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Single-cell RNA-sequencing reveals a unique landscape of the
tumor microenvironment in obesity-associated breast cancer
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As two diseases with rapidly increasing incidence, the molecular linkages between obesity and breast cancer (BC) are intriguing.
Overall, obesity may be a negative prognostic factor for BC. Single-cell RNA-sequencing (scRNA-seq) was performed on tumor
tissues from 6 obese and non-obese BC patients. With 48,033 cells analyzed, we found heterogeneous tumor epithelium and
microenvironment in these obese and lean BC patients. Interestingly, the obesity-associated epithelial cells exhibited specific
expression signatures which linked tumor growth and hormone metabolism in BC. Notably, one population of obesity-specific
macrophage up-regulated the nuclear receptor subfamily 1 group H member 3 (NR1H3), which acted a transcription factor and
regulated FABP4 expression through its interaction with the DNA of SREBP1, and further increased the proliferation of tumor cells in
BC. Using single-cell signatures, our study illustrate cell diversity and transcriptomic differences in tumors from obese and non-
obese BC patients, and sheds light on potential molecular link between lipid metabolism and BC.
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INTRODUCTION

Female breast cancer (BC) has surpassed lung cancer as the most
commonly diagnosed cancer with an estimated 2.3 million new
cases (11.7% of total cases), and ranks the fifth in the leading
causes of cancer death (6.9%) in 2020 [1]. Obesity has become a
major public health issue in China, which increased rapidly in the
past four decades [2]. The WHO criteria define obesity in adults as
a BMI=30.0kg/m? [3]. Besides metabolic, cardiovascular and
neurogenic diseases, obesity increases the risk of multiple types of
cancer, including liver, colorectal and breast cancer [4-7]. Studies
showed that obesity was associated with increased BC risk in
postmenopausal women [7, 8], while an inverse association
between obesity and premenopausal BC risk has been also
reported [9, 10]. Interestingly, obesity was significantly associated
with poorer overall survival whether in premenopausal or
postmenopausal BC [11], and increased risk of recurrence and
death of approximately 35-40% [12]. Therefore, the molecular
links between obesity and BC are poorly understood, and the
regulatory mechanisms underlying the obesity-associated breast
cancer (OABC) remain to be further investigated.

Some cancer-associated or obesity-associated factors have
been reported to regulate metabolic pathways in both cancer
cells and cells from the breast microenvironment, which
explained the mechanism of obesity-promoted breast tumor
growth in some degree. For example, circulating adipose fatty
acid binding protein increased in obesity and promoted breast
tumor stemness and aggressiveness through activation of the IL-
6/STAT3/ALDH1 pathway [13]. Leptin-STAT3 axis increased
oxidation of fatty acids within CD8" effector T cells in BC,

leading to inhibition of antitumor immune responses and
promotion of obesity-associated breast tumorigenesis [14].
However, BC is a highly heterogeneous disease, which hinders
the discovery of other potential mechanisms involved in the
OABC. Moreover, few studies have been conducted on the
molecular and cellular heterogeneity between obese and non-
obese BC.

Advances in single-cell RNA sequencing (scRNA-seq) now
offer remarkable new opportunities to explore cellular hetero-
geneity on a single cell level and reveal new insights into cell
biology in multiple carcinomas [15, 16]. Several studies have
successfully applied scRNA-seq to understand the complex
microenvironment and cell heterogeneity in BC [17-19].
However, cellular diversity and transcriptome differences have
not been evaluated systematically on the single cell level
between obese and non-obese BC.

Here, we sought to further probe cellular and molecular
diversity within obese and non-obese BC through single-cell
transcriptome analysis. The results revealed tremendous intra-
and inter-heterogeneity in tumor samples from three obese and
lean BC patients. The obesity-specific epithelial cells showed
distinct transcriptional signatures which linked tumor growth
and hormone metabolism in BC. The obesity-specific macro-
phage preferentially expressed transcription factor NR1H3,
which regulated the expression level of fatty acid binding
protein FABP4, and further increased the proliferation of tumor
cells in BC. Our single-cell data provided new insights for
uncovering the molecular link between lipid metabolism
and BC.
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RESULTS

Single-cell gene expression atlas of the tumor
microenvironment in obese and non-obese BC

An increase in T stage based on the tumor maximum diameter can
significantly increase the hazard of death in BC patients [20]. All
patients diagnosed with invasive BC from January 2015 to
December 2021 were included in the analysis, the results revealed
that the maximum diameter and sectional area of obese BC
patients were significantly larger than that of non-obese BC
patients (Fig. 1a, b). However, other clinical parameters including
number of patients with different positive lymph nodes, the
proportions of lympho-vascular invasion, perineural invasion and
histologic grade were not significantly different between obese
and lean BC patients (Supplementary Fig. S1). To depict the tumor
ecosystem in OABC, we collected surgical tumor specimens from 3
obese (BMI > 30) and 3 lean (BMI < 30) BC patients for scRNA-seq
using 10X Genomics platform (Fig. 1¢, Supplementary Table S1).
After quality controls, we obtained 48,033 high-quality cells from
these 6 individuals (6382-10,989 cells, average 8005 cells per
patient) for further analysis. These cells consisted of 30 clusters
(Supplementary Fig. S2a) and 8 major cell types (Fig. 1d) by the
T-distributed stochastic neighbor embedding (t-SNE) method,
including B cell (n =190, marked by CD79A, MS4A1), plasma cell
(n =216, JCHAIN), mast cell (n =206, CPA3, TPSAB1), myeloid cell
(n=4056, LYZ, TYROBP), T/natural killer (NK) cell (n = 2566, CD3D,
CD3E), epithelial cell (n =32,440, KRT19, EPCAM), endothelial cell
(n=1363, PECAM1, CLDN5) and cancer-associated fibroblast (CAF,
n=6996, COL1A1, PDGFRB, Fig. 1e-i, Supplementary Fig. S2b).
The obese and lean samples shared most immune and non-
immune cell types except some epithelium, which showed
tremendous heterogeneity among BC tumors (Fig. 1j, k, Supple-
mentary Fig. S2c). Moreover, most epithelial cells were separated
by patients (Supplementary Fig. S2¢), demonstrated huge inter-
tumor heterogeneity among obese and lean individuals. The
epithelial cells were dominated in most samples, indicating their
tumor identity of all obtained samples (Supplementary Fig. S2d).

Obesity-specific epithelium showed distinct transcriptomic
and regulatory signatures

The re-clustering of all epithelial cells (n = 32,440) could identified
13 sub-populations based on their highly expressed genes
(Fig. 2a). These sub-clusters of epithelium showed obvious sample
specificity among BC patients, for example, AREG+ Epi and
MUCL1+ Epi were enriched in the lean3 patient of lean group,
CPB1+ Epi and CGA+ Epi were mainly enriched in obese3 patient
of obese group (Fig. 2b, ¢, Supplementary Fig. S2e). Different sub-
clusters showed significantly differential expression signatures, in
which multiple epithelial-related genes or markers had specific
expression in some sub-clusters, including KRT15, MUCL1, AREG,
CXCL14 and CGA (Fig. 2d).

We then performed Single-Cell Regulatory Network Inference
and Clustering (SCENIC) analysis to correlate transcription factors
(TFs) with gene expression differences among these cell subtypes
in epithelium. This analysis revealed a lot of TFs as the underlying
regulators in different epithelial cell populations of BC. For
example, PSMD12, NR2F6 and POU2F1 showed specific regulation
with higher regulon specificity scores (RSS) in APOD+ Epi, while
basal-like epithelial cells had significant up-regulation patterns of
SOX9, FOXC1 and SOX10. Some TFs were identified with similarly
regulatory roles in different epithelial subtypes, like FOXD1,
FOX06, HOXB4 and HOXB7 (Supplementary Figs. S3, S4).

We intended to distinguish malignant from non-malignant
epithelial cells by inferring large-scale chromosomal copy number
variations (CNVs). The hierarchical clustering showed that the
epithelium in most samples, except sample L3, had relatively more
deletions or amplifications of entire chromosomes compared with
T/NK cells (Fig. 2e). Moreover, the epithelium of obese samples
exhibited higher CNV scores than lean samples (Fig. 2f). The bulk
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samples of TCGA database also demonstrated that the BMI was
positively correlated with CNV in breast cancer (Fig. 2g). The
subtype CPB1+ Epi, CGA+ Epi and APOD+ Epi had relatively
higher CNV scores compared to other cells, which might represent
malignant cells enriched in obese samples (Fig. 2h). These results
suggested that the CNV analysis could be used to differentiate
tumors of breast cancer with different BMI.

Obesity-specific macrophages up-regulated key regulator
NR1H3 underlying lipid metabolism in OABC

Myeloid cells (n =4056) were re-clustered into 8 sub-populations
consisting of 13 sub-clusters, including 5 macrophage populations
(marked by APOE and C1QC), 1 monocyte population (S100A8)
and 2 dendritic cell (DC) populations (CD1C, CLEC9A) (Fig. 3a, b,
Supplementary Fig. S5a). These two DC subsets exhibited conven-
tional dendritic cell (cDC) expression signatures with high levels of
CLEC9A (DC2), CD1C and CLEC10A (DC1) [21, 22]. We noticed that
macrophage subsets had different distribution in obese and lean
samples, the Macro3 was enriched in lean samples, while Macro4
had higher proportion in obese BC patients (Fig. 3¢, Supplementary
Fig. S5b). Macro3 expressed Fc gamma binding protein (FCGBP) and
solute carrier family 1 member 3 (SLC1A3), Macro4 preferentially
expressed fatty acid binding protein 4 (FABP4) and CD36 molecule
(Fig. 3d). FABP4 has been demonstrated to promote obesity-
associated breast cancer development [23]. In order to validate the
expression of FABP4 in specific macrophage, we performed the
immunofluorescent staining on tumor resection specimens
(Supplementary Table S1), and observed the increased propor-
tion of Macro4 (IBA-1TFABP4") in obese versus lean BC patients
(Fig. 3e, Supplementary Fig. S6). There was evidence suggesting
that the interactions between FABP4 and CD36 regulated fatty
acid import, transport, and metabolism in breast cancer [24]. The
GO analysis of highly-expressed genes in Macro4 also showed
lipoprotein, lipid and cholesterol-related pathways were signifi-
cantly enriched (Fig. 3f). Therefore, we speculated this obesity-
enriched Macro4 population might have a vital role in lipid
metabolism of OABC.

The SCENIC analysis revealed potential TFs underlying the
regulation in myeloid subtypes, for example, nuclear receptor
subfamily 1 group H member 3 (NR1H3) was identified as a
potential TF regulating gene expression in Macro4 specifically
(Fig. 39). The NR1 family members have been reported as key
regulators of macrophage function, including NR1H3 [25, 26]. We
noticed that NR1H3 was significantly up-regulated in Macro4
compared to other myeloid subsets (Supplementary Fig. S5). The
multiplexed immunofluorescent staining verified that NR1H3 was
highly expressed in Macro4 of obese samples compared with lean
ones (Fig. 3e, Supplementary Fig. S6). FABP4 was identified as a
potential target gene of transcription factor NR1H3 by SCENIC
analysis, the staining showed that the expression of NR1H3 and
FABP4 was colocalized in Macro4 (Fig. 3e, Supplementary Figs. S6,
S7). It is noteworthy that the independent samples used for
validation included not only ER+ BCs previously used for scRNA-
seq, but also Her-2 enriched BCs and triple negative breast cancers
(TNBCs). Macro4 was surprisingly consistent in the samples
presented, and it appears that this alteration in the tumor
microenvironment is not dependent on hormone receptor status
but is a common phenotype in OABCs. Obviously this requires a
larger sample size for validation, but it does give us some
encouragement, especially for triple-negative and obese BC
patients with a poor prognosis, and provides additional potential
therapeutic direction.

To explore the possible mechanism of inducing the high
expression of NRTH3 in Macro4, we first co-cultured ZR-751 with
human macrophages (THP-1) to detect the NRT1H3 expression
level of THP-1 by gPCR and found that co-culture with BC cells did
not stimulate the high expression of NR1H3 in THP-1 (Fig. 4a). We
obtained the same results using MCF7, MDA-MB-231 and SKBR3
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Fig. 1 Single-cell transcriptome atlas of tumor ecosystem in obese and lean BC patients. Scatter plot showing the differences of maximum
diameter (a) and sectional area (b) between obese and lean BC patients. A total of 396 and 364 BC patients were included for the analysis,
respectively. Mann-Whitney U test was used for significance comparison, *p-value < 0.05, **p-value < 0.01. ¢ Schematic showing the study
design of scRNA-seq in tumors from 3 obese and 3 lean BC patients. d T-distributed stochastic neighbor embedding (t-SNE) plot of 48,033
cells color-coded for different cell types. NK natural killer, CAF cancer-associated fibroblast. e Dot plot showing the expression of selected
marker genes for each major cell type. f-i t-SNE plot showing the expression of different marker genes. t-SNE visualization of all cells, colored
by group (j) or cell type (k). See also Supplementary Figs. S1 and S2.
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cells co-cultured with THP-1, respectively (Supplementary Fig.
S8a). Then we collected the peri-cancerous adipose tissue of 3 BC
patients with BMI>30 and 3 BC patients with BMI<25
(Supplementary Table S1), and added the adipose tissue homo-
genate of the two groups to the THP-1 culture medium,
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respectively. The gPCR results showed that the adipose tissue
homogenates from patients with BMI>30 stimulated NR1H3
expression in THP-1 more strongly compared to patients with
BMI< 25 (Fig. 4b). These results demonstrate that the high
expression of NRTH3 of Macro4 in OABCs is not influenced by
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Fig. 4 The biological function of NR1H3 in macrophages. a The qPCR results of NRTH3 in PMA-stimulated THP-1 cells co-cultured with
ZR751 cells or THP-1 cells alone served as controls. b The gPCR results of NRTH3 in PMA-stimulated THP-1 cells co-cultured with peri-
cancerous adipose tissue homogenates from patients with BMI > 30 (n = 3) or patients with BMI < 25 (n = 3). ¢ Heatmap showing the relative
expression of lipoprotein metabolism related genes and NR1H3 by bulk RNA sequencing in THP-1 cells, with a control (siCtrl, n=3) or
NR1H3 siRNA (siNR1H3, n = 3). The gPCR results of NR1H3 (d) and FABP4 (e) mRNA in siNRTH3 and control cells (n = 3). f, g The relative protein
expression of NRTH3 and FABP4 by western blot in siNRTH3 compared with control. h The ELISA results of FABP4 in supernatants of cultures of
THP-1 cells after knockdown of NR1H3 compared with control. The CCK-8 proliferation assay of MCF7 (i) and ZR751 (j) cells co-cultured with
THP-1 medium with or without siNRTH3. T-test or Mann-Whitney U test was used for these significance comparison, *p-value < 0.05,

**p-value < 0.01, ***p-value < 0.001.

BC cells, but may be induced by the adipose tissue of obese
patients.

To validate the regulation of NR1TH3 on FABP4, we interfered
the expression of NRTH3 in PMA-stimulated THP-1 by siRNA. The
RNA sequencing of THP-1 cells revealed the changed transcrip-
tome upon NR1H3 knockdown, the lipoprotein metabolism-
related genes including FABP4 were significantly dysregulated
(Fig. 4c), gPCR results also showed the levels of NR1H3 and
FABP4 were significantly down-regulated compared with the
control (Fig. 4d, e ; Supplementary Fig. S8b, c). The western blot
revealed the protein levels of NR1TH3 and FABP4 were decreased
after NR1H3 knockdown (Fig. 4f, g ; Supplementary Fig. S8d, e).
However, the functions of NR1TH3 have not been comprehen-
sively revealed in BC. Therefore, we co-cultured the human BC
cell line MCF7 or ZR751 with 30% conditioned medium from
THP-1. Before this, we verified that THP1 can exocrine FABP4
and be regulated by NR1H3. ELISA results showed that the
content of FABP4 in the supernatant of THP-1 culture medium
decreased significantly after knocking down NRTH3 (Fig. 4h;
Supplementary Fig. S8f). The CCK-8 assay revealed that the
proliferation abilities of both MCF7, ZR-751, MDA-MB-231 and
SKBR3 cells were significantly declined via NR1TH3 knockdown
(Fig. 4i, j; Supplementary Fig. S8g, h). The transwell assay
indicated the migration of MCF7 and ZR-751 cells were not
significantly different between the siNRTH3 and negative
control (Supplementary Fig. S8i, j). These results suggested that
the expression of NRTH3 in macrophages affected the prolifera-
tion of BC cells, not the migration. The NR1H3 expression level
might be related to different tumor volume between obese and
lean BC patients, while had little effects on lymph node
metastasis (Fig. 1a, b, Supplementary Fig. S1).

Since NRTH3 is a crucial transcription factor in macrophages,
our initial approach involved using ChIP-qPCR to validate whether
NR1H3 directly binds to FABP4 to regulate its transcriptional
expression. We employed an NR1H3 antibody to bind the DNA in
THP-1 cells, and qPCR was used to detect FABP4. Surprisingly, the
NR1H3 antibody failed to pull down the DNA of FABP4, indicating
that NR1H3 cannot directly bind to FABP4 to regulate its
expression (Fig. 5a). It is widely recognized that FABP4 plays a
role in lipid metabolism as a fatty acid binding protein, and
SREBP1 serves as a critical regulator of lipid metabolism. To clarify
the relationship between FABP4 and SREBP1, we referred to gene
expression data of macrophages from the Gene Expression
Omnibus database (GSE100521). The probe identifiers were
converted to gene symbols based on the annotation file of the
lllumina HumanHT-12 V4.0 expression beadchip. A correlation
analysis was conducted using the pearson method, and the results
demonstrated a positive correlation between the expressions of
FABP4 and SREBP1 in macrophages. Consequently, we treated
THP-1 cells with 20 uM Fatostatin, an inhibitor of SREBP1, and
conducted gPCR, which clearly demonstrated a significant down-
regulation of FABP4 (Fig. 5b, c). Notably, the results of ChIP-qPCR
revealed that the use of NR1H3 antibody successfully pulled down
the DNA of SREBP1 (Fig. 5d). To further elucidate the relationship
between NR1H3, SREBP1, and FABP4, we proceeded with the
transfection of the NRTH3 overexpression plasmid into THP-1 cells.
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Subsequently, gPCR and Western blotting revealed that NRTH3
upregulated the expression of both SREBP1 and FABP4. However,
after treatment with 20 uM Fatostatin, the expression of FABP4
was significantly downregulated (Fig. 5e, f). Moreover, the RNA
sequencing of THP-1 cells revealed the changed transcriptome
upon NR1H3 knockdown, the SREBP1 were significantly dysregu-
lated (Supplementary Fig. S8Kk). In conclusion, these findings
strongly suggest that NR1H3 regulates FABP4 expression through
its interaction with the DNA of SREBP1.

Subsequently, we conducted an experiment in which C57BL/6
mice were divided into two groups: one group was fed a low-fat
diet (LFD), while the other group was fed a high-fat diet (HFD) for
a duration of 13 weeks. Furthermore, we orthotopically injected an
equal number of E0771 mammary tumor cells into both lean and
obese mice (Fig. 5g). Notably, tumor growth in the obese mice was
significantly accelerated compared to the lean mice, with the
tumors in obese mice weighing twice as much as those in lean
mice (Fig. 5h—j).To further investigate the underlying mechanisms,
we surgically removed the tumors from the mice and conducted
immunofluorescence analysis. This analysis confirmed the pre-
sence of FABP4+ Macro4 in the obese mice (Fig. 5k). When
combined with the aforementioned results, our findings success-
fully validate the presence of Macro4 in in vivo experiments and
provide confirmation that obesity can promote the development
of breast cancer.

Differential expression profiles of cancer-associated fibroblast
sub-populations

Cancer-associated fibroblasts (CAF) contained 6 sub-clusters of
inflammatory fibroblasts (iCAFs) and myofibroblasts (myCAFs,
Fig. 6a, Supplementary Fig. S9a), the iCAFs showed elevated
expression of decorin (DCN) and C-X-C motif chemokine ligand 12
(CXCL12), and myCAFs up-regulated actin alpha 2, smooth muscle
(ACTA2) and transgelin (TAGLN, Fig. 6b, c). The classification of
CAFs was similar in BC [27] and other cancers, like pancreatic
ductal adenocarcinoma [28] and ovarian cancer [29]. However, we
also found potential cell markers between iCAFs and myCAFs by
differential analysis (Fig. 6d). The iCAFs up-regulated CFD, APOD
and CXCL14, while myCAFs over-expressed RGS5, MCAM and
MYH11.

The obese samples had higher proportions of iCAF2 and
myCAF2 compared to lean samples (Fig. 6e, Supplementary Fig.
S9b), collagen-related genes (COL10A1, COL11A1), INHBA and
POSTN were specifically expressed in iCAF2, CC cytokine genes
(CCL19, CCL21), CTSC, FABP4 and CD36 were highly expressed
in myCAF2 (Fig. 6f, Supplementary Fig. S9c, d). We noticed that
myCAF2 up-regulated many genes (log,FC > 1) which were also
over-expressed in Macro4 compared with other corresponding
cell subsets, especially FABP4, these genes were enriched in
lipid or fatty acid transport-related pathways (Fig. 6g). It is
suggested that these two sub-populations may play synergistic
roles in lipid metabolism in OABC. Both myCAF2 and Macro4
may be involved in regulating the biological function of breast
cancer through exocrine FABP4. Building on our previous
finding that NR1H3 affects the expression of FABP4 in Macro4
through SREBP1, we have reason to believe that Macro4 may
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have a mechanism for regulating the activation of myCAF2 and
the expression of FABP4. Our research group aims to further
explore the role of Macro4 in the breast cancer microenviron-
ment to provide additional evidence.
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DISCUSSION

Despite extensive research on the associations between obesity
and the risk of breast cancer in recent years, there has been a
lack of understanding regarding cellular heterogeneity in
obesity-associated and non-obesity associated breast cancer.
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Fig. 5 NR1H3 regulates FABP4 expression by interacting with DNA of SREBP1, Obesity increases the risk of breast cancer, and there are
Macro4 in the tumor microenvironment of obese mice. a The ChIP-qPCR results of interaction between NR1H3 and FABP4. b, ¢ The
relationship between FABP4 and SREBP1 in bioinformatics analysis and the relative expression of FABP4 by qPCR in Fatostatin compared with
control. d The ChIP-qPCR results of interaction between NR1H3 and SREBP1. e, f The relative expression of SREBP1 and FABP4 by qPCR and
western blot in GV-NR1H3 transfected THP-1 cells treated with or without Fatostatin. g Monitoring body weight of C57BL/6 mice either an LFD
or an HFD for 13 weeks (n = 8/group). h Measurement of the tumor volume in lean and obese mice (n = 8/group) post-orthotopical injection
of E0771 cells (5 * 10°) at the indicated time points. i Surgically removed tumor tissues from lean and obese mice 21 days post-inoculation.
j Tumor weight of lean and obese mice (n = 8/group) post implantation of E0771 cells for 21 days. k Inmunofluorescence staining of the sub-
population Macro4 in one representative obese and lean mice tumor sample, 100 um. T-test or Mann-Whitney U test was used for these

significance comparison, *p-value < 0.05, **p-value < 0.01.

In this study, we conducted scRNA-seq analysis on 6 BC patients
with different BMIs. Our analysis resulted in a comprehensive
single-cell transcriptomic atlas to characterize tumor ecosystems
in both obese and non-obese BC. Our work revealed distinct
expression signatures of tumor cells in these two types of BC.
The highly expressed genes of tumor epithelium in OABC were
found to be involved in the estrogen response pathway. There is
certainly evidence that the local production of estrogen in
adipose tissue drives the growth of breast cancer after
menopause [30]. Therefore, the tumor cells of OABC are more
closely related to estrogen signaling compared to non-obese BC.
The chemokine CXCL14, which was up-regulated in CPB1+ Epi
and CGA+ Epi, has been reported to secrete brown fat and
promote enhanced brown adipose tissue activation, thereby
providing protection against obesity [31]. However, several
contradictory findings from studies have shown that CXCL14
was positively associated with obesity [32, 33]. In our study, we
found high expression of CXCL14 in different cell types of
the obesity group, including epithelium, macrophages, and
iCAFs. Additionally, it was observed that brown adipocytes-
secreted CXCL14 could recruit alternatively activated (M2)
macrophages [31]. Therefore, we speculated that highly
expressed CXCL14 in obese patients might also recruit other
types of cells, such as specific macrophages, to regulate
metabolic processes that link obesity and breast cancer.

Previous studies have found that genomic CNVs contribute to
the genetic susceptibility of common childhood obesity or
severe early-onset obesity [34, 35]. However, few studies have
reported the associations between obesity and CNV on the
genome-wide in cancers. Although we analyzed CNVs of tumor
epithelium between obese and lean patients using bioinfor-
matic methods in currently limited samples, further validation
from more bulk samples from the TCGA dataset confirmed the
correlation with BMI in breast cancer. Of course, additional
clinical samples are needed to evaluate the effects of BMI on
genomic CNVs.

Although sporadic reports have depicted the molecular
function of NR1H3 in breast cancer [36], few research linked it
with OABC. In this study, we demonstrated that transcription
factor NR1H3 was up-regulated in a subset of obesity-specific
macrophages, Macro4, which further regulated the expression of
fatty acid binding protein FABP4 and increased the proliferation
of tumor cells in BC (Fig. 7). It is well known that SREBP1 plays a
crucial role in regulating lipid homeostasis by modulating
cholesterol and fatty acid metabolism [37]. Additionally, it has
been shown that SREBP1 is critical in the development of
cancers such as hepatocellular carcinoma, pancreatic carcinoma,
and prostate cancer [38-40]. Through bioinformatics analysis, a
positive correlation between SREBP1 and FABP4 in macrophages
was found. Therefore, we further explored the relationship
between NR1H3 and SREBP1. Through cellular experiments, we
found that NR1H3 could bind to the DNA of SREBP1 and
promote the expression of SREBP1. Singnificantly, SREBP1
inhibitor Fatostatin abrogated the increased FABP4 expression
caused by overexpression of NR1H3. These results demonstrate
that NR1H3 regulates FABP4 by directly binding to the DNA of
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SREBP1. Studies suggested that liver X receptors a and B (LXRa
and LXRp), namely NR1H3 and NR1H2, were nuclear receptors
with critical roles in the transcriptional programs of cholesterol
homeostasis and lipid metabolism [41]. Nelson et al. have shown
that 27-hydroxycholesterol (27HC) acted through the LXR
in macrophages and possibly other cells, stimulated the
growth and metastasis of tumors in several models of breast
cancer [42, 43]. These data provided singnifical support for the
function of NR1H3 in macrophages of BC and its link between
lipid metabolism and cancer.

Our analysis revealed that fatty acid binding protein FABP4 was
significantly up-regulated in both Macro4 and myCAF2, which has
been demonstrated to be highly expressed in adipocytes and
macrophages [44]. The study reported that expression of
adipocyte/macrophage FABP (A-FABP or FABP4) in tumor-
associated macrophages (TAM) promoted breast cancer progres-
sion through IL-6/STAT3 signaling [45]. However, it is necessary to
explore further the role of FABP4 in specific cell types, including
macrophage and fibroblast in breast cancer. A recent study
identified a vital role for circulating adipose fatty acid binding
proteins in OABC as a new link between obesity and breast cancer
risk [13]; it provided necessary experimental evidence for our
single-cell findings that FABP4 was a cell type specifically
expressed in OABC.

In conclusion, our single-cell atlas from obese and non-obese
BC patients uncovered cell diversity and transcriptomic difference
in the ecosystem of breast tumors, the signal axis NR1H3-FABP4
up-regulated in obesity-specific macrophage might be related to
the development of OABC.

METHODS

Sample collection

The primary untreated breast cancers used utilized in this study
(Supplementary Table S1) were obtained following collected with written
informed consent from all patients. For scRNA-seq analysis, three obese
patients (BMI > 30) and three normal-weight BC patients (BMI < 30) were
randomly selected, while four obese and four normal-weight BC patients
were randomly selected for subsequent laser confocal immunofluores-
cence staining. Tumor tissues from 3 obese (BMI > 30) and 3 normal-weight
BC patients (BMI < 30) were randomly selected for scRNA-seq, and tumor
from 5 obese and 5 normal-weight BC patients were randomly selected for
subsequent laser confocal immunofluorescence staining. Detailed clinical
data were shown in Supplementary Table S1. In addition, clinical data of BC
patients with primary invasive ductal carcinoma were collected to analyze
the correlation between BMI and tumor-related clinical parameters. These
patients underwent surgical resection in Qilu Hospital (Qingdao),
Shandong University from January 2015 to December 2021 with written
informed consent for their clinical data.

Tissue dissociation

Samples were obtained from fresh surgical resections. BC tumors were
dissociated using the human Tumor Dissociation Kit (Miltenyi Biotec,
Germany) following the manufacturer’s protocol. The dissociated cells
were then resuspended to remove dead cells using Dead Cell Removal Kit
(Miltenyi Biotec, Germany). Subsequently, the overall cell viability was
confirmed to be above 85%. The cells were further resuspended for cell
counting and diluted to an appropriate concentration.
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Fig. 6 Differential transcriptome signature of CAF sub-populations. a t-SNE plot showing 6996 fibroblasts colored by sub-population.
b, ¢ t-SNE plot showing the expression of marker genes of iCAFs and myCAFs. d Scatter plot showing the differentially expressed genes
between iCAFs and myCAFs, red represented differential genes (DIFF). e t-SNE plot showing all fibroblasts colored by group. f Heatmap
showing the relative expression of up-regulated genes in 6 sub-populations of CAF. g The GO analysis of up-regulated genes in myCAF2
population based on biological process terms.
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Promote tumor cell proliferation

Fig. 7 Modeling the unique landscape of the tumor microenvironment in OABC. OABC patients have a different tumor microenvironment
from lean breast cancer patients, including Macro 4, a macrophage subgroup with high expression of NR1H3 and FABP4, which can promote

the proliferation of breast cancer cells when co-cultured with them.

Single-cell RNA-seq library preparation and sequencing
Single-cell suspensions were loaded onto 10X Chromium chip in order to
capture 5000-10,000 single cells, following the manufacturer’s instructions
of 10X Genomics Chromium Single-Cell 3’ kit (V3). The captured single cells
underwent cDNA amplification and library construction using the standard
protocol of the 3’ kit (V3). The single-cell libraries were sequenced on
lllumina NovaSeq 6000 sequencing system (paired-end multiplexing run,
150 bp) by LC-Bio Technology Co., Ltd. (Hangzhou, China).

Single-cell data preprocessing and quality control

To generate a raw gene expression matrix for each sample, CellRanger
(10X Genomics, version 3.1.0) was employed. The STAR algorithm (https://
github.com/alexdobin/STAR) was used for mapping the reads to the
human reference genome GRCh38. Subsequently, the Seurat package
(version 3.1.5) was utilized for quality control (QC) of the single cells. Cells
meeting the criteria of having >500 detected genes and <25%
mitochondrial genes were considered to have passed QC. A total of
48,033 high-quality single cells were included for subsequent bioinformatic
analysis using Seurat, which included cell normalization, principal
component analysis (PCA), and cell clustering.

After removing low quality cells, we applied a global-scaling normal-
ization method “LogNormalize” that normalized the gene expression
measurements for each cell by default. To overcome the extensive
technical noise in any single gene for scRNA-seq data, we then performed
PCA and determined the number of PCs was used for the cell clustering. To
further correct for batch effects originating from different patients, we
applied the Harmony algorithm immediately after completing PCA.
Harmony utilized the combined matrix of informative genes to correct
for batch effects.

Identification of the major cell types and their subtypes

The clustering of major cell types and subtypes was performed with the
“FindClusters” function of the Seurat. In order to identify the subtypes
within each major cell type, the cells belonging to each major type were
reanalyzed individually. Subsequently, major cell clusters and their sub-
clusters were visualized using t-distributed Stochastic Neighbor Embed-
ding (t-SNE), and the annotation of cell types was based on the average
expression of well-recognized marker genes or highly expressed genes
from related literatures of breast cancer [21, 22]. To identify genes that are
specifically expressed in certain clusters or differentially expressed
between clusters, the Seurat “FindAllMarkers” function was utilized. This

Oncogene (2024) 43:3277 -3290

function tested genes with a > 0.25-fold difference (log-scale) on average
between the two groups of cells and detectable expression in more than
25% of cells in either of the two groups.

Single-Cell Regulatory Network Inference and Clustering
(SCENIC) analysis

To investigate gene regulatory networks, we performed SCENIC analysis
using the pySCENIC pipeline (v0.12.1), a fast implementation of the SCENIC
pipeline as described by the developers [46, 47]. SCENIC utilizes
transcription factors and cis-regulatory sequences to reconstruct gene
regulatory networks [46]. Activated transcription factors (TFs) were
identified in the Binary matrix, and the top differentially activated TFs in
each cell population were selected using the Wilcoxon test based on the
AUC matrix.

CNV analysis of epithlium
To distinguish the epithelium in obese and lean BC samples, we calculated
the copy number variations (CNVs) of all epithelial cells in each sample
based on the current scRNA-seq data using R package inferCNV (version
1.3.3) as described previously [48]. This package inferred the genetic
profiles of each epithelial cell based on the average expression of large
genes sets (101 genes) in each chromosomal region (sex chromosomes
were excluded) compared to the control cells (T/NK cells). Other
parameters were set as default.

In addition, the CNV and BMI data of 765 BC patients (including 711
patients with BMI > 30) from TCGA database were employed to study their
correlation.

Multiplexed immunofluorescent staining

For immunofluorescence staining, breast cancer tissues were fixed in 4%
paraformaldehyde, embedded in paraffin and then sectioned. Standar-
dized procedures for dewaxing and antigen retrieval were applied to the
sections. After treatment with 3% H,0, for 15 min and blocking with 5%
normal serum for 30min at room temperature. The samples were
incubated with primary antibodies for 1.5h at room temperature and
subsequently with secondary antibodies for 30 min at room temperature.
Nuclei were stained with 4, 6 diamidino-2-phenylindole (DAPI) for 15 min.
Confocal microscopy was performed using a Leica ATELLARIS 5 laser
scanning confocal microscope. The following antibodies were used for
immunofluorescence staining: anti-IBA-1 antibody (1:200, Proteintech,
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66827-1-g), anti-DAP12 antibody (1:200, Santa Cruz, sc-133174), anti-
FABP4 antibody (1:200, Abcam, ab92501), anti-LXR alpha antibody
(1:100,Abcam, ab41902), Goat-Anti-Mouse IgG H&L (1:1000, Abcam,
ab150115), Goat-Anti-Rabbit IgG H&L (1:1000, Abcam, ab150077), DAPI
(Solarbio, C0065).

Cell lines and siRNAs

Breast cancer cell line ZR-751 and human leukemia monocytic cell line
THP-1 were cultured in RPMI 1640 (Invitrogen, Shanghai, China). Breast
cancer cell line MCF7 and MDA-MB-231 was cultured in DMEM (Viva
Cell, Shanghai, China). Breast cancer cell line SKBR3 was cultured in
McCoy'’s (Viva Cell, Shanghai, China). All the cells were purchased from
Shanghai Institute of Cell Biology, Chinese Academy of Sciences, and
they were authenticated and tested for mycoplasma contamination. All
the media were supplemented with 10% fetal bovine serum (Viva Cell,
Shanghai, China), 100 units/mL penicillin, and 100 ug/mL streptomycin
(Procell, Wuhan, China). THP-1 cells (1x 10%/ml) were differentiated
using 200 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich,
Shanghai, China) for 8 h. Differentiation of PMA treated cells was
enhanced by removing the PMA-containing media then incubating the
cells in fresh RPMI 1640 (10% FBS) for a further 16 h, before being used
in the indicated experiments. The siRNA against NRTH3 (siRNA#1, Sense:
5-GGAGUGUCGGCUUCGCAAA-3" Antisense: 5-UUUGCGAAGCCGACA-
CUCC-3; siRNA#2, Sense: 5'-CACAGAGAUCCGUCCACAA-3’ Antisense: 5'-
UUGUGGACGGAUCUCUGUG-3) was synthesized by TSINGKE (Beijing,
China). Human NR1H3 expression plasmid GV-NR1H3 was synthesized
by Genechen Co. (Shanghai, China). The negative control is referring to
with a control siRNA sequence. The THP-1 cells were treated with siRNA
or expression plasmid after PMA stimulation.

Co-culture experiments

Co-culture experiments were carried out using a transwell system
(3.0 um pore size, Transparent (PET) Membrane; Corning Life Sciences,
Lowell, MA, USA). For experiments assessing THP-1 biology, 3.5 x10*
ZR751 cells were seeded in the upper chamber with PMA-stimulated
THP-1 in the bottom for 24 h. PMA-stimulated THP-1 cells cultured alone
served as controls.

To obtain adipose tissue homogenate, 50 mg of pericancerous adipose
tissue was transferred to a pre-cooled 1 ml RPMI 1640 (10% FBS, 1% PS) on
ice. The tissues were then homogenized evenly using a sample
homogenate solution. Following centrifugation at 3000 rpm for 10 min at
4°C, the water liquid layer in the middle was retained. PMA-stimulated
THP-1 were cultured with 30% conditioned medium (CM) containing
adipose tissue homogenate for 24 h. There isn't any PMA in the
conditioned media given to the epithelial cell culture. Samples were
obtained from fresh surgical resections.

RNA sequencing and analysis

Total RNAs were isolated from the THP-1 cells with or without NR1H3
knockdown using TRIzol LS reagent (Thermo Fisher Scientific, USA). The
quality and quantity of the total RNA were assessed using Qubit 3.0
(Thermo Fisher Scientific, USA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, USA), respectively. The mRNA library was constructed
according to the protocols of TruSeq Stranded Total RNA Library Prep
Kit v2 (lllumina, USA) by Genesky Biotechnologies Inc., Shanghai
(China).

The raw reads of mRNA sequencing were evaluated for quality using
FastQC. The clean reads of mMRNA were aligned to the human reference
genome hg19 using HISAT2, and StringTie was used for transcript
assembly and quantification.

RT-qPCR

Total RNAs were isolated from tissues or cultured cells using TRIzol LS
reagent (Thermo Fisher Scientific, USA) and reverse-transcribed into cDNA
using All-In-One 5X RT MasterMix (abm, Vancouver, Canada). Then qPCR
was carried out using BlasTagTM 2X gPCR MasterMix (abm, Vancouver,
Canada). The primers was synthesized by Sangon Biotech (Shanghai,
China). Sense and reverse primers were: GAPDH, Forward 5-GGAGCGA-
GATCCCTCCAAAAT-3/, Reverse 5'-GGCTGTTGTCATACTTCTCATGG-3’;
NR1H3, Forward 5-G CCTTCAGAACCCACAGAGATCC-3', Reverse 5'-
ACGCTGCATAGCTCGTTCC-3; FABP4, Forward 5'-ACTGGGCCAGGAATTT-
GACG-3', Reverse 5- CTCGTGGAAGTGACGCCTT-3".
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Chromatin immunoprecipitation and quantitative PCR
analyses

Chromatin immunoprecipitation (ChIP) and quantitative PCR (qPCR)
analyses were performed as described by Hyperactive pG-MNase
CUT&RUN Assay Kit for PCR/qPCR (HD101-01, Nanjing, China). Calculate
the circulating threshold of immunoprecipitated DNA for various samples
using gPCR. Antibodies used for ChIP: normal rabbit IgG (ABcolonal,
ACO005), anti-H3K4me3 (ABcolonal, A22146) and anti-NR1H3 (Abcam,
ab41902). Primers used for ChIP PCR analyses: FABP4, Forward 5'-
ACTGGGCCAGGAATTTGACG-3', Reverse 5- CTCGTGGAAGTGACGCCTT-3;
SREBP1, Forward 5'-ACTTCTGGAGGCATCGCAAGCA-3, Reverse
5'-AGGTTCCAGAGGAGGCTACAAG-3'.

Western blot

Protein lysates were obtained from THP-1 cells transfected with siRNA. The
lysates were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred on polyvinylidene difluoride
(PVDF) membranes. After being blocked with 5% fat-free dry milk, the
membranes were incubated with using anti-B-actin (Gene Tex, Irvine, CA,
USA), anti-NR1H3 (Abcam, Shanghai, China), anti-FABP4 (Abcam, Shanghai,
China), anti-SREBP1 (ABcolonal, Wuhan, China).

ELISA

Culture supernatant from from THP-1 cells transfected with siRNA were
obtained via centrifugation (10 min, 4°C, 3000 RPM). We used enzyme-
linked immunosorbent assay (ELISA) kits for FABP4 (BOSTER, Wuhan,
China). All plates were analyzed using the SpectraMax i3x multimode
reader (Molecular Devices, Shanghai, China) at 450-nm wavelengths,
according to the manufacturers’ recommendations.

CCK-8 cell proliferation assay

To assess cell proliferation, MCF7, ZR-751, MDA-MB-231 and SKBR3 cell
lines were cultured with 30% conditioned medium (CM) with or
without siNRTH3 from PMA-stimulated THP-1 for 24 h. Then, 5x 103
cells/well were seeded in a 96-well plate and were cultured with 30%
CM every 24 h. Cell proliferation was measured at OD450 nm using the
CCK-8 kit (Dojindo CO. Ltd., Kumamoto, Japan) every 24 h. There isn't
any siRNA or PMA in the conditioned media given to the epithelial cell
culture.

Transwell assay

Briefly, MCF7 and ZR751 cell lines were cultured with 30% CM with or
without siNRTH3 from PMA-stimulated THP-1 for 24 h. Then, 3.5x 10*
MCF7 or 5 x 10% ZR751 in 200 pL of serum-free medium were added to the
upper chambers of the Transwell plate, and the lower chambers were filled
with 600 uL of medium containing 20% FBS as a chemoattractant. After
24 h, the migrated cells were fixed in 4% paraformaldehyde and stained
with 0.1% crystal violet, and the non-migratory cells on the upper surface
of the chambers were removed by a cotton swab. Then, at least four
random fields were selected and observed by microscopy (Olympus,
Japan). There isn’t any siRNA or PMA in the conditioned media given to the
epithelial cell culture.

Tumor challenges

To monitor the progression of tumors in lean and obese mice, we
followed the following experimental procedure. Six-week-old female
C57BL/6 mice were randomly divided into two groups, with 8 mice in
each group, and fed either a low-fat diet (LFD) or a high-fat diet (HFD) for
a duration of 13 weeks. Subsequently, 5*10°/100ul (PBS) E0771 cells
were orthotopically implanted into the mammary fat pad of the lean and
obese mice, respectively. Tumor growth was measured using calipers,
and the tumor volume was calculated using the formula 0.5 * (large
diameter) * (small diameter)’> twice a week. The mice were then
continuously fed with their respective diets, either LFD or HFD, for an
additional 21 days. After the designated period, tumor tissues were
collected for frozen sections, and immunofluorescence analysis was
performed. For the immunofluorescence staining, the following anti-
bodies were utilized: anti-DAP12 antibody (1:200, Abcam, ab283679) and
anti-FABP4 antibody (1:200, Santa Cruz, sc-261529). The researchers were
informed of the grouping during the experiment and when evaluating
the results.
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Statistical analysis
All data processing was performed using R 3.6.1 software. The statistical
methods and threshold for corresponding analysis were explicitly
described in the results or figure legends or Materials and Methods. All
statistical results with a p-value <0.05 were considered to indicate
statistical significance.

DATA AVAILABILITY

Single-cell RNA-sequencing data have been deposited in the GSA database under
accession code HRA004141. All other relevant data are within the paper and
Supplementary files.
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