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Introduction: Bone metastasis (BoM) occurs when cancer cells spread from
their primary sites to a bone. Currently, the mechanism underlying this
metastasis process remains unclear.

Methods: In this project, through an integrated analysis of bulk-sequencing
and single-cell RNA transcriptomic data, we explored the BoM-related
features in tumor microenvironments of different tumors.

Results: We first identified 34 up-regulated genes during the BoM process in
breast cancer, and further explored their expression status among different
components in the tumor microenvironment (TME) of BoM samples.
Enriched EMP1+ fibroblasts were found in BoM samples, and a COL3A1-
ADGRG1 communication between these fibroblasts and cancer cells was
identified which might facilitate the BoM process. Moreover, a significant
correlation between EMP1 and COL3Al was identified in these fibroblasts,
confirming the potential connection of these genes during the BoM process.
Furthermore, the existence of these EMP1+/COL3Al+ fibroblasts was also
verified in prostate cancer and renal cancer BoM samples, suggesting the
importance of these fibroblasts from a pan-cancer perspective.
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Discussion: This study is the first attempt to investigate the relationship
between fibroblasts and BoM process across multi-tumor TMEs. Our
findings contribute another perspective in the exploration of BoM
mechanism while providing some potential targets for future treatments of
tumor metastasis.

KEYWORDS

EMP1+/COL3A1+ fibroblasts, bone metastasis, scRNAseq, multi-tumor TMEs,

combined analysis

Introduction

Primary bone cancer refers to cancer that develops from
cancerous bone progenitor cells, which is rare and accounts for
less than 1% of all cancers; metastatic bone cancer or secondary
bone cancer refers to cancer that originates from other sites and
spreads to bones. Due to the rich arterial supply, solid tumors
frequently metastasize to bone (1, 2). Among all primary cancer
types, prostate cancer has the highest probability (34%) of bone
metastasis (BoM, hereafter), followed by breast cancer (22%) and
lung cancer (20%) (3). BoM could greatly reduce patients’ survival
in many different cancers, such as prostate cancer (at least 12
months), breast cancer (at least 19 months), and lung cancer (at
least 6 months) (4-6).

During the past several decades, tremendous effort has been
performed in deciphering the BoM mechanism (7, 8). Generally,
BoM involves several steps including cancer cell escape and
dissemination, cancer cell invasion, and metastasis formation in
the bone (9). The interactions between receptors on cancer cells
such as CXCR4 (10, 11) and RANKL (12) and ligands on stroma
cells such as CXCL12 (13) was considered as one of the important
pathogenesis mechanism of BoM. These invaded cancer cells
further release cytokines such as IL6 (14) and angiogenic factors
including VEGF (15, 16) to promote tumor progression in the new
sites. Due to their high heterogeneity, currently, it is difficult to
explore the commonalities of the BoM mechanism pan-
cancer-wide.

Bone marrow is a multi-cell-type containing system, and many
of these components could promote the BoM process, such as
hematopoietic progenitor cells (HPCs) (17), mesenchymal stem
cells (MSCs) (16), osteocytes (18), etc. Recently, with the
advancement of single-cell RNA sequencing (scRNAseq)
technologies, it is now possible to explore the BoM process from
single-cell levels while examining significantly changed
communications among different TME components (19). In this
study, using an integrated analysis on bulk and scRNAseq
transcriptomic datasets, we provide evidence that EMP1%/
COL3A1" fibroblasts are enriched in BoM samples of breast,
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prostate, and renal cancers, and these fibroblasts might contribute
to the BoM process through potential COL3A1-ADGRG1
communication with cancer cells.

Materials and methods
Bulk sequencing data retrieval

The phenotypic data of 114,311 TCGA (The Cancer Genome
Atlas Program) samples referring to 33 tumors were retrieved from
the GDC portal (Genomic Data Commons data portal,
www.portal.gdc.cancer.gov). Tumor samples were categorized
using “sample_type.samples” information (“Primary Tumor”);
meta samples were determined using “metastatic_site”
information; BoM samples were determined using
“new_neoplasm_occurrence_anatomic_site_text” information
(with “bone” letters in all sites); gene expression data (counts) of
breast cancer (BRCA) was also downloaded from the GDC portal.
ACC: adrenocortical carcinoma; BLCA: bladder urothelial
carcinoma; BRCA: breast invasive carcinoma; CESC: cervical
squamous cell carcinoma and endocervical adenocarcinoma;
CHOL: cholangiocarcinoma; COAD: colon adenocarcinoma;
DLBC: lymphoid neoplasm diffuse large B-cell lymphoma; ESCA:
esophageal carcinoma; GBM: glioblastoma multiforme; HNSC:
head and neck squamous cell carcinoma; KICH: kidney
chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP:
kidney renal papillary cell carcinoma; LAML: acute myeloid
leukemia; LGG: brain lower grade glioma; LIHC: liver
hepatocellular carcinoma; LUAD: lung adenocarcinoma; LUSC:
lung squamous cell carcinoma; MESO: mesothelioma; OV:
ovarian serous cystadenocarcinoma; PAAD: pancreatic
adenocarcinoma; PCPG: pheochromocytoma and paraganglioma;
PRAD: prostate adenocarcinoma; READ: rectum adenocarcinoma;
SARC: sarcoma; SKCM: skin cutaneous melanoma; STAD: stomach
adenocarcinoma; TGCT: testicular germ cell tumors; THCA:
thyroid carcinoma; THYM: thymoma; UCEC: uterine corpus
endometrial carcinoma; UCS: uterine carcinosarcoma; UVM:
uveal melanoma.
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Differential gene expression analysis

Deseq2 (R package) was used in the differential gene expression
analysis. Raw-count reads of involved samples from the TCGA
database were used as input. The adjusted p-value of 0.05 was used
as a significance cutoff.

Enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis was performed using the R
package “clusterProfiler” and “org.Hs.eg.db” database.
“ENTREZID” was used in the analysis. Adjusted p-values were
achieved using a “Benjamini-Hochberg” adjustment method. The
adjusted p-value of 0.05 was used as a significance cutoff.

Single-cell RNA sequencing data analysis

Three sets of scRNAseq data were used in this study: breast
cancer data GSE190772 (20), prostate cancer GSE143791 (21), and
renal cancer GSE202813. Count matrix files were retrieved from the
Gene Expression Omnibus (GEO, www.ncbi.nlm.nih.gov/geo/)
database. R “Seurat” package (Version 3.12) was used to construct
SeuratObjects using count matrix files (22); R “DoubletFinder”
package was used to perform doublet removal process (23); and R
“Seurat” package “Findintegrationanchors” and “integrateData”
functions were used to perform integration process. The Uniform
Manifold Approximation and Projection (UMAP) method was
used to perform the non-linear dimensional reduction process.

Ligand-receptor analysis

The L-R interactions between subgroup A (Ligands) and
subgroup B (Receptors) were screened using the following steps:
(1) All L-R pair information was downloaded from the cellphoneDB
database (24); (2) All cells from subgroup A were separated into two
groups: cells derived from BoM samples (BoM) and cells derived
from other samples (Other), and a Wilcoxon rank-sum comparison
was used to compare expression differences of all ligand genes
between these two groups, and only significantly upregulated
ligands in BoM cells were selected (p-value < 0.05); (3) For all the
significantly upregulated ligands in BoM cells, only ones with positive
expression ratio over 10% (the number of cells with positive
expression scores among BoM cells divided by all the number of
BoM cells) were selected; (4) Receptor candidates in subgroup B were
screened using step (2) and step (3); (5) The L-R pairs formed by
ligand candidates from subgroup A and receptor candidates from
subgroup B were considered as L-R candidate interactions.

Correlation analysis

All the correlation analysis involved in this study was
performed using the R cor.test() function, and “Pearson” method
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was applied in each analysis. A p-value of 0.05 was used as a
significance cutoff.

Results
Project design

The project design of this study is illustrated in Figure 1A. In this
study, we first compared transcriptome level gene expression data
between TCGA BoM samples and other samples using datasets from
the TCGA database and screened a 34-gene panel that is highly
expressed in BRCA BoM samples. The tumor is a complicated system
containing various components, including tumor cells, fibroblasts,
immune cells, etc., however, bulk-sequencing data could only
represent homogenized expression data across the whole tissue,
hence these upregulated genes could not reflect the key tumor
environmental features relating to bone metastasis. Using
scRNAseq data, we further explored the expressional status of these
34 genes in breast cancer BoM samples from a TME perspective,
identified a BoM-related component, and further verified the
existence of this component in BoM samples of two other cancers
(prostate cancer and renal cancer). These two cancers plus breast
cancer are the only three cancers with BoM scRNAseq data that can
be downloaded from online databases.

Identification of 34 upregulated genes in
breast cancer BoM samples

To explore the BoM-related features pan-cancer-wide, we first
retrieved the phenotypic data referring to 33 cancers from the
TCGA online database, and summarized their status, as shown in
Figure 1B and Supplementary Table 1. Among all different cancer
types, 18 of them have tumor samples with BoM records and only 2
of them have more than 10 samples with BoM records: breast
invasive carcinoma (BRCA) with 32 samples and bladder urothelial
carcinoma (BLCA) with 22 samples. Hence in the following
analysis, we used BRCA data to explore BoM-related gene features.

Through Deseq2 (25) analysis, we first identified 5,393
upregulated genes (adjusted p-value < 0.05) in BRCA samples with
metastasis records (Meta) compared to those without metastasis
records (non-Meta), as shown in Figure 1C. We further identified
120 upregulated genes in BRCA samples with BoM records compared
to these metastasis samples without BoM records (non-BoM), as
shown in Figure 1D. A total of 34 overlapped genes were found
(Figure 1E) and their expression status among metastasis samples is
shown in Figure 1F. The top 5 Kyoto Encyclopedia of Genes and
Genomes (KEGG) enriched terms of these 34 genes include “calcium
signaling pathway”, “inositol phosphate metabolism”, “circadian

» o«

entrainment”, “phosphatidylinositol signaling system”, and “INF
signaling pathway”, as shown in Figure 1G. The top 5 Gene
Ontology (GO) enriched terms include “plasma membrane”,
“calcium ion transmembrane transport”, “regulation of cell
differentiation”, “epithelial to mesenchymal transition”, and

“receptor complex”, as shown in Figure 1H.
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FIGURE 1

Bone metastasis-related features revealed in bulk-sequencing data. (A) Flowchart describing the research design of this study; (B) Summary of
sample information from TCGA database. NA, no records; (C) Volcano plot illustrating the identification of differentially expressed genes in Meta
samples (samples with metastasis records) vs non-Meta samples (samples without metastasis records); (D) Volcano plot illustrating the identification
of differentially expression genes in BoM samples (metastasis samples with bone metastasis records) vs nonBoM samples (metastasis samples
without bone metastasis records); (E) Overlap between upregulated genes in Meta samples and BoM samples; (F) Expression status of upregulated
genes in Meta samples; (G) Boxplot representing the KEGG enrichment results of 34 upregulated genes; (H) Boxplot representing the GO

enrichment results of 34 upregulated genes.

BoM-related tumor microenvironment
features in breast cancer

To investigate the expressional status of these upregulated genes

from cellular levels, we retrieved breast cancer BoM scRNAseq data
from the GEO database under accession GSE190772 (20) and
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reconstructed the UMAP plot representing the distributions of
9,877 cells based on representative markers (Figure 2A). Four
samples were included in this dataset: two PDX samples (PDO01
and PD02) and two BoM samples (BoM7, BoM8). The UMAP plots
are shown in Figure 2B (per condition) and (Figure 2C)
(per sample).
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FIGURE 2

Breast cancer scRNAseq data. (A) UMAP plot showing the distribution patterns of all subgroups; (B) UMAP plot showing the distribution patterns of
all subgroups per sample type; (C) UMAP plot showing the distribution patterns of all subgroups per sample; (D) Dot plot representing the relative
expression status of all marker genes used in the determination of each subgroup. The relative expression levels of each gene are represented in
different colors (red: high; blue: low. Z-score normalization is performed). The ratios of cells with expressions of specific genes (count > 0) are
represented by the size of the circle; (E-G) Bar plots showing the basic information of all 22 subgroups including ratio per condition (E), ratio per

sample (F), and number of cells (G).

All subgroups were further clustered into the following groups
(Figure 2D): T cells (Tcell) including c10 based on CD3D/CD3E/
CD3G genes, myeloids including c14 and c15 based on VCAN/
HLA-DRA/FCGRIG genes, stroma cells including ¢7 and c0 based
on WNT3A/TUBA1A/ACTCL1 genes, fibroblasts including c16
based on COL1A2/COL6A2/IGFBP4 genes, cycling cells
including ¢6 and c¢8 based on TOP2A/MKI67/PTTG1 genes, and
tumor cells including c1, ¢2, ¢5, ¢21, c11, €20, c12, ¢9, and ¢3 based
on KRT7/GATA3/KRT23 genes. The ratios representing cells
from different origins including conditions and samples, as well
as the number of cells in each subgroup, are illustrated in
Figures 2E-G, respectively. Among these subgroups, most of the
T cells (c10) and myeloids (c14, c15) were derived from BoM
samples, suggesting a different tumor immune microenvironment
between PDX and BoM samples. Regarding tumor cells, higher
proportions of c4, c11, and c17 cells were derived from BoM
samples, suggesting a potential relationship between these cells
and the BoM process.
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We further explored the expressional status of 34 upregulated
genes among different subgroups, and the results are shown in
Figure 3A. The marker genes from each subgroup were also
calculated using the R Seurat FindAllMarkers() function. The
overlapped candidates between these 34 genes and marker genes
from each subgroup were highlighted in light blue color. Among
different subgroups, c16 cells (fibroblasts) had higher expression of
six genes (EMP1/DAAM2/LOXL4/LIF/CYTH3/FGFR1); c4 (tumor
cells) had higher expression of two genes (ATE1/FGFR1); c7
(stroma cells) and c14 (myeloid) had higher expression of one
gene (EMP1); and c11 (tumor cells) had higher expression of one
gene (ZC3H7B). To investigate whether these genes might be
related to bone metastasis, we compared the expression levels of
these gene-subgroup combinations between cells from PDX
samples and BoM samples (Figure 3B). Among all combinations,
there were higher expressions of FGFR1 in BoM c4 cells, EMP1 in
BoM cl14 cells, and EMP1/CYTH3 in BoM cl16 cells compared to
these genes in cells from PDX samples, implying the possible
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FIGURE 3

Expression status of BoM-featured genes. (A) Expression status of 34 upregulated genes among all subgroups. Overlapped genes between 34
upregulated genes and subgroup marker genes were highlighted in light blue color. The relative expression levels of each gene are represented in
different colors (red: high; blue: low. Z-score normalization is performed); The ratios of cells with expressions of specific genes (count > 0) are
represented by the size of the circle; (B) Expression status of target genes among candidate subgroups. A Wilcoxon rank-sum test was performed.

**%: p < 0.001

relationship of these gene-subgroup combinations to the
BoM process.

Involvement of EMP1" Fibroblasts during
the bone metastasis process in
breast cancer

To explore the specific gene features that might facilitate the
BoM process in breast cancer, we further screened for upregulated
genes in BoM cells among these subgroups. Only genes with
expression values in more than 10% of the cells were involved in
the screening, and a Wilcoxon-rank sum test was performed during
the comparison. There are 723 upregulated genes in BoM-derived
c16 cells (Figure 4A and Supplementary Table 2), and the top 10
enriched KEGG terms are listed in Figure 4B. There were 2,867
upregulated genes in BoM-derived c4 cells (Figure 4C and
Supplementary Table 3), and the top 10 enriched KEGG terms
are listed in Figure 4D. There were 569 upregulated genes in BoM-
derived c11 cells (Figure 4E and Supplementary Table 4), and the
top 10 enriched KEGG terms are listed in Figure 4F. Most of the
upregulated genes in BoM-derived cells were enriched in cancer-
related pathways (including “transcriptional misregulation in
cancer”, “pathways in cancer”, “proteoglycans in cancer”, etc.),
confirming the importance of these cells during tumor progression.

Cancer-associated fibroblasts (CAFs) are fibroblasts that are
enriched in tumor sites, and the involvement of CAFs during the
BoM process has been revealed in many studies (26). To investigate
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the specific communications that might aid the BoM process between
fibroblasts and tumor cells, we screened the ligand-receptor (L-R)
combinations that were both upregulated in BoM-derived c16/c4/c11
cells (detailed in Materials and Methods) and summarized their
communications (Figure 5). There were five L-R interactions
between c16 (as ligands) and c4 (as receptors) subgroups, namely,
SEMA4A-PLXND1, COL3A1-ADGRG1, HBEGF-ERBB4, PTPRD-
ADGRG1, and BMP2-BMPRI1B, and three interactions between c4
(as ligands) and c16 (as receptors) subgroups, namely, SEMA3F-
BMPR2, SDC2-ADGRA?2, and JAGI-NOTCHI. There were zero
interactions between c16 (as ligands) and cl1 (as receptors)
subgroups, and one interaction between cl1 (as ligands) and c16
(as receptors) subgroups, namely, EGFL7-NOTCHI. More
communications were found between the ¢4 and c16 subgroups,
suggesting that the communications between these two subgroups
might play more important roles during the BoM process.

Among invaded tumor cells, the c4 subgroup had elevated
expression of TGFBI (Figure 5B). The involvement of TGF-beta
in the BoM process has been shown in many studies, as summarized
in Trivedi et al. (27) TGF-beta could promote both the growth of
tumor cells and the epithelial mesenchymal process, as well as
suppress the immune responses (28). Among c16 fibroblasts, there
were increased expressions of CXCL12 and BMP2. CXCLI12
secreted by stroma cells plays a pivotal role in bone metastasis
(13), and blocking the CXCL12/CXCR4 axis significantly inhibited
the BoM process in prostate cancer (29). BMP2 has also been shown
to be involved in the BoM process among many different cancers
including lung carcinoma (30) and breast cancer (31). All these
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Gene expression features in BoM-derived subgroups. Volcano plots showing differentially expressed genes in c16 subgroup (A), c4 subgroup (C), and
c11 subgroup (E). Bar plots showing top enriched KEGG items of upregulated genes from BoM-derived cells in c16 subgroup (B), c4 subgroup (D),

and c11 subgroup (F)

cytokines secreted by invading cancer cells and fibroblasts could
facilitate the BoM process and need further exploration.

Through Pearson analysis, we also examined significant
correlations between EMP1/CYTH3 genes and L-R-related genes
in c16 cells, as shown in Figures 6A, B. High correlation results (R >
0.2) were found between the expression levels of SEMA4A/HBEGF/
NOTCHI1/PTPRD/NRP2/BMP2/COL3A1 and EMP1 genes in c16
cells, and high correlation (R > 0.2) was found between the
expression levels of PTPRD/ADGRA2/COL3A1/NOTCHI1 and
CYTHS3 genes in c16 cells. The correlations between the FGFR1
gene and other L-R-related genes in c4 cells were also examined, as
shown in Figure 6C. High correlation (R > 0.2) results were found
between BMPR1B/ERBB4 genes and FGFRI genes in c4 cells. All
these results suggest that these BoM-related genes might function
through the communications between fibroblasts and tumor cells.

BoM-related tumor microenvironment
features in prostate cancer

To investigate the expression status of these upregulated genes
in prostate cancer BoM samples, we retrieved PRAD BoM
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scRNAseq data from the GEO database (GSE143791) and
reconstructed a UMAP plot (Figure 7A) representing the
distributions of 80,368 cells based on the annotations from the
original publication (21). There are four types of samples involved
in this dataset: benign bone marrow controls (Benign), liquid bone
marrow distant from the tumor site (Distal), liquid bone marrow in
the spinal cord (Involved), and solid metastatic tissue (Tumor). The
proportions of cells derived from each sample type among different
subgroups are depicted in Figure 7B, with the number of cells listed
in Figure 7C.

We further examined the expression status of 34 BoM
metastasis-related genes among different subgroups (Figure 7C).
Among different subgroups, osteoblasts had higher expression of
four genes (EMP1/DAAM2/FGFR1/CYTH3); pericytes had higher
expression of three genes (EMP1/DAAM2/CYTH3); endothelial
cells had higher expression of three genes (EMP1/SELE/FGFRI);
tumor inflammatory monocytes (TIM) cells, monocytes subgroup 1
(Monol) cells and Monocyte prog (progenitor) cells had higher
expression of one gene (FAM101B); plasmacytoid dendritic cells
(pDC) cells had higher expression of one gene (EPHB1). Among
these gene/subgroup combinations, there was increased expression
of EMP1 in tumor cells compared to other cells in osteoblasts and
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endothelial cells. Among all LR communication partners that were
screened in BRCA BoM datasets, only COL3A1 had higher
expression in osteoblasts derived from tumor samples compared
to osteoblasts derived from other samples (Figure 7E). Furthermore,
there was a significant correlation between COL3A1 and EMP1 in
osteoblasts (Figure 7F), suggesting the enrichment of COL3A1%/
EMP1" cells during the BoM process in prostate cancer.

BoM-related tumor microenvironment
features in renal cancer

We further verified the existence of COL3A1"/EMP1™ cells in
renal cancer BoM samples, as shown in Figure 8. Renal cell BoM
scRNAseq data from the GEO database (GSE202813) was retrieved
and a UMAP plot was constructed (Figure 8A). There were three
types of samples involved in this dataset: liquid bone marrow
distant from the tumor site used as control (Non-involved), liquid
bone marrow in the spinal cord (Involved), and solid metastatic
tissue (Tumor). The proportions of cells derived from each sample
type among different subgroups are depicted in Figure 8B, with the
number of cells listed in Figure 8C.

The expression status of 34 BoM metastasis-related genes among
different subgroups was analyzed and is shown in Figure 8C. Among
different subgroups, c16 cells (endothelial cells) had higher expression
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of four genes (EMP1/FAM101B/FGFR1/SELE); c9 cells (fibroblasts)
had higher expression of two genes (EMP1/FGFR1); c17 cells
(fibroblasts) had higher expression of two genes (EMP1/DAAM?2);
c12 cells (stroma cells) had higher expression of one gene (EMP1);
21 cells (B cells) had higher expression of one gene (EPHBI1); c18
cells (myeloid) had higher expression of one gene (FAMI01B).
Among these gene/subgroup combinations, there was increased
expression of EMP1 and FGFRI in tumor cells compared to other
cells in ¢9 fibroblasts. Among all LR communication partners that
were screened in BRCA BoM datasets, only COL3A1 had higher
expression in ¢9 fibroblasts derived from tumor samples compared to
c9 fibroblasts derived from other samples (Figure 8E). Furthermore,
there was a significant correlation between COL3A1 and EMPI in ¢9
fibroblasts (Figure 8F), confirming the existence of COL3A1"/EMP1™
cells during the bone metastasis process in renal cell carcinoma.

Correlation between EMP1/COL3Al and
epidermal mesenchymal transition process

Epidermal mesenchymal transition (EMT) is a cellular process
involving epithelial cells acquiring mesenchymal features (32) and
is considered an important step during tumor metastasis (33). In
the present study, we further explored the correlation status
between EMP1/COL3A1 and EMT-related proteins including E-
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FIGURE 6

Pearson correlation analysis. (A) correlations between expression levels of EMP1 and ligand genes in the c16 subgroup; (B) correlations between
expression levels of CYTH3 and ligand genes in the c16 subgroup; (C) correlations between expression levels of EMP1 and receptor genes in the
c4 subgroup

cadherins (CDH1), N-Cadherins (CDH2), Vimentin (VIM), Slug ~ four EMT genes (VIM, SNAI2, TWIST1, and CTNNB1) were found
(SNAI2), Twist (TWIST1), and beat catenin (CTNNBI). Among in the osteoblast subgroup. Among different subgroups in renal
different subgroups in breast cancer scRNAseq data (Figure 9A),  cancer scRNAseq data (Figure 9C), significant correlations between
significant correlations between EMP1/COL3A1 and three EMT  EMP1/COL3A1 and four EMT genes (VIM, SNAI2, TWIST1, and
genes (CDHI, VIM, and CTNNBI1) were found in c16 fibroblasts. = CTNNBI) were found in c9 fibroblasts.

Among different subgroups in prostate cancer scRNAseq data We also explored the correlations between EMP1/COL3A1 and
(Figure 9B), significant correlations between EMP1/COL3A1 and ~ EMT genes pan-cancer-wide using TCGA data, and the results are
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FIGURE 7

Prostate cancer scRNAseq data analysis. (A) UMAP plot showing the distribution patterns of all subgroups; (B) Bar plots showing the basic
information of all 28 subgroups including ratio per condition and the number of cells; (C) Expression status of 34 upregulated genes among all
subgroups. Overlapped genes between 34 upregulated genes and subgroup marker genes were highlighted in light blue color. The relative
expression levels of each gene are represented in different colors (red: high; blue: low. Z-score normalization is performed). The ratios of cells with
expressions of specific genes (count > 0) are represented by the size of the circle; (D) Expression EMP1 among different sample types in osteoblasts
and endothelial cells; (E) Expression COL3A1 among different sample types in osteoblasts. A Wilcoxon rank-sum test was performed. *: p < 0.05; **:
p < 0.01; ***: p < 0.001, and a “Bonferroni” correction was performed for multiple testing; (F) Pearson correlation between expression levels of EMP1

and COL3ALl in osteoblasts.

shown in Figure 9D. Significant correlations were found in most of
the cancer types. All these findings confirm the importance of
EMP1/COL3A1 during the EMT process while implying that the
mechanism underlying BoM promoting EMP1+/COL3A1+
fibroblasts could be explored through the perspective of EMT.

Discussion

Tumor metastasis is a complicated process involving multiple
steps: (1) the survival and proliferation of cancer cells at primary
sites; (2) the invasion of cancer cells to adjacent tissues; (3)
extravasation into blood or lymph nodes to reach distant organs;
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(4) the survival and proliferation of these cells at metastatic sites
after seeded in distant organs (34, 35). The involvement of CAFs in
all these steps has been verified in many studies, as summarized in
Gascard and Tlsty (36) and Bu et al. (37) During the BoM process,
Zhang et al. (38) found that CAFs in breast cancer could produce
CXCLI2 to screen for Src'®® tumor cells, and these tumor cells
could be further attracted to CXCL12™#" bone marrows to facilitate
the BoM process. Shahriari et al. (39) discovered that in prostate
cancer, IL1B" cancer cells could cooperate with S100A4™ CAFs to
promote the BoM process. In our results, we also found the
involvement of EMP17/COL3A1" fibroblasts during the BoM
process in breast and renal cancer, which is consistent with

+

previous findings. In prostate cancer, more EMP1"/COL3A1

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1313536
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Du et al. 10.3389/fimmu.2023.1313536
B
Renal Cancer 60,567 Cells per Condition
c0 O [ ] 6992
s"°'"ao§ cf6 Endothelial ¢l O I | ] 6840
s 151 —————— — ] 6833
Fibroblast, " GO e 6397
(o1 I i s R —— - (-7
11— e R E—— Y/
c6 O 13311
~ (Y4 | E— e s I w— P
Q - c8 O 11956
= Epithelial c9 @ I 11815
= [0 E—————— . — ]
c24 PIRE s s —— — R
Myeloid c12 @ I 11299
i10 [y Ec T — s R w— Py ]
c21 ¢ c14OC e 11195
i1 c15 @ 1900
Bor oo c16 O I []754
e ¢17 © I [ 663
LT — e e R T
UMAP_1 [T E— e — T
IS0 E———— s o R 1
(31 ] E— e e R -
[:I Noninvolved c22 O (I [ 437
c23 O (M [ 342
[ nvoived 240 ] [ 257
c25 O [N 0177
.Tumor c26 O (I [ 89
c27 O e |56
L T T T T U
0 0.25 0.5 0.75 10 2000 4000 6000 8000
Ratio Number of Cells
C D
e T T P —r—rm——r—r . EMP1_co FGFR1_c9
SHE T Le17
BRI ; | c16 g 8
@ | o Fc9 c <
g . Fc12 2 2
| c26 a ]
| c27 e 4 ® 4
I co e 3
Fc2 w w
[e4 2 2
x [ c19 g 2 5 2
[ c15 3 ]
Lc7 [ [
Fc8
[els == ol=— ==
re D> 3 Y
L @' eb O e o'
_Zg 4o\~‘ 40\4 '\\)@ 4o\4 40\4 ,\0@
& 3 RS
: [ « o
. [c22 E COL3A1_c9 F c9
GE Fc25 .
| c20 6
’ Fci3 H 5
2 rcl4 2 =
- | c21 ?) ﬁ
| . ++ [, s 5 4]
—— T T T T T T T T T T T T T T T T T T T T o i
v—mNV-I.u(’)I.I.FENNF)FOFFQNFOF:VOﬁmNMI\NVS‘:(Q o 4 -
MEZRPTZE 586750508 °0Ra  POINEIEE0ED S 5 s |! .
z NT§ T = 3 g8rgg e e = s | " 'R-o010
o= & 0de o o omme maB30°06
S o eT N T . . . . :
r | . . e o O Marker gene & T 0 1 2 3 4
3 0 3 02 04 0608 1 & & S EMP1 Expression
N
FIGURE 8

Renal cancer scRNAseq data analysis. (A) UMAP plot showing the distribution patterns of all subgroups; (B) Bar plots showing the basic information of all
28 subgroups including ratio per condition and the number of cells; (C) Expression status of 34 upregulated genes among all subgroups. Overlapped
genes between 34 upregulated genes and subgroup marker genes were highlighted in light blue color. The relative expression levels of each gene are
represented in different colors (red: high; blue: low. Z-score normalization is performed). The ratios of cells with expressions of specific genes (count >
0) are represented by the size of the circle; (D) Expression EMP1 among different sample types in the c9 subgroup; (E) Expression COL3A1 among
different sample types in the c9 subgroup. A Wilcoxon rank-sum test was performed. *: p < 0.05; **: p < 0.01; ***: p < 0.001, and a "Bonferroni”
correction was performed for multiple testing; (F) Pearson correlation between expression levels of EMP1 and COL3A1 in the c9 subgroup.

osteoblasts were found instead of fibroblasts. Since osteoblasts are
generally considered as one type of fibroblasts (40) and the
conversion of fibroblasts to osteoblasts has been examined in
multiple studies (41, 42), enrichment of EMP17/COL3A1"
osteoblasts in BoM samples of prostate cancer also demonstrates
the importance of fibroblasts during the BoM process.

The epithelial membrane protein (EMP) family includes three
members: EMP1, EMP2, and EMP3. Amin et al. (43) found that
elevated EMP1 expression could significantly promote the invasion
process of tumor cells into lymph nodes and lungs in prostate
cancer, indicating the potential role of EMP1 in the BoM process. In
this study, we first identified EMP1 as one of the 34 upregulated
genes in BoM samples compared to non-BoM samples in TCGA
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BRCA datasets (Figure 1F). Furthermore, we found enhanced
expression of EMP1 in BoM-derived fibroblasts in breast cancer
(Figure 3B), and these cells were enriched in multiple cancer-related
pathways (Figure 4B), confirming the importance of these cells
during the BoM process. Through L-R analysis, we identified
COL3A1-ADGRGI1 as a potential communication interaction
between these fibroblasts and cancer cells (Figure 5A). The
involvement of ADGRGI1, one of the G-protein coupled
receptors, in tumor progression has been reported in many
studies, as summarized in Ng et al. (44). Recently, Sasaki et al.
(45) found that suppression of ADGRGI in breast cancer cells could
attenuate bone metastasis, suggesting the potential role of ADGRG1
in facilitating the BoM process. Regarding COL3A1, Wu and Zheng
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Pearson correlation analysis. (A) Pearson correlation analysis between expression levels of COL3A1/EMP1 genes and EMT-related genes in different
subgroups of breast cancer scRNAseq data; (B) Pearson correlation analysis between expression levels of COL3A1/EMP1 genes and EMT-related
genes in different subgroups of prostate cancer scRNAseq data; (C) Pearson correlation analysis between expression levels of COL3A1/EMP1 genes
and EMT-related genes in different subgroups of renal cancer scRNAseq data; (D) Pearson correlation analysis between expression levels of COL3A1/
EMP1 genes and EMT-related genes in bulk-sequencing data of 28 different cancers from the TCGA database; Z-score normalization was performed

to get the expression data of COL3A1/EMP1 genes

(46) found that COL3AL1 is one of the key genes relating to the brain  the future, more validation methods should be performed to verify

metastasis process in breast cancer. The interaction between  the importance of these EMP1"/COL3A1" fibroblasts during the

COL3A1 from fibroblasts and ADGRGI from cancer cells might ~ BoM process in more types of cancers.

contribute to the BoM process and these findings are worth future Due to the lack of BoM scRNAseq data in other cancer types, in

validation through either in vitro or in vivo studies. this study, we only involved datasets from three types of cancers,
Interestingly, through Pearson analysis, we also find a  which greatly limits the applicability of our findings pan-cancer-

significant correlation between EMP1 and COL3Al expressions  wide. In the future, with the availability of more scRNAseq datasets

in fibroblasts/osteoblasts among three types of cancer (Figures 6A,  and in-depth research on the metastasis of more cancers, we will

7F, and 8F), suggesting a potential connection between these two  optimize our findings and further explore the mechanisms of these

genes. Zeng et al. (47) found upregulated expression of genes  fibroblasts in promoting the BoM process.

encoding collagen fibers (such as COL1A1, COL1A2, COL3Al,

etc.) and matrix proteases (such as MMP2, MMP7, MMP11, etc.) in

EMP1"%#" ovarian cancer samples. EMP1 is involved in GO Conclusion

functions such as “collagen fibril organization”, “extracellular

matrix organization”, and “integrin-mediated cell adhesion”, Through an integrated analysis of transcriptomics data, we

further confirming the connections between these two genes. In  identified a special subgroup of EMP1"/COL3A1" fibroblasts that
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are enriched in breast cancer BoM samples, which might facilitate
the BoM process through interacting with tumor cells via COL3A1-
ADGRGI communication. Elevated expression of cytokines
including BMP2 and CXCL12 were found in these fibroblasts,
which might also promote the BoM process. Furthermore, the
existence of these fibroblasts was also confirmed in BoM samples
of prostate and renal cancers, suggesting the importance of these
cells. Finally, a strong correlation was discovered between EMP1/
COL3A1 genes and EMT-featured gene pan-cancer-wide,
implying a possible underlying mechanism through an EMT
perspective. Our findings might contribute to deciphering the
BoM mechanism while providing potential targets for future
treatments of tumor metastasis.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

HD: Conceptualization, Writing - original draft. HW: Formal
analysis, Writing — original draft. YL: Formal analysis, Writing -
original draft. YJ: Formal analysis, Writing — review & editing. JW:
Writing - review & editing. DD: Conceptualization, Writing -
review & editing. SD: Conceptualization, Writing - review
& editing.

References

1. Li S, Peng Y, Weinhandl ED, Blaes AH, Cetin K, Chia VM, et al. Estimated
number of prevalent cases of metastatic bone disease in the US adult population. Clin
Epidemiol (2012) 4:87-93. doi: 10.2147/CLEP.S28339

2. Jiang W, Rixiati Y, Zhao B, Li Y, Tang C, Liu J. Incidence, prevalence, and
outcomes of systemic Malignancy with bone metastases. J Orthop Surg (Hong Kong)
(2020) 28:2309499020915989. doi: 10.1177/2309499020915989

3. Svensson E, Christiansen CF, Ulrichsen SP, Rerth MR, Serensen HT. Survival
after bone metastasis by primary cancer type: A Danish population-based cohort study.
BM]J Open (2017) 7:1-7. doi: 10.1136/bmjopen-2017-016022

4. Norgaard M, Jensen A@Checktae, Jacobsen JB, Cetin K, Fryzek JP, Sorensen HT.
Skeletal related events, bone metastasis and survival of prostate cancer: a population
based cohort study in Denmark (1999 to 2007). J Urol (2010) 184:162-7. doi: 10.1016/
1.juro.2010.03.034

5. Sathiakumar N, Delzell E, Morrisey MA, Falkson C, Yong M, Chia V, et al.
Mortality following bone metastasis and skeletal-related events among women with
breast cancer: a population-based analysis of U.S. Medicare beneficiaries, 1999-2006.
Breast Cancer Res Treat (2012) 131:231-8. doi: 10.1007/s10549-011-1721-x

6. Jayarangaiah A, Kemp AK, Theetha Kariyanna P. Bone Metastasis. Treasure
Island (FL): StatPearls Publishing (2023).

7. Ruoslahti E. How cancer spreads. Sci Am (1996) 275:72-7. doi: 10.1038/
scientificamerican0996-72

8. Rusciano D, Burger MM. Why do cancer cells metastasize into particular organs?
Bioessays (1992) 14:185-94. doi: 10.1002/bies.950140309

9. Wang M, Xia F, Wei Y, Wei X. Molecular mechanisms and clinical management
of cancer bone metastasis. Bone Res (2020) 8(1):30. doi: 10.1038/s41413-020-00105-1

10. Singh S, Srivastava SK, Bhardwaj A, Owen LB, Singh AP. CXCL12-CXCR4
signalling axis confers gemcitabine resistance to pancreatic cancer cells: a novel target
for therapy. Br J Cancer (2010) 103:1671-9. doi: 10.1038/s].bjc.6605968

Frontiers in Immunology

13

10.3389/fimmu.2023.1313536

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundation of
China (32000465 to SD).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.
1313536/full#supplementary-material

11. Taichman RS, Cooper C, Keller ET, Pienta KJ, Taichman NS, McCauley LK. Use
of the stromal cell-derived factor-1/CXCR4 pathway in prostate cancer metastasis to
bone. Cancer Res (2002) 62:1832-7.

12. Lynch CC, Hikosaka A, Acuff HB, Martin MD, Kawai N, Singh RK, et al. MMP-7
promotes prostate cancer-induced osteolysis via the solubilization of RANKL. Cancer
Cell (2005) 7:485-96. doi: 10.1016/j.ccr.2005.04.013

13. Wang J, Loberg R, Taichman RS. The pivotal role of CXCL12 (SDF-1)/CXCR4
axis in bone metastasis. Cancer Metastasis Rev (2006) 25:573-87. doi: 10.1007/s10555-
006-9019-x

14. Wakabayashi H, Hamaguchi T, Nagao N, Kato S, Iino T, Nakamura T, et al.
Interleukin-6 receptor inhibitor suppresses bone metastases in a breast cancer cell line.
Breast Cancer (2018) 25:566-74. doi: 10.1007/s12282-018-0853-9

15. Kitamura T, Qian B-Z, Pollard JW. Immune cell promotion of metastasis. Nat
Rev Immunol (2015) 15:73-86. doi: 10.1038/nri3789

16. Peinado H, Zhang H, Matei IR, Costa-Silva B, Hoshino A, Rodrigues G, et al.
Pre-metastatic niches: organ-specific homes for metastases. Nat Rev Cancer (2017)
17:302-17. doi: 10.1038/nrc.2017.6

17. Sahoo M, Katara GK, Bilal MY, Ibrahim SA, Kulshrestha A, Fleetwood S, et al.
Hematopoietic stem cell specific V-ATPase controls breast cancer progression and
metastasis via cytotoxic T cells. Oncotarget (2018) 9:33215-31. doi: 10.18632/
oncotarget.26061

18. Kaplan RN, Psaila B, Lyden D. Bone marrow cells in the “pre-metastatic niche”:
within bone and beyond. Cancer Metastasis Rev (2006) 25:521-9. doi: 10.1007/s10555-
006-9036-9

19. Wang R, Dang M, Harada K, Han G, Wang F, Pool Pizzi M, et al.
Single-cell dissection of intratumoral heterogeneity and lineage diversity in
metastatic gastric adenocarcinoma. Nat Med (2021) 27:141-51. doi: 10.1038/s41591-
020-1125-8

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1313536/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1313536/full#supplementary-material
https://doi.org/10.2147/CLEP.S28339
https://doi.org/10.1177/2309499020915989
https://doi.org/10.1136/bmjopen-2017-016022
https://doi.org/10.1016/j.juro.2010.03.034
https://doi.org/10.1016/j.juro.2010.03.034
https://doi.org/10.1007/s10549-011-1721-x
https://doi.org/10.1038/scientificamerican0996-72
https://doi.org/10.1038/scientificamerican0996-72
https://doi.org/10.1002/bies.950140309
https://doi.org/10.1038/s41413-020-00105-1
https://doi.org/10.1038/sj.bjc.6605968
https://doi.org/10.1016/j.ccr.2005.04.013
https://doi.org/10.1007/s10555-006-9019-x
https://doi.org/10.1007/s10555-006-9019-x
https://doi.org/10.1007/s12282-018-0853-9
https://doi.org/10.1038/nri3789
https://doi.org/10.1038/nrc.2017.6
https://doi.org/10.18632/oncotarget.26061
https://doi.org/10.18632/oncotarget.26061
https://doi.org/10.1007/s10555-006-9036-9
https://doi.org/10.1007/s10555-006-9036-9
https://doi.org/10.1038/s41591-020-1125-8
https://doi.org/10.1038/s41591-020-1125-8
https://doi.org/10.3389/fimmu.2023.1313536
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Du et al.

20. Ding K, Chen F, Priedigkeit N, Brown DD, Weiss K, Watters R, et al. Single cell
heterogeneity and evolution of breast cancer bone metastasis and organoids reveals
therapeutic targets for precision medicine. Ann Oncol Off ] Eur Soc Med Oncol (2022)
33:1085-8. doi: 10.1016/j.annonc.2022.06.005

21. Kfoury Y, Baryawno N, Severe N, Mei S, Gustafsson K, Hirz T, et al. Human
prostate cancer bone metastases have an actionable immunosuppressive
microenvironment. Cancer Cell (2021) 39:1464-1478.e8. doi: 10.1016/
j.ccell.2021.09.005

22. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, et al.
Integrated analysis of multimodal single-cell data. Cell (2021) 184:3573-3587.€29.
doi: 10.1016/j.cell.2021.04.048

23. Mcginnis CS, Murrow LM, Gartner ZJ. DoubletFinder: doublet detection in
single-cell RNA sequencing data using artificial nearest neighbors. Cell Syst (2019)
8:329-337.e4. doi: 10.1016/j.cels.2019.03.003

24. Efremova M, Vento-Tormo M, Teichmann SA, Vento-Tormo R. CellPhoneDB:
inferring cell-cell communication from combined expression of multi-subunit ligand-
receptor complexes. Nat Protoc (2020) 15:1484-506. doi: 10.1038/s41596-020-0292-x

25. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15:1-21.
doi: 10.1186/s13059-014-0550-8

26. Mukaida N, Zhang D, Sasaki S-I. Emergence of cancer-associated fibroblasts as
an indispensable cellular player in bone metastasis process. Cancers (Basel) (2020) 12
(10):2896. doi: 10.3390/cancers12102896

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

28. Zhang L, Qu J, Qi Y, Duan Y, Huang YW, Zhou Z, et al. EZH2 engages TGF
signaling to promote breast cancer bone metastasis via integrin f1-FAK activation. Nat
Commun (2022) 13:1-16. doi: 10.1038/s41467-022-30105-0

29. Conley-LaComb MK, Semaan L, Singareddy R, Li Y, Heath EI, Kim S, et al.
Pharmacological targeting of CXCL12/CXCR4 signaling in prostate cancer bone
metastasis. Mol Cancer (2016) 15:1-13. doi: 10.1186/s12943-016-0552-0

30. Wu CK, Wei MT, Wu HC, Wu CL, Wu CJ, Liaw H, et al. BMP2 promotes lung
adenocarcinoma metastasis through BMP receptor 2-mediated SMADI1/5 activation.
Sci Rep (2022) 12:1-13. doi: 10.1038/s41598-022-20788-2

31. Huang P, Chen A, He W, Li Z, Zhang G, Liu Z, et al. BMP-2 induces EMT and
breast cancer stemness through Rb and CD44. Cell Death Dis. (2018) 9(2):20.
doi: 10.1038/cddiscovery.2017.39

32. Yang], Antin P, Berx G, Blanpain C, Brabletz T, Bronner M, et al. Guidelines and
definitions for research on epithelial-mesenchymal transition. Nat Rev Mol Cell Biol
(2020) 21:341-52. doi: 10.1038/s41580-020-0237-9

33. Mittal V. Epithelial mesenchymal transition in tumor metastasis. Annu Rev
Pathol Mech Dis (2018) 13:395-412. doi: 10.1146/annurev-pathol-020117-043854

Frontiers in Immunology

14

10.3389/fimmu.2023.1313536

34. Lambert AW, Pattabiraman DR, Weinberg RA. Emerging biological principles
of metastasis. Cell (2017) 168:670-91. doi: 10.1016/j.cell.2016.11.037

35. Bakir B, Chiarella AM, Pitarresi JR, Rustgi AK. EMT, MET, plasticity, and tumor
metastasis. Trends Cell Biol (2020) 30:764-76. doi: 10.1016/j.tcb.2020.07.003

36. Gascard P, Tlsty TD. Carcinoma-associated fibroblasts: orchestrating the
composition of Malignancy. Genes Dev (2016) 30:1002-19. doi: 10.1101/
gad.279737.116

37. Bu L, Baba H, Yoshida N, Miyake K, Yasuda T, Uchihara T, et al.
Biological heterogeneity and versatility of cancer-associated fibroblasts in the
tumor microenvironment. Oncogene (2019) 38:4887-901. doi: 10.1038/s41388-019-
0765-y

38. Zhang XH-F, Jin X, Malladi S, Zou Y, Wen YH, Brogi E, et al. Selection of bone
metastasis seeds by mesenchymal signals in the primary tumor stroma. Cell (2013)
154:1060-73. doi: 10.1016/j.cell.2013.07.036

39. Shahriari K, Shen F, Worrede-Mahdi A, Liu Q, Gong Y, Garcia FU, et al.
Cooperation among heterogeneous prostate cancer cells in the bone metastatic niche.
Oncogene (2017) 36:2846-56. doi: 10.1038/0nc.2016.436

40. Ducy P, Schinke T, Karsenty G. The osteoblast: a sophisticated
fibroblast under central surveillance. Science (2000) 289:1501-4. doi: 10.1126/
science.289.5484.1501

41. Lu Z, Chiu J, Lee LR, Schindeler A, Jackson M, Ramaswamy Y,
et al. Reprogramming of human fibroblasts into osteoblasts by insulin-like growth
factor-binding protein 7. Stem Cells Transl Med (2020) 9:403-15. doi: 10.1002/sctm.19-
0281

42. Chang Y, Cho B, Kim S, Kim J. Direct conversion of fibroblasts to osteoblasts as a
novel strategy for bone regeneration in elderly individuals. Exp Mol Med (2019) 51:1-8.
doi: 10.1038/s12276-019-0251-1

43. Ahmat Amin MKB, Shimizu A, Zankov DP, Sato A, Kurita S, Ito M, et al.
Epithelial membrane protein 1 promotes tumor metastasis by enhancing cell migration
via copine-IIT and Racl. Oncogene (2018) 37:5416-34. doi: 10.1038/541388-018-0286-0

44. Ng K-F, Chen T-C, Stacey M, Lin H-H. Role of ADGRG1/GPR56 in tumor
progression. Cells (2021) 10(12):3352. doi: 10.3390/cells10123352

45. Sasaki S-I, Zhang D, Iwabuchi S, Tanabe Y, Hashimoto S, Yamauchi A, et al.
Crucial contribution of GPR56/ADGRGI, expressed by breast cancer cells, to bone
metastasis formation. Cancer Sci (2021) 112:4883-93. doi: 10.1111/cas.15150

46. Wu W, Zheng L. Comprehensive analysis identifies COL1A1, COL3A1, and
POSTN as key genes associated with brain metastasis in patients with breast cancer.
Evid Based Complement Alternat Med (2022) 2022:7812218. doi: 10.1155/2022/
7812218

47. Zeng Q, Yi C, LuJ, Wang X, Chen K, Hong L. Identification of EMP1 as a critical
gene for cisplatin resistance in ovarian cancer by using integrated bioinformatics
analysis. Cancer Med (2023) 12:9024-40. doi: 10.1002/cam4.5637

frontiersin.org


https://doi.org/10.1016/j.annonc.2022.06.005
https://doi.org/10.1016/j.ccell.2021.09.005
https://doi.org/10.1016/j.ccell.2021.09.005
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cels.2019.03.003
https://doi.org/10.1038/s41596-020-0292-x
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3390/cancers12102896
https://doi.org/10.3390/biom11111643
https://doi.org/10.1038/s41467-022-30105-0
https://doi.org/10.1186/s12943-016-0552-0
https://doi.org/10.1038/s41598-022-20788-2
https://doi.org/10.1038/cddiscovery.2017.39
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1146/annurev-pathol-020117-043854
https://doi.org/10.1016/j.cell.2016.11.037
https://doi.org/10.1016/j.tcb.2020.07.003
https://doi.org/10.1101/gad.279737.116
https://doi.org/10.1101/gad.279737.116
https://doi.org/10.1038/s41388-019-0765-y
https://doi.org/10.1038/s41388-019-0765-y
https://doi.org/10.1016/j.cell.2013.07.036
https://doi.org/10.1038/onc.2016.436
https://doi.org/10.1126/science.289.5484.1501
https://doi.org/10.1126/science.289.5484.1501
https://doi.org/10.1002/sctm.19-0281
https://doi.org/10.1002/sctm.19-0281
https://doi.org/10.1038/s12276-019-0251-1
https://doi.org/10.1038/s41388-018-0286-0
https://doi.org/10.3390/cells10123352
https://doi.org/10.1111/cas.15150
https://doi.org/10.1155/2022/7812218
https://doi.org/10.1155/2022/7812218
https://doi.org/10.1002/cam4.5637
https://doi.org/10.3389/fimmu.2023.1313536
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	An integrated analysis of bulk and single-cell sequencing data reveals that EMP1+/COL3A1+ fibroblasts contribute to the bone metastasis process in breast, prostate, and renal cancers
	Introduction
	Materials and methods
	Bulk sequencing data retrieval
	Differential gene expression analysis
	Enrichment analysis
	Single-cell RNA sequencing data analysis
	Ligand-receptor analysis
	Correlation analysis

	Results
	Project design
	Identification of 34 upregulated genes in breast cancer BoM samples
	BoM-related tumor microenvironment features in breast cancer
	Involvement of EMP1+ Fibroblasts during the bone metastasis process in breast cancer
	BoM-related tumor microenvironment features in prostate cancer
	BoM-related tumor microenvironment features in renal cancer
	Correlation between EMP1/COL3A1 and epidermal mesenchymal transition process

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


