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Abstract

Background Despite therapeutic advances, once a cancer has metastasized to the bone, it represents a highly mor-
bid and lethal disease. One third of patients with advanced clear cell renal cell carcinoma (ccRCC) present with bone
metastasis at the time of diagnosis. However, the bone metastatic niche in humans, including the immune and stro-
mal microenvironments, has not been well-defined, hindering progress towards identification of therapeutic targets.

Methods We collected fresh patient samples and performed single-cell transcriptomic profiling of solid meta-
static tissue (Bone Met), liquid bone marrow at the vertebral level of spinal cord compression (Involved), and liquid
bone marrow from a different vertebral body distant from the tumor site but within the surgical field (Distal), as well
as bone marrow from patients undergoing hip replacement surgery (Benign). In addition, we incorporated single-cell
data from primary ccRCC tumors (ccRCC Primary) for comparative analysis.

Results The bone marrow of metastatic patients is immune-suppressive, featuring increased, exhausted CD8 + cyto-
toxic T cells, T regulatory cells, and tumor-associated macrophages (TAM) with distinct transcriptional states in meta-
static lesions. Bone marrow stroma from tumor samples demonstrated a tumor-associated mesenchymal stromal cell
population (TA-MSC) that appears to be supportive of epithelial-to mesenchymal transition (EMT), bone remodeling,
and a cancer-associated fibroblast (CAFs) phenotype. This stromal subset is associated with poor progression-free
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and overall survival and also markedly upregulates bone remodeling through the dysregulation of RANK/RANKL/OPG
signaling activity in bone cells, ultimately leading to bone resorption.

Conclusions These results provide a comprehensive analysis of the bone marrow niche in the setting of human
metastatic cancer and highlight potential therapeutic targets for both cell populations and communication channels.

Background

Bone metastasis occurs when cancer spreads from the
primary tumor site to the bone and bone marrow (BM).
Bone metastases represent a common complication of
many advanced cancer types and generally portends
an incurable disease [1]. While many tumor types can
metastasize to the bone, certain cancers have a particu-
lar predilection to spread to the bone, including kidney
cancer [2]. Clear cell renal cell carcinoma (ccRCC) is a
primary kidney cancer that arises from the epithelium of
the renal tubule [3]. One third of patients with advanced
ccRCC have osteolytic bone metastasis at the time of
presentation and a very poor prognosis, with a 5-year
survival rate of only 12% [4, 5].

In metastatic cancer, the bone marrow can provide
a supportive niche that ultimately allows for coloniza-
tion of disseminated tumor cells into the microenviron-
ment. Consistent with the “seed and soil” hypothesis, the
establishment of bone metastasis likely depends on both
cancer cells and the tumor microenvironment (TME). To
form metastases, cancer cells overcome the barriers to
metastatic spread, giving them a propensity to establish
themselves outside their primary tissue [6]. Importantly,
when cancer cells arrive and expand in the BM, they can
remodel the bone and the BM into a permissive environ-
ment favoring tumor cell expansion. Within the normal
BM, the growth of disseminated cancer cells should be
initially suppressed by macrophages and cytotoxic T cells
(CTL) that form an important line of defense against dis-
seminating cancer cells [6]. Unfortunately, changes in the
bone metastatic niche can lead to an immunosuppressive
TME that disrupts T cell-mediated cell killing and results
in an ineffective immune response against the tumor [7].

Most previous work on ccRCC bone metastases has
relied on bulk characterization (RNA-sequencing and
whole exome/genome sequencing) [8, 9] and has there-
fore not permitted an in-depth analysis of critical cell
type-specific changes of the bone metastatic TME. Many
of the cells, molecules, and cell states that make the
ccRCC microenvironment, which might be important
for tumor growth, remain unknown. Here, we collected
fresh human patient from ccRCC primary tumors and
bone metastasis lesions for single-cell RNA-seq (scRNA-
seq) and provide a comparative single-cell transcriptomic
analysis between ccRCC primary tumors and bone meta-
static lesions. We defined a distinct tumor-associated

macrophage (TAM) population. We demonstrated meta-
static specific mesenchymal stromal cells (MSCs) that
appear to have the capacity to promote epithelial-to mes-
enchymal transition (EMT) in tumor cells and that are
accompanied by a phenotype of bone remodeling driven
by dysregulation of RANK (TNFRSF11A)-RANKL
(TNESF11) and Osteoprotegerin (OPG, TNFRSF11B)
signaling.

Methods

Patient cohorts and sample collection

ccRCC patients with bone metastatic (n=9) were
enrolled in this study. Tumor specimens were submit-
ted to pathology as standard confirmation of diagnosis of
¢cRCC and bone metastatic disease. The patient was clin-
ically indicated decompression and stabilization in the
setting of spinal cord compression related to metastatic
ccRCC. The patient was positioned prone under gen-
eral anesthesia to facilitate posterior spinal access. The
insertion of a Jamshidi needle into the osseous structure
allowed for the extraction of bone marrow and tumor
samples, minimizing the dilution of the specimen with
extraneous blood or irrigation fluids present in the surgi-
cal field. The aspirate from the vertebral body was then
directly collected into sterile tubes, which were promptly
transported to the laboratory to undergo further prepara-
tive procedures. Similar technique was utilized for the
distant vertebral body level samples (e.g., Distal). We col-
lect bone metastatic tissue (Bone Met n=29), liquid bone
marrow at the vertebral level of spinal cord compression
(Involved n=4), and liquid bone marrow from a differ-
ent vertebral body distant from the tumor site but within
the surgical field (Distal n=4) for single-cell transcrip-
tomic profiling. For benign samples, we collect BM sam-
ples from patients undergoing hip replacement surgery
served as a non-malignant control group (n=9). In total,
we generated high-resolution single-cell RNA-Seq pro-
files from 9 Bone Met samples, 4 Involved BM, 4 Distal
BM, 9 Benign BM. The clinical information of all patients
was shown in Additional file 1: Table S1.

Tissue dissociation and cell purification

To dissociate bone metastatic tissues into single
cell, all samples were collected in Media 199 supple-
mented with 2% (v/v) EBS. Single-cell suspensions of
the tumors were obtained by cutting the tumor in to
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small pieces (1 mm?®) in a 70-mm filter cap, followed by
enzymatic dissociation for 45 min at 37 °C with shak-
ing at 120 rpm using Collagenase I, Collagenase II,
Collagenase III, Collagenase IV (all at a concentration
of 1 mg/ml), and Dispase (2 mg/ml) in the presence of
RNase inhibitors (RNasin (Promega) and RNase OUT
(Invitrogen). Erythrocytes were subsequently removed
by ACK Lysing buffer (Quality Biological) and cells
resuspended in Media 199 supplemented with 2% (v/v)
FBS for further analysis. For bone marrow aspirate
preparation, bone marrow samples were filtered using
a 70-micron filter then centrifuged at 600 g for 7 min
at 4 °C. Plasma was collected followed by erythrocytes
removal using ACK Lysing buffer (Quality Biological).
Cells were resuspended in Media 199 supplemented
with 2% (v/v) FBS for further analysis.

FACS sorting

Single cells from tumor and bone marrow sam-
ples subjected to RBC lysis were surface stained with
anti-CD235-PE (Biolegend) for 30 min at 4 °C. Cells
were washed twice with 2% FBS-PBS (v/v) followed by
DAPI staining (1 pg/ml). For human benign bone mar-
row stroma samples, bone marrow from hip replacement
surgeries was collected in Medial99 containing 2%FBS
and 12.5 mM EDTA (1:1) volume and strained using
100 pm strainer. The strained BM was enriched using
the RosetteSep Human Mesenchymal Stem Cell Enrich-
ment cocktail (Stem cell technologies 15,128) accord-
ing to manufacturer’s instructions. Bone spicules stuck
in the strainer were collected and digested in Medial99
containing the following: 2% FBS, RNAse out (Thermo
Fisher, 10,777,019), 100 U/ml DNAse (Thermo Fisher
90,083), 2 mg/ml Dispase Gibco, 17,105,041), 1 mg/ml
Coll (LS004214), 1 mg/ml Colll (LS004202), 1 mg/ml
CollII (LS004206), 1 mg/ml ColIV (LS004210) all from
Worthington Biochemical. Digestion was performed at
37 °C in a shaking water bath at 120 rpm for 45 min. The
digestion mix was strained using a 70-pm strainer and
rinsed with Medial99+2%FBS. The cells were counted
and enriched for mesenchymal stromal cells using the
RosetteSep Human Mesenchymal Stem Cell Enrichment
Cocktail (Stem Cell Technologies 15,128) according to
manufacturer’s instructions. Cells from both fractions
were stained with CD71-PerCpCy5.5, CD235- Per-
CpCy5.5, CD45-BV711, CD11b-BV711, CD3-BV711,
CD19-BV711, CDI14-APC, and CD271-PE/Cy7 in
Medial99+2%FBS and RNAse out. Calcein was used
for staining the live dead. Flow sorting for live and non-
erythroid cells (DAPI-neg/CD235-neg) was performed
on a BD FACS Aria III equipped with a 100-um nozzle
(BD Biosciences, San Jose, CA) instrument.
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Single-cell RNA-sequencing

All flow cytometry data were analyzed using the FlowJo
software (Treestar, San Carlos, CA). Single cells were
encapsulated into emulsion droplets using Chromium
Controller (10X Genomics). scRNA-seq libraries were
constructed using Chromium Single-Cell 3’ v2 Reagent
Kit according to the manufacturer’s protocol.

Summary of scRNA-seq data

To provide an additional comparison, we also analyzed
BM single-cell RNA-seq data from healthy individuals
published by Oetjen et al. [10]. The data was downloaded
from GEO (GSE120221, GSE120446). ¢ccRCC Primary
tumors and matched adjacent normal samples were
obtained from our previous study [11]. In total, we have
9 Bone Met samples, 4 Involved bone marrow, 4 Distal
bone marrow,12 Healthy bone marrow, 9 Benign bone
marrow, 14 ¢ccRCC Primary tumors, and 9 matched adja-
cent normal samples. Detailed sample groups were listed
in Additional file 1: Table S1.

scRNA-Seq data preprocessing and data quality control
Single-cell RNA-seq data were quantified using Cell-
ranger 3.0.2 (10X Genomics) with reference genome
GRCh38. For human benign bone marrow stroma
(FASC) samples, we removed non-stroma cells. To
remove low-quality and doublets cells, we excluded the
following cells: (1) cells with fewer than 700 total UMI,
(2) cells with more than 20% mitochondrial transcripts,
(3) Scrublet scores above 0.4 using Scrublet (v0.2.3) [12].
Detailed sample and single-cell information was listed in
Additional file 1: Table S2 and Table S3.

scRNA-Seq data processing and batch effect correction

We performed dimensionality reduction and clustering
using the Pagoda (v1.0.11) [13] package. Briefly, we first
selected top 2000 highly variable genes based on dis-
persion of variance to mean expression ratios using the
pagoda. We then performed principal component analy-
sis (PCA) and reduced the data to the top 30 PCs. The
PCA-reduced data were then used to compute a shared
nearest neighbor graph, and were further subjected to
graph-based clustering with the Louvain Method. To
correct batch effects, we used the Conos (v1.5.0) [14]
alignment method for data integration. Briefly, these
Pagoda2 objects were used to perform alignment with
Conos [14], using graph parameters k=20, k.self=5,
space="PCA, ncomps=30, n.odgenes=2000, match-
ing.method=‘mNN, and metric="‘angular. The graph
embedding was estimated using UMAP with default
parameters. Leiden clustering was used to determine
joint cell clusters across the entire dataset collection. To
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ensure the robustness of our data integration, we also
analyze the data using Seurat (v4.3.0) pipeline [15]. In
the Seurat pre-processing pipeline, the NormalizeData
and ScaleData functions were applied to obtain com-
parable expression values, while FindVariableFeatures
was employed to identify genes with significant variabil-
ity across cellular transcriptomic profiles. Additionally,
RunPCA, FindNeighbors, FindClusters, and RunUMAP
were utilized to calculate reduced-dimension coordinates
for visualization and unsupervised clustering. Integra-
tion of RCC primary and bone metastasis tumor showed
embedding and clustering consistent with Conos results
(Additional file 2: Fig. S1C).

Cell type annotation

To determine cell type signature genes, non-parametric
Wilcoxon rank sum test was performed to find DEGs
(differential expressed genes) among clusters using get-
PerCellTypeDE function in Conos [14]. DEGs were
ranked by p-value determined Z score and filtered by
Z score of more than 3. Major cell populations and cell
subtypes were annotated using well-established marker
genes. The detailed gene list can be found in Additional
file 1: Table S4. Bone marrow and ccRCC primary tissue
are annotated separately. We then verify the major cell
annotations through joint integration (Fig. 1F). We first
integrate all BM samples, including Healthy, Involved,
Distal, and Bone Met samples. In total, 24 major clusters
were obtained. To further confirm the cell annotations,
we collected human bone marrow scRNA-seq data from
HCA and Oetjen et al. [10, 16] and integrate our data
with public datasets and perform single-cell reference

mapping.

Differential gene expression analysis

To analyze differential expressed genes between sam-
ple fractions for the same cell type (for example meta-
static tumor cells vs. primary tumor cells), pseudo-bulk

(See figure on next page.)
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differential expression analysis [17] was applied by
aggregating the counts of a group of cells from the
same individual. We used estimateDEPerCellType func-
tion in Cacoa (v0.4.0) [18] to conduct pseudo-bulk dif-
ferential expression analysis. After identification of
the cell type identities of the scRNA-seq clusters, we
aggregated the counts to the sample level for each cell
type, and then used DESeq2 with the Wald test and the
parameter independentFiltering=TRUE for differential
expression analysis. A minimal number of 10 cells (of
the selected cell type) and maximum 320 cells (average
tumor cells per sample; down sampling if exceed) were
required for a sample to be included in the comparison.
To control for the variation in samples, we performed
leave-one-out resampling procedure on samples and
repeat this process 100 times (resampling.method =100
n.resamplings =100, min.cell.count=10, n.cells.subsam-
ple=320). Significant differential expressed genes (DEG)
were defined as those with adjusted p values below 0.05
and log fold changes exceeding 1.5 (Fig. 5E).

Cluster-based cell composition analysis

For cluster-based cell proportion analysis, we measure
the relative cell proportion differences within the major
cell population. In this analysis, we required at least 50
cells for the major cell population and measure the frac-
tion of cell types per sample to avoid skewing the find-
ings by a few individual samples. Statistical significance
of proportion differences was evaluated using two-sided
Wilcoxon rank sum test, followed by BH multiple testing
correction.

Cluster-free cell composition analysis

We use cell density to estimate cluster-free compositional
changes by cacoa (v0.4.0) [18] pacakge. Briefly, UMAP
embedding space is split into a grid of 400X 400 bins, and
2D kernel density was estimated on UMAP. To account
for the varying number of cells per sample, 2D kernel

Fig. 1 Overview of immune and stromal cell landscape in ccRCC bone metastasis. A Schematic illustration of experiment design and patient
sample processing. B Sagittal T1 MRl imaging of the thoracic spine showing tumor masses with spinal cord compression for BM1 and BM9. C
Integrative analysis of scRNA-seq samples of all bone marrow samples (Healthy, Benign, Involved, Distal, and Bone Met), visualized using a common
UMAP embedding. D Bar plot representing the fraction of major cell types within each sample (column). E Dot plot representing key-marker

gene expression in major cell types. The color represents scaled average expression of marker genes in each cell type, and the size indicates

the proportion of cells expressing marker genes. F Integrative analysis of scRNA-seq samples from ccRCC primary and bone metastatic tumors,
visualized using a common UMAP embedding for ccRCC primary samples (left), bone metastasis samples (right). G Comparison of relative

cell abundance of major cell clusters between Bone Met (n=9) and different control fractions (Healthy n=12, Benign n=7, Involved n=4, Distal
n=4). Statistics are accessed with two-sided Wilcoxon rank sum test and BH multiple testing correction. (*p <0.05, ***p <0.001). H Pairwise
expression distances between samples are shown using MDS embeddings. The similarity measures the magnitude of expression change for each
subpopulation, using size-weighted average to combine them into an overall expression distance that controls the compositional differences. Each
dot is a sample, with colors and point shapes corresponding to the sample condition. | UMAP embedding of joint alignment of the Benign bone
marrow stromal cells, color coded by the cell type. J Heatmap of scaled normalized expression for representative marker gene expression in stromal

cell populations
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density was estimated for each individual sample. Then,
average cell density per sample condition is shown as
Fig. 3B. Then, the difference of sample densities between
conditions is estimated for each data point (by default,
using Wilcoxon test statistics).

Estimate expression distance

Expression differences between matching subpopulations
were calculated using estimateExpressionShiftMagni-
tudes function from cacoa (v0.4.0) [18]. Briefly, we first
define “pseudo-bulk” RNA-seq measurements for each
subpopulation in each sample and then calculate corre-
lation distances between all pairs of samples. The over-
all expression distance is determined as a normalized
weighted sum of correlation distances across all cell sub-
populations contained in both samples, with the weight
equal to the subpopulation proportion. Expression dis-
tances between samples are further projected to 2D space
using multidimensional scaling (MSD) method with plot-
ExpressionDistanceEmbedding function.

Gene Ontology and Gene Set Enrichment Analysis

We use Cacoa [18] to perform Gene Ontology and Gene
Set Enrichment Analysis. Cacoa uses clusterProfiler
(v4.6.0) [19] functions for Gene Ontology (GO) and Gene
Set Enrichment Analysis (GSEA). In all cases, Cacoa
define gene universe as the set of all genes, expressed in
at least 5% of cells of the analyzed cell type. The visuali-
zation function “dotplot” provided by clusterProfiler was
used to generate the GO enrichment plots.

Gene set signature score

We used a gene set signature score to measure cell states
in different cell subsets and conditions. The signature
scores were calculated as average expression values of the
genes in a given set. Specifically, we first calculated the
signature score for each cell as an average normalized (for
cell size) gene expression magnitudes, and then the sig-
nature score for each sample was computed as the mean
across all cells. All signature gene modules are listed in
the Additional file 1: Table S5. The statistical significance
was assessed using the two-sided Wilcoxon rank-sum
test. Furthermore, we perform Benjamini-Hochberg
(BH) multiple testing correction to ensure robustness of
the results (*p < 0.05, **p <0.01, ***p <0.001).

Ligand receptor analysis

To delineate the ligand-receptor (LR) interaction pair in
ccRCC Bone Met single-cell data, we download LR pairs
from CellPhoneDB (v3.1) [20] as background and use a
similar approach described in CellPhoneDB to test if
LR expression is significantly higher in certain cell types
than it would be from a random cell type pairing. We first
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calculate ligand and receptor gene expression ratio scores
for each cell type, requiring the genes that are at least
expressed in 10% of cells within that cell type. To obtain
the signal strength of a LR-pair in two corresponding cell
types, we rely on the joint expression distribution of the
associated genes. Specifically, we compute the LR-pair
score given a cell type A and cell type B as the product
of average expression of the ligand from cell type A and
receptor for cell type B. We observe such a product might
lead to an inflation of LR pairs that are in actuality not
present in the environment. To filter out the statistically
significant (p value 0.05) interactions, we further ran-
domly shuffle the cluster labels of all cell types and re-
calculate LR-pair score across 1000 permutations. This
background is used as null distribution to evaluate the
p-value for the target LR-pair interaction. In addition, we
also evaluated ligand and receptor expression, requiring
both ligand and receptor highly expressed in correspond-
ing cell type. The getDifferentialGenes function from
Conos [14] was used to derive DEG from each cell type
and genes. We next screened each of the LR pair using
p-value determined ligand Z score>4 and receptor Z
score>0. The detailed LR list can be found in Additional
file 1: Table Sé6.

inferCNV analysis

To identify the copy-number variations of tumor cells
from normal epithelial cells, we used interCNV (v1.3.3)
[21] for inferring large-scale chromosomal copy-num-
ber variations. As ccRCC malignant cells originate from
proximal tube epithelial cells, we performed inferCNV
on tumor cells using the proximal tube cells as the refer-
ence “normal” cells.

Survival analysis

To test if a given signature predicts survival, we first com-
puted the average expression of the signature in each
tumor based on the bulk RNA-Seq data. Next, we strati-
fied the patients into two groups according to the average
expression of the signature: high or low expression cor-
respond to the top or bottom 25% of the population. We
used a two-sided log-rank test to examine if there was a
significant difference between patient groups in terms of
their survival. R package survival (v3.5.0) and survminer
(v0.4.9) were used to draw Kaplan Meier (KM) plot. In
addition, we use Cox regression to analyze the potential
technical factors that associated with patient survival.
We included age and disease stage into the Cox regres-
sion model. Given the presence of age and disease stage,
Macro-2 and MSC-2 signature still show a significant
relationship with patient OS and PFS survival (Additional
file 1: Table S7). In order to assess the stability of the list
of signature genes, we performed a bootstrap resampling.
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This involved randomly selecting subsets of the signature
genes and repeating the analysis 200 times. We then cal-
culated p-values for each round of resampling and deter-
mined the statistical significance by reporting the 0.90th
quantile of the sampled p-values.

Flow cytometry analysis for myeloid and T cells

Samples from patients with RCC bone metastases were
used for FACS analysis. Cells from human Bone Met and
Distal BM samples were surface stained with a lymphoid
antibody panel (Additional file 1: Table S8). Cells were
washed once with 2% FBS-PBS (v/v). For intracellular
staining to detect Treg infiltration, cells were fixed and
permeabilized with Cytofix/Cytoperm (BD Biosciences,
San Jose, CA) for 20 min at 4 °C, followed by one wash
with 1XxPerm/Wash buffer (BD Biosciences, San Jose,
CA). Cells were incubated overnight at 4 °C with anti-
FoxP3-AF488, washed once in Perm/Wash buffer, and
finally resuspended in Perm/Wash buffer for analysis. We
acquired cell fluorescence data using a BD FACSAria II
flow cytometer and used FlowJo (BD Biosciences, San
Jose, CA) for analysis.

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA from snap-frozen tissues or sorted cells was
extracted using Direct-zol RNA MiniPrep Kit (Zymo
Research, R2052) or RNeasy Micro Kit (Qiagen, 74,004).
c¢DNA was synthesized from total RNA using iScript
c¢DNA Synthesis Kit (Bio-Rad, 1,708,891). qPCR was
performed using iTaq Universal SYBR Green Supermix
(Bio-Rad, 1,725,121) on a CFX384 Real-Time System (Bio-
Rad). The data were analyzed using the 2-AACt method.
ACTB was used as housekeeping genes. The following
primers were used for qPCR analysis: ACTB, AGAGCT
ACGAGCTGCCTGAC, AGCACTGTGTTGGCGTAC
AG; FN1, ACAACACCGAGGTGACTGAGAC, GGA
CACAACGATGCTTCCTGAG; FAP, GGAAGTGCC
TGTTCCAGCAATG, TGTCTGCCAGTCTTCCCT
GAAG; CCL18, GTTGACTATTCTGAAACCAGCCC,
GTCGCTGATGTATTTCTGGACCC.

Multiplex immunofluorescence

Multiplex immunofluorescence staining was performed
using PANO 4-plex IHC kit (cat 10,001,100,100, Pano-
vue). We performed the fluorescent dyes by using the
Mouse anti Human CD90 antibody, clone F15-42-1
(Dako, MA5-16,671), and RANKL rabbit anti-human
antibody (PA5-110,268). After applying different primary
antibodies, horseradish peroxidase-conjugated secondary
antibody incubation and tyramide signal amplification
were conducted. Following this, the slides were micro-
waved heat-treated. After labeling all human antigens,
DAPI (SIGMA-ALDRICH, D9542) was used to stain the
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nuclei. Fluorescent images were captured by Confocal
microscopes Leica SPE (Leica).

Statistical analysis

P values<0.05 were considered significant. Two-sided
Wilcoxon rank sum test was used to assess significance
in bulk seq and scRNA-seq analyses unless otherwise
stated.

Results

The landscape of immune and stromal cells within human
ccRCC bone metastasis

To define the microenvironment of ccRCC bone metas-
tasis, we performed scRNA-seq on fresh patient sam-
ples. Our samples included metastatic tissue (Bone Met)
and liquid BM at the vertebral level of spinal cord com-
pression (Involved) as well as liquid BM from a different
vertebral body distant from the tumor site but within
the surgical field (Distal). In addition, we included bone
and bone marrow stroma from patients undergoing hip
replacement surgery and incorporated publicly avail-
able BM single-cell data from healthy donor controls
(Healthy) and ccRCC primary tumors (ccRCC Primary)
from our previous study [10, 11] (Fig. 1A). Among those
data, we have two special patients (BM1 and BM2),
where we collected the primary tumor, adjacent-normal
kidney tissue, metastatic tumor, and involved and dis-
tal bone marrows from the same patient at diagnosis.
All patients had a historic diagnosis of ccRCC and had
standard pathologic evaluation to confirm ccRCC in the
bone marrow within tissue sampled at the time of spi-
nal decompression surgery (Fig. 1B and Additional file 2:
Fig. S1A). Detailed clinical and pathological information,
including tumor stage and treatment information, are
available in Additional file 1: Table S1. Following quality
control, including doublet removal and mitochondrial
genes filtering, 264,681 cells were obtained. Conos [14]
was used to integrate the multiple samples separately for
primary and metastatic tumors. Unsupervised clustering
of BM samples revealed 24 clusters including immune
cells: T cells, natural killer (NK) cells, myeloid cells; stro-
mal cells: MSCs, endothelial cells, pericytes (Fig. 1C-E
and Additional file 2: Fig. S1B). To ensure the robust of
scRNA-seq data integration, we re-analyzed the data
using Seurat [15] pipeline, which shows consistent
embedding and clustering (Additional file 2: Fig. S1C).
Integrating primary and metastatic tumors confirms
the cell identity and reveals cellular composition shifts
in myeloid cell subsets, MSCs and tumor cells (Fig. 1F
and Additional file 2: Fig. S1D). ccRCC tumor cells arise
from epithelial cells of the proximal convoluted tubules,
which do not exist in the normal BM [22, 23]. We could
therefore distinguish malignant cells by their epithelial
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origin, which differs from the immune and stromal cells.
We identified 1941 malignant cells by their expression
of a panel of markers including KRT8, KRT18, and CA9
[24] (Additional file 2: Fig. S1E). Tumor cell identity was
validated by inferred copy number aberrations (CNVs),
showing notable inter-patient variation (Additional
file 2: Fig. S1F).

Focusing on bone marrows, cellular composition analy-
sis between samples revealed cell shifts in multiple line-
ages. The largest increase was observed in macrophages,
regulatory T cells (Tregs), and CTLs in the Bone Met
fraction, while naive T cells and T helper cells were sig-
nificantly decreased (Fig. 1G and Additional file 2: Fig.
S1G). Complementary to the shifts of cell abundance
between malignant and non-malignant BM, we exam-
ined transcriptional state differences using a weighted
expression distance measurement [18]. There was sig-
nificantly more variability between the samples collected
from patient metastases as compared to control samples,
suggesting broader complexity and heterogeneity of the
bone metastatic microenvironment (Additional file 2:
Fig. S1H). Expression distances between samples were
projected in 2-dimensions using multidimensional scal-
ing (Fig. 1H), to illustrate that the overall similarity of cell
state in the different sample fractions consistently sepa-
rates metastatic and non-metastatic BM.

Interestingly, stromal cell populations were readily
detected in the Bome Met fraction, which contrasts to
our previous study in prostate cancer bone metastases
where there was a paucity of stromal cells [7]. We ana-
lyzed the transcriptome of enriched stromal cells from
non-malignant BM (Fig. 1A). Benign BM revealed 6 sub-
clusters including endothelial cells (VWE, PLVAP, CD34,
CLDNS5), osteoblasts (BGLAP, RUNX2, SPP1, NCAM1),

(See figure on next page.)
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and two pericytes clusters (Pericytel: MYH11, DSTN,
ACTA2; Pericyte2: MYL6, STEAP4, SEPT7, MYOL1B)
(Fig. 1I-J). MSCs expressing LEPR [25] were found in
high abundance in the benign bone marrow (MSCI:
CXCL12, LEPR, VCAN, SEPP1, VCAM]1). In addition,
a smaller fibroblast population was identified with high
expression of APOD, MFAP4, IGFBP6, MGP) (Fig. 1]).

RCC bone metastases exhibit increased recruitment

of a distinct tumor-associated macrophage subpopulation
The bone marrow contains abundant immune cells,
including different myeloid and T cell lineages [10].
Myeloid cells play an instrumental role in the TME
and contribute to both tumorigenesis and metastasis
[26, 27]. Within the ccRCC BM microenvironment,
we identified 6 myeloid subclusters (Fig. 2A and Addi-
tional file 2: Fig. S2A): classical monocytes (Mono-1/
Mono-2: S100A8, S100A9, and CD14), non-classical
monocytes (Mono-3: lacked CD14 expression but
expressed FCGR3A (CD16)), monocyte progenitor cells
(expressed high levels of MPO and MKI67), dendritic
cells (DCs, expressed CD1C and FCER1A) (Additional
file 2: Fig. S2B,C). We also identified a tumor-associated
macrophage (TAM) population that was specifically
enriched in the patient Bone Met fraction (Fig. 2B and
Additional file 2: Fig. S2A, D). Flow cytometry analysis
confirmed a higher infiltration of macrophages in Bone
Met tissues compared to Distal BM tissue (Fig. 2C).
TAMs were marked by the high expression of C1QA,
C1QB, and CD163 [7] and displayed an M2-like phe-
notype, with high levels of IL10, MSR1, CD163, and
TREM?2 [28-30] (Fig. 2D, E and Additional file 2: Fig.
S2B, E). TREM2+ macrophages have been identified
in advanced ccRCC patients and are associated with T

Fig. 2 Distinct tumor-associated macrophage subpopulations in ccRCC bone metastasis. A UMAP joint embedding showing myeloid cell subsets.
B Comparison of relative cell abundance of myeloid cell subsets between Bone Met (n=9) and different control fractions (Healthy n=12, Benign
n=7, Involved n=4, Distal n=4). Statistics are accessed with two-sided Wilcoxon rank sum test and BH multiple testing correction. (*p <0.05,

***n < 0,001, Additional file 1: Table S3). C Box plot showing the percent of Macrophages (CD68 +) of the CD45+/ CD11b+ population in Bone Met
(n=4) and Distal (n=4) by flow cytometry. Statistical significance determined using two-sided t-test (*p <0.05). D Scaled average expression of M2
signature genes visualized on UMAP embedding. E Representative M2 marker gene expression shown on violin plot. F UMAP joint embedding
showing integrated analysis of myeloid cells from ccRCC primary tumor and bone metastasis tumor. G Violin plot showing representative marker
gene expression across three macrophage subpopulations. H Box plot comparing proportion of macrophage populations across bone metastatic
ccRCC (n=9), primary ccRCC (n=14), and adjacent normal tissue (n=9). Statistics are accessed with two-sided Wilcoxon rank sum test and BH
multiple testing correction. (*p < 0.05, ***p <0.001). I Dot plots showing cytokine gene expression across different macrophage subsets. The color
represents scaled average expression of marker genes in each cell type, and the size indicates the proportion of cells expressing marker genes. J,
K Gating strategy for enrichment of TREM2 + SPP1 +macrophages. Labels above the flow plots refer to the parent population in the percentages
are of the parent gate (J). Box plot showing the percent of TREM2 +/SPP1 + cells for the CD45 +/ CD11b + population in Bone Met (n=4)

and Distal (n=4). Statistical significance was determined using two-sided t-test (K). L Kaplan-Meier curves showing ccRCC samples with higher
Macro-2 signature gene (SPP1, FABP5, CCL18, CXCL5, CCL7) expression have worse overall survival (top; n=533) and progression-free survival
(bottom; n=435) in TCGA KIRC data. Patients were stratified into two groups based on the average expression (binary: top 25% versus bottom
25%) of Macro-2 signatures. p value was evaluated using Log-rank test. Bootstrap resampling was performed on signature genes and p-value

was calculated using the 95% reproducibility power p-value (see the “Methods” section)
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Fig. 2 (Seelegend on previous page.)

cell exhaustion and anti-PD-1 resistance [31]. IL10 can
mediate immune suppressive effects by directly sup-
pressing lymphocyte responses and indirectly block-
ing DC functions. The finding of M2-like TAMs within
ccRCC bone metastasis suggests an immunosuppres-
sive microenvironment favoring tumor cell growth.
Macrophages are heterogeneous and several popula-
tions of macrophages have been described in primary

ccRCC [32]. To define the subpopulations of mac-
rophages and the association with TAMs identified in
primary ccRCC, we performed integrated analysis of
myeloid cells from primary ccRCC patients. Myeloid
sub-clustering revealed three distinct macrophage pop-
ulations (Macrol-3) (Fig. 2F-H). Macro-1 was defined
by expression of SEPP1, PDK4 and FOLR2, Macro-2 by
expression of FABP5, VIM and SPP1, and Macro-3 by
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expression of CCL20, EREG, THBSI, and IL1B (Fig. 2G
and Additional file 2: Fig. S2F).

The Macro-1 cluster was transcriptionally simi-
lar to tissue-resident macrophages [33] as reported
in primary ccRCC, breast and lung cancers [34], and
expressed markers such as SEPP1, FOLR2, CCL3,
CCL4, and CXCL12. Macro-2 showed high expres-
sion of SPP1, CXCL5, CCL2, CCL7, and CCL18 (Fig. 2I
and Additional file 2: Fig. S2F). Compared to sam-
ples from primary ccRCC, the composition of mac-
rophages in bone metastases demonstrated a shift
towards an increased fraction of Macro-2 (Fig. 2H).
SPP1 is involved in bone formation and in anchor-
ing of osteoclasts to the bone remodeling matrix [35].
CCL18 is reported to promote metastasis in breast can-
cer, colon cancer, and squamous cell carcinoma [36,
37]. CXCLS5 is elevated in tumor tissues and is posi-
tively associated with lymphatic metastasis and tumor
differentiation [38, 39]. Flow cytometric analysis of
freshly cryopreserved samples validated the increase
of TREM2+ SPP1+macrophages in Bone Met com-
pared to Distal BM tissue (Fig. 2], K). To evaluate the
potential prognostic value of different macrophage sub-
populations, we ran survival analysis on public ccRCC
bulk RNA sequencing data based on key marker gene
expression from our scRNA-seq dataset. Interestingly,
Macro-2 was associated with poor progression-free
and overall survival (Fig. 2L). Furthermore, differen-
tial gene expression analysis comparing Macro-2 from
bone metastases versus primary ccRCC showed that
lymphocyte and T cell activation genes are down-
regulated (Additional file 2: Fig. S2G), suggestive of a
immunosuppression within the metastatic TME. Col-
lectively, our data revealed distinct tumor-associated

(See figure on next page.)
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macrophage subpopulations in the metastatic TME and
suggested the potential role of Macro-2 in tumor bone
metastases.

Sustained T cells dysfunction in ccRCC primary and bone
metastatic tumors

T cells play a central role in the anti-tumor immune
response [40]. Dysfunctional or exhausted CD8+ cyto-
toxic T cells have been identified in ccRCC and the
metastatic TME [32, 41] We found clusters of naive
CD4 (SELL, CCR7, CD4), naive CD8 (SELL, CCR7,
CD8A), T helper (CD4, RORC), Treg (FOXP3, CTLA4,
IL2RA), NK1 (GZMB, FGFBP2, NKG7, KLRD1), NK2
(XCL1, XCL2, CMC1), proliferating T cells (TOP2A,
MKI67), and three subtypes of CTLs, CTL-1 (CD8A,
KLRG1, CMC1), CTL-2 (KLRB1, GZMK, IL7R), and
CTL-3 (PDCD1, HAVCR2, IFNG, GZMK) (Fig. 3A,
B and Additional file 2: Fig. S3A-C). The CTL-3 clus-
ter exhibited high expression of exhaustion signature
genes (HAVCR2, PDCD1, TOX, TIGIT) (Fig. 3C). The
dysfunctional cell state in CTL-3 was compared across
different sample fractions by exhaustion signature score
analysis, demonstrating the highest exhaustion in the
Bone Met compartment (Fig. 3D). Moreover, cell com-
position analysis demonstrated a significant increase of
CTL-3, Tregs, and the proliferating T cells in the Bone
Met fraction, whereas naive CD4 and naive CD8 were
reduced (Fig. 3B and Additional file 2: Fig. S3D, E). Flow
cytometric analysis of freshly cryopreserved samples fur-
ther validated the upregulation of PDCD1 and increased
PDCD1+CD8+cells in the Bome Met compartment
(Fig. 3E, and Additional file 2: Fig. S3F,G). Together, this
suggests that CTLs have lost their immune responsive
capacity in the metastatic BM TME. Tregs are critical to

Fig. 3 Dysfunctional T cells correlate with Macro-2. A UMAP embedding demonstrating T cell subpopulations. B Visualization of the average

cell density across Bone Met (n=9) and multiple control conditions (Healthy n=12, Benign n=7, Involved n=4, Distal n=4), using embedding
density estimates. Brighter colors correspond to denser regions (see the “Methods” section). C Expression of representative T cell exhaustion
markers on UMAP embedding. D Box plots showing T cell exhaustion score within CTL-3 across Bone Met (n=9) and control conditions (Healthy
n=12, Benign n=7, Involved n=4, Distal n=4). Statistics are accessed with two-sided Wilcoxon rank sum test and BH multiple testing correction
(*p<0.05). For box plots, center line represents the median and box limits represent upper and lower quartiles, and whiskers depict 1.5 xthe
interquartile range (IQR). E Comparison of PDCD1 expression (MFI) in Distal (n=4) and Bone Met (n=4) samples. Statistical significance determined
using two-sided t-test (*p < 0.05). F ICOS, CTLA4, TNFRSF4, and TNFRSF18 expression in Tregs shown as violin plot. G Bar plot showing CTL-3 (top)
and Treg abundance (bottom) comparing RCC Bone Met (n="9) with RCC Primary (n=14) and adjacent normal (n=9) fractions. Statistics are accessed
with two-sided Wilcoxon rank sum test (*p <0.05, **p < 0.01). H Violin plot showing representative exhausted T cell signature gene expression

in CTL-3 comparing RCC Bone Met with RCC Primary and adjacent normal fractions. I Correlations of the cell abundance between myeloid and T
cell subsets shown as heatmap. Significance was assessed using Pearson correlation test and BH multiple testing correction. Color represents

correlation coefficient and star presents the significance. (*p <0.05). J Heatmap showing scaled average expression of CCL18 and CCR8 in major cell
populations. K Circle plots showing the inferred CCL18-CCR8 signaling between Macro-2 and Treg. L Box plot showing CCL18 and CCR8 abundance
in tumor (n=72) compared to adjacent normal (n=533) tissue in TCGA KIRC. Statistics are accessed with two-sided Wilcoxon rank sum test

(****p <0.0001). M Correlation of CCR8 expression in Tregs and CTL-3 exhaustion score in CTL-3 is shown as a scatter plot. Pearson linear correlation
estimate, and p-values are shown. The error band indicates 95% confidence interval. N Correlation of CCR8 expression and CTL-3 exhaustion score
is shown as a scatter plot for TCGA KIRC data (n=>533). Pearson linear correlation estimate, and p-values are shown
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Fig. 3 (Seelegend on previous page.)

the maintenance of immune tolerance and suppression
[42] Compared to non-malignant BM TME, we observed
increased expression of Treg costimulatory molecules
(TNFRSF4, TNFRSF18, ICOS) and the inhibitory mol-
ecule CTLA4, pointing to an immune suppression and
T cell escape within the Bone Met location [43, 44] by
Tregs (Fig. 3F). We further compared ccRCC Bone Met
T cell compartments with ccRCC primary tumors (Addi-
tional file 2: Fig. S3H). The two immune suppressive
components (CTL-3 and Tregs) significantly increased
in primary tumors and were sustained in metastatic

120 125 130
CCR8 expression

1.15

lesion (Fig. 3G). Examination of CTL exhaustion and
Treg costimulatory molecules expression further veri-
fied dysfunctional T cell states both in RCC primary and
bone metastatic tumors (Fig. 3H and Additional file 2:
Fig. S3L J).

Dysfunctional T cells correlate with the myeloid TAM-2
population

Our data suggest that T cells and TAMs may cooperate to
contribute to an immunosuppressive TME. The Macro-2
(TAM-2) abundance was significantly correlated with
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Treg abundance and CTL-3 abundance (Fig. 3I and Addi-
tional file 2: Fig. S4A), pointing towards an interplay that
might favor immune suppression [45]. Ligand-receptor
analysis identified biologically important interactions
between Macro-2 and CTL-3/Treg populations, includ-
ing known immune suppressive interactions such as
CD86/CTLA4 [46] and IL10/IL10RB [47] (Additional
file 2: Fig. S4B). Interestingly, the expression of CCL18
was specific to the Macro-2 population, and recep-
tor CCR8 was exclusive to Tregs, suggesting a biologi-
cally relevant interaction (Fig. 3], K). We validated this
by using FACS to sort TREM2+ SPP1+macrophages
and confirmed the expression of CCL18 with RT-qPCR
in multiple patient samples (Additional file 2: Fig. S4C).
Compared to Distal BM, TREM2+ SPP1 + macrophages
significantly increased in Bone Met tissue (Fig. 2K). As
limited TREM2+ SPP1 + macrophages were obtained in
Distal BM, we merge all Distal TREM2+ SPP1+ mac-
rophages together for as control (#1). Additionally, we use
FACS to demonstrate CCR8 protein expression in Tregs,
as CCR8 is a cell surface protein (Additional file 2: Fig.
S$4D). Moreover, analysis of bulk RNA-seq data shows
that both CCL18 and CCR8 are significantly upregulated
in tumors (Fig. 3L). CCL18 expressed from TAMs plays a
critical role in immune and inflammation responses, and
its receptor CCR8 marks suppressive Treg cells within
the tumor [48] suggesting the immunosuppressive poten-
tial of the CCL18-CCRS8 axis in bone metastatic ccRCC.
To further investigate the immunosuppressive proper-
ties of CCL18-CCR8, we perform correlation analysis
between CCR8 expression from Tregs and exhaustion
signature score from CTL-3. Interestingly, a significant
correlation coefficient was observed and was further
confirmed in bulk RNA-seq data. (Fig. 3M, N). Taken

(See figure on next page.)
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together, our data show that bone marrow in metastatic
patients is immune-suppressive, featuring increased
TAMs, exhausted CD8+T cells, and Tregs, indicating
the potential interactions among immune suppressive
components (Additional file 2: Fig. S4E).

A tumor-specific mesenchymal stromal cell population

is associated with worse patient survival

Stromal cells of normal human BM and bone metastatic
tumors have not yet been characterized at the single-
cell level. We identified osteoclasts (VAMPS8, CAP5)
[49] osteoblasts (SPP1, RUNX2) [50], fibroblasts (DCN,
APOD, MFAP4) [51], endothelial cells (PLVAP, RAMP2)
[52], two MSC (NT5E, CXCL12, LEPR), and three peri-
cyte (RGS5, ACTA2) subpopulations [53] (Fig. 4A, B and
Additional file 2: Fig. S5A, B). Comparing the distribu-
tion of stromal cells demonstrated changes in cell com-
position of MSCs, endothelial cells, and pericytes within
the metastatic Bone Met fraction (Fig. 4A and Additional
file 2: Fig. S5C-E), suggesting the tumor-induced stroma
remodeling.

The MSC subsets were characterized by the expres-
sion of key MSC markers LEPR, NT5E, THY1 (CD90),
VCAM]I, and the known hematopoietic stem cell niche
factor CXCL12 [25] (Fig. 4B). MSC-2 cluster main-
tained the expression of classic MSC markers NT5E,
THY1(CD90) but had reduced expression of VCAM]I,
LEPR, and CXCL12 compared to MSC-1 (Fig. 4B, C and
Additional file 2: Fig. S5A). The similar downregulation
of CXCL12 expression was recently observed in bone
marrow derived LEPR+ MSCs in murine leukemia [25].
MSC-2 abundance was significantly increased in the
Bone Met compartment compared to Benign (Fig. 4D)
and displayed high expression level of EMT markers

Fig. 4 A distinct tumor-associated mesenchymal stroma cell (MSC) in ccRCC bone metastasis displaying CAFs phenotype. A UMAP embedding
showing stromal cell subpopulations (left) and cell density difference comparing tumor with benign condition (right). Z score evaluates

whether the cells are enriched in tumor (high Z score, red) or benign (low Z score, blue) condition. B Dot plot representing key-marker gene
expression of stromal cell types. The color represents scaled average expression of marker genes in each cell type, and the size indicates

the proportion of cells expressing marker genes. C Visualization of MSC marker gene expression shown as violin plot. D Bar plot illustrates cell
abundance differences between Bone Met (n=9) and Benign (n=9) conditions for MSC-1 (left) and MSC-2 (right). Significance was assessed

using two-sided Wilcoxon rank sum test. E Heatmap showing scaled average gene expression in MSC-2 across Bone Met and Benign conditions
for each patient (column). F UMAP visualization of representative EMT and CAFs signature gene expression in stromal cells. G EMT gene signature
score in stromal cells, UMAP visualization of EMT score (left). Violin plots of the EMT gene signature score in Bone Met and Benign MSC-2 cells
(right). Significance was assessed using two-sided Wilcoxon rank sum test (****p <0.0001). H Similar to Fig. 4G, showing CAF gene signature

score (****p <0.0001). I Bar plot showing relative mRNA expression (log fold change) of FAP and FN1 in Benign (n=5) and Bone Met (n=7) tissue
by RT-gPCR. Data are expressed using the 2 —AACt method. Gene expression levels were normalized to the benign control. Statistical significance
determined using two-sided t-test. J Kaplan-Meier curves showing ccRCC samples with higher MSC-2 signature gene (COL6A2, FN1, TIMPT,
COL3AT1, COLTA2) expression have worse progression-free and overall survival (n=533) in TCGA KIRC data. Patients were stratified into two groups
based on the average expression (binary: top 25% versus bottom 25%) of MSC-2 signatures. p value was evaluated using Log-rank test. Bootstrap
resampling was performed on signature genes and p-value was calculated using the 95% reproducibility power p-value (see the “Methods” section).
For box plots, center line represents the median and box limits represent upper and lower quartiles, and whiskers depict 1.5 x the interquartile

range (IQR)
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HTRA1, INHBA, and ITGA5 [54, 55] (Fig. 4E, F). Fur-
thermore MSC-2 showed pronounced EMT signature
score, particularly within Bone Met fraction (Fig. 4G).
This elevated EMT score indicates a substantial degree of
cell state plasticity and motility, which are recognized as
key indicators of metastatic potential [56].

MSC-2 also demonstrated high expression of SPARC,
a factor known to mediate the disruption of cell adhe-
sion [57]. Multiple collagen-associated genes (COL6A2,
COL3A1, COL4A1, COL4A2) were upregulated in the
Bone Met MSC-2 cluster, indicative of active extracellu-
lar matrix remodeling, which was further supported by
upregulated processes such of cell adhesion, tube mor-
phogenesis, extracellular matrix organization, and colla-
gen fibril organization [58] (Fig. 4E and Additional file 2:
Fig. S5F). Additionally, MSC-2 shown high expression
of cancer-associated fibroblast (CAFs) markers, includ-
ing FAP, FN1, and CD44 [59] (Fig. 4F). The enhanced
expression of FAP and FN1 were further validated using
RT-qPCR in Bone Met samples (Fig. 4I). CAFs have
been observed in multiple cancer types and are known
to secrete factors (e.g., IL6, IL8, TGFB1) that can regu-
late cancer proliferation and metastasis [60]. Our analy-
sis revealed that the CAF signature was predominantly
found in the Bone Met MSC-2 cells and enriched in Bone
Met fraction (Fig. 4E, H). Moreover, we generated gene
signatures describing MSC-2 and restricted these signa-
tures to MSC-2-specific genes (Methods). We utilize bulk
RNA-seq data and found a significant upregulation of
MSC-2 signature in tumor compared to adjacent normal
tissue (Additional file 2: Fig. S5G). We then performed
survival analysis separating bulk RNA-seq samples into
MSC-2 high and MSC-2 low groups. MSC-2 signature
was shown to be associated with poor progression-free
and overall survival (Fig. 4] and Additional file 2: Fig.
S5H). Our data provides evidence that CAFs phenotype
of MSCs in the metastatic BM and are not shown in nor-
mal BM [61]. This observation implies a potential tran-
sition from MSC-1 to MSC-2 cells accompanied with a
CAF-like and EMT-like transcriptional reprogramming
in tumor bone metastasis cascade.

EMT programs are enriched in metastatic ccRCC compared
to primary ccRCC

The homing of the cancer cells to the bone marrow is a
multi-step process that includes extravasation from the
bloodstream, tissue invasion, disruption of normal bone
marrow homeostasis, and ultimately the promotion of an
immunosuppressive TME [62]. To better understand cell
heterogeneity and the cellular programs that may drive
tumor cell migration and metastasis, we also included
comparison datasets of proximal tubule cells from adja-
cent normal kidney tissue (that are thought to be the
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origin of kidney cancer) and tumor cells from publicly
available samples of primary ccRCC [11].

High similarity was observed between malignant cell
and proximal tube cells in joint alignment (Fig. 5A and
Additional file 2: Fig. S6A), showing high expression of
epithelial markers KRT8, KRT18 (Fig. 5B). However, the
transcriptional profile changed in the tumor with a sig-
nificant upregulation of ccRCC signature genes VEGFA,
NDUFA4L2, and PDK4 [32] both in the primary and
the metastatic setting (Fig. 5B and Additional file 2: Fig.
S6B). Furthermore, we analyzed copy number variations
(CNVs), taking proximal tube cells from adjacent nor-
mal kidney tissue as reference with inferCNV [21]. These
inferred CNVs were consistent with previous reports of
Chr3 loss in ¢ccRCC patients and accumulated CNVs in
metastatic ccRCC patients with additional loss of Chr9
and Chri14 [9] (Fig. 5C).

Patient-to-patient variability was most highly pro-
nounced in the metastatic tumor cell fractions when
compared to primary tumors or to normal epithelial
proximal tubule cells (Additional file 2: Fig. S6C). This
suggests a high degree of tumor cell transcriptional het-
erogeneity and may imply that the metastatic tumor has
a higher degree of complexity and therefore might be
more challenging to target. Further analysis of expression
distances using multidimensional scaling resulted in con-
sistent divergence of the transcriptional state of meta-
static tumors (Fig. 5D). EMT programs have been widely
considered to be drivers of tumor invasion and metasta-
sis [56]. We examined the EMT program in primary and
metastatic samples with a focus on the tumor cells and a
comparison to normal proximal tubule cells. EMT signa-
tures were significantly increased in the metastatic tumor
cells (Fig. 5E, F) that is in agreement with previous report
of EMT on tumor cells dissemination [6, 56]. Further dif-
ferential gene expression analysis showed that tumor cells
from bone metastases also differed from primary tumor
cells with upregulation of actin cytoskeleton organization
and extracellular matrix organization, key programs in
EMT (Fig. 5G and Additional file 2: Fig. S6D).

Tumor-associated MSCs trigger dysregulated bone
remodeling within ccRCC metastasis

Next, we focused on channels of communication between
tumor cells and the TME that might explain the immune
suppressive nature of the macrophages, the exhausted
T cell populations, and the EMT changes in the tumor
cells. We asked what channels might mediate growth
and maintenance of the cancer in the BM? To answer
this question, we performed a ligand-receptor analysis to
identify cellular crosstalk among the different cell popu-
lations. In total, we identified 5317 channels as poten-
tial drivers of ccRCC bone metastases. While most of
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the channel interactions are within the different stromal
cell subpopulations, we also identified significant inter-
actions between stroma and immune cells (Fig. 6A and
Additional file 2: Fig. S7A, B). With a focus on the inter-
actions within stroma cells and myeloid subpopulations,
we identified biologically important interactions involved
in bone remodeling, including RANKL-RANK, Oncos-
tatin M (OSM) and its receptor OSMR, and VEGF-KDR
[63-65] (Fig. 6B, C and Additional file 2: Fig. S7B).

The RANKL/RANK/OPG signaling is critical in
orchestrating osteoclasts maturation, bone modeling,
and bone remodeling. We observed an increase of
RANKL expression in Bone Met MSC-2 cells, along with
an increase of the receptor RNAK expression in osteo-
clast (Fig. 6D, and Additional file 2: Fig. S7C). In addition,
the decoy receptor OPG (acts as a RANK antagonist) was
reduced in the Bone Met MSC-1 cells when compared to
the Benign fraction (Fig. 6D). This observation suggests
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a specific activation of the RANKL-RANK axis within
the tumor [66]. Tumor cells are believed to provide the
source of RANKL production, and it has been demon-
strated that RANKL-expressing tumor cells are attracted
to the high local concentrations of RANK within the
bone [5]. However, our analysis suggests that the source
of RANKL is produced by the distinct tumor-associ-
ated MSC-2 population rather than tumor cells (Addi-
tional file 2: Fig. S7D). RT-qPCR validation confirmed
the upregulation of RANKL in Bone Met samples com-
pared to Benign control (Fig. 6E). Additionally, multiplex
immunohistochemistry (mIHC), performed in situ on
Bone Met tumor as the single-cell expression, confirmed
the co-localization of CD90 and RANKL (Fig. 6F and
Additional file 2: Fig. S7E). We further examined RANKL
expression in two public scRNA-seq data from primary
and advanced ccRCC patients [11, 41], showing an
absence of RANKL expression in the tumor cells (Addi-
tional file 2: Fig. S7F). Therefore, we hypothesize that
tumor-associated MSC-2 populations is the mediator of
the bone remodeling observed in ccRCC bone metas-
tasis patients through the channel of RANKL-RANK/
OPG signaling. In line with this hypothesis, we observed
changes in osteoblast and osteoclasts, the key regulators
of bone formation and resorption, where dysregulation
of bone remodeling is known to be involved in promot-
ing metastases [4, 5]. RANK (receptor) expression is sig-
nificantly enhanced in Bone Met-associated osteoclasts
(Fig. 6D), and these osteoclasts displayed an upregulation
of genes related to differentiation and activation [67, 68]
(CA2, TCIRG1, CLCN7, OSTM1, and ANXA2), implying
a program of active bone resorption. Meanwhile, osteo-
blasts showed reduced expression of genes related to
osteoblast proliferation, mineralization, and connective
tissue integrity (LRP5, ALPL, BGLAP and BMP4), indica-
tive of impaired osteoblast-mediated bone formation [69]
(Additional file 2: Fig. S7G). Taken together, our data sug-
gested tumor-associated MSCs source to bone remod-
eling of ccRCC bone metastasis through dysregulation of
the RANKL/OPG-RANK axis (Fig. 6G).

In addition to RANKL/OPG/RANK axis, OSM is of
particular interest in the bone metastatic process because
of its ability to independently stimulate the expression
of RANKL. More specifically, OSM secreted by mono-
cyte-derived macrophages can stimulate RANKL pro-
duction through direct contact with MSCs via the OSM
receptor [64]. Our results provide further support to the
importance of this axis in metastatic ccRCC, as OSM
expression was expressed in the Macro-1 and Macro-3
populations, while the expression of OSMR was found
in tumor-associated MSC-2 cells (Additional file 2: Fig.
S7B). In addition, tumor cells also showed increased
expression of OSMR, which suggests the presence of the
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OSM-OSMR axis in metastatic ccRCC potentially acting
as an independent RANKL-inducing pathway.

Discussion

The tumor and immune microenvironment of pri-
mary and advanced ccRCC has been widely studied at
the single-cell resolution [32, 41]. However, a deeper
understanding of the cellular relationships within bone
metastatic ccRCC has not been explored. Here, we used
scRNA-seq to construct a single-cell transcriptomic atlas
of the microenvironment of human ccRCC bone metas-
tasis. Our analysis identified cells influencing ccRCC
bone metastasis, including immunosuppressive TAMs
and Tregs, and dysfunctional CTLs. We revealed an EMT
cell state shift in a distinct MSC populations that pro-
motes bone remodeling activity. Therapeutically modu-
lating immune cells (e.g., immune checkpoint blockade)
has been proven beneficial in ccRCC [41]. Targeting stro-
mal cells in ccRCC bone metastases might as well be an
effective therapeutic strategy.

Metastatic spread is often accompanied by tumor cell
heterogeneity which may enable cancer cells to adapt to
specific microenvironments and overcome metastatic
barriers. Here, we observed significant inter-patient vari-
ability of malignant cells from metastatic patients. This
suggests that distinct patterns of gene expression and
mutational burden may be linked to different metastatic
behaviors. Despite the variability of malignant cells in
metastatic patients, we consistently observed an acti-
vated EMT program [70, 71].

TAMs are widely present in different TME. Removal
or disruption of TAMs leads to reduced bone metastatic
growth in breast and prostate cancer [7, 72]. We found
a diversity of TAM subpopulations in metastatic sites.
Among them, Macro-2 seems to be a key player in the
tumor metastatic cascade, characterized by expression
of SPP1, CCL18, CXCL5, CCL2, and CCL7. SPP1+ mac-
rophages have been observed in lung adenocarcinoma
lymph node metastasis and colon cancer liver metasta-
sis [73, 74]. CXCL5 was reported to be involved in the
formation of a premetastatic niche promoting breast
cancer cells to proliferate and colonize in the bone [38,
39]. Cell—cell interaction analysis points to communica-
tion between Macro-2 and Tregs through CCL18-CCRS.
CCL18 plays a role in promoting breast cancer, colon
cancer, and squamous cell carcinoma metastasis [37],
and CCR8+ Tregs are highly suppressive cells within the
tumor [48]. We observed a correlation between CCL18
expression and the CTL-3 exhausted signature score,
suggesting that CCL18-CCRS8 axis also plays an immuno-
suppressive role in ccRCC bone metastases.

MSCs are critical in modulating the tumor micro-
environment and MSC-derived factors affect disease
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progression in prostate bone metastasis [75] as well
as in metastatic breast cancer [76]. MSCs segregated
into two subsets, including MSC-1 that was enriched
in normal samples while MSC-2 was enriched in the
bone metastatic samples. The MSC-2 population was
characterized by an enhanced EMT program and CAF
phenotype (Fig. 4G, H). These changes imply that this
subpopulation of MSCs in ccRCC bone metastases may
be similar to CAFs seen in other cancers [77]. CAFs
are a key component of the TME; they can modulate
cancer metastasis through the remodeling of the extra-
cellular matrix (ECM) and production of growth fac-
tors and influence angiogenesis and immune response.
Indeed, we observed expression of IL6, IL8, VEGFA,
and TGFB1, as well as collagen-associated genes
(COL6A2, COL3A1, COL4A1, COL4A2) (Fig. 4E),
which is reported in CAFs [60].

Tumor cells can exploit certain aspects of the bone
ME for homing, maintenance, and growth [1, 4]. In the
osteolytic bone metastases of patients with bone meta-
static ccRCC, bone resorption mediated by osteoclasts
is preferentially activated over bone formation [4]. The
RANK-RANKL axis is a major pathway promoting
osteoclast-mediated bone resorption through favoring
osteoclast differentiation and maturation [78]. Here, we
demonstrated that this mechanism is increased in bone
metastatic ccRCC (Fig. 6B—D). Furthermore, the level of
OPQG, with its role in bone growth and homeostasis, was
significantly decreased (Fig. 6D). OSM has been shown
to independently stimulate the expression of RANKL
through direct contact with MSCs via OSMR [64]. Our
results support the relationship of the OSM-OSMR axis
(Additional file 2: Fig. S7B) in promoting an osteolytic
microenvironment as the tumor-associated MSC-2 pop-
ulation as well as the tumor cells themselves gain expres-
sion of OSMR, thereby favoring aberrant osteoclast
formation and differentiation.

Although our analysis presents a good representation
of immune and stroma cells in the ccRCC primary and
bone metastatic niche, it is important to consider a few
potential limitations of our study. One of the main limi-
tations is lack of validation in separate patient samples.
Although we performed functional interpretation and
protein validation of certain cell types using the same
patient cohort, validation in independent datasets will be
necessary to further substantiate these findings. Further-
more, the analysis of survival curves using bulk RNA-
seq gene expression data can be challenging due to the
potential confounding factors, such as age, gender, treat-
ment status, genetics, risk group, and technical biases
within large bulk RNA-seq cohorts. However, despite
these challenges, we were able to identify significant
differences that we believe might have a critical clinical
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implication for understanding how immune and stroma
cells impact ccRCC survival.

Conclusions

Our single-cell transcriptomic analysis of c¢cRCC
prim[ary and bone metastatic tumors revealed the
dynamics of immune and stroma cell remodeling dur-
ing tumor progression and metastasis. We found that
the bone metastatic niche is markedly immune suppres-
sive with increased exhausted CD8+ cytotoxic T cells,
T regulatory cells, and TAMs. Within the TAMs, the
TREM2 +SPP1 +subset was notably enriched in bone
metastatic lesions and was associated with worse patient
survival, implicating a potential role in metastatic pro-
gression. Additionally, our study captured a tumor-asso-
ciated mesenchymal stromal cell population (TA-MSC),
which is transcriptionally similar to CAFs, which appears
to contribute to the epithelial-to-mesenchymal transition
and to bone remodeling. Overall, this comprehensive
analysis offers valuable insights into the biology of ccRCC
bone metastases and highlights potential therapeutic
avenues targeting the diverse cellular constituents of the
tumor microenvironment.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513073-023-01272-6.

Additional file 1: Table S1. Basic information of sample cohort. Table S2.
Data quality control metrics. Table S3. Patient sample groups and cell
frequency. Table S4. Signature genes for cell annotations. Table S5. List
of gene signature score. Table S6. Significant ligand and receptor pairs.
Table S7. Cox-regression survival result. Table S8. Flow cytometry panels
for myeloid and T cells.

Additional file 2: Fig S1. Overview of immune and stromal cell landscape
in ccRCC bone metastasis. Fig S2. Distinct tumor-associated macrophage
subpopulations in ccRCC bone metastasis. Fig S3. Sustained T cells
dysfunction in ccRCC primary and bone metastatic tumors. Fig S4. Dys-
functional T cells correlate with Macro-2. Fig S5. Changes of stromal cell
subpopulations in the ccRCC bone metastasis. Fig S6. Tumor cells hetero-
geneity within human ccRCC bone metastasis. Fig S7. Tumor-associated
MSCs source to bone remodeling of ccRCC bone metastasis.

Acknowledgements

We are particularly indebted to our patients and their clinical care teams. We
gratefully acknowledge support from Bill & Cheryl Swanson, Gunther & Mag-
gie Buerman, and Robert Higginbotham.

Authors’ contributions

Conceptualization, SM., AA, JHS, PS, D.BS, PVK, and N.B; sample collection
methodology and surgeries, MAAR,, JH.S,, PS; investigation, SM., AA, IT, TH.,
YK, PS, DB.S., CW, AS, SW, PVK, and N.B, process and analysis of human BM
stroma data, S.M,, YK, RT-qPCR analysis, T.Z,; FACS analysis, N.E.J. and H.Z,; mul-
tiplex immunofluorescence validation Y.X.; computational investigation and
analysis, SM,, A A, T, PVK, and N.B; writing—original draft, SM., AA, I.T, and
N.B.; writing and editing, SM,, AA, LT, TH, CW, HS, Y.Z,AS, SW, PS, DBS,
PVK, and N.B, funding acquisition, resources, and supervision, PS., D.B.S., PVK,
and N.B. All authors read and approved the final manuscript.


https://doi.org/10.1186/s13073-023-01272-6
https://doi.org/10.1186/s13073-023-01272-6

Mei et al. Genome Medicine (2024) 16:1

Funding

S.M. was funded by Prostate Cancer Foundation Young Investigator Award
(23YOUN13 to SM.).

A.A.and N.B. was funded by the Swedish Research Council and Swedish
Cancer Society. PVK. was funded by the NIH grant ROTHL 131768 from NHLBI.
Patient samples were sorted at the HSCI/CRM flow cytometry core facility at
MGH.

Availability of data and materials

The single-cell data set generated in this study is available from GEO (https://
www.ncbi.nlm.nih.gov/geo) with accession GSE202813 [79]. The public data
analyzed in this study are available on GEO with accessions GSE120446/
GSE120221 [10], GSE178481 [11], and Single Cell Portal (SCP1288) [41]. The
TCGA clear cell renal cell carcinoma (KIRC) [80] cohort was downloaded from
the cBioPortal (https://www.cbioportal.org/study/clinicalData?id=kirc_tcga).
The custom code and the combined data that was used in this study can be
found at https://github.com/shenglinmei/ccRCC.bone.Met [81].

Declarations

Ethics approval and consent to participate

In accordance with the U.S. Common Rule and after Institutional Review

Board (IRB) approval, all human subject tissue collection was carried out with
institutional review board (IRB) approval (Dana Farber/Harvard Cancer Center
protocol 13-416 and Partners protocol 2017P000635/PHS). Informed consent
was obtained from all participants prior to enrolment. The research adhered to
the declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests

PVK serves on the Scientific Advisory Board to Celsius Therapeutics, Inc, and
Biomage Inc. D.BS. is a co-founder and holds equity in Clear Creek Bio and is
a consultant and holds equity in SAFI Biosolutions. D.T.S. is a founder, director,
and stockholder of Magenta Therapeutics, Clear Creek Bio, and LifeVaultBio. He
is a director and stockholder of Agios Pharmaceuticals and Editas Medicines
and a founder and stockholder of Fate Therapeutics and Geruda Therapeu-
tics. He is a consultant for FOG Pharma, Inzen Therapeutics, ResoluteBio, and
VCanBio and receives sponsored research support on an unrelated project
from Sumitomo Dianippon. D.BS. is a founder, consultant, and shareholder
for Clear Creek Bio. The remaining authors declare that they do not have any
competing interests.

Author details

!Center for Regenerative Medicine, Massachusetts General Hospital, Boston,
MA 02114, USA. ?Department of Biomedical Informatics, Harvard Medical
School, Boston, MA 02115, USA. 3Childhood Cancer Research Unit, Depart-
ment of Women'’s and Children’s Health, Karolinska Institutet, 17176 Stock-
holm, Sweden. “Harvard Stem Cell Institute, Cambridge, MA 02138, USA.
°Department of Stem Cell and Regenerative Biology, Harvard University,
Cambridge, MA 02138, USA. ®Department of Pathology, Massachusetts Gen-
eral Hospital, Harvard Medical School, Boston, MA 02114, USA. ’Department
of Urology, Massachusetts General Hospital, Harvard Medical School, Boston,
MA 02114, USA. ®Division of Plastic and Reconstructive Surgery, Massachusetts
General Hospital, Boston, MA 02114, USA. “Department of Neurosurgery,
Harvard Medical School, Boston, MA 02115, USA. '®Massachusetts General
Hospital Cancer Center, Harvard Medical School, Boston, MA 02114, USA.
""Present: Altos Labs, San Diego, CA 92121, USA.

Received: 10 October 2022 Accepted: 11 December 2023
Published online: 29 January 2024

References
1. Weilbaecher KN, Guise TA, McCauley LK. Cancer to bone: a fatal attraction.
Nat Rev Cancer. 2011;11:411-25.

20.

21

22.

23.

24.

25.

26.

27.

28.

Page 19 of 21

Macedo F, Ladeira K, Pinho F, Saraiva N, Bonito N, Pinto L, et al. Bone
metastases: an overview. Oncol Rev. 2016;11:321. https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC5444408/.

Bhatt JR, Finelli A. Landmarks in the diagnosis and treatment of renal cell
carcinoma. Nat Rev Urol. 2014;11:517-25.

Chen S-C, Kuo P-L. Bone metastasis from renal cell carcinoma. Int J Mol
Sci. 2016;17:987.

Clézardin P, Coleman R, Puppo M, Ottewell P, Bonnelye E, Paycha F, et al.
Bone metastasis: mechanisms, therapies, and biomarkers. Physiol Rev.
2021;101:797-855.

Ganesh K, Massagué J. Targeting metastatic cancer. Nat Med. 2021;27:34-44.
Kfoury Y, Baryawno N, Severe N, Mei S, Gustafsson K, Hirz T, et al. Human
prostate cancer bone metastases have an actionable immunosuppres-
sive microenvironment. Cancer Cell. 2021;39:1464-1478.8.

Kim K, Zhou Q, Christie A, Stevens C, Ma 'Y, Onabolu O, et al. Determinants
of renal cell carcinoma invasion and metastatic competence. Nat Com-
mun. 2021;12:5760.

Turajlic S, Xu H, Litchfield K, Rowan A, Chambers T, Lopez JI, et al. Tracking
cancer evolution reveals constrained routes to metastases: TRACERx
Renal. Cell. 2018;173:581-594.e12.

. Oetjen KA, Lindblad KE, Goswami M, Gui G, Dagur PK, Lai C, et al. Human

bone marrow assessment by single-cell RNA sequencing, mass cytom-
etry, and flow cytometry. Jci Insight. 2018;3: 124928.

. Alchahin AM, Mei S, Tsea |, Hirz T, Kfoury Y, Dahl D, et al. A transcriptional

metastatic signature predicts survival in clear cell renal cell carcinoma.
Nat Commun. 2022;13:5747.

. Wolock SL, Lopez R, Klein AM. Scrublet: computational identification of cell

doublets in single-cell transcriptomic data. Cell Syst. 2019;8:281-291.e9.

. Fan J, Salathia N, Liu R, Kaeser GE, Yung YC, Herman JL, et al. Character-

izing transcriptional heterogeneity through pathway and gene set
overdispersion analysis. Nat Methods. 2016;13:241-4.

. Barkas N, Petukhov V, Nikolaeva D, Lozinsky Y, Demharter S, Khodosevich

K, et al. Joint analysis of heterogeneous single-cell RNA-seq dataset col-
lections. Nat Methods. 2019;16:695-8.

HaoY,Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler A, et al. Inte-
grated analysis of multimodal single-cell data. Cell. 2021;184:3573-3587.€29.

. Hay SB, Ferchen K, Chetal K, Grimes HL, Salomonis N. The Human Cell

Atlas bone marrow single-cell interactive web portal. Exp Hematol.
2018,68:51-61.

. Love MI, Huber W, Anders S. Moderated estimation of fold change and

dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

. Petukhov V, Igolkina A, Rydbirk R, Mei S, Christoffersen L, Khodosevich

K, et al. Case-control analysis of single-cell RNA-seq studies. Biorxiv.
2022;2022.03.15.484475.

. WuUT, HuE, XuS, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a universal

enrichment tool for interpreting omics data. Innovation. 2021;2:100141.
Efremova M, Vento-Tormo M, Teichmann SA, Vento-Tormo R. Cell
PhoneDB: inferring cell-cell communication from combined expression of
multi-subunit ligand-receptor complexes. Nat Protoc. 2020;15:1484-506.
Tirosh |, Izar B, Prakadan SM, I MHW, Treacy D, Trombetta JJ, et al. Dissect-
ing the multicellular ecosystem of metastatic melanoma by single-cell
RNA-seq. Science. 2016;352:189-96.

Hsieh JJ, Purdue MP, Signoretti S, Swanton C, Albiges L, Schmidinger M,
et al. Renal cell carcinoma. Nat Rev Dis Prim. 2017;3:17009.

Muglia VF, Prando A. Renal cell carcinoma: histological classification and
correlation with imaging findings*. Radiol Bras. 2014;48:166-74.

Young MD, Mitchell TJ, Braga FAV, Tran MGB, Stewart BJ, Ferdinand JR,

et al. Single-cell transcriptomes from human kidneys reveal the cellular
identity of renal tumors. Science. 2018;361:594-9.

Baryawno N, Przybylski D, Kowalczyk MS, Kfoury Y, Severe N, Gustafsson K,
et al. A cellular taxonomy of the bone marrow stroma in homeostasis and
leukemia. Cell. 2019;177:1915-1932.e16.

KumarV, Patel S, Tcyganov E, Gabrilovich DI. The nature of myeloid-
derived suppressor cells in the tumor microenvironment. Trends Immu-
nol. 2016;37:208-20.

DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity
and immunotherapy. Nat Rev Immunol. 2019;19:369-82.

Binnewies M, Pollack JL, Rudolph J, Dash S, Abushawish M, Lee T, et al.
Targeting TREM2 on tumor-associated macrophages enhances immuno-
therapy. Cell Rep. 2021;37: 109844.


https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo
https://www.cbioportal.org/study/clinicalData?id=kirc_tcga
https://github.com/shenglinmei/ccRCC.bone.Met
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5444408/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5444408/

Mei et al. Genome Medicine

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

(2024) 16:1

Zeiner PS, Preusse C, Golebiewska A, Zinke J, Iriondo A, Muller A, et al.
Distribution and prognostic impact of microglia/macrophage subpopu-
lations in gliomas. Brain Pathol. 2019;29:513-29.

Makita N, Hizukuri'Y, Yamashiro K, Murakawa M, Hayashi Y. IL-10 enhances
the phenotype of M2 macrophages induced by IL-4 and confers the abil-
ity to increase eosinophil migration. Int Immunol. 2015;27:131-41.
Molgora M, Esaulova E, Vermi W, Hou J, Chen Y, Luo J, et al. TREM2
modulation remodels the tumor myeloid landscape enhancing anti-PD-1
immunotherapy. Cell. 2020;182:886-900.e17.

Braun DA, Street K, Burke KP, Cookmeyer DL, Denize T, Pedersen CB, et al.
Progressive immune dysfunction with advancing disease stage in renal
cell carcinoma. Cancer Cell. 2021;39:632-648.e8.

Dick SA, Wong A, Hamidzada H, Nejat S, Nechanitzky R, Vohra S, et al.
Three tissue resident macrophage subsets coexist across organs with
conserved origins and life cycles. Sci Immunol. 2022;7:eabf7777.
Casanova-Acebes M, Dalla E, Leader AM, LeBerichel J, Nikolic J, Morales
BM, et al. Tissue-resident macrophages provide a pro-tumorigenic niche
to early NSCLC cells. Nature. 2021;595:578-84.

Nollet M, Santucci-Darmanin S, Breuil V, Al-Sahlanee R, Cros C, Topi M,

et al. Autophagy in osteoblasts is involved in mineralization and bone
homeostasis. Autophagy. 2014;10:1965-77.

Korbecki J, Olbromski M, Dziegiel P. CCL18 in the progression of cancer.
Int J Mol Sci. 2020;21:7955.

Chen J,YaoY,Gong C, YuF, Su S, Chen J, et al. CCL18 from tumor-asso-
ciated macrophages promotes breast cancer metastasis via PITPNM3.
Cancer Cell. 2011;19:541-55.

Zhao J, Ou B, Han D, Wang P, Zong Y, Zhu C, et al. Tumor-derived CXCL5
promotes human colorectal cancer metastasis through activation of

the ERK/Elk-1/Snail and AKT/GSK3[/B-catenin pathways. Mol Cancer.
2017;16:70.

Mao Z, Zhang J, ShiY, Li W, Shi H, Ji R, et al. CXCL5 promotes gastric
cancer metastasis by inducing epithelial-mesenchymal transition and
activating neutrophils. Oncogenesis. 2020;9:63.

Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immuno-

therapy: from T cell basic science to clinical practice. Nat Rev Immunol.
2020;20:651-68.

Bi K, He MX, Bakouny Z, Kanodia A, Napolitano S, Wu J, et al. Tumor and
immune reprogramming during immunotherapy in advanced renal cell
carcinoma. Cancer Cell. 2021,39:649-661.e5.

Mempel TR, Pittet MJ, Khazaie K, Weninger W, Weissleder R, von Boehmer
H, et al. Regulatory T cells reversibly suppress cytotoxic T cell function
independent of effector differentiation. Immunity. 2006;25:129-41.
Whiteside TL. Induced regulatory T cells in inhibitory microenvironments
created by cancer. Expert Opin Biol Th. 2014;14:1411-25.

Fu J, Xu D, Liu Z, Shi M, Zhao P, Fu B, et al. Increased regulatory T cells
correlate with CD8 T-Cell impairment and poor survival in hepatocellular
carcinoma patients. Gastroenterology. 2007;132:2328-39.

Kwak T, Wang F, Deng H, Condamine T, Kumar V, Perego M, et al. Dis-
tinct populations of immune-suppressive macrophages differentiate
from monocytic myeloid-derived suppressor cells in cancer. Cell Rep.
2020;33:108571-108571.

Tekguc M, Wing JB, Osaki M, Long J, Sakaguchi S. Treg-expressed CTLA-4
depletes CD80/CD86 by trogocytosis, releasing free PD-L1 on antigen-
presenting cells. Proc National Acad Sci. 2021;118: €2023739118.
Shouval DS, Ouahed J, Biswas A, Goettel JA, Horwitz BH, Klein C, et al.
Interleukin 10 receptor signaling: master regulator of intestinal mucosal
homeostasis in mice and humans. Adv Immunol. 2014;122:177-210.
Barsheshet Y, Wildbaum G, Levy E, Vitenshtein A, Akinseye C, Griggs J,
etal. CCR8 4+ FOXp3 + T reg cells as master drivers of immune regulation.
Proc National Acad Sci. 2017;114:6086-91.

Roy M, Roux S. Rab GTPases in osteoclastic bone resorption and
autophagy. Int J Mol Sci. 2020;21:7655.

KomoriT. Regulation of bone development and extracellular matrix
protein genes by RUNX2. Cell Tissue Res. 2009;339:189.

Guerrero-Juarez CF, Dedhia PH, Jin S, Ruiz-Vega R, Ma D, Liu Y, et al. Single-
cell analysis reveals fibroblast heterogeneity and myeloid-derived adipo-
cyte progenitors in murine skin wounds. Nat Commun. 2019;10:650.
Kalucka J, de Rooij LPMH, Goveia J, Rohlenova K, Dumas SJ, Meta E,

et al. Single-cell transcriptome atlas of murine endothelial cells. Cell.
2020;180:764-779.€20.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 20 of 21

Kumar A, D'Souza SS, Moskvin OV, Toh H, Wang B, Zhang J, et al. Speci-
fication and diversification of pericytes and smooth muscle cells from
mesenchymoangioblasts. Cell Rep. 2017;19:1902-16.

Bashir M, Damineni S, Mukherjee G, Kondaiah P. Activin-A signaling
promotes epithelial-mesenchymal transition, invasion, and metastatic
growth of breast cancer. Npj Breast Cancer. 2015;1:15007.

Deng Y, Wan Q, Yan W. Integrin a5/ITGA5 promotes the proliferation,
migration, invasion and progression of oral squamous carcinoma

by epithelial-mesenchymal transition. Cancer Management Res.
2019;11:9609-20.

Lu W, Kang Y. Epithelial-mesenchymal plasticity in cancer progression
and metastasis. Dev Cell. 2019;49:361-74.

Ribeiro N, Sousa SR, Brekken RA, Monteiro FJ. Role of SPARC in bone
remodeling and cancer-related bone metastasis: SPARC in bone
remodeling and bone metastasis. J Cell Biochem. 2013;115:17-26.
Armulik A, Genové G, Betsholtz C. Pericytes: developmental, physi-
ological, and pathological perspectives, problems, and promises. Dev
Cell. 2011;21:193-215.

Wei H, XuY,Wang Y, Xu L, Mo C, Li L, et al. Identification of fibroblast
activation protein as an osteogenic suppressor and anti-osteoporosis
drug target. Cell Rep. 2020;33: 108252.

Sahai E, Astsaturov |, Cukierman E, DeNardo DG, Egeblad M, Evans RM,
et al. A framework for advancing our understanding of cancer-associ-
ated fibroblasts. Nat Rev Cancer. 2020;20:174-86.

Quante M, Tu SP, Tomita H, Gonda T, Wang SSW, Takashi S, et al. Bone
marrow-derived myofibroblasts contribute to the mesenchymal stem
cell niche and promote tumor growth. Cancer Cell. 2011;19:257-72.
Fares J, Fares MY, Khachfe HH, Salhab HA, Fares Y. Molecular principles
of metastasis: a hallmark of cancer revisited. Signal Transduct Target
Ther. 2020;5:28.

Boyce BF, Xing L. Functions of RANKL/RANK/OPG in bone modeling
and remodeling. Arch Biochem Biophys. 2008;473:139-46.

Sims NA, Quinn JMW. Osteoimmunology: oncostatin M as a pleiotropic
regulator of bone formation and resorption in health and disease.
Bonekey Reports. 2014,3:527.

Min J-K, Kim Y-M, Kim Y-M, Kim E-C, Gho YS, Kang I-J, et al. Vascu-

lar endothelial growth factor up-regulates expression of receptor
activator of NF-kappa B (RANK) in endothelial cells. Concomitant
increase of angiogenic responses to RANK ligand. J Biological Chem.
2003;278:39548-57.

Jones DH, Nakashima T, Sanchez OH, Kozieradzki I, Komarova SV, Sarosi
I, et al. Regulation of cancer cell migration and bone metastasis by
RANKL. Nature. 2006;440:692-6.

Penna S, Villa A, Capo V. Autosomal recessive osteopetrosis: mecha-
nisms and treatments. Dis Model Mech. 2021;14:dmm048940.

Menaa C, Devlin RD, Reddy SV, Gazitt Y, Choi SJ, Roodman GD. Annexin
Il increases osteoclast formation by stimulating the proliferation

of osteoclast precursors in human marrow cultures. J Clin Invest.
1999;103:1605-13.

Root AW. Genetic disorders of calcium and phosphorus metabolism.
Crit Rev Cl Lab Sci. 2008;37:217-60.

Simeonov KP, Byrns CN, Clark ML, Norgard RJ, Martin B, Stanger BZ,

et al. Single-cell lineage tracing of metastatic cancer reveals selection
of hybrid EMT states. Cancer Cell. 2021;39:1150-1162.€9.

Pastushenko |, Brisebarre A, Sifrim A, Fioramonti M, Revenco T, Bou-
mahdi S, et al. Identification of the tumour transition states occurring
during EMT. Nature. 2018;556:463-8.

Ma R-Y, Zhang H, Li X-F, Zhang C-B, Selli C, Tagliavini G, et al. Mono-
cyte-derived macrophages promote breast cancer bone metastasis
outgrowth. J Exp Medicine. 2020;217: €20191820.

Dong B, Wu C, Huang L, Qi Y. Macrophage-related SPP1 as a potential
biomarker for early lymph node metastasis in lung adenocarcinoma.
Front Cell Dev Biol. 2021;9: 739358.

LiuY, Zhang Q, Xing B, Luo N, Gao R, Yu K, et al. Immune phenotypic
linkage between colorectal cancer and liver metastasis. Cancer Cell.
2022;40:424-437 5.

McGuire JJ, Frieling JS, Lo CH, Li T, Muhammad A, Lawrence HR, et al.
Mesenchymal stem cell-derived interleukin-28 drives the selection of
apoptosis resistant bone metastatic prostate cancer. Nat Commun.
2021;12:723.



Mei et al. Genome Medicine

76.

77.

78.

79.

80.

81.

(2024) 16:1

Chen Y-C, Gonzalez ME, Burman B, Zhao X, Anwar T, Tran M, et al. Mes-
enchymal stem/stromal cell engulfment reveals metastatic advantage
in breast cancer. Cell Rep. 2019;27:3916-3926.5.

Jungwirth U, van Weverwijk A, Evans RJ, Jenkins L, Vicente D, Alexander

J, etal. Impairment of a distinct cancer-associated fibroblast population
limits tumour growth and metastasis. Nat Commun. 2021;12:3516.

Gori F, Hofbauer LC, Dunstan CR, Spelsberg TC, Khosla S, Riggs BL. The
expression of osteoprotegerin and RANK ligand and the support of
osteoclast formation by stromal-osteoblast lineage cells is developmen-
tally regulated. Endocrinology. 2000;141:4768-76.

Mei S, Alchahin AM, Tsea |, Kfoury Y et al. Single-cell analysis of immune
and stroma cell remodeling in clear cell renal cell carcinoma primary
tumors and bone metastatic lesions. Gene Expression Omnibus
GSE202813.2023. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?tacc=
GSE202813. Accessed 17 Jul 2023.

Ricketts CJ, Cubas AAD, Fan H, Smith CC, Lang M, Reznik E, et al. The
Cancer Genome Atlas comprehensive molecular characterization of renal
cell carcinoma. Cell Rep. 2018;23:3698.

Mei S. Github. 2023. https://github.com/shenglinmei/ccRCC.bone.Met.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 21 of 21

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202813
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202813
https://github.com/shenglinmei/ccRCC.bone.Met

	Single-cell analysis of immune and stroma cell remodeling in clear cell renal cell carcinoma primary tumors and bone metastatic lesions
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patient cohorts and sample collection
	Tissue dissociation and cell purification
	FACS sorting
	Single-cell RNA-sequencing
	Summary of scRNA-seq data
	scRNA-Seq data preprocessing and data quality control
	scRNA-Seq data processing and batch effect correction
	Cell type annotation
	Differential gene expression analysis
	Cluster-based cell composition analysis
	Cluster-free cell composition analysis
	Estimate expression distance
	Gene Ontology and Gene Set Enrichment Analysis
	Gene set signature score
	Ligand receptor analysis
	inferCNV analysis
	Survival analysis
	Flow cytometry analysis for myeloid and T cells
	Reverse transcription-quantitative PCR (RT-qPCR)
	Multiplex immunofluorescence
	Statistical analysis

	Results
	The landscape of immune and stromal cells within human ccRCC bone metastasis
	RCC bone metastases exhibit increased recruitment of a distinct tumor-associated macrophage subpopulation
	Sustained T cells dysfunction in ccRCC primary and bone metastatic tumors
	Dysfunctional T cells correlate with the myeloid TAM-2 population
	A tumor-specific mesenchymal stromal cell population is associated with worse patient survival
	EMT programs are enriched in metastatic ccRCC compared to primary ccRCC​
	Tumor-associated MSCs trigger dysregulated bone remodeling within ccRCC metastasis

	Discussion
	Conclusions
	Anchor 40
	Acknowledgements
	References


