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Abstract: Cancer-associated fibroblasts (CAFs) are prevalent in the tumor microenvironment of breast cancer, com-
prising a group of cell subpopulations with spatial, phenotypic, and functional heterogeneity. Due to the lack of
specific markers for CAF subpopulations, their specific mechanisms in breast cancer remain unclear. We identified
eight distinct CAF phenotypes in breast cancer using multiple single-cell RNA sequencing datasets and determined
distinct transcription factors (TFs) of CAFs through SCENIC analysis. Our study highlights one CAF subtype in breast
cancer, FN1+CAF2, associated with metastasis and macrophage polarization. We observed elevated FN1 expres-
sion in the stromal tissue of breast cancer patients. Furthermore, FN1 knockdown in CAFs reduced the migration
ability of breast cancer cells. We identified a regulatory gene, MXRAS, in CAF2, which may play crucial roles in breast
cancer. Our results indicated upregulated MXRAS expression in breast cancer tissues and CAFs from patients with
lymph node metastasis in the following experiment. Overall, our study reveals that the FN1+CAF2 subtype is as-
sociated with metastasis and suggests that MXRAS may be a novel marker mediating the effects of CAF2 on breast
cancer metastasis. This study enriches our understanding of CAF heterogeneity and offers new insights for treating
breast cancer metastasis.
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Introduction cer microenvironment [5], play key roles in regu-
lating tumor progression, metastasis, and im-
munosuppression [6]. CAFs are highly heteroge-
neous, potentially endowing them with diverse
biological functions during tumorigenesis [7]. A
recent pan-cancer single-cell analysis identified
six CAF types in 10 solid cancers, highlighting
the complexity of CAF subsets [8]. Mechta-
Grigoriou et al. discovered four specific CAF
subsets by single-cell sequencing, with CAF-S4
mediating epithelial-mesenchymal transition
(EMT) through CXCL12 and TGF-f signals, pro-
moting metastasis to lymph nodes and distal
organs [9]. Future studies should explore

Breast cancer (BC) is the most common cancer
worldwide, accounting for approximately 11.7%
of all cancer cases [1]. It is the major cause of
cancer mortality and morbidity in women, with
an estimated 12% of females diagnosed during
their lifetimes, posing a substantial health and
socioeconomic burden globally in women [2]. e
therapy, and molecular targeted therapy [3].
Despite some effectiveness, a significant num-
ber of patients succumb to tumor resistance,
recurrence, and metastasis [4]. Effective treat-
ment regimens for metastatic breast cancer
are lacking due to a limited understanding of

the molecular mechanisms involved in tumor
metastasis.

Cancer-associated fibroblasts (CAFs), one of
the most abundant cell types in the breast can-

whether CAF subpopulations possess distinct
functional properties. Unfortunately, the specif-
ic mechanisms in the tumor microenvironment
remain elusive due to the absence of specific
CAF subpopulation cell line models.
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Flow chart. Overall workflow of the present study. Four datasets of single-cell RNA sequencing in breast cancer were
collected, and eight CAF subtypes were defined and functionally annotated. The function of FN1+CAF2 subset was

analysed in combination with TCGA-BRCA and RNA-seq.

Recent advances in single-cell RNA-sequencing
(scRNA-seq) technology and bioinformatics
analysis methods have driven interest in study-
ing cellular heterogeneity. scRNA-seq has char-
acterized stromal cellular heterogeneity in vari-
ous tumor types, including breast cancer [6,
10], lung cancer [11], pancreatic ductal adeno-
carcinoma [12], prostate cancer [13], head and
neck squamous cell carcinoma [14], and mela-
noma [15] among others. Several studies have
highlighted the differential impact of distinct
CAF subsets on breast cancer progression. A
recent study revealed that CD26+CAFs enhan-
ce breast cancer cell invasion by increasing
matrix-metalloproteinase activity [10]. Erwei
Song et al. confirmed that CD10+GPR77+ CAFs
regulate tumorigenesis and chemotherapy
resistance in breast cancer by sustaining can-
cer stemness [16]. The complexity of intercel-
lular communications in the tumor microenvi-
ronment and the lack of molecular markers
specific for CAF subpopulations make selec-
tively targeting CAFs in cancer treatment chal-
lenging [17]. As such, this therapeutic avenue
remains largely unexplored. Further investiga-
tion into the markers and functions of CAF sub-
sets is essential for accurately targeting sub-
sets that promote tumor progression.
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In this study, based on the pivotal roles played
by distinct CAF subtypes in the tumor microen-
vironment, we aimed to identify a subset of
CAFs closely associated with breast cancer
metastasis and determine whether this subset
mediates poor survival outcomes. Utilizing mul-
tiple scRNA-seq datasets and the TCGA data-
base, we elucidated the molecular biological
characteristics and clinical risk signatures of
eight distinct CAF subtypes. Our focus was on
the CAF2 subset, characterized by high FN1
expression, which exhibited a strong associa-
tion with tumor metastasis. We explored the
signaling pathways and regulatory genes of this
subset which potentially mediates poor progno-
sis in breast cancer, as shown in the Flow chart.
These findings contribute to a deeper under-
standing of CAF subtypes and offer new per-
spectives for targeted therapy in breast cancer
patients.

Methods and materials
Single-cell RNA datasets

Single-cell RNA-seq datasets for breast cancer
from GSE161529, GSE148673, GSE176078-
GSE and E-MTAB-8107 (https://www.ncbi.nlm.
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nih.gov/geo/). Breast cancer transcriptome
dataset from TCGA-BRCA (https://portal.gdc.
cancer.gov/) and GSE20685.

Patients and tissue samples collection

Human breast tissues were obtained from
patients undergoing modified radical mastec-
tomy for invasive breast cancer at Wuhan Union
Hospital, Huazhong University of Science and
Technology. None of the patients had received
neo-adjuvant chemotherapy. All patients pro-
vided informed consent prior to tissue collec-
tion, and all procedures involving human par-
ticipants were conducted in accordance with
the Declaration of Helsinki. Primary fibroblasts
were extracted from the collected specimens,
with patient clinical information available in
Table S1. Additionally, we constructed a breast
tissue microarray (Wuhan Biossci Biotechnology
Technology) using 47 breast cancer specimens
and paired para-cancerous tissue samples.
Detailed clinical information of the breast can-
cer patients is provided in Table S2.

CAFs isolation and cell culture

CAFs were isolated from fresh breast cancer
tissues as previously described [16]. Briefly, the
breast cancer tissues were minced into 1 mm?®
pieces and digested with DMEM/F12 medium
containing 2 mg/ml type | collagenase (Sigma
Aldrich, USA) and 1 mg/ml DNAase | (BioFroxx,
DE) for 6-8 hours at 37°C. Undigested tissue
fragments were filtered through a 40 ym mesh.
The cell suspension was centrifuged at 1800
rom for 6 minutes to collect the fibroblasts.
Subsequently, primary CAFs were cultured in
DMEM/F12 with 10% FBS (Gibco, USA, 10099-
141) at 37°C in 5% CO,. Fibroblast identifica-
tion was performed through immunofluores-
cent staining using specific markers (FAP and
a-SMA).

Breast cancer cell lines (MDA-MB-231) were
cultured in the recommended media (DMEM,
High glucose) supplemented with 10% FBS
(Vivacell, C04001, China) at 37°C. For the co-
culture model within a 12-well transwell plate
with a 0.4 ym pore membrane (Corning, NY,
USA) was used. Cancer cells were seeded in the
lower chamber, while CAFs were seeded in the
upper chamber at a 1:2 ratio. After a 3-day
intervention with serum-free culture medium,
the cancer cells were harvested for subsequent
experiments.
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Cell transfection

CAFs in the logarithmic growth phase were
seeded into a 6-well plate at a density of 2 x
10°% cells. At 70-80% confluence, cells were
transfected with 50 nM si-FN1 and 50 nM neg-
ative control siRNA using Lipofectamine® 3000
(Invitrogen, L3000015, USA), according to the
manufacturer’s protocol. siRNA targeting FN1
(si-FN1) and the corresponding negative con-
trol (si-NC) were designed and synthesized by
RiboBio (Guangzhou, China). Cells were collect-
ed for subsequent experiments 48 hours
post-transfection.

Cell migration assay

Cell migration was evaluated using 8.0 yum pore
polycarbonate membrane inserts in 24-well
Transwell plates (Corning, NY, USA). Briefly, 800
pl of complete medium was added to the lower
chambers, and cancer cells (4 x 10%) in 200 pl
serum-free medium from both co-culture and
non-co-culture conditions were added to the
upper chambers. After 24 hours at 37°C in 5%
CO,, migratory cells were stained with 0.1%
crystal violet solution. Cells remaining in the
upper chambers were gently removed with a
moistened cotton swab. Migratory cells were
counted in five randomly selected fields under
a light microscope (x 200 magnification).

Wound healing assay

This assay was used to investigate the effect of
FN1 in CAFs on cell migration. Cancer cells (1 x
10°%) were seeded in the lower chamber of
12-well Transwell plates (0.4 um pore size), and
CAFs (2 x 10°) with si-NC or si-FN1 were added
to the upper chamber. Once the cancer cells
reached a confluent monolayer, a wound was
created by manually scraping the cell monolay-
er with a 200 ul pipette tip. After removing cell
debris with PBS, the cells were cultured in 2%
FBS medium. Cancer cells in the lower cham-
ber were photographed (x 40 magnification) at
0 and 24 hours, and the wounded area was
analyzed using Image J software.

ScRNA-seq analysis for CAFs

Single-cell sequencing data underwent conven-
tional downstream processing using the Seurat
R package. Cells with mitochondrial content
exceeding 30% were excluded. After filtering,
560,452 cells were retained for downstream
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Table 1. Primer sequences

analysis examined receptor-ligand

Genes  Forward primer (5’-3’)

Reverse primer (5’-3")

interactions among various cell

GAPDH TCAAGAAGGTGGTGAAGCAGG TCAAAGGTGGAGGAGTGGGT
TTGGTCAGTCCTGCAAATGAG
COL6A3 GATGGGCCAGCAAGTAACCT  ATCTTGGGAAGCGACTCTGC
TTTGCAGCCACAACGAGGAT

MXRA5 CCTTGTGCCTGCTACGTCC

GJB2 CCGACGCAGAGCAAACCG

types or subtypes, enabling deduc-
tion of their internally regulated sig-
naling pathways. Assessment of
ligand-receptor gene interactions

analysis. Cell subsets were annotated using
information from the GSE161529 dataset.
This involved a software package that anno-
tates cell types by comparing the similarity of
unknown datasets to reference datasets with
known cell type labels. Fine annotation of CAF
cell subsets was performed manually. Results
were visualized using uniform manifold approxi-
mation and projection (UMAP) downscaling. For
CAF subpopulations, GO and KEGG analyses
were conducted using clusterProfiler, and tran-
scription factors were predicted using SCENIC.

Model construction

Differential gene expression analyses (P <
0.05) for cells within this specific CAF isoform
and all other cells using the FindMarkers func-
tion in Seurat. Marker genes were identified for
this CAF subtype as signature genes during
integrated clustering analysis. Expression lev-
els of eight signhature genes unique to different
CAF subtypes were obtained from the TCGA-
BRCA and GSE20685 RNA-seq datasets in
breast cancer after normalizing FPKM values.
CAF subtype-based marker genes were used to
construct prognostic models through univari-
ate and lasso screening of prognosis-related
variables. Survival curves for high CAF sub-
types were compared using survival data.
Immune cell infiltration in the high and low
CAF2 score groups in TCGA-BRCA was assess-
ed using the CIBERSORT tool. The ESTIMATE
algorithm was applied to the normalized expres-
sion matrix to estimate stromal and immune
scores for each breast cancer sample. The area
under the curve (AUC) was calculated to assess
the performance of the logistic regression
model, and the “timeROC” R package was used
to compute AUC values for each model.

Cellular communication
The cellchat R package, designed for analyzing

cell-cell communication, was used to explore
diverse cellular communication networks. This
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among different cell types was con-
ducted by integrating the L2 para-
digm number of ligand-receptor interactions
and the activity fraction of downstream tran-
scription factors, calculated using the built-in
Gene Set Enrichment Analysis (GSEA) algori-
thm.

RNA-sequencing of CAFs

For RNA-seq analysis, total RNA from primary
CAFs was extracted from breast cancer tissues
with (LN+CAF group, n = 3) and without (LN-CAF
group, n = 3) lymph node metastasis. A cDNA
library was constructed by Novogene (Tianjin,
China), and RNA-seq was conducted using the
llumina NovaSeq 6000 platform (lllumina,
USA). RNA-seq data were analyzed using the
DESeq R package.

Quantitative real-time PCR

Total RNA extraction was performed using
TriZol Reagent (Invitrogen, Carlsbad, CA, USA,
15596-018). The extracted RNA was reverse
transcribed to cDNA using HiScript Il RT
SuperMix (Vazyme, Nanjing, China, R312-01),
following the manufacturer’s instructions. Poly-
merase chain reaction (PCR) was conducted
using cDNA, primers, and SYBR Green Master
Mix (Vazyme, Nanjing, China, Q311-01), follow-
ing the Bio-Rad iCycler guidelines (CFX96,
California, USA). Relative mRNA levels of tar-
get genes were determined using the 2-AACt
method, with the expression of GAPDH serving
as a reference for normalization. Primer
sequences are provided in Table 1.

Tissue microarray and Immunohistochemistry

A tissue microarray with 47 paired breast
cancer tissue samples and adjacent cancer tis-
sue was used to evaluate FN1 protein expres-
sion by immunohistochemistry (Biossci, Wuhan,
China). Following deparaffinization and antigen
retrieval, the microarrays were incubated se-
quentially with primary antibodies targeting
FN1 (ProteinTech, 66042-1-g, 1:500) and
MXRA5 (ProteinTech, 25472-1-ap, 1:300), fol-

Am J Cancer Res 2024;14(2):526-544



Single-cell analysis of cancer-associated fibroblasts subtypes in breast cancer

lowed by HRP-conjugated secondary antibod-
ies. Images were acquired using NDP.view soft-
ware (NanoZoomer®S360, Hamamatsu, Japan),
and Integrated Optical Density (I0OD) mean was
analyzed using Image Pro Plus 6.0 for quantita-
tive histochemical staining statistics. Five
cases that received neoadjuvant chemothera-
py were excluded from this analysis.

Statistical analysis

All bioinformatics statistical analyses were per-
formed using R software (version 4.3.0). The
Wilcoxon test was used to compare two gro-
ups. Survival differences were assessed using
Kaplan-Meier (K-M) curves and the Log-rank
test. Experimental data were analyzed using
either paired or unpaired Student’s t-test to
assess the significant differences in measured
data. Each experimental group was replicated
in three or more independent experiments.
Statistical analyses and visualization were
conducted using R package and GraphPad
Prism 9.0, with statistical significance being
defined as P < 0.05 (****P < 0.0001, ***P <
0.001, **P < 0.01 and *P < 0.05).

Results

Identification of CAF subtypes based on single
cell RNA-seq analysis

Using single-cell RNA-seq (scRNA-seq) analy-
sis, we classified cells into distinct clusters.
This classification employed datasets from
GSE161529, GSE148673, GSE176078, and
E-MTAB-8107. During principal component
analysis (PCA), we determined the optimal
number of principal components to effectively
reduce the dimensionality of the cell groupings.
The integration of cancer-associated fibro-
blasts from four distinct single-cell breast
cancer datasets was conducted using the
Seurat computational framework. This analysis
revealed eight distinct CAF subtypes through
high-resolution clustering of the combined
data (Figure 1A). An examination of CAF cellu-
lar composition across these four breast can-
cer single-cell datasets showed notable varia-
tions in the prevalence of different cell types.
Notably, CAF1 and CAF2 constituted the major-
ity (Figure 1B). The identified eight subclasses
consisted of a total of 40 marker genes, with
each CAF subtype (CAF1-8) characterized by
five specific marker genes (Figure 1C).
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We then performed functional analyses on the
significantly expressed marker genes in these
8 CAF subtypes. The GO enrichment analysis
in CAF2 identified functions such as extracellu-
lar matrix structural components, actin bind-
ing, collagen binding, integrin binding, and oth-
ers conferring tensile strength (Figure 1D).
Furthermore, we investigated the phenotypic
and functional diversity of pan-CAFs and their
various isoforms in breast cancer, following the
methodology previously outlined by Galbo PM
Jr et al. [18]. Our results indicated that, while
collagen gene expression levels were low in
CAF1, pro-inflammatory molecules such as
CXCL1-3, CCL2, and IL-6 were highly expressed
in CAF2. The CAF2 subtype was observed to
express distinct patterns of various collagens
(COL10A1, COL11A1, etc.), angiogenesis-relat-
ed genes (ANGPT2, PDGFA, PDGFC), stromal
matrix metalloproteinases (MMP2, MMP9),
transforming growth factor beta (TGFp) signal-
ing molecules, and extracellular matrix (ECM)-
related genes (Figure 1E).

Next, we utilized the SCENIC algorithm to iden-
tify distinct isoform transcription factors (TFs)
of CAFs and their corresponding target gene
regulatory networks in breast cancer (Figure
S1A). It was found that CAF2 was enriched for
SATB1, SKI, HOXC6, among other factors [19].
Notably, SATB1 was particularly abundant in
the CAF2 subpopulation, suggesting its poten-
tial role in promoting breast cancer metastasis
in this subtype (Figure S1B). These findings
offer insights into the primary transcription fac-
tors driving or sustaining gene expression pat-
terns in CAF subgroups and support the idea
that distinct CAF subpopulations fulfill diverse
biological roles.

Assessment of distinct CAF subtype in breast
cancer prognosis

We compiled gene signatures related to various
CAF cell subtypes in breast cancer and utilized
them to assess the prevalence of CAF1-8 in the
TCGA-BRCA and GSE20685 datasets. This
analysis enabled the identification of cohorts
with high and low CAF scores, as outlined in the
methods section. We observed that high
expression of genes characteristic of CAFs cor-
related with poor breast cancer prognosis, sug-
gesting that CAFs may promote tumor growth
in the breast (Figures 2A-H, S2A-H). Our study
primarily examined CAF1 and CAF2 cell sub-
types, with Area Under the Curve (AUC) values

Am J Cancer Res 2024;14(2):526-544
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Figure 1. Identification of CAF subtypes based on single-cell RNA-seq analysis. A. UMAP describes subtypes, which
are divided into a total of eight subtypes. B. Proportion of different CAF subtypes in breast cancer in datasets:
GSE161529, GSE148673, GSE176078 and E-MTAB-8107. C. Dot plot showing expression of caf subtype marker
genes in breast cancer. D. GO functional enrichment of different CAF subtypes in breast cancer. E. Heatmap of gene
expression associated with selected functions of Collagens, ECM, MMPs, TGF-B, Neo-Angio, Contractile, RAS and
Pro-Inflammatory.

of 0.735 and 0.661 for 3-year survival in TCGA-
BRCA, and 0.839 and 0.693 for 3-year survival
in GSE20685, respectively. The AUC values
range from O to 1, with values greater than 0.5
indicating better prediction performance of the
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model. There is no specific threshold for what is
considered a good AUC score. Therefore, we
concluded that CAF1 and CAF2 subtypes are
associated with worse clinical prognosis in
breast cancer. Further analysis revealed that
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Figure 2. Assessment of distinct CAF subtypes in breast cancer prognosis. A-H. The KM survival curves in TCGA-BRCA showed that among the different CAF subtypes
of breast cancer, the group subtypes with higher score had a worse prognosis.
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multiple collagen, angiogenesis-related genes,
matrix metalloproteinases, transforming grow-
th factor B (TGFB) signaling molecules, and
extracellular matrix (ECM)-related genes were
expressed in the high CAF2 group in both data-
sets. This expression pattern, combined with
the poor prognosis of the high CAF2 group, sug-
gests a potential promotional role in breast

cancer (Figure S2I).

Interaction between CAF2 and other cellular
subpopulations in breast cancer

To comprehensively examine the relationships
between CAFs and other cellular subpopula-
tions in breast cancer, we analyzed potential
interactions between CAF1-8 and various cell
subpopulations (Figure 3A). We discovered that
the CAF2 subpopulation specifically exhibited
increased communication with both tumor cells
(Epithelial subpopulation) and myeloid cells
compared to other non-CAF subpopulations
(Figures 3B and S3). Dividing the transcriptome
data of TCGA-BRCA into two groups bas-
ed on their CAF2 scores (high and low), we
found that the CAF2 low-hit subgroup showed
increased infiltration of innate and adaptive
immune cells, including macrophages, com-
pared to the CAF2 high-hit subgroup (Figure
3C). The ESTIMATE score algorithm indicated
higher scores for the CAF2 high-hit subgroup in
our cohort (Figure 3D). Using CIBERSORT, we
assessed immune cell infiltration differences
between the CAF2 high and low-hit subgroups.
We observed upregulated MO and M2 macro-
phages and downregulated M1 macrophages
in the CAF2 high-hit subgroup (Figure 3E).
These findings suggest that the CAF2 cell sub-
type might contribute to breast cancer progres-
sion by promoting macrophage polarization.

Signaling, intercellular communication, and
specific gene signatures in CAF2 subset

To elucidate the signaling pathways involved in
intricate intercellular communication in breast
cancer, we calculated each signaling system’s
output and input interaction strengths (Figure
4A). Collagen signaling emerged as the pre-
dominant signal in fibroblasts. Additionally,
along with collagen signaling, pathways in-
cluding fibronectin 1 (FN1) and midkine (MK)
appeared similarly important in facilitating
fibroblast interactions with other cells. Based
on the findings of our study, it is concluded that
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CAF2 holds significant prognostic value in
breast cancer. Consequently, our investigation
focused on elucidating the signaling pathways
involved in CAF2 interactions. The five signaling
pathways that are highly likely to interact and
significantly contribute to CAF2 interaction are
CD46, CD99, COLLAGEN, GAS, and ncWNT, as
seen in Figure 4B-F. Subsequently, we con-
ducted an analysis of the impact of marker
gene interactions within CAF2-associated sig-
naling pathways on the communication be-
tween intercellular subpopulations. The find-
ings of the study indicated that there were sig-
nificant COL6A3-CD44 interactions seen in
CAF2-Epithelial and CAF2-Myeloid interac-
tions, and found that MIF-(CD74+CXCR4) inter-
actions had the most pronounced effect on
CAF2-B cell contacts (Figure 4G). In summary,
our findings suggest that FN1 plays a crucial
role in maintaining relationships between
CAF2 subtypes and other cellular entities.
Furthermore, it is plausible that COL6A3 plays
a pivotal role in facilitating intercellular com-
munication between subtype 2 breast cancer
fibroblasts, tumor cells, and myeloid cells.

Validation of the expression and function of
FN1+CAF2 in breast cancer

CAFs were isolated from six breast cancer
patients in order to investigate and understand
the expression and significance of the CAF2
subgroup in human breast cancer. Subse-
quently, immunofluorescence analysis was
conducted to determine the presence of alpha-
smooth muscle actin (x-SMA) and fibroblast
activation protein (FAP), both of which serve as
universal markers for CAFs (Figure 5A). The
findings revealed significant upregulation of
FN1, COL1A1, and POSTN in the CAF2 subtype,
identifying FN1 as a distinguishing marker for
this subtype. We conducted a comparative
analysis of FN1 expression in 47 paired human
breast cancer and normal breast tissue speci-
mens using tissue microarray. This revealed
notably higher FN1 expression in stromal tissue
of tumor patients (Figure 5B, 5C). Following
this, we conducted transcriptome sequencing
on primary CAFs derived from breast cancer
patients. Single-cell transcriptomic data was
categorized into three groups with high CAF2
scores and three groups with low CAF2 scores.
We compared differential genes between these
groups (Figure 5D). Interestingly, all cases with
high CAF2 scores were positive for lymph node
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Figure 3. Interaction between CAF2 and other cellular subpopulations in breast cancer. A. Network analysis of the
frequency and weight strength of interactions between subsets of 15 units. B. The strength of interactions between
CAF2 and other subclass cell populations. C. Microenvironmental phenotypic landscapes of CAF2 subtypes based
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calculated by GSEA. D. Scores of stromal, immune, tumor purity, and ESTIMATE between high and low CAF2 scor-
ing groups. E. Box plots comparing differences in immune cell scores between high and low CAF2 scoring groups.

metastasis, while those with low scores showed
no such metastasis. Functional enrichment
analysis of the data correlated the high CAF2
score group with pathways including peroxi-
some, gap junction, and ribosome (Figure 5E,
5F). To assess the impact of FN1 downregula-
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tion in CAFs on breast cancer cell migration,
wound healing and Transwell assays were per-
formed. Small interfering RNA (siRNA) signifi-
cantly reduced FN1 expression in CAFs by qRT-
PCR (Figure 6A, n = 3). The co-culture model of
CAFs and breast cancer cells (Figure 6B) dem-
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Figure 5. Validation of the expression and function of FN1+CAF2 in breast cancer. A. Cell markers for immunofluo-
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expression may be involved in breast cancer
metastasis.

MXRAS5 as a novel target in CAF2 subtype me-
diating tumor metastasis

Focusing on the clinically relevant FN1+ CAF2
subpopulation in breast cancer, we investigat-
ed crucial molecular targets for this subpopula-
tion. We used a Venn diagram to assess the
overlap between differential genes in high and
low CAF2 typing groups in TCGA-BRCA, molecu-
lar markers of single-cell CAF2 subpopula-
tions, and differential genes from CAF sequ-
encing data of six human breast cancers. This
analysis revealed three key molecules: COL6-
A3, GJB2, and MXRA5 (Figure 7A). Their expres-
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sion was verified in TCGA-BRCA, showing high
expression in tumors without statistical signifi-
cance between metastatic and non-metastatic
groups, possibly due to limited sample size in
the metastatic group (Figure 7B). However,
mRNA expression of COL6A3, GJB2, and
MXRA5 in CAF primary cells was statistically
significant between metastatic and non-meta-
static groups (Figure 7C-E). Kaplan-Meier sur-
vival analysis linked elevated MXRAS expres-
sion with poor prognosis (Figure 7F).

We then compared the protein expression lev-
els of COL6A3, GJB2, and MXRA5 in both nor-
mal breast tissue and breast cancer tissue
(Figure 7H). Additionally, we analyzed MXRA5
expression using RNA samples from a cohort of
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15 individuals diagnosed with breast cancer,
revealing a significant upregulation of MXRA5
in breast cancer tissue (Figure 7G), the patient’s
clinical information was shown in Table S5. We
also examined MXRAbS expression in 47 human
breast cancer tissue samples using immuno-
histochemistry, which showed that MXRA5 was
upregulated in both the stromal and intratu-
moral regions (Figure 8A, 8B). A more compre-
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hensive analysis of high and low MXRAS expres-
sion groups in TCGA-BRCA revealed a positive
correlation between MXRA5 and molecules
associated with EMT, ECM, TGFB and other
pathways (Figure 8C-H), suggesting a potential
pro-metastatic function for MXRA5 in human
breast cancer. Furthermore, we analyzed the
relationship between MXRA5 expression and
clinicopathological characteristics of breast
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Figure 7. MXRA5 as a novel target in CAF2 subtype mediating tumor metastasis. A. Venn diagram showing the
intersection of differential genes for high and low CAF2 typing groups in TCGA, differential genes for high and low
CAF2 typing groups in 6 CAF progenitors, and CAF2 subpopulation marker molecules from single-cell sequencing.
B. Expression of COL6A3, GJB2 and MXRA5 genes in TCGA-BRCA in normal, metastatic and non-metastatic groups.
C-E. Expression of COL6A3, GJB2 and MXRA5 genes in metastatic and non-metastatic groups in primary cells of
CAF (n =4, **P < 0.01, ****P < 0.0001). F. Kaplan-Meier survival curves for COL6A3, GJB2 and MXRA5. G. mRNA
expression of MXRAS in adjacent and breast cancer tissues (n = 15, P = 0.0482). H. Protein expression of COL6A3,
GJB2 and MXRA5 in normal and breast cancer from the HPA database, bar = 50 ym.
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Figure 8. The expression and pro-metastatic pathway of MXRAS in breast cancer. A, B. The expression of MXRAS in
47 human breast cancer tissue microarray (n =42, P < 0.0001), bar = 100 ym. C-H. EMT, TGFB pathway and others
were positively correlated with MXRAS expression.

cancer, revealing significant associations with ment (N, P = 0.005), and HER2 status (P =
tumor size (T, P = 0.008), lymph node involve- 0.05), as shown in Table S3. We also investi-

539 Am J Cancer Res 2024;14(2):526-544



Single-cell analysis of cancer-associated fibroblasts subtypes in breast cancer

gated the relative risk of MXRADS in relation to
breast cancer prognosis. One-way Cox-
regression analysis indicated that MXRA5
could be an independent risk factor, with ele-
vated expression correlating with increased
risk of mortality (P = 0.075) and significant cor-
relation with lymph node and distant metasta-
sis (P < 0.001), as indicated in Table S4. These
results suggest MXRAS as a novel molecular
target in the CAF2 subtype for regulating breast
cancer metastasis.

Discussion

Recently, the heterogeneity and plasticity of
cancer-associated fibroblasts have garnered
increasing interest among researchers. CAFs
play crucial roles in tumor progression and rep-
resent the predominant cell phenotype in the
breast tumor microenvironment, which encom-
passes a range of cell subtypes with phenotyp-
ic, functional, and spatial heterogeneity [20].
This diversity presents significant challenges in
targeting various CAF subsets, arising not only
from the lack of specific markers to individually
distinguish these CAF subpopulations but also
from the obscure molecular mechanisms link-
ing CAF subsets and cancer cells [17, 21]. In
our work, we focused on the role of the CAF2
subtype in breast cancer progression, perform-
ing systematic classification and prognostic
assessment of CAF subsets based on single-
cell RNA sequencing (scRNA-seq) data from
breast cancer. Furthermore, we identified a
metastasis-related CAF subtype and discov-
ered MXRA5 as a significant molecular target,
thereby enhancing our understanding of the
treatment and pathogenesis of metastatic
breast cancer.

Several studies have reported the crucial func-
tions of different CAF subpopulations. Costa et
al. [22] identified four CAF subsets (CAF-S1-
CAF-S4) in breast cancer subtypes and con-
firmed that CAF-S1 promotes immunosuppres-
sion in triple-negative breast cancers [23].
Interestingly, these four CAF clusters were
also found in metastatic lymph nodes of breast
cancer [9]. CAF-S1 (FAP!e" x-SMA"e") modulat-
ed cancer cell migration and drove the EMT,
while the highly contractile CAF-S4 (CD29Men
a-SMAMEN) led to cancer cell invasion through
ECM remodeling. Markers such as alpha-
smooth muscle actin (a-SMA), fibroblast activa-
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tion protein (FAP), platelet-derived growth fac-
tor receptors o« and B (PDGFRa and PDGFR),
and fibroblast-specific protein-1 (FSP1) are
commonly used for CAF identification [21]. We
performed immunofluorescence staining on
primary CAFs using FAP and a-SMA, revealing
that the CAFs were irregularly spindle-shaped.
However, due to the limited size of clinical spec-
imens, we were unable to identify each of the
eight CAF subtypes in this study. In other tumor
types, Elyada et al. identified three distinct
CAF subpopulations in pancreatic ductal ade-
nocarcinoma (PDAC): myofibroblastic CAFs
(myCAFs), inflammatory CAFs (iCAFs) and anti-
gen-presenting CAFs (apCAFs) [12]. They also
found that the iCAF and myCAF populations
could interconvert [24], and apCAFs could dif-
ferentiate into myCAFs, confirming the plastici-
ty and dynamics of CAFs. Different CAF sub-
sets in various tumors exhibit distinct tumor-
promoting or tumor-restraining effects. Con-
sequently, further studies are crucial to under-
stand the specific targetable markers and
pathways of fibroblast subsets to in the
development of more effective CAF-targeted
therapies.

In this study, we identified eight CAF subtypes
from four breast cancer single-cell datasets
using scRNA-seq analysis. A recent study delin-
eated nine CAF phenotypes from tumors of 14
breast cancer patients and identified these
CAF subtypes in four additional cancer types
[25]. Their results indicated high expression of
MMP11, POSTN, and COL1A2 in mCAFs, find-
ings largely consistent with our identification
of markers in the CAF2 subgroup. They also
reported the association of mCAFs with matrix
remodeling and migration by upregulating
TGF-B signaling and EMT pathways, a conclu-
sion corroborated by our analysis. Furthermore,
our study highlighted the significance of fibro-
nectin 1 (FN1) and midkine (MK) signaling as
key pathways in fibroblast interactions with
other cells. FN1, a multifunctional extracellular
matrix protein, interacts with various compo-
nents on the cell surface and in the extracellu-
lar matrix [26]. As Peng Z et al. reported, fibro-
nectin from fibroblasts promotes tumor growth
and angiogenesis through interactions with
liver cancer cells [27]. Additionally, a multi-
omics analysis indicated that FN1 derived from
tumor-associated macrophages and fibroblasts
facilitates metastasis in hepatocellular carci-
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noma [28]. MK, a growth factor overexpressed
in several human carcinomas [29], plays a cru-
cial role in cell growth, metastasis, migration,
and angiogenesis [30]. In our research, immu-
nohistochemical analysis of FN1 expression in
tissue microarrays showed significant upregu-
lation in the stromal region of breast cancer
compared to normal breast tissues. Knock-
down of FN1 in CAFs notably inhibited breast
cancer cell migration. Friedman et al. identified
ECM-CAFs based on FN1 expression [31]. Our
RNA-seq analysis of CAFs isolated from breast
cancer patients revealed that genes highly
expressed in the CAF2 subgroup were predomi-
nantly enriched in cases with axillary lymph
node metastasis. Overall, these findings rein-
force our viewpoint that the CAF2 subset (char-
acterized by high FN1 expression) is closely
associated with tumor metastasis. However, as
our study is descriptive, further research is
required to validate these conclusions.

The definition and classification of CAF sub-
populations have become well documented;
therefore, we did not perform extensive naming
and functional analyses on all CAF subtypes.
Instead, we concentrated on the function of
the CAF2 subtype and its impact on breast can-
cer prognosis. The tumor microenvironment is
a complex, heterogeneous system comprising
various cellular elements, including tumor cells,
immune cells, and fibroblasts. The intercellular
communication among these cell types dic-
tates tumor progression and heterogeneity
[32]. For example, interactions between CAFs
and gallbladder cancer cells have been shown
to promote proliferation, EMT, and cancer stem-
like features via the TSP4/integrin a2/HSF1
axis [33]. IL-6 signaling also mediates crosstalk
between cancer cells and CAFs in the tumor
microenvironment [34]. Our results revealed
that CAF2 primarily communicates with tumor
and myeloid cells through COL6A3-CD44 sig-
naling. COL6A3, an integral component of
Collagen VI in connective tissues, is uniquely
expressed in stromal cells within the tumor
microenvironment [35]. As COL6AS3 is a secret-
ed protein, targeting it would not specifically
affect stromal cells. Notably, interactions
between CAFs and immune cells are another
crucial factor in promoting tumor progression
[36]. Recent reviews have summarized possi-
ble immunoinhibitory mechanisms induced by
CAF-immune cell crosstalk, involving various
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immune cells like TAMs, TANs, NK cells, and
Tregs, among others [37]. Timperi et al. report-
ed that a STABI+TREM2Me" lipid-associated
macrophage subpopulation creates an immu-
nosuppressive microenvironment in breast
cancer, driven by the CAF-mediated CXCL12-
CXCR4 axis [38]. In our study, the high CAF2
score group was characterized by increased
macrophage infiltration, particularly a higher
expression of M2 macrophages and lower
expression of M1 macrophages. This suggests
that CAF2 may be involved in macrophage dif-
ferentiation and polarization, potentially con-
tributing to breast cancer progression. However,
further experiments are needed to explore the
mechanism of CAF2-TAM communication in the
tumor microenvironment.

Finally, our analysis suggests that MXRA5
might be a critical molecular target in the CAF2
subset associated with breast cancer metasta-
sis. RT-gPCR analysis confirmed the elevated
expression of MXRAS in 15 paired breast can-
cer tissues. Similarly, tissue microarray analy-
sis revealed upregulated MXRA5S in breast can-
cer tissues, significantly correlating with poor
prognosis. MXRA5, a member of the MXRA pro-
tein family, is known as a secreted glycoprotein
that inhibits fibrosis and inflammation [39]. Its
role in cancer remains unclear, with only a
handful of studies identifying MXRAS as a sig-
nificant factor in tumor progression, including
in lung, gastric, and pancreatic cancers [40-
42]. One study reported that MXRAS promot-
es migration and EMT of pancreatic cancer
cells by activating Akt-mTOR signaling [42].
Additionally, MXRA5 overexpression was found
to enhance trophoblast cell invasion via the
MAPK pathway [43]. These findings suggest
that MXRA5 likely plays a crucial role in re-
gulating cancer metastatic potential, support-
ing our hypothesis. However, its role in breast
cancer had not been explored prior to our
study. Our TCGA-BRCA analysis indicated that
high MXRA5S expression significantly correlates
with advanced breast cancer stages and lymph
node metastasis. We report for the first time
that MXRADS expression is upregulated in breast
cancer and CAFs associated with lymph node
metastasis. Thus, we propose that MXRA5
could be a vital target for regulating the interac-
tion between the CAF2 subtype and breast can-
cer cells, though further research is needed to
substantiate this hypothesis.
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This study has several limitations which should
be acknowledged. Firstly, the identification of
fibroblast clusters and the assessment of can-
cer prognosis in CAF subsets were based on
retrospective data from public databases. This
aspect would benefit from more prospective
datasets (across different breast cancer sub-
types) and advanced computational methods,
such as artificial intelligence (Al). Secondly,
although we strived for robust clustering analy-
sis of CAFs in breast cancer single-cell datas-
ets, our study remains primarily descriptive.
Specific markers for these CAF subsets in
human breast cancer should be identified using
more precise experimental methods, like multi-
ple-immunofluorescence (mIFC) staining and
fluorescence-activated cell sorting (FACS). In
addition, exploring the spatial distribution of
CAF subtypes using spatial transcriptomics
would also be a valuable research direction.
Lastly, our study’s computational and mul-
tiomic nature necessitates further experimen-
tal validation. While we have confirmed the dif-
ferential expression of MXRA5 and the CAF2
subtype in breast cancer, the mechanisms by
which the CAF2 subtype regulates MXRAD,
affecting breast cancer metastasis, still require
more extensive in vitro and in vivo exploration.

Conclusion

In summary, our study reveals the heterogene-
ity of cancer-associated fibroblasts in breast
cancer and identifies a metastasis-associated
CAF subtype - FN1+CAF2. Furthermore, we
report, for the first time, the high expression of
MXRAS5 in breast cancer tissues, which may
serve as a potential marker mediating the
effects of CAF2 on breast cancer metastasis
through TGFPB and EMT pathways. Our findings
expand the understanding of CAF heterogene-
ity, offering new insights to assist in driving
novel therapeutic developments for breast can-
cer metastasis.
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Table S1. Characteristics of patients whose tumors were used for isolation of CAFs and RNA-seq

Patients ID Age RNA-seq Tumorsize (cm) ER PR HER2 Lymph node metastasis Histology grade
BCO1 48 Yes 4.3%1.8%1.3 + - - 1

+

BCO2 41 Yes 2.1*%2.0*%1 - - - - I
BCO3 67 Yes 2.2%1.6%1.2 + + - - 1l
BCO4 74 No 2.3*%2*%1.4 + - - - I
BCO5 57 Yes 2.1*1.8*1.2 + - + I
BCO6 44 Yes 2.4%1.5%1 + + ]
BCO7 48 Yes 2.5%2*2 - - + 1l
BCO8 56 No 2*1.5*%1 + + - + Il

Table S2. Characteristics of patients whose tumors were used for construction of the tissue microarray

Patients - onder Age Neoadjuvant ER (%) PR(%) HER2 Ki-67 (L) YMPNNode 1y stage
number chemotherapy metastasis

PO1 female 56 - + - + 30% + T2N1MO
PO2 female 58 - - + + 20% - TINOMO
PO3 female 51 - + - - 15% - T2NOMO
P04 female 55 - + + + 35% - TANOMO
PO5 female 58 - - - - 70% + TANIMO
P06 female 40+ 4+ - - Q0%  +  T2NIMO
PO7 female 45 - + + - 30% - TANOMO
P08 female 57 - + - + 20% - TANOMO
P09 female 72+ 4+ 4 - 5%+ T2N2MO
P10 female 59 - + + - 10% - T2NOMO
P11 female 68 - + + - 15% + TAN2MO
P12 female 48 - + + - 30% - T2NOMO
P13 female 30 - - - + 15% - TANOMO
P14 female 65 - + + 30% - T2NOMO
P15 female 46 - + + - <5% - TANOMO
P16 female 57 - + + + 80% + T2N1MO
P17 female 68 - + + - 40% + TANIMO
P18 female 65 - NA NA NA - - Tis
P19 female 38 + + + - 20% - T2NOMO
P20 female 50 - - - - 60% - T2NOMO
P21 female 66 - - - + 20% + T2N1MO
P22 female 49 - + + - 5% - TANOMO
P23 female 47 - + - + 40% + T2N2MO
P24 female 56 - + + 25% - T2NOMO
P25 female 69 - + + - 30% - TANOMO
P26 female 43 - + + - 40% + TANIMO
P27 female 49 - NA NA NA - - Tis

P30 female 49 - - - + 20% + T2N1MO
P31 female 65 - + + - 5% - T2NOMO
P32 female 62 - + + - 20% - TANOMO
P34 female 51 - + + - 60% - TANOMO
P35 female 50 - + + - 15% + TIN2MO
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P36 female
P37 female
P38 female
P39 female
P40 female
P41 female
P42 female
P43 female
P44 female
P45 female
P46 female
P47 female

51
64
78
45
43
62
55
47
40
83
45
48

+ + + 4+ o+ + o+ o+ + o+ o+ o+

+ + + + + + 4+ o+ o+

10%
20%
10%
10%
>10%
10%
25%
>15%
<10%
30%
50%
20%

+ o+ o+ o+

+ o+

T2NOMO
TINIMO
T2N2MO
TIN2MO
T2N2MO
T2NOMO
TINOMO
T2N1MO
T2N2MO
T2NOMO
TINIMO
T2N2MO

Blue areas are patients with neoadjuvant chemotherapy.

Table S3. Correlation between MXRAS expression and clinicopathologic characteristics of breast

cancer patients in TCGA

Characteristics Low expression of MXRAS High expression of MXRAS P value
n 543 544
Pathologic T stage, n (%) 0.008
T1 118 (10.9%) 160 (14.8%)
T2 323 (29.8%) 308 (28.4%)
T3&T4 99 (9.1%) 76 (7%)
Pathologic N stage, n (%) 0.005
NO 272 (25.5%) 244 (22.8%)
N1 183 (17.1%) 176 (16.5%)
N2 40 (3.7%) 76 (7.1%)
N3 38 (3.6%) 39 (3.7%)
Pathologic M stage, n (%) 0.887
MO 438 (47.4%) 467 (50.5%)
M1 10 (1.1%) 10 (1.1%)
Pathologic stage, n (%) 0.287
Stage | 85 (8%) 97 (9.1%)
Stage Il 327 (30.8%) 292 (27.5%)
Stage Il 114 (10.7%) 130 (12.2%)
Stage IV 9 (0.8%) 9 (0.8%)
Age, n (%) 0.063
<60 286 (26.3%) 317 (29.2%)
> 60 257 (23.6%) 227 (20.9%)
HER2 status, n (%) 0.050
Negative 263 (36.1%) 297 (40.7%)
Indeterminate 8 (1.1%) 4 (0.5%)
Positive 60 (8.2%) 97 (13.3%)
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Table S4. Univariate analysis and multivariate analysis of the correlation of MXRA5S expression with
0S among breast cancer

Univariate analysis

Multivariate analysis

Characteristics Total (N) - -
Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value

Pathologic T stage 1,083

T1 277 Reference Reference

T2 631 1.334 (0.889-2.003) 0.164 0.942 (0.519-1.710) 0.844

T3&T4 175 1.931 (1.208-3.088) 0.006 2.111 (1.023-4.355) 0.043
Pathologic N stage 1,067

NO 516 Reference Reference

N1 358 1.947 (1.322-2.865) <0.001 1.613 (0.927-2.809) 0.091

N2 116 2.522 (1.484-4.287) <0.001 1.837 (0.849-3.978) 0.123

N3 77 4.191 (2.318-7.580) <0.001 4.115 (1.694-9.995) 0.002
Pathologic M stage 925

MO 905 Reference Reference

M1 20 4.266 (2.474-7.354) <0.001 3.389 (1.338-8.588) 0.010
Age 1,086

<60 603 Reference Reference

> 60 483 2.024 (1.468-2.790) <0.001 2.838 (1.735-4.643) <0.001
HER2 status 717

Negative 560 Reference Reference

Positive 157 1.593 (0.973-2.609) 0.064 1.254 (0.716-2.197) 0.428
MXRA5 1,086

Low 542 Reference Reference

High 544 1.340 (0.971-1.848) 0.075 1.083 (0.659-1.780) 0.753
Table S5. Clinical information for breast cancer patients were used for RT-gPCR
b € comoteray (omy . ER09 PRUO HeR2 w67 OB PES FORC
01 38 No 3.5%2.5*%2.5 - - 3+ 30% + 1
02 67 No 3.5%2.2*%1.5 - - - 30% - 1
03 35 No 3.5%3*2 + + 2+, FISH- 10% - Il
04 61 No 3*2*1.5 - - 2+, FISH- 30% - 1
05 71 No 2*%2*1.5 + + 1+ 30% - I
06 67 No 3*2.8*2.5 + + 2+, FISH- 30% + I
o7 51 No 3*1.5*%1.5 + + 3+ 70% + I
08 63 No 3.5%2.7*%2 + - - 30% + 11
09 31 No 1.5%1.5*1 + + 2+, FISH+  30% + Il
10 71 No 2.5%1.5%1 + - 2+, FISH- 15% + I
11 38 No 2.2*%2*%1.5 + + - 20% - Il
12 52 No 3.3*3*2.5 + + 2+, FISH+  20% 1
13 71 No 2.5*%1.7*1 + + 1+ 10% I
14 40 No 2.5*%1.5 + + 1+ <10% + I
15 51 No 2.5%2*%1.5 + + - 10% - I
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Figure S1. Transcription factors associated with caf isoforms in breast cancer. A. Heatmap of gene expression of transcription factors associated with CAF1-8 cell
subtypes. B. Transcription factors such as NFKB1 and SATB1 were significantly expressed in CAF1-2.
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Figure S2. Expression of cancer-promoting genes in breast cancer with high CAF2 scores. A-H. Survival curves for the GES20685 dataset showed that among breast
cancers with different CAF subtypes, the group subtype with a higher score had a worse prognosis. |. Heatmap of gene expression associated with collagen, ECM,
MMPs, TGF-B, Neo-Angio, Contractile, RAS, and Pro-Inflammatory certain functions in the TCGA-BRCA and GSE20685 datasets in the high-CAF2 scoring subgroups.
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