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Abstract

Background Triple negative breast cancer (TNBC), the most aggressive subtype of breast cancer, is characterized
by a high incidence of brain metastasis (BrM) and a poor prognosis. As the most lethal form of breast cancer, BrM
remains a major clinical challenge due to its rising incidence and lack of effective treatment strategies. Recent
evidence suggested a potential role of lipid metabolic reprogramming in breast cancer brain metastasis (BCBrM), but
the underlying mechanisms are far from being fully elucidated.

Methods Through analysis of BCBrM transcriptome data from mice and patients, and immunohistochemical
validation on patient tissues, we identified and verified the specific down-regulation of retinoic acid receptor
responder 2 (RARRES2), a multifunctional adipokine and chemokine, in BrM of TNBC. We investigated the effect of
aberrant RARRES2 expression of BrM in both in vitro and in vivo studies. Key signaling pathway components were
evaluated using multi-omics approaches. Lipidomics were performed to elucidate the regulation of lipid metabolic
reprogramming of RARRES2.

Results We found that downregulation of RARRES2 is specifically associated with BCBrM, and that RARRES2
deficiency promoted BCBrM through lipid metabolic reprogramming. Mechanistically, reduced expression of RARRES2
in brain metastatic potential TNBC cells resulted in increased levels of glycerophospholipid and decreased levels of
triacylglycerols by regulating phosphatase and tensin homologue (PTEN)-mammalian target of rapamycin (mTOR)-
sterol regulatory element-binding protein 1 (SREBP1) signaling pathway to facilitate the survival of breast cancer cells
in the unique brain microenvironment.

Conclusions Our work uncovers an essential role of RARRES2 in linking lipid metabolic reprogramming and the
development of BrM. RARRES2-dependent metabolic functions may serve as potential biomarkers or therapeutic
targets for BCBrM.
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Background

Among women worldwide, breast cancer is the most common
cancer and the second leading cause of cancer-related death[1].
Brain metastasis (BrM), the most lethal form of breast cancer,
represents an important cause of morbidity and mortality, with
one-year survival of approximately 20%[2]. In the case of triple
negative breast cancer (TNBC), which is the most aggressive

subtype, as many as 46% of patients suffer metastasis to the
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brain, after which their median survival is only 4.9 months[3].
Despite the advances in systemic treatment in recent years,
treating breast cancer brain metastasis (BCBrM) is challenging
and generally ineffective[4,5]. Therefore, there is an urgent
need to improve our understanding of the underlying
mechanisms of BCBrM, particularly in the TNBC subtype.
Cancer cells display significant metabolic reprogramming
to support metastatic competence[6], one of which is
lipid metabolic reprogramming[7]. Recent evidence has
suggested that breast cancer cells capable of metastasizing to
the brain presented with unique lipid metabolic signatures,
and perturbation of lipid metabolism in these cells inhibited
BrM[8,9]. Similarly, brain-tropic melanoma cancer cells

have been reported to take advantage of the high-fat
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microenvironment of the brain to facilitate their metastatic
outgrowth[10]. These limited findings shed light on the
potential importance of lipid metabolic reprogramming in
BrM, but the precise underlying mechanisms are far from been
fully elucidated.

Retinoic acid receptor responder 2 (RARRES2), also known
as tazarotene-induced gene 2 or chemerin, is an important
adipokine which regulates adipogenesis and adipocyte lipid
metabolism[11,12]. Several studies have reported a tumor
suppressive role of RARRES2 in cancer development[13-15],
however, not much is currently known about the functions
of RARRES?2 in cancer cell lipid metabolism, and nothing
is known regarding the association with RARRES?2, lipid
metabolism, and BCBrM.

Herein, we for the first time identified RARRES?2 as the
most significantly down-regulated gene in BCBrM compared
with primary breast tumors. We hypothesized and verified
that the decreased expression of RARRES2 might promote
BCBrM through regulating lipid metabolic reprogramming.
Mechanistically, reduced expression of RARRES2 in TNBC
cells increased glycerophospholipid levels and decreased levels
of triacylglycerols (TAGs) by regulating the phosphatase and
tensin homologue (PTEN)-mammalian target of rapamycin
(mTOR)-sterol regulatory element-binding protein 1
(SREBP1) signaling pathway to facilitate the colonization of
breast cancer cells in adapting to the brain microenvironment.
Collectively, we provide a pathogenic mechanism linking
RARRES?2 and lipid metabolic reprogramming in the
development of BrM in breast cancer, with the anticipation
that the RARRES2-dependent metabolic functions may serve
as biomarkers or therapeutic targets for BCBrM in TNBC.

Methods

Tumor samples from patients

Biopsies of primary breast tumors and breast tumors that
had metastasized to the brain were obtained from patients
with TNBC at the National Cancer Center/National Clinical
Research Center for Cancer/Cancer Hospital of the Chinese
Academy of Medical Sciences and Peking Union Medical
College. Single-cell RNA sequencing (scRNA-seq) involved
the collection of 1 BrM sample from patients with primary
TNBC, while immunohistochemistry (IHC) employed 3
BrM samples and 3 primary breast tumor tissues from patients
with primary TNBC. This study was approved by the local
institutional review board (NCC2020C-503).

Preparation of single cell suspension

BrM tumor tissues were initially stored on ice in RNAlater

stabilization reagent (Qiagen, Germany), then resuspended

in RPMI-1640 (Gibco, USA) and digested gently using the
MACS Tumor Dissociation Kit (Miltenyi Biotec, USA) for
60 min on a rotor at 37 °C. Dissociated cells were filtered
through a 40 pum cell strainer (Merck, Germany) and subjected
to red blood cell lysis (Sangon Biotech, China). Pelleted cells
were washed twice with phosphate-buffered saline (PBS,
Invitrogen, USA) by centrifugation at 400xg for 10 min and
resuspended in PBS containing 1% fetal bovine serum (FBS,
HyClone, USA).

scRNA-seq and data preprocessing

scRNA-seq libraries were prepared using the Chromium Next
GEM Single Cell 3' Kit v3.1 (10x Genomics) according to
the manufacturer’s instructions. Single-cell RNA libraries
were purified, assessed for quality, and sequenced with 150 bp
paired-end reads using an Illumina HiSeq X-Ten sequencer.
The FASTQ sequence files were mapped to the human
reference genome GRCh38 using Cell Ranger Count (version
3.0.2).

Single-cell transcriptomic sequences were pre-processed
using the Seurat pipeline[16-18]. During the quality control
(QC), cells with detected genes less than 500 or more than
9000, and mitochondrial content higher than 10% were
excluded from further analyses. Since we only collected
1 TNBC BrM sample, in order to separate tumor cells and
stromal cells, we merged this sample (BrM1) with a TNBC
BrM sample (BrM2) from the public dataset GSE186344 of
the Gene Expression Omnibus (https://www.ncbi.nlm.nih.
gov/geo/) (Additional file 1: Fig. S1a, b). The count matrix
of cells that passed the QC was then normalized using global
scaling log normalization followed by principal component
analysis on the variable genes selected by mean variability
plot method in FindVariableFeatures, and batch effects were
removed using the “harmony” package. For clustering, a
uniform manifold approximation and projection dimensional
reduction was performed on the scaled matrix using the first
18 principal component analysis components and a
FindClusters function was set at a resolution of 0.5.
Identification of cluster-specific genes and marker-
based classification
To identify marker genes, the FindAllMarkers function was
used with likelihood-ratio test for single cell gene expression.
For each cluster, only genes that were expressed in more than
25% of cells with at least 0.25-fold change were included.
Cells were annotated on the basis of the expression of marker
genes: endothelial cells, based on the marker genes CLDNS
and PECAM1I; mural cells, based on marker genes RGSS and
HIGDI1B; mesenchymal cells, based on marker genes ISLR
and CTHRCI; cancer epithelial cells, based on marker genes
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EPCAM, KRT15 and KRT17; T cells, based on marker genes
CD3D and CD2; B cells, based on marker genes JCHAIN and
MZB1I; macrophages and monocytes, based on marker genes
LYZ, APOE and S100A8; dendritic cells, based on marker
genes CDIC, HLA-DQAI and HLA-DRA; and astrocytes,
based on marker genes S100B and MT3 (Additional file 1:
Fig. S1c).

Scoring gene sets of primary breast tumor and BrM with
irGSEA

Cells annotated as cancer epithelial cells were extracted from
the BrM matrix (BrM) and integrated with cancer epithelial
cells from 8 primary breast tumor tissues from patients
(Primary) with TNBC derived from GSE176078 (Additional
file 1: Fig. S1d), and the batch effects were removed using the
“harmony” package. Sets of genes in cancer epithelial cells
from primary breast cancer tumors (Primary) and breast
cancer tumors that had metastasized to the brain (BrM) were
compared using the singscore algorithm in irGSEA (https://
github.com/chuiq in/irGSEA).

Identification of genes differentially expressed between
primary TNBC and BrM

Microarray dataset GSE12237 and GSE19184 were analyzed
by GEO2R (https://www.ncbi.nlm.nih.gov/geo/geoZr/)
to analyze genes that are down-regulated in BrM relative
to primary breast cancer cells. Raw count data from RNA
sequencing of patients with paired primary breast cancer
tumors and metastatic tumors in the brain were downloaded
from https://github.com/nprie dig/ jnci_ 2018. Expression of
RARRES2 was compared between the two types of matched
tumors using a two-tailed paired ¢ test. To further analyze
the expression of RARRES2, we analyzed the expression of
RARRES?2 (probe id: 209496 _at) between metastatic brain
tissue samples and metastatic samples from other organs (bone,
lung, and liver) in GSE100534, GSE14020 and GSE62598.
Identification of RARRES2 co-expression genes

We used the online platform cBioPortal (https://www.
cbioportal.org/) to extract RARRES2 co-expression genes
within the TCGA breast cancer transcriptome sequencing data
set. Genes with Pearson correlation coefficient >0.3 or <-0.3
and P<0.5 were selected.

Bioinformatic assay for gene function enrichment

To analyze the potential functions of gene sets, DAVID
Bioinformatics Resource 6.8 (https://david.ncifcrf.gov/) and
Gene-set enrichment analysis (https://www.gseamsigdb.org/
gsea) were used for enrichment analysis. Degree of enrichment
was defined using Fisher’s exact test, and gene set enrichment
analysis was performed using gene set permutation. Results

were ranked based on the signal-to-noise ratio.
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IHC staining of tumor tissues from patients

The formalin fixation and paraffin embedding tissue sections
were dried overnight at 60 °C, deparaffinized in xylene for
30 min, rehydrated through a gradient alcohol solution,
boiled for 15 min in antigen retrieval solution containing
EDTA (ZLI-9066, Zsgb-Bio, China), treated for 10 min with
endogenous peroxidase blocker (PV-9000, Zsgb-Bio, China),
and incubated for 10 min with normal goat serum (ZLI-9022,
Zsgb-Bio, China). The sections were incubated overnight
at 4 °C with a rabbit monoclonal primary antibody against
RARRES2 (10216-1-AP, Proteintech, China), then incubated
for 25 min with biotinylated secondary antibodies (PV-9000,
Zsgb-Bio, China). Color development was performed with
3,3N-diaminobenzidine tertrahydrochloride (ZLI-9019,
Zsgb-Bio, China). The sections were counterstained with
hematoxylin, mounted by slides with neutral balsam, and
scanned by Aperio patholgy scanner (Leica, Germany).
Mouse model of breast cancer metastasis to the brain

All animal experiments were approved by the Animal Control
Committee of the National Cancer Center/National Clinical
Research Center for Cancer/Cancer Hospital of the Chinese
Academy of Medical Sciences and Peking Union Medical
College (NCC2022A116). Female BALB/c (n=12) and
BALB/c-Nu (6-week-old, n=11) were purchased from Beijing
Vital River Laboratory Animal Technology (Beijing, China),
housed on a 12 h light/dark cycle and given free access to
normal food and water. Mice were randomly assigned to
experimental groups for all the experiments.

For intracranial inoculations, following published
protocol[19], the 6-week-old BALB/c mice (n=6 for each
group) were anesthetized with tribromoethanol and injected
with 3x10* 4T1 cells expressing luciferase in S wl PBS into
the brain at the rate of 2.5 pl of cell suspension per minute at
2 mm to the right of bregma and 1 mm anterior to the coronal
suture. For intracardiac injections, 1x10° 4T1 cells expressing
luciferase were diluted in 100 pl PBS and were injected into
the left ventricle of the hearts of 6-week-old BALB/c-Nu
mice [n=5 for Control, n=6 for RARRES2 overexpression
(RARRES2-OE)].

For bioluminescence imaging (BLI), mice were given the
substrate D-luciferin potassium (150 mg/kg, HY-12591B,
MedChemExpress, USA) by intraperitoneal injection and
then subjected to IVIS LUMINA XRMS (PerkinElmer,
USA) to monitor the growth of tumor cells. At the end of the
experiments, brain was collected for examination of metastasis.
Cell culture
The MDA-MB-231, 4T1 and 293 TN cell lines were obtained

from the National Infrastructure of Cell Line Resources
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(Beijing, China). MDA-MB-231 and 293 TN cells were
cultured in DMEM (Gibco, USA) supplemented with 10%
FBS, and 4T1 cells were maintained in RPMI 1640 (Gibco,
USA) supplemented with 10% FBS. All cell cultures were
incubated at 37 °C in a humidified incubator containing 5%
CO.,.

Plasmid constructs and lentivirus transduction

The full-length coding sequences for human RARRES2
(NM_002889) and mouse RARRES2 (NM_027852) were
cloned separately into the vector pPCDH-EF1-copGFPT2A-
Puro (Addgene plasmid # 72263 ). Each of the following short
hairpin RNAs was cloned separately into the vector PLKO.1-
TRC (Addgene plasmid #10878). human-shRARRES2-1: AC
CGGTGCCCTTCCCAGCTGGAATATTCTCGAGAATATT
CCAGCTGGGAAGGGCTTTTTTGAATTC; human-
shRARRES2-2: ACCGGTGCITCTACITCCCTGGACAGT
CTCGAGACTGTCCAGGGAAGTAGAAGCTTTTTTGAA
TTC; mouse-shRARRES2-1: ACCGGTAGCCGGAGTGCA
CAATCAAACCTCGAGGTTTGATTGTGCACTCCGGCT
TTTTTGAATTC; or mouse-shRARRES2-2: ACCGGTGCA
CAATCAAACCAAACGGGACTCGAGTCCCGTTTG
GTTTGATTGTGCTTTTTTGAATTC. All plasmids were
verified by DNA sequencing.

Each of these plasmids was co-transfected with the
packaging vectors psPAX2 and pMD2.G (Addgene, USA)
into 293TN cells using Lipofectamine 2000 (Invitrogen,
USA). Culture medium containing lentivirus was collected
at 48 h and 72 h after transfection, filtered through
hydrophilic polyethersulfone membrane with 0.45 pm pores
(SLHPR33RB, Millipore, USA), and used to infect MDA-
MB-231 or 4T1 cells for 48 h in the presence of 4 pg/ml
polybrene (HY-112735, MedChemExpress, USA). Stably
transduced cell lines were selected using puromycin (A610593-
0025, Sangon Biotech, China).
siRNA transfection
RARRES2-OE and its control MDA-MB-231 cells were
seeded into 6-well plates (60% confluence cells/well),
incubated for 24 h, then transfected with the following siRNAs
(100 pmol/well) using Lipofectamine 2000 respectively. The
RNA was extracted at 48 h post-transfection and the total
protein lysates were extracted at 72h. The control siNC is a
scrambled nonspecific sequence used as a negative control.
The sequence of siNC and siCMKLR]1 are listed below. siNC:
$-UUCUCCGAACGUGUCACGUTI-3' (sense), S-"ACGUG
ACACGUUCGGAGAATT-3' (antisense); siCMKLR1-1:
5-GCAAUGGUCUGGUGAUCAUTI-3' (sense), S-AUGAU
CACCAGACCAUUGCTI-3' (antisense); siCMKLR1-2: 5'-C
CAUGUGCAAGAUCAGCAATT-3' (sense), S-UUGCUGA

UCUUGCACAUGGTT-3' (antisense); siCMKLR1-3:
5-CCUCACCAUCGUGUGCAAATT-3' (sense), S-UUUGC
ACACGAUGGUGAGGTT-3' (antisense).

RNA extraction and RNA sequencing

Total RNA from MDA-MB-231 RARRES2-OE and control
cells was prepared using the TRIzol reagent (Invitrogen, USA).
RNA sequencing was performed on HiSeq X-Ten sequencer
(Illumina, USA), paired-end 150 bp run. The number of
reads aligning to each transcript were counted with hisat2 and
SAM tools. Differentially expressed genes were calculated by
DEseq2. Unsupervised clustering and Gene Ontology analyses
of differentially expressed genes were performed on DAVID
(https://david.ncifcrf.gov).

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA of the above cultured MDA-MB-231 cells was
isolated using TRIzol regent (Invitrogen, USA). And then
1 mg of RNA was treated with genomic DNase and retro-
transcripted using PrimeScript RT reagent Kit (RR037A,
TaKaRa, China). qPCR was performed in triplicate using
25 ng of cDNA with validated qPCR primers, TB Green
Premix Ex Taq II Kit (RR820A, TaKaRa, China), and
Applied Biosystems Real-time PCR System (QSDX, Thermo
Fisher, USA). The reaction was performed according to the
manufacturer’s protocol using QSDX Real-time PCR System.
Data were analyzed following the 27**“ method. The Ct
values of the genes of interest were normalized to the Ct value
of the housekeeping control, GAPDH. The primers used
for qPCR are listed below. Acetyl-CoA carboxylase alpha
(ACACA): forward S-ATGTCTGGCTTGCACCTAGTA-3',
reverse S'-CCCCAAAGCGAGTAACAAATTCT-3;
hydroxymethylglutaryl-CoA reductase (HMGCR):
forward 5'"TGATTGACCTTTCCAGAGCAAG-3', reverse
S'-CTAAAATTGCCATTCCACGAGC-3'; RARRES2: forward
S'-AGAAACCCGAGTGCAAAGTCA-3, reverse S'-"AGAAC
TTGGGTCTCTATGGGG-3'; chemokine-like receptor 1
(CMKLR1): forward 5'-GCCAACCTGCATGGGAAAATA-
3, reverse 5'-GTGAGGTAGCAAGCTGTGATG-3'; fatty acid
synthase (FASN): forward $-AAGGACCTGTCTAGGTTT
GATGC-3, reverse S'"TGGCTTCATAGGTGACTICCA-3".
Western blotting

Total protein in extracts from the above breast cancer cell
cultures was estimated using Coomassie brilliant blue, and
equal amounts (40 pg) were fractionated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and
proteins were transferred to PVDF membranes (IPVH00010,
Millipore, USA), which were blocked for 1 h in PBS containing
5% non-fat dry milk, then incubated overnight at 4 °C with

37



Li et al. Mil Med Res 2023
http://mmrjournal.biomedcentral.com

primary antibodies against the following proteins. The
following antibodies were obtained from Cell Signaling
Technology and used at a 1:1000 dilution: mTOR (catalog No.
2972), phospho- Ser2448 mTOR (catalog No. 2971), GAPDH
(catalog No. 5174), pan-Akt (catalog No. 4691), phospho-
Ser473 Akt (catalog No. 4060), and PTEN (catalog No. 9188).
Mouse monoclonal antibodies were used against SREBP1
(ab3259, S g/ml, Abcam, UK) and against 3-actin (AS316,
1:5000, Sigma, USA). Polyclonal antibody against RARRES2
was purchased from Proteintech (10216-1-AP) and used at
1:1000 dilution.

On the next day, the membranes were incubated for 1h at
room temperature with horseradish peroxidase-conjugated
secondary antibody (ZB-2301 and ZB-230S, Zsgb-Bio, Cjina).
Antibody binding was visualized using Super ECL Plus (P1010,
Applygen, China) or SuperSignal ™ West Femto Maximum
Sensitivity Substrate (34095, Thermo Fisher, USA) and
Image800 fluorescence imaging system (Cytiva, USA).

Cell proliferation assay

The above breast cancer cells were measured for their
proliferation by the xCELLigence Real-time Cell Analysis
(RTCA) assay (ACEA Biosciences, USA) or IncuCyte S3.
Cells (8.0x10° cells in 150 wl medium/well) were seeded
in 16-well E-plates or 96-well plates, and the cell index was
recorded every 1h and continued for 72 h until the cell growth
reached the plateau stage. IncuCyte S3 image analysis software
was set to detect the edges of the cells and to determine their
confluence in percentage. The cell index was normalized to the
cell index at 0 h (normalized cell index).

In vitro invasion assay

To evaluate the invasion capacity of the cells, the above breast
cancer cells in serum-free growth medium (1.0x10° per well)
were seeded into the top chamber of a 24-well Transwell plate
containing a layer of 0.5% Matrigel (catalog No. 3422, Corning,
USA). The bottom chamber was filled with 600 wl DMEM
containing 20% FBS. The Transwell plates were incubated at
37°C in a humidified incubator containing 5% CO, for 24 h,
then cells in the chambers were fixed in methanol for 15 min,
then stained with 0.5% crystal violet for 15 min. Cells that did
not penetrate the membrane were removed using a cotton
swab, and those that passed through the membrane were
photographed. Five random microscopic fields were selected,
and the average area occupied by cells was calculated with
Image]J software.

Identification of RARRES2-related lipids by mass
spectrometry

shRARRES2-2 and control MDA-MB-231 cells were collected

in 1.5 ml centrifuge tubes, 6 technical replicates per group,
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8.0x10° cells per sample. Then, 1 ml precooled extractant
(70% methanol aqueous solution) was added to each sample
and vortexed for 1 min. The mixture was frozen in liquid
nitrogen for 3 min and agitated the cells 3 times for 2 min
each, and centrifuged at 12,000 rpm and 4 °C for 10 min.
The supernatants were transferred to sample bottles for LC-
MS/MS. The QC sample was prepared by mixing an equal
aliquot of 20 pl supernatants from all of the samples. LC-
MS/MS analyses were performed using an UHPLC system
(1290, Agilent Technologies, USA), equipped with a Kinetex
C18 column (2.1x100 mm, 1.7 wm, Phenomen, USA). The
QE mass spectrometer was used to acquire MS/MS spectra
on data dependent acquisition mode using the control of the
acquisition software (Xcalibur 4.0.27, Thermo, USA).
Statistical analysis

Data were reported as meantstandard deviation of at least
three independent experiments. Unpaired Student’s t-test
and the Wilcoxon rank-sum test were used to compare the
continuous variables between two groups with or without
normally distributed variables, respectively. If there were
more than two groups, one-way ANOVA was used. For the
proliferation assay data, two-way ANOVA was used. The
correlation between variables was measured using Pearson’s
or Spearman’s correlation coefficient. Details of statistical
tests used are indicated in the respective figure legend. The
differences between conditions were assessed for their
significance in GraphPad Prism 8.0 using the statistical tests
indicated in the corresponding figure legends. A two-sided
P-value of less than 0.0S was deemed to indicate statistical

significance.

Results

RARRES?2 expression is decreased in BCBrM

To investigate the potential lipid metabolic reprogramming
signature of BrM, we employed scRNA-seq analysis on TNBC
primary tumors and BrM samples. The two BrM datasets used
in this study were obtained from our own scRNA-seq data
(BrM1) and GSE186344 (BrM2) (Additional file 1: Fig. Sla).
By assessing the expression levels of specific marker genes,
a total of 9 distinct cell clusters were identified (Additional
file 1: Fig. S1b, c). Through a comparative analysis of tumor
cell clusters from primary tumors (n=87,045 tumor cells,
GSE176078) and BrM (n=29,173 tumor cells) (Additional
file 1: Fig. S1d), we discovered that BrM tumor cells exhibited
an upregulated lipid synthesis and fatty acid metabolism
signatures, which were consistent with previous literature
(Additional file 1: Fig. Sle). In order to identify a potential

adipokine that might be of critical importance in the initiation
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and development of BCBrM, we conducted data mining
analysis utilizing Gene Expression Omnibus public datasets.
Specifically, the expression of 823 genes encoding adipokines
or key enzymes in lipid metabolism (annotated with adipokine
in Genecard) were compared between human TNBC MDA-
MB-231 parental cells and MDA-MB-231 BrM (GSE12237),
as well as between MDA-MB-231-BrM cells xenografted
into mouse fatpad and skin, and brain (GSE19184) (Fig. 1a).
Significant genes that were consistently downregulated in
BrM compared with parental cells or tumor cells injected
into the fatpad across both datasets were identified (P<0.05).
Notably, RARRES2, also known as the adipokine chemerin,
emerged as the most significantly down-regulated gene in
BCBrM (Fig. 1a). To validate our findings, we conducted
an additional analysis using an independent patient cohort
consisting of paired primary breast tumors and BrM[20].
The expression of RARRES2 was examined in this cohort,
revealing a significantly lower level of RARRES2 expression
in BrM compared to matched primary breast tumor samples
(P<0.0001, Fig. 1b). Furthermore, we performed IHC to assess
the expression of RARRES?2 protein in human tumor samples.
The results demonstrated a notable decrease in RARRES2
expression in BrM samples when compared to primary breast
tumors (Fig. 1c). Additionally, based on the scRNA-seq data
mentioned above, we observed lower levels of RARRES2
expression in BrM compared to primary breast cancer
(Fig. 1d).

To further investigate the expression of RARRES2 in
different tumor sites, we analyzed another separate patient
cohort comprising unmatched primary breast tumors and brain
metastasized lesions. In this cohort, RARRES?2 expression
was found to be significantly decreased in BCBrM compared
with primary breast tumors, and moreover, with primary brain
tumors (GSE100534) (P=0.0016, P=0.0003, Fig. le). Analysis
of GSE14020 revealed that the level of RARRES2 was notably
lower in the breast cancer that metastasized to brain than that
to bone and lung (P=0.019, P<0.001, Fig. 1f). Additionally, we
then examined the expression of RARRES2 using the MetMap
data (GSE148283) and found a significant downregulation
of RARRES?2 in the breast cancer cells metastasized to the
brain compared to metastasis in the liver (P=0.0003, Fig. 1g).
Furthermore, when analyzing the GSE62598 dataset, we
did not observe a decrease in RARRES2 expression in liver,
bone, or lung metastases compared to primary breast tumors
(Fig. 1h). Collectively, these findings suggest that the
expression of RARRES?2 is decreased specifically in BrM of
breast cancer, highlighting a potential association between
RARRES?2 downregulation and BrM.

RARRES?2 depletion promotes BrM formation

To explore the role of RARRES2 in BrM of TNBC, our next
objective was to investigate whether RARRES?2 expression
could influence the invasiveness or proliferation of brain
metastatic cell. Initial analysis of the Genotype-Tissue
Expression database revealed relatively low levels of RARRES2
expression in normal brain tissue (Additional file 1: Fig. S2).
This led us to speculate that the decreased expression of
RARRES?2 in breast cancer cells that have metastasized to the
brain may be an adaptation to the brain microenvironment. To
simulate the low expression of RARRES2 in BrM, two distinct
short hairpin RNAs were employed to stably knockdown
RARRES2 (RARRES2-KD) in MDA-MB-231 and 4T1 cells,
respectively (Fig. 2a, d). Subsequently, it was observed that
RARRES2-KD significantly promoted cell proliferation and
invasion in both cell lines (P=0.0023, P=0.0177, Fig. 2b, ¢, ¢, f).
Conversely, overexpression of RARRES2 (Fig. 2g, j)
significantly inhibited cell proliferation and invasion of MDA-
MB-231 cells (P=0.0005, P=0.002S, Fig. 2h, i).

In order to track tumor cell behavior in vivo, we utilized BLI
of luciferase-labeled RARRES2-OE 4T1 cells. Remarkably,
RARRES2-OE demonstrated a significant inhibition of 4T1
cells growth when injected intracranially into the brains of
mice (P=0.0303, Fig. 21), although there was no statistical
difference in vitro (Fig. 2k). Furthermore, RARRES2-OE also
suppressed the metastasis of 4T1 cells to the brain following
intracardiac injection (P=0.0401, Fig. 2m, n). However, it is
noteworthy that RARRES2-OE did not exhibit a significant
inhibition of liver metastases (Fig. 2n). Taken together, these
tindings strongly suggest that RARRES2 plays a crucial role
in BCBrM, as high levels of RARRES2 impede the process of
BrM in breast cancer.

Functional enrichment analyses indicate RARRES2
regulates lipid metabolic reprogramming and pho-
sphatidylinositol 3-kinase (PI3K) signaling pathway

To gain a deeper understanding of the molecular mechanisms
underlying the modulation of BCBrM by RARRES2, we
conducted an analysis to identify RARRES2 co-expression
genes in TCGA-BRCA transcriptome sequencing data.
Subsequently, Gene Ontology biological process and
Kyoto Encyclopedia of Genes and Genomes enrichment
analysis revealed that these genes were primarily involved
in lipid metabolic pathways, including phosphatidylinositol
phosphorylation, triglyceride homeostasis, lipoxygenase
pathway, PI3K-Akt signaling pathway, and mTOR signaling
pathway (Fig. 3a, b). These findings shed light on the potential
involvement of these pathways in the RARRES2-mediated
modulation of BCBrM.
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Fig.1 RARRES2 is down-regulated in breast cancer brain metastasis (BriM).
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in MDA-MB-231-BrM3 cells xenografted into mouse fatpad and skin or brain (right). Data came from the public datasets indicated
at the bottom of the heatmaps. Blue indicates lower expression, while red indicates higher expression; b. Comparison of RARRES2
expression between paired primary breast tumors (n=22) and metastatic tumors to the brain (n=22). ****P<0.0001 (paired-sample
t test); ¢. Immunohistochemistry staining for RARRES2 in formalin-fixed, paraffin-embedded sections from primary triple negative
breast cancer (TNBC, upper row) or tumors that had metastasized to the brain (lower row) in our patient. The black boxes indicate
the area shown at higher magnification (Scale bar=10 um) in the insets at the lower right of each micrograph (Scale bar=100 um);
d. scRNA-seq data analysis of RARRES2 expression from human TNBC (Primary) and BrM cancer epithelial cells, presented as tSNE
plots; e. RARRES2 expression in human breast tumor tissues (n=16), brain tumor tissues (n=16), and BCBrM tissues (n=3). Data were
from the public dataset GSE100534. **P=0.0016, ***P=0.0003 (one-way ANOVA followed by Dunnett’s multiple-comparisons test);
f. RARRES2 expression in human breast cancer that had metastasized to lung (n=4), bone (n=10) or brain (n=15). Data were from
the public dataset GSE14020. *P=0.019, ***P<0.001 (one-way ANOVA followed by Dunnett’s multiple-comparisons test); g. RARRES2
expression in breast cancer cells before injection (n=4) into mice and after metastasis to the liver (n=6), lung (n=6), or brain (n=8).
Data came from GSE148283. ***P=0.0003 (one-way ANOVA followed by Dunnett’s multiple-comparisons test); h. RARRES2 expression
in primary breast tumors (n=3) and tumors that had metastasized to the lung (n=3), bone (n=3) or liver (n=3) in mice. Data came
from the public dataset GSE62598. The P-value was determined using one-way ANOVA. RARRES2. Retinoic acid receptor responder 2;
BCBrM. Breast cancer brain metastasis; sScRNA-seq. Single-cell RNA-sequencing
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Fig. 2 RARRES2-OE inhibits metastasis of breast cancer to the brain.

a-c. MDA-MB-231 cells were stably transduced with lentivirus encoding short hairpin RNAs targeting RARRES2 (shRARRES2-1 and -2)
or negative control RNA (shControl). Then, the cells were assayed for RARRES2 expression (a), proliferation (b) and invasion (c).
Significance was assessed in panel (b) using two-way ANOVA with Geisser-Greenhouse correction (**P=0.0023) or in panel (c) using
one-way ANOVA followed by Dunnett’s multiple-comparisons test; d-f. The experiments in panels (a-c) were repeated using cultures
of 4T1 cells. In panel (e), *P=0.0177; g-i. Immunoblot of lysate confirming overexpression of RARRES2 (g), cell proliferation assay (h)
and invasion assay (i) from MDA-MB-231 cells infected with control or encoding RARRES2 lentivirus (RARRES2-OE). Two-way ANOVA
with Geisser-Greenhouse correction (h), ***P=0.0005. Two-tailed unpaired-samples t test (i), **P=0.0025; j, k. Same as (g, h) for 4T1
cells, P=0.1053 (k); I. Bioluminescence imaging (BLI) at 12 d after intracranial injection of RARRES2-OE and Control 4T1 cells. The dots
on the right represent the photon flux in brain for each mouse at day 12 (n=6 for each group). *P=0.0303 (two-sided Mann-Whitney
test); m. BLI at 15 d after intracardiac injection of RARRES2-OE and Control 4T1 cells. The dots on the right represent the photon flux
in brain for each mouse at day 15 (n=5 for Control, n=6 for RARRES2-OE). Two-tailed unpaired-samples t test; n. BLI of brain and liver
from mice receiving intracardiac injection in the experiments. The dots on the right represent the photon flux in brain or liver for each
mouse at day 15 (n=5 for Control, n=6 for RARRES2-OE). *P=0.0401 (two-tailed unpaired-samples t test). RARRES2. Retinoic acid

receptor responder 2; RARRES2-OE. RARRES2 overexpression; ns. Non-significant

Furthermore, we extended our investigation to identify
RARRES?2 co-expressed genes in the single-cell transcriptome
data (Additional file 1: Fig. S1d) of breast cancer and BrM
cancer epithelial cells respectively, and explored the biological
processes regulated by RARRES2. Notably, genes exhibiting
a positive correlation with RARRES2 were predominantly
associated with tumor metastasis-related processes, including
biological adhesion, cell migration and proliferation (Fig. 3c).
On the other hand, genes showing a negative correlation with
RARRES?2 expression were primarily involved in material and
acid metabolism (Fig. 3d). These findings provide further
insights into the potential regulatory roles of RARRES2 in the
biological processes associated with breast cancer metastasis.

To further investigate the molecular alterations associated
with RARRES?2 overexpression, we conducted transcriptomic
sequencing in RARRES2-OE cells and control MDA-MB-231
cells. Differentially expressed genes [log, (FC) >1 or log,
(FC) <-1, P<0.0S, Fig. 3e] were shown to be enriched in
metastatic biological processes, such as cell adhesion (Fig. 3g).
In addition, functional enrichment analyses further
highlighted lipid metabolic processes, including phospholipid
efflux. Moreover, gene-set enrichment analysis based on
the Kyoto Encyclopedia of Genes and Genomes database
indicated upregulation of glycerophospholipid metabolism
and biosynthesis of pantothenate and CoA, while retinol
metabolism and steroid hormone biosynthesis were down-
regulated in RARRES2-OE group (Fig. 3f). Notably, pathway
analyses of differentially expressed genes also identified
PI3K signaling pathway (Fig. 3g). These findings provide
insights into the molecular changes associated with RARRES2
overexpression, particularly highlighting alterations in
metastatic processes, lipid metabolism, and the PI3K signaling

pathway.
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By integrating the findings from our analyses of public
databases, single-cell transcriptome sequencing data, and
transcriptomic profiling of RARRES2-OE cells, we have
formulated a hypothesis that RARRES2 may play a role in the
regulation of lipid metabolic reprogramming through PI3K
signaling pathway to mediate BCBrM.

RARRES?2 alters lipid metabolism in MDA-MB-231 cells

To investigate the role of RARRES2 in regulating lipid
metabolism in BCBrM, we conducted untargeted lipidomic
profiling in RARRES2-KD and its control MDAMB-231
cells, and observed remarkable alterations in lipid metabolites
(Fig. 4a, b). Specifically, we noted an increase in the levels of
phosphatidylcholine (PC) and phosphatidylethanolamine
(PE), which are crucial components of the glycerophospholipid
family (Fig. 4c). In contrast, there was a decrease in the levels
of TAGs (Fig. 4c). Pathway analysis of differentially expressed
lipids revealed a significant enrichment of glycerophospholipid
metabolism, sphingolipid metabolism, and glycerolipid
metabolism (Fig. 4d). Furthermore, RNA-sequencing of
RARRES2-OE and its control MDAMB-231 cells revealed
that RARRES?2 regulates the expression of genes involved in
the glycerophospholipid metabolism, fatty acid synthesis, and
cholesterol synthesis, such as FASN, stearoyl-CoA desaturase
(SCD), HMGCR, carnitine palmitoyltransferase 1A (CPT1A),
and phosphatidylserine synthase 1 (PTDSS1) expression
etc. (Fig. 4e). Additionally, RT-qPCR also confirmed the
upregulated expression of ACACA and HMGCR following
RARRES2 knockdown (P=0.006, P=0.0007, P<0.0001,
Fig. 4f). These findings strongly indicate that decreased
expression of RARRES?2 is closely associated with dysregulated
lipid metabolism in MDA-MB-231 cell line, suggesting a
potential role for RARRES2 in modulating lipid metabolism
in BCBrM. Glycerophospholipids, particularly PC, are



Li et al. Mil Med Res 2023
http://mmrjournal.biomedcentral.com

a Score b Viral m diti Score
) ) yocarditis - [ s
o Neutr.ophll cherr.wtams . 20 Leishmaniasis - ° %
Axonlextensm.n |n\|/olved in axbonl'gundance ( ] 15 PI3K-Akt signaling pathway - . 15
Glycosaminoglycan metabolic process . 10 Dilated cardiomyopathy - @ ;O
Nuclear pore complex assembly () mTOR signaling pathway - @
. . Count 9 9P Y
Phosphatidylinositol phosphorylation (] P Sphingolipid signaling pathway - @ Count
Negative regulation of DNA recombination ° Q@ Phenylalanine metabolism - @ @ 20
DNA double-strand break processing @ .15 Ether lipid metabolism - @ :40
. . . 60
Triglyceride homeostasis @ .20 Regulation of lipolysis in adipocytes - @
Lipoxygenase pathway @ Glycolysis/gluconeogenesis - @
1 2 3 0 . 4
—log,, (P-value) —log,, (P-value)
c d
Nucleobase-containing small molecule ° Score
Biological adhesion- @ Score metabolic process 125
Defense response- @ 15(5) Apoptotic process: @ 100
0 v ic aci i d
Q Circulatory system development iR . g Carboxylic acid metabolic process- @ 75
Regulation of cell migration- e <o Glyceraldehyde-3-phosphate metabolic process - « 50
Negative regulation of cell proliferation- « Mitochondrion organization-® Count
Count H i 20
Vasculature development - :TO Cytoplasmic translation- ® :40
Cell migration- ® @60 ATP synthesis coupled electron transport- ( ] .60
2z Extracellular matrix organization- ° @30 s rRNA metabolic process- @
& =
Chemotaxis- ° @0 Cellular macromolecular complex assembly - @
Regulation of signal transduction- o Ribosomal large subunit biogenesis-e
5 10 15 20 5 10 15 20 25
—log,, (P-value) —log,, (P-value)
€ —~ f Glycerophospholipid metabolism Pantothenate and CoA biosynthesis
4 1 RARRES2 o B - o
1 8 NES=133 @ s NES=1.37
! e Down-regulated o FDR=0.24 o FDR=0.22
L} J L o o 03
1 1~ Non-significant 9 02 D o2
°I 19 Up-regulated £ o £ o1
200 11 @ 0.0 L o,
1 £ £
o [ S 5
=2 1 £ =
2 1 w S -
a [ RARRES2-OE Control RARRES2-OE Control
3 [ . .
=3 "B Retinol metabolism Steroid hormone biosynthesis
9 100 t Rl —
| [N [ NES=-0.99 8 o NES=-0.96
RN W N o FDR=0.78
=3 g
¢ g 0.2 : -0.2
LA £ ol § o
ol L1 | RN PR g =
< L £ L
-30 -20 -10 0 10 20 30 = ”I | ‘ I I ‘ | ' W S
. IS RARRES2-OE Control
RARRES2-OE Control
g Sensory perception of sound- . —log,, (P-value)
Negative regulation of endothelial cell apoptotic process - o 35
Plasminogen activation - (] 30
Regulation of membrane potential - .
Positive regulation of ERK1 and ERK2 cascade- (@) Count
Acute-phase response - () @50
Positive regulation of cell adhesion- @ @5
Positive regulation of PI3K signaling - @ @0

Induction of bacterial agglutination -@
Blood coagulation, fibrin clot formation-@
30 35 40
~log,, (P-value)

Fig. 3 (See legend on next page.)

43



Li et al. Mil Med Res 2023
http://mmrjournal.biomedcentral.com

(See figure on previous page.)

Fig. 3 Enrichment analyses indicate RARRES2 regulates lipid metabolic reprogramming and PI3K signaling pathway in
breast cancer.

RARRES2 co-expression genes in TCGA-BRCA were analyzed for enrichment in Gene Ontology (GO) biological processes (a) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (b). The size of each bubble represents the number of genes, while
the color represents the enrichment score; GO biological process enrichment analysis of RARRES2 positive (c) or negative (d) co-
expression genes in scRNA-seq of primary and BrM cancer epithelial cells mentioned in Fig. 1d; e. Volcano plot showing the
differentially expressed genes between RARRES2-OE and control MDA-MB-231 cells. Genes expressed at significantly higher levels
in RARRES2-OE group are shown in red; genes expressed at significantly lower levels, blue; genes expressed non-significantly
differently in the two cell lines, gray. The dashed lines indicate the cut-off in log, (FC) and log,, (P-value) for a gene to be considered
differentially expressed; f. Gene set enrichment analysis of the differentially expressed genes between RARRES2-OE and control
MDA-MB-231 cells showed upregulation of glycerophospholipid metabolism and biosynthesis of pantothenate and CoA, as well as
downregulation of retinol metabolism and steroid hormone biosynthesis; g. Differentially expressed genes in panel (e) were analyzed
for enrichment in GO biological processes. The size of each bubble represents the number of genes in the process, while the color
represents the -log,, (P-value). RARRES2. Retinoic acid receptor responder 2; PI3K. Phosphatidylinositol 3-kinase; FC. Fold change;
BrM. Brain metastasis; ScCRNA-seq. Single-cell RNA-sequencing; RARRES2-OE. RARRES2 overexpression; mTOR. Mammalian target of

rapamycin; NES. Normalized enrichment score; FDR. False discovery rate

the predominant structural lipid components of cellular
membranes. PC accounts for over 50% of all membrane
phospholipids and is primarily enriched in the outer leaflet
of neurons and glial cells. It serves as both a structural lipid
and a signaling lipid, supporting normal brain function. In
contrast, TAGs, the common storage form of fatty acids, are
considerably less abundant in the brain compared to other
tissues[8]. This disparity suggests that the brain accumulates
specialized lipids to support neural activity, rather than relying
on TAGs. As for fatty acid metabolism, previous study has
indicated that non-brain-metastatic cells exhibit a fatty acid
oxidation signature, whereas fatty acid synthesis is necessary
for BCBrM[9]. Based on these observations, it is reasonable
to propose that RARRES2-down-regulated breast cancer
cells decreased cellular level of TAGs to adapt to the low-TAG
microenvironment of the brain. Simultaneously, they increase
cellular levels of PC to facilitate cancer cell growth in the brain,
aligning with the seed-and-soil hypothesis[21].

To investigate whether interference with RARRES2-
mediated lipid metabolic reprogramming affects the malignant
phenotype of breast cancer cells, we conducted experiments
using etomoxir, a CPT1 inhibitor, on MDA-MB-231 cell line
with altered RARRES?2 expression. Interestingly, we observed
that in RARRES?2 knockdown cells, the inhibition of CPT1
significantly reversed cell proliferation compared with control
cells (P=0.0079, Fig. 4g). Collectively, the combination of
genetic, metabolic, transcriptomic, and functional evidence
provides compelling support for the role of RARRES2 in
regulating lipid metabolism.

RARRES2 negatively regulates PTEN-mTOR-SREBP1
signaling pathway
Lipid metabolic reprogramming is tightly regulated by various
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metabolic pathways involved in the synthesis and degradation
metabolites. Notably, the PI3K/mTOR axes and their
downstream SREBP signaling[22], emerged as key regulatory
hubs in lipid metabolism.

Recent evidence has highlighted the significance of
PIK3CA mutation as the primary mutation associated with
BCBrM, and the essential role of SREBP1 in promoting breast
cancer cell proliferation in the brain[8]. A study disrupting
lipid metabolism in braintropic TNBC cells (HCC1806)
through SREBP1 knockout has demonstrated a significant halt
in BCBrM[8]. Drawing from these findings and our functional
enrichment analyses (Fig. 3b, g), we propose that RARRES2
may modulate lipid metabolic reprogramming through the
mTOR-SREBP1 signaling pathway. In line with this hypothesis,
the protein levels of p-Akt, mTOR, p-mTOR, SREBP1/cleaved
SREBP1 varied inversely with RARRES2-KD or RARRES2-
OE (Fig. Sa), indicating a negative regulatory role of RARRES2
on the mTOR-SREBP1 signaling pathway in MDA-MB-231
cells. Furthermore, we corroborated the association between
RARRES2 and SREBF1 in an independent patient cohort
of 22 BCBrM cases[20], and found a negative correlation
between RARRES?2 expression and SREBF1 (Additional file 1:
Fig. S3). Another critical player in this context is PTEN, a
tumor suppressor frequently lost in TNBC and associated
with PI3K pathway activation[23]. The percentage of PTEN
loss/mutation has been reported to be as high as 35%-40% in
TNBC[24]. Moreover, PTEN was within the top S genes with
genomic alterations in a genomic landscape of BCBrM[25].
Previous studies have reported that RARRES2 regulates the
PI3K-mTOR axis via PTEN[13,26], and we observed that the
protein level of PTEN varied directly with RARRES2 (Fig. Sa).

To investigate whether the pro-oncogenic effects of
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RARRES?2 deficiency can be reversed by inhibiting the mTOR
pathway, we treated RARRES2-KD and its control MDA-
MB-231 cells with the mTOR inhibitor rapamycin. The results

demonstrated that rapamycin treatment significantly reversed

the increased proliferation and invasion observed in RARRES2-

KD cells (P=0.0017, P=0.0133; Fig. Sb, c). Furthermore,
Western blotting analysis revealed that rapamycin treatment
reversed the elevated levels of p-mTOR and SREBP1
expression induced by RARRES2 knockdown (Fig. 5d).

CMKLRI is the primary receptor through which RARRES2
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Fig. 4 RARRES2 regulates lipid metabolism in MDA-MB-231 cells.

a. Correlation heatmap shows the lipid profiles between shRARRES2-2 and shControl MDA-MB-231 cells detected by untargeted
lipidomic analysis; b. Volcano plot showing the differentially expressed lipid metabolites in shRARRES2 in comparison to shControl
samples. Blue and red circles represent lipid species that were significantly down-regulated and up-regulated, respectively, in
shRARRES2 cells; c. Relative differences in the content of lipid species between shRARRES2 and shControl MDA-MB-231 cells;
d. Metabolic pathways that were significantly upregulated in shRARRES2 MDA-MB-231 cells, based on our lipidomic profiling and the
KEGG human metabolome database; e. Heatmap of lipid metabolism genes differentially expressed between RARRES2-OE and control
MDA-MB-231 cells. Each column in the matrix corresponds to a sample. Blue squares indicate genes downregulated in RARRES2-
OE cells; red squares indicate genes upregulated in RARRES2-OE cells; f. mRNA levels of ACACA and HMGCR in shRARRES2-1
and shControl MDA-MB-231 cells were examined by RT-qPCR. Levels of mRNA were normalized to those of GAPDH. **P=0.006,
***Pp=0.,0007, ****P<0.0001 (two-tailed unpaired-samples t test); g. Viability of sShRARRES2-2 and Control MDA-MB-231 cells treated
with 10 pmol/L etomoxir. The differences were tested for their significance using two-way ANOVA with Geisser-Greenhouse
correction: **P=0.0079. RARRES2. Retinoic acid receptor responder 2; KEGG. Kyoto Encyclopedia of Genes and Genomes; ACACA.
Acetyl-CoA carboxylase alpha; HMGCR. Hydroxymethylglutaryl-CoA reductase; RT-qPCR. Real-time quantitative polymerase chain
reaction; Car. Acylcarnitine; BMP. Bismonoacylglycerophosphate; CE. Cholesteryl ester; Cer_NDS. Ceramide non-hydroxyfatty acid-
dihydrosphingosine; Cer_NS. Ceramide non-hydroxyfatty acid-sphingosine; CL. Cardiolipin; DG. Diacylglycerol; DGTS/A. Diacylglyceryl
trimethylhomoserine/diacylglyceryl hydroxymethyl-N,N,N-trimethyl-B-alanine; HexCer_NDS. Hexosylceramide non-hydroxyfatty
acid-sphingosine; HexCer_NS. Hexosylceramide non-hydroxyfatty acid-dihydrosphingosine; LPC. Lysophophatidylcholine; LPE.
Lysophosphatidylethanolamine; PC. Phosphatidylcholine; PE. Phosphatidylethanolamine; PEtOH. Phosphatidylethanol; PG.
Phosphatidylglycerol; PMeOH. Phosphatidylmethanol; SM. Sphingomyelin; SQDG. Sulfoquinovosyl diacylglycerol; TAG. Triacylglycerol;

RARRES2-OE. RARRES2 overexpression; ns. Non-significant

exerts its biological functions[27]. Therefore, we further
investigated the role of CMKLR1 in RARRES2-mediated
lipid metabolic reprogramming and its downstream signaling.
Knockdown of CMKLR1 abolished the significant increase in
PTEN expression and the decrease in p-Akt expression observed
in RARRES2-OE cells (Fig. Se). Additionally, CMKLR1
knockdown resulted in an upregulation of FASN expression
at the mRNA level in both RARRES2-OE and control cells
(P<0.001, Fig. 5f). These findings collectively suggest that
RARRES2 regulates the PTEN-mTOR-SREBP1 axis, which in
turn regulates lipid metabolism and BCBrM in TNBC.

Discussion

Little is known about how brain-tropic breast cancer cells adapt
to the unique brain microenvironment. One distinct feature
of the brain microenvironment is the enrichment of lipids,
which determines the properties and organization of neurons
and glial cell membranes, as well as engages in intracellular
and transcellular signaling to maintain normal brain function.
Recent evidence suggests an important role of lipid metabolic
reprogramming in BCBrM[8,9]. However, the mechanisms
are far from being fully uncovered and no therapeutic targets
have been identified. In this study, we identified RARRES2,
a multifunctional adipokine and chemokine, as an essential
link between BCBrM and lipid metabolic reprogramming. We
uncovered the role of RARRES2 as a metabolic mediator that
shifts intracellular lipid contents of brain metastatic potential
TNBC cells through PTEN-mTOR-SREBP1 signaling pathway
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to facilitate cell survival in the brain microenvironment. We
provided evidence of RARRES2-mediated lipid metabolic
reprogramming as a previously unidentified mechanism in the
development of BCBrM.

While previous studies of RARRES2 mainly focused on
autoimmune diseases and obesity[11,12], our study reveals
a role of RARRES? in lipid metabolism in BCBrM. We
observed an upregulation of glycerophospholipids and a
downregulation of TAGs following RARRES2 knockdown.
From the physiological point of view, the brain has a unique
microenvironment. Lipids constitute approximately 50% of the
brain, making brain the “fattiest” organ in the human body. The
lipid composition of the brain is dominated by phospholipids,
including glycerophospholipids and sphingolipids, followed
by gangliosides and cholesterol, while the level of TAGs is
low([28]. Consistent with our findings, Jin et al.[8] recently
reported that highly brain-metastatic cells displayed increased
levels of glycerophospholipid and cholesterol species while
the levels of TAGs were decreased. Zhu et al.[29] also
observed a passive TAG accumulation after RARRES2-OE in
hepatic lipid metabolism. One possible explanation for this
lipid metabolism reprogramming is that breast cancer cells
need to adapt to this low-TAG, high-glycerophospholipid
microenvironment and obtain glycerophospholipid via de
novo synthesis or from other routes to survive in the brain. Jin
et al.[8] also identified that perturbation of lipid metabolism
through knocking out SREBP1 in brain-tropic breast
cancer cells, including TNBC cells, halted BCBrM. In fact,
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glycerophospholipids itself are closely associated with tumor
migration and metastasis. One form of glycerophospholipids,
the phosphatidylinositides were found to serve as membrane

trafficking regulators in cancer cells, and phosphatidylinositol

3,4,5-trisphosphate and phosphatidylinositol 4,5-bisphosphate
regulated cellular processes by impacting actin dynamics,
thus causing alterations in cellular metastatic capacity[30,31].

Although the mechanisms linking lipid metabolism alterations
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and BrM require further investigation, our data reveal a role of
RARRES? in this process and raise the potential therapeutic
opportunity of targeting RARRES2 in BCBrM.

Our study also showed that RARRES2 regulated lipid
metabolism through PTEN-mTOR-SREBP1 signaling
pathway. A few studies have also reported the positive
correlation between RARRES2 and PTEN via its G
protein-coupled receptor CMKLR1[13,26]. CMKLRI1 is
the predominant receptor of RARRES2, and is found in
microglia, ependymal cells, and tanycytes in the mouse
brain[32]. Previous studies have also demonstrated a negative
regulation of RARRES2 and PI3K pathway, which were in
accordance with our findings[13,33]. PI3K is not only an
important downstream mediator of human epidermal growth
factor receptor 2 but also reported to be associated with
BCBrM[34]. Moreover, PI3K pathway mutation showed the
top correlation associated with BCBrM in brain-metastatic
cell lines. Furthermore, PI3K pathway plays an important
role in lipid anabolism by activating the expression of several
genes involved in cholesterol and fatty acid biosynthesis[35].
SREBPs, downstream of the PI3K/mTOR axis, are essential
transcription factors mediating lipid synthesis[36]. SREBP1
was found to be selectively required for the growth of brain-
metastatic cells compared with cells without brain-metastatic
potential. This metastatic necessity was specific to the brain
but not to other organs[8]. Our results demonstrated that
RARRES?2 negatively regulated the expression of mTOR-
SREBP1, which not only revealed the detailed mechanism
of RARRES2 in regulating lipid metabolism, but more
importantly, reinforced the specific association between
RARRES?2 and BrM. Of note, we mainly focused on TNBC in
this study, and the association between RARRES2 and BCBrM

in other breast cancer subtypes needs further investigation.

Conclusions

In summary, our current study focused on BrM, the clinical
dilemma of breast cancer, and identified the specific association
between RARRES2 and BCBrM. We provided evidence
that lipid metabolic reprogramming mediated by RARRES2
is of essential importance for brain metastatic formation in
TNBC. Our results not only add new insights to the current
understanding of lipid metabolism and breast cancer BrM, but
also suggest potential therapeutic targeting of RARRES2 as an

intervention for this life-threatening disease.
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