIATORS IN OTHER OSTEOLYTIC CANCERS
	4.1  Bone morphogenetic protein 2
	4.2  RunX1 and RunX2
	4.3  CD44
	4.4  Osteopontin
	4.5  The Jagged1-Notch pathway
	4.6  CENP family
	4.7  Parathyroid hormone-related peptide
	4.8  Dickkopf 1

	5  COOPERATION BETWEEN RCC AND THE BONE METASTATIC ENVIRONMENT
	5.1  Recruitment of specific immune cells
	5.2  Distinct stroma cell populations are enriched in RCC-BM
	5.3  Tumor-derived extracellular vesicles
	5.4  Epigenetic rewiring in RCC-BM

	6  CURRENT RESEARCH/CLINICAL TRENDS FOR RCC-BM
	6.1  Local therapies
	6.2  Targeted therapies and bone targeting agents
	6.3  Enhancing endogenous antitumor immunity
	6.4  Targeting metastasis-associated fibroblasts
	6.5  Microbiome-oriented strategies

	7  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES


