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Abstract
Background: Proteins containing the Jumonji C (JmjC) domain participated
in tumorigenesis and cancer progression. However, the mechanisms underlying
this effect are still poorly understood. Our objective was to investigate the role of
Jumonji and the AT-rich interaction domain-containing 2 (JARID2) — a JmjC
family protein — in breast cancer, as well as its latent association with obesity.
Methods: Immunohistochemistry, The Cancer Genome Atlas, Gene Expres-
sion Omnibus, and other databases were used to analyze the expression of
JARID2 in breast cancer cells. Growth curve, 5-ethynyl-2-deoxyuridine (EdU),
colony formation, and cell invasion experiments were used to detect whether
JARID2 affected breast cancer cell proliferation and invasion. Spheroidization-
based experiments and xenotumor transplantation in NOD/SCID mice were
used to examine the association between JARID2 and breast cancer stemness.
RNA-sequencing, Kyoto Encyclopedia of Genes and Genomes, and Gene Set
Enrichment Analysis were used to identify the cell processes in which JARID2
participates. Immunoaffinity purification and silver staining mass spectrome-
try were conducted to search for proteins that might interact with JARID2.
The results were further verified using co-immunoprecipitation and glutathione
S-transferase (GST) pull-down experiments. Using chromatin immunopre-
cipitation (ChIP) sequencing, we sought the target genes that JARID2 and
metastasis-associated protein 1 (MTA1) jointly regulated; the results were val-
idated by ChIP-PCR, quantitative ChIP (qChIP) and ChIP-reChIP assays. A
coculture experiment was used to explore the interactions between breast cancer
cells and adipocytes.
Results: In this study, we found that JARID2 was highly expressed in multi-
ple types of cancer including breast cancer. JARID2 promoted glycolysis, lipid
metabolism, proliferation, invasion, and stemness of breast cancer cells. Fur-
thermore, JARID2 physically interacted with the nucleosome remodeling and
deacetylase (NuRD) complex, transcriptionally repressing a series of tumor
suppressor genes such as BRCA2 DNA repair associated (BRCA2), RB tran-
scriptional corepressor 1 (RB1), and inositol polyphosphate-4-phosphatase type
II B (INPP4B). Additionally, JARID2 expression was regulated by the obesity-
associated adipokine leptin via Janus kinase 2/signal transducer and activator
of transcription 3 (JAK2/STAT3) pathway in the breast cancer microenviron-
ment. Analysis of various online databases also indicated that JARID2/MTA1was
associated with a poor prognosis of breast cancer.
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Conclusion: Our data indicated that JARID2 promoted breast tumorigenesis
and development, confirming JARID2 as a target for cancer treatment.

KEYWORDS
breast tumorigenesis, JARID2, metabolism, the NuRD complex, tumor suppressor genes

1 BACKGROUND

Breast cancer surpassed the prevalence of lung cancer
in 2020, according to global cancer statistics, becoming
the most common malignant tumor worldwide [1, 2].
Although the diagnosis and treatment of breast cancer sub-
stantially improved in recent decades, its prophylaxis and
management are still an issue [3, 4].
Jumonji and the AT-rich interaction domain-containing

2 (JARID2) is a member of the Jumonji protein fam-
ily; these proteins contain the Jumonji C (JmjC) domain
and usually function as histone demethylases [5]. How-
ever, no demethylase activity of JARID2 has been detected
due to the mutation of key amino acids in the cat-
alytic domain of JARID2 [6]. JARID2 is an important
regulator of embryonic stem cell gene expression, which
is needed in the cellular signaling network that main-
tains pluripotency [7, 8]. Although the importance of
JARID2 in embryonic stem cells has been determined, its
role in the development and progression of solid tumors
remains to be explored, especially in regards to breast
cancer.
A study reported that embryonic stem cells with JARID2

deletion could not differentiate or exhibited delayed dif-
ferentiation [9]. JARID2 bound to H2AK119ub1 in a pro-
cess catalyzed by polycomb repressive complex 1 (PRC1)
through its N-terminal ubiquitin interaction motif (UIM)
[10]. JARID2 is a cofactor of PRC2; thus, it enhances the
in vitro activity of the histone methyltransferase of PRC2
in the presence of H2AK119ub1-containing nucleosomes
[11]. JARID2 bound to embryonic ectoderm development
(EED) within PRC2, which allosterically activated it by
methylation [12]. In addition, the combined presence
of JARID2 and AE binding protein 2 (AEBP2) partially
reduced the inhibition of PRC2 methyltransferase activity
by post-translational histone modifications of H3K4me3
and H3K36me3 [13].
The nucleosome remodeling and deacetylase (NuRD)

complex is one of the main types of chromatin remodeling
complexes [14, 15]. In eukaryotes, it is firmly conserved and
participates in multiple biological processes such as tumor
progression, chromatin assembly, and genome stability
[16]. The NuRD complex accelerated tumor progression
by silencing various tumor suppressor genes (TSGs) via its

deacetylase activity [17]. As the core subunit of the NuRD
complex, metastasis-associated protein 1 (MTA1) is criti-
cal in shaping the NuRD complex [18]. Studies showed
that the NuRD-PRC2 complex could mediate the dynamic
balance between H3K27 methylation and acetylation in
embryonic stem cells [14, 19]. The interplay between the
NuRD complex and PRC2 has also been reported in breast
cancer. A novel H3K27me2 reader, PHF20L1, cooperated
with MTA1 in promoting breast tumorigenesis [20]. How-
ever, it remains unclear whether JARID2, the cofactor of
PRC2, plays a role in the synergy between NuRD and the
PRC2 complex in breast cancer.
Recently, metabolic reprogramming has been identi-

fied as one of the ten hallmarks of cancer [21]. Glycolysis
and lipid metabolism are the two metabolic pathways
enhanced in tumors; these changes provide energy sup-
port for cancer cells and promote the proliferation and
metastasis of malignant tumors, including breast can-
cer [22]. Moreover, the production and utilization of
energy in breast cancer are imbalanced, and this imbal-
ance represents a non-neoplastic feature in the tumor
microenvironment [23].
Obesity is one of the most conspicuous health con-

cerns worldwide and confirmed as a risk factor for
postmenopausal breast cancer [24]. In addition, obesity-
specific cytokines, mainly leptin, are associated with
some hallmarks of breast cancer, like increased cellu-
lar metabolism, sustained proliferative signaling, activated
invasion, and metastasis [25]. Therefore, further research
is essential to comprehend better the relationship between
breast cancer and obesity. The prevalence of metabolic-
related diseases, such as obesity, gradually increase each
year. Dysregulated cellular metabolism, obesity and breast
cancer are clearly linked [26]. Obesity can cause alterations
in the metabolic pathways involved in the development
and progression of breast cancer and in the microenviron-
ment of breast tumors. However, the role which JARID2
has in this interplay between obesity and the metabolism
of breast tumor, aswell as its underlyingmechanism, needs
to be further investigated.
In this study, we mainly discussed the potential role

of JARID2 in breast cancer and the latent association
between its expression and adipocytes, with the purpose
of expanding the future joint research of breast cancer and
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obesity and laying an experimental basis for future drug
development.

2 MATERIALS ANDMETHODS

2.1 Antibodies

The following antibodies were used in this study: anti-
FLAG (1:100,000; F1408; Sigma-Aldrich, Burlington, MA,
USA), anti-β-actin (1:200,000, A1978, Sigma-Aldrich),
anti-leptin receptor (LEPR, 1:250, sc-8391, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-signal trans-
ducer and activator of transcription 3 (STAT3, 1:1,000,
sc-8019, Santa Cruz Biotechnology), anti-JARID2 (1:2,000,
NB100-2214, Novus Biologicals, Minneapolis, MN, USA),
anti-MTA2 (1:1,000, ab8106, Abcam, Cambridge, UK),
anti-c-Myc (1:2,000, ab32072, Abcam), anti-SRY-box
transcription factor 2 (SOX2, 1:1,000, ab97959, Abcam),
anti-histone deacetylase 1 (HDAC1, 1:1,000, ab7028,
Abcam), anti-POU class 5 homeobox1 (OCT4, 1:1,000,
ab19857, Abcam), anti-HDAC2 (1:1,000, ab7029, Abcam),
and anti-histone 3 (H3, ab127163, Abcam), anti-MTA1
(1:1,000, #5647S, Cell Signaling Technology, Danvers,
MA, USA), anti-methyl-CpG binding domain protein 3
(MBD3, 1:1,000, #14540S, Cell Signaling Technology),
anti-BRCA2 DNA repair associated (BRCA2, 1:1,000,
#10741S, Cell Signaling Technology), anti-RB transcrip-
tional corepressor 1 (RB1, 1:1,000, #9309S, Cell Signaling
Technology), anti-inositol polyphosphate-4-phosphatase
type II B (INPP4B, 1:1,000, #8450S, Cell Signaling Tech-
nology), anti-enhancer of zeste 2 (EZH2, 1:2,000, #5246S,
Cell Signaling Technology), anti-KLF transcription factor
4 (KLF4, 1:2,000, #12173S, Cell Signaling Technology),
anti-Nanog homeobox (NANOG, 1:1,000, #4903S, Cell Sig-
naling Technology), anti-phospho-Stat3 (Ser727) (1:2,000,
#9134T, Cell Signaling Technology), anti-phospho-Stat3
(Tyr705) (1:2,000, #9145S, Cell Signaling Technology), anti-
p44/42 mitogen-activated protein kinase (MAPK, 1:1,000,
#4695T, Cell Signaling Technology), anti-phospho-
p44/42 MAPK (Thr202/Tyr204) (1:2,000, #9101S, Cell
Signaling Technology), and anti-RB binding protein 7/4
(RbAp46/48, 1:1,000, #4633S, Cell Signaling Technology),
anti-H3K27me3 (07-449, Millipore, Burlington, MA,
USA), and anti-H3K27ac (07-360, Millipore). For the
chromatin immunoprecipitation (ChIP) experiment, the
following antibodies (2 μg for each sample) were used:
anti-H3, anti-H3K27me3, anti-H3K27ac, anti-JARID2,
anti-MTA1, anti-EZH2, anti-phospho-Stat3 (Tyr705),
anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
and anti-Phospho-Akt (Ser473) (#4060S; Cell Signaling
Technology). Anti-JARID2 (1:100/1:300/1:500) was used to
perform immunohistochemistry (IHC).

2.2 Transfection and plasmid
construction

Small hairpin RNAs (shRNAs) and endoribonuclease-
prepared siRNAs (esiRNAs) were purchased from Sigma-
Aldrich, while siRNAswere purchased fromGenePharma,
Shanghai, China. A JARID2 overexpression lentivirus
(FLAG-JARID2) was generated to do the overexpression
and rescue experiments. Briefly, lentiviruses for gene
knockdown or overexpressionwere transfected using poly-
brene reagent (Sigma-Aldrich), and the infected cells were
selected with puromycin. The esiRNAs and siRNAs for
gene knockdown were transfected with Lipofectamine R©

RNAiMAX reagent (Invitrogen). All esiRNA, siRNA, and
shRNA sequences used in this study are listed in Supple-
mentary Tables S1-S2.
Complementary DNAs (cDNAs) were cloned into

p3xFLAG-CMV-9, pCMV-Tag2B, pcDNA3.1-A, and pGL3-
Basic plasmids, all purchased from Addgene, Watertown,
MA, USA, and pGEX-4T-3 purchased from GE Life Sci-
ences, Chicago, IL, USA. All the plasmids were verified by
DNA sequencing, using the Sangermethod. Plasmids were
transfected with TurboFect (Thermo Fisher Scientific).

2.3 Tissue specimens

A total of 6 pairs of breast cancer tissues and adjacent nor-
mal tissues were obtained from patients diagnosed with
breast cancer during Jan-Feb 2022 at Cancer Hospital, Chi-
nese Academy of Medical Sciences (Beijing, China). All
samples were frozen in liquid nitrogen immediately after
surgical resection. Clinical characteristics of patients are
described in Supplementary Table S3.

2.4 Cell culture and coculture assays

Human breast cancer cell lines (MCF-7, T-47D, BT-474,
MDA-MB-231, Hs 578T and MDA-MB-468), human non-
malignant breast epithelial cells (MCF-10A), and human
embryonic kidney cells (HEK293T) were originated from
the American Type Culture Collection (ATCC, Manassas,
VA, USA).
MDA-MB-231 cells were cultured in an L-15 medium

(Cytiva) containing 10% fetal bovine serum (FBS, Gbico,
Invitrogen) without CO2 at 37◦C. MCF-10A cells were cul-
tivated in mammary epithelium basal medium (MEBM)
supplemented with bovine pituitary extract, human
recombinant epidermal growth factor (hEGF), insulin,
hydrocortisone and GA-1000 (Lonza, Basel, Switzerland)
in 5% CO2 at 37◦C. In addition, other cells were culti-
vated in Dulbecco’s modified Eagle’s medium (DMEM,
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Biological Industries, Beit HaEmek, Israel) containing
10% FBS and 5% CO2 at 37◦C.
Human preadipocytes (Zhejiang Meisen Cell Technol-

ogy Co., Ltd., Jinhua, Zhejiang, China) were cultured
and differentiated according to the following procedure.
After reaching 90% confluence, human preadipocytes
were digested with trypsin-ethylenediaminetetraacetic
acid (EDTA, Gibco, Invitrogen), and the resuspended cells
were inoculated in 6-well plates (BIOFIL, Guangzhou,
Guangdong, China). Approximately 2 days after reach-
ing contact inhibition, differentiation of preadipocytes was
induced by their culture in a specific DMEM medium
containing 10% FBS, 10 μg/mL insulin (Solarbio, Beijing,
China), 0.5 mmol/L isobutylmethylxanthine (Solarbio),
and 1 μmol/L dexamethasone (Solarbio) for 2 days. Then
the medium was replaced with a special DMEM medium
with 10% FBS and 10 μg/mL insulin. After 2 days, the
mediumwas replacedwith a normal DMEMmediumwith
10% FBS. After 12 days, Oil red O staining (Solarbio) was
used to verify differentiation efficiency.
The coculture assay was implemented in the follow-

ing ways. Preadipocytes (1 × 105 cells/well) were planted
in the lower chamber of a 24-well plate (BD Biosciences,
Franklin Lakes, NJ, USA), induced and differentiated for
12 days as described above; breast cancer cells (5 × 104
cells/well) were further placed in the upper transwell
chamber (Corning, Corning, NY, USA) to form a coculture
with adipocytes. To evaluate the influence of adipocytes
on the invasion of breast cancer cells, after 18-24 h of
coculture, we stained the lower side cells with crystal
violet, wiped off the upper side cells with cotton swabs,
and counted the cells with the ImageJ software (National
Institutes of Health, NIH, Bethesda, MD, USA). For each
membrane, three independent fields were selected for
counting.
Human patient-derived primary breast cancer cells

(M-CH1199, Shanghai Mcellbank Biotechnology Co., Ltd,
Shanghai, China) were cultivated in DMEM/F12 (M-
CH1199-500, Shanghai Mcellbank Biotechnology Co., Ltd)
containing specific additives [basic fibroblast growth fac-
tor (bFGF), insulin, ascorbic, L-glutamine, and hEGF], 1%
penicillin/streptomycin, 10% FBS and 5% CO2 at 37◦C. The
remaining culture conditions were the same as those used
for HEK293T cells.
The appropriate conditions and duration of leptin treat-

ment were explored. Cells were starved in serum-free
medium for 16 h, synchronized, and then similarly treated
with different concentrations of leptin (H0317, PEPRO-
TECH, Thermo Fisher Scientific, Waltham, MA, USA),
PD98059 (an MAPK/ERK inhibitor, S1177), LY294002
[a phosphoinositide 3-kinase (PI3K) inhibitor, S1105],
FLLL32 [a Janus kinase 2/signal transducer and acti-
vator of transcription 3 (JAK2/STAT3) inhibitor, S7259]

purchased from Selleckchem, Houston, TX, USA or Col-
ivelin (an agonist) purchased from MedChemExpress,
Monmouth Junction, NJ, USA.

2.5 RNA-sequencing (RNA-seq) and
real-time quantitative PCR assay
(RT-qPCR)

For RNA-seq, total RNA from MDA-MB-231 cells infected
with shJARID2#2 or shSCR lentivirus was extracted using
TRIzol reagent (Invitrogen). RNA quality was checked
using Agilent 2100 Bioanalyzer (Agilent Technologies).
Then RNA libraries were prepared for sequencing using
standard capital biotech protocols. Trimmomatic (version:
v0.39) was used for filter reads, andHisat2 (version: v2.0.4)
was used to map clean reads to a reference genome (hg38)
using the default parameters. The genome sorted BAM
file was indexed using Samtools (version: v1.7). We used
the fragments per kilobase per million mapped fragments
(FPKM)method and featureCounts (version: v2.0.1) to cal-
culate the level of expression of genes. DESeq2 was used to
determine differentially expressed genes (DEGs) (P< 0.001
and |fold change| > 1.5). The Kyoto Encyclopedia of Genes
and Genomes (KEGG, http://david.ncifcrf.gov/) and Gene
Set EnrichmentAnalysis (GSEA, version: v4.2.3)were used
to performpathway analysis. The aforementioned rawdata
are available at www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc = GSE202868.
For the RT-qPCR assay, TRIzol reagent was used to

extract total RNA. DNase/RNase-free water (Solarbio) was
used to dissolve it and eliminate DNA contamination.
Then cDNA was prepared using TranScript One Step
cDNA Synthesis SuperMix Kit (TransGen, Beijing, China).
TransStart TopGreen qPCRSuperMix (TransGen) andABI
PRISM 7500 FAST Sequence Detection System (Applied
Biosystems, Waltham, MA, USA) were used to detect all
transcripts, and quantitation of gene expression was per-
formed applying the comparative CT method (2−ΔΔCT).
Actin beta (ACTB) was used as an internal reference gene.
Each test was performed three times. All primer sequences
are listed in Supplementary Table S4.

2.6 Mass spectrometry

HEK293T cells were transfected with FLAG-tagged
JARID2 and incubated for 48 h. Anti-FLAG M2 affinity
gel (A2220, Sigma-Aldrich, Burlington, MA, USA) was
then used to prepare the anti-FLAG immune affinity
columns. Approximately 4 × 108 cells were used to pre-
pare cell lysates. The lysates were placed in a balanced
flag column to allow the protein complex to bind to

http://david.ncifcrf.gov/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc
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the column resin. Next, the column was washed with a
special cold buffer (500 mmol/L KCl, 2 mmol/L EDTA,
10% glycerol, 50 mmol/L Tris, complete phosphatase
and protease inhibitor cocktails), and the FLAG peptide
(0.2 mg/mL, F4799, Sigma-Aldrich) was used to elute
the FLAG protein complex. The proteins were separated
using Nu-polyacrylamide gel electrophoresis (Nu-PAGE).
Data obtained after silver staining and mass spectrometry
sequencing were analyzed.

2.7 Co-immunoprecipitation and
Western blotting

For co-immunoprecipitation (co-IP) experiments, cells
were washed with cold phosphate-buffered saline (PBS)
three times. Cells were treated with a specific lysis buffer
containing 150 mmol/L NaCl, 0.5% NP-40, complete phos-
phatase and protease inhibitor cocktails (04693132001,
Roche, Basel, Switzerland), 50mmol/LTris-HCl, 1mmol/L
EDTA, and 0.25% sodiumdeoxycholate for 1 h at 4◦C.Next,
the lysates were centrifuged at 13,523 × g and 4◦C for 15
min in a centrifuger (Eppendorf 5424R). The correspond-
ing primary antibodies were added to the cell extracts, and
the mixture was shaken overnight at 4◦C. DynabeadsTM
Protein G (10004D, Invitrogen, Carlsbad, CA, USA) was
added to the mix, which was gently shaken for 2 h at 4◦C.
Next, cell lysis buffer was used to wash Protein G beads
five times at 4◦C. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE)was performed to separate
the obtained conjugate. After incubation with secondary
antibodies, detection of proteins was performed using an
enhanced chemiluminescence (ECL System).

2.8 GST pull-down assays

GST-fusion constructs were expressed in Escherichia coli
BL21 cells (C504-02/03, Vazyme, Nanjing, Jiangsu, China).
Crude bacterial lysates were prepared by sonicating the
cells in PBS containing a protease inhibitor cocktail at 4◦C.
Then 30 μL Glutathione SepharoseTM 4B beads (17075601,
Cytiva, Marlborough, MA, USA) were added to the mix-
ture and blended at 4◦C for 2 h, to purify the GST-fusion
proteins. T3 coupled reticulocyte lysate system (L4950,
Promega, Madison, WI, USA) and T7 quick coupled tran-
scription/translation system (L1170, Promega)were used to
conduct the in vitro transcription and translation assays. In
total, 10 μL mix of transcription/translation products and
approximately 10 μg of corresponding GST-fusion protein
were incubated at 25◦C with a special buffer (contain-
ing 0.8% bovine serum albumin and a protease inhibitor
cocktail in PBS) for 30 min. The 4B beads were washed

five times, and 30 μL loading buffer was added. Beads
were boiled at 95◦C for 10 min. SDS-PAGE was conducted
to separate the obtained conjugate. Western blotting was
used to detect protein bands after treatment with specific
antibodies.

2.9 Luciferase reporter assays

For luciferase reporter assays, promoter fragments of
the genes of interest were designed, inserted into pGL3-
basic plasmids and co-transfected with the substrates into
HEK293T cells. After 48 h, the cells were taken out.
Dual-luciferase kit (E1910, Promega) was used to detect
luciferase activity in accordance with the manufacturer’s
instructions. Each test was conducted three times.

2.10 ChIP-seq, qChIP, and Re-ChIP
assays

For ChIP experiments, approximately 5 × 107 MDA-MB-
231 cells were collected, crosslinked with formaldehyde,
sonicated, and centrifuged at 13,523 × g and 4◦C for 15
min. The supernatant was collected, then treated with 2 μg
of the corresponding ChIP grade antibodies; the mix was
incubated at 4◦C overnight. Next, 10 μLDynabeadsTM Pro-
tein G was added, and the mix was incubated at 4◦C for 4
h. The beads were cleaned sequentially with specific low-
and high-salt ChIP wash buffers. De-crosslinking was per-
formed by incubating the eluent at 65◦C overnight. Finally,
the enrichedDNAwas recoveredwith NucleoSpin Gel and
PCR Clean-up Kit (740609, MACHEREY-NAGEL, Düren,
North Rhlne-Westphalia, Germany).
For qChIP experiments, TransStart Top Green qPCR

SuperMix was used to detect enrichment status.
For Re-ChIP experiments, 20mmol/L dithiothreitol was

used to elute the immune complex. ChIP dilution buffer
was used to dilute the eluent. A second ChIP reaction was
performed. The beads were eluted with Tris-EDTA buffer
containing 1% SDS. DNA recovery steps were the same as
those in ChIP experiments. The enriched DNA template
was detected by conventional PCR.
For ChIP-seq experiments, the TruePrep DNA Library

Prep Kit (Vazyme) was used to conduct DNA library
construction. ChIP-seqwas performed byCapitalBio Tech-
nology, Beijing, China. Basecall files were generated using
Illumina BCL2fastq version v1.8.4. Data were filtered using
theNGSQCToolkit version v2.3.3.High-quality readswere
aligned against the human genome (hg19) using Bowtie
(version 0.12.8). The expression peaks were analyzed using
model-based analysis for ChIP-Seq. ChIPseeker was used
to determine the genomic distribution of JARID2-binding
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sites. Motif analysis was conducted using Multiple Em for
Motif Elicitation (https://meme-suite.org/meme/).
ChIP-seq dataset is available at www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE202867. All qChIP primer
sequences are listed in Supplementary Table S5.

2.11 Colony formation and cell invasion
assays

For colony formation assays, cells (5,000 cells/well) were
seeded and cultured in 6-well plates for approximately 14
days. Afterwards, cells were stained with crystal violet.
For cell invasion assays, transwell chamber filters were

coated with Matrigel matrix (BD Biosciences, Franklin
Lakes, NJ, USA). Cells were resuspended with serum-free
medium; 2-4 × 104 cells were put into the upper chamber
of the transwell plates. In total, 500 μL culture medium
with 10% FBSwas placed into the lower chamber and incu-
bated at 37◦C for 18-24 h. Crystal violet was used to stain
cells in the lower chamber. To evaluate the efficiency of
the invasion, the cells on the filters of the upper tran-
swell chamber were wipedwith cotton swabs. Stained cells
were counted with ImageJ. For each membrane, three
independent regions were selected for counting.

2.12 Second-generation sphere
formation assays

For first-generation sphere formation, 0.5 × 104 cells were
cultivated in ultra-low attachment plates with DMEM/F12
culture medium (Gbico) containing 20 ng/mL bFGF, B-27
(Invitrogen), 0.4% bovine serum albumin, 5 μg/mL insulin
(Invitrogen), and 10 ng/mL hEGF, without serum supple-
mentation [27]. The diameters and numbers of spheres
were measured and counted at day 15. The first-generation
spheres were then collected and centrifuged at 60 × g and
25◦C for 4 min. The precipitated cells were digested with
trypsin and counted. The same experimental steps were
repeated to obtain second-generation spheres.

2.13 Extracellular acidification rate
(ECAR), free fatty acid (FFA), and
triglyceride (TG) detection

The ECAR was determined using a Seahorse XF Gly-
colysis Stress Test Kit (103020-100, Agilent Technologies,
Santa Clara, CA, USA) according to the instructions of
the manufacturer and analyzed using a Seahorse XFe24
Extracellular Flux Analyzer (Seahorse Bioscience, North
Billerica, MA, USA).

The concentrations of FFA (BC0595, Solarbio) and TG
(BC0625, Solarbio) were determined using the correspond-
ing kits as indicated in their instructions.

2.14 Mouse xenograft models

To evaluate the in vivo tumor formation capacity, MDA-
MB-231 cells, infected with shSCR or shJARID2 lentivirus,
were mixed with Matrigel matrix and injected at various
cell numbers (5 × 103, 1 × 103, 5 × 102, or 100 cells) into
the mammary fat pads of 6-week-old NOD/SCID female
mice (n = 6, Vital River Laboratory Animal Technology,
Beijing, China). Tumor growth was gauged continuously
for 2 months. The tumor volume was calculated by the
formula: volume = 0.5 × length × width2. Tumors grew
to a maximum of 10% of the animal’s original weight,
and their average diameter did not exceed 20 mm. Mice
were euthanized using cervical dislocation. Extreme lim-
iting dilution analysis (ELDA) was used to calculate the
frequency of tumor-initiating cells [28]. ELDA is suitable
for any limiting dilution problem, but special methods are
implemented to give reliable results in extreme data sit-
uations. The calculations were performed at this website:
https://bioinf.wehi.edu.au/software/elda/index.html.

2.15 Immunohistochemical staining

JARID2 expression in tumor and marginal tissues of mul-
tiple organs (the breast, bladder, colon, liver, kidney, lung,
esophagus) was determined by IHC (Alena Biotechnol-
ogy, Xi’an, Shaanxi, China). This experimental work was
largely completed byAlena Biotechnology. In brief, the fol-
lowing steps were performed: slices were maintained at
60◦C for 30 min, dewaxed and hydrated; the antigen was
retrieved; the endogenous peroxidase was blocked with
H2O2; non-immune animal serum was added at 25◦C;
JARID2 antibody (1:500) was added, and the mix was
refrigerated at 4◦Covernight; sheep anti-mouse/rabbit IgG
was added; streptomyces avidin peroxidase was added; we
performed staining with diaminobenzidine (DAB) for 5
min and counterstainingwith hematoxylin; the slices were
then dehydrated and sealed with neutral gum.
The evaluation criteria for IHC experiments were as fol-

lows. The samples were considered invalid if the samples
were short of grade information, paraffin sections were
curling or not the indicated tissues after IHC staining. In
regards to color: no color was negative (-), shades of light
brownwereweakly positive (+), shades of brownwere pos-
itive (++), and shades of tan were strongly positive (+++);
in regards to the proportion of positive cells: the proportion
under 25% (+), the proportion between 25% and 50% (++),

https://meme-suite.org/meme/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202867
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202867
https://bioinf.wehi.edu.au/software/elda/index.html
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and the proportion above 50% (+++). Finally, the color
intensity results were based on the combined evaluation
of these two results.

2.16 5-ethynyl-2-deoxyuridine (EdU)
assays

EdU staining was performed using Cell-Light EdU
Apollo R©567 In Vitro Kit (C10310-1, RiboBio, Guangzhou,
Guangdong, China) according to the manufacturer’s pro-
tocol. We first put the slides in 6-well plates, and then cells
(2 × 105 cells/well) were seeded and cultured. Next, we
followed the procedure from manufacturer’s instructions
to detect EdU-labeled positive cells.

2.17 Flow cytometry

For flow cytometry experiments, BT-474 or Hs 578T cells
were transfectedwith lentivirus-deliveredVector or FLAG-
JARID2, and control or JARID2-targeting esiRNAs. Then
the cells were synchronized to G0 phase with serum depri-
vation for 24 h. After incubated in normal medium for
12 h, the cells were fully digested by pancreatin and col-
lected by low-speed centrifugation at 94 × g and 25◦C for
3 min, then the cells were treated with 70% cold ethanol
and fixed under -20◦C condition for more than 12 h. The
cells were centrifuged at 94 × g and 4◦C for 3 min, washed
slightly with PBS and resuspended, incubated with RNase
A (Sigma-Aldrich) for 30 min at 25◦C. Finally, the cells
were incubated with propidium iodide (Sigma-Aldrich)
for 30 min at 25◦C. Single-cell suspensions were analyzed
using a flow cytometer (BD Biosciences), processed with
CellQuestTM Pro software (BD Biosciences). Each test was
performed at least three times.

2.18 Bioinformatics

The cancer databases used in this paper were down-
loaded from The Cancer Genome Atlas (TCGA)
(http://www.cancer.gov/about-nci/organization/ccg/
research/structural-genomics/tcga) and Gene Expression
Omnibus (GSE42568, GSE32641, GSE62931, GSE9195,
GSE58812 and GSE104549 for breast cancer, GSE17025
for endometrial cancer and GSE51062 for glioblastoma,
https://www.ncbi.nlm.nih.gov/geo/). These datasets
were used to evaluate the expression of JARID2 and the
correlation between JARID2 and breast cancer prognosis.
The Kaplan-Meier survival analysis was utilized to

examine the relationship between JARID2 expression and
survival of patients with breast cancer in TCGA and GEO

datasets (GSE42568, GSE9195 and GSE58812). Published
clinical datasets (GSE9195 and GSE58812) were analyzed
using Kaplan-Meier survival analysis and log-rank test
to determine the differences in overall survival (OS),
relapse-free survival (RFS), distantmetastasis-free survival
(DMFS), and metastasis-free survival (MFS) by JARID2
andMTA1 status. OS andMFSwere defined fromdiagnosis
to death/last follow-up or first metastasis. RFS and DMFS
were calculated as the interval between diagnosis and first
locoregional relapse or the first distant metastasis.
Several databases related to transcription factors were

used to investigate the transcription factor in volved in
JARID2 expression regulation: CHEA Transcription Fac-
tor Target (https://maayanlab.cloud/Harmonizome/
dataset/CHEA+Transcription+Factor+Targets),
ENCODE Transcription Factor Target (https://maayanlab.
cloud/Harmonizome/dataset/ENCODE+Transcription+
Factor+Targets), JASPAR Predicted Transcription
(https://maayanlab.cloud/Harmonizome/dataset/
JASPAR+Predicted+Transcription+Factor+Targets), and
hTFtarget (http://bioinfo.life.hust.edu.cn/hTFtarget#!/).

2.19 Statistical analysis

The mean ± standard deviation (SD) was used to pro-
cess the data unless otherwise stated. The differences
between the groups were analyzed with either the two-
tailed unpaired t-test or one-way analysis of variance
(ANOVA) test using SPSS statistics 27.0 software (IBM,
Armonk, NY, USA).

3 RESULTS

3.1 JARID2 was upregulated in breast
cancer and promoted carcinogenesis of
breast cancer cells

To understand the role of JARID2 in breast cancer progres-
sion, we collected 142 breast tumor tissues and 8 adjacent
normal tissues and detected JARID2 expression using
IHCmicroarrays. After removing 8 invalid tumor samples,
JARID2 expression was shown to be significantly upregu-
lated in breast cancer and associated with the histological
grade (Figure 1A). In addition, analysis of TCGA and GEO
datasets (GSE42568, GSE32641, and GSE62931) indicated
that the expression of JARID2 was higher in breast tumor
tissues than in adjacent normal tissues (Figure 1B). More-
over, these results were confirmed by Western blotting in
6 paired breast cancer and adjacent normal tissue samples
(Supplementary Figure S1A). Using Kaplan-Meier survival
analysis of TCGA and GEO datasets, we showed that in

http://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
http://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.ncbi.nlm.nih.gov/geo/
https://maayanlab.cloud/Harmonizome/dataset/CHEA%2BTranscription%2BFactor%2BTargets
https://maayanlab.cloud/Harmonizome/dataset/CHEA%2BTranscription%2BFactor%2BTargets
https://maayanlab.cloud/Harmonizome/dataset/ENCODE%2BTranscription%2BFactor%2BTargets
https://maayanlab.cloud/Harmonizome/dataset/ENCODE%2BTranscription%2BFactor%2BTargets
https://maayanlab.cloud/Harmonizome/dataset/ENCODE%2BTranscription%2BFactor%2BTargets
https://maayanlab.cloud/Harmonizome/dataset/JASPAR%2BPredicted%2BTranscription%2BFactor%2BTargets
https://maayanlab.cloud/Harmonizome/dataset/JASPAR%2BPredicted%2BTranscription%2BFactor%2BTargets
http://bioinfo.life.hust.edu.cn/hTFtarget#!/
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patients with breast cancer, a higher level of expression of
JARID2 was related to poor prognosis (Figure 1C).
To further evaluate the role of JARID2 in breast cancer

development, the baseline level of expression of JARID2
was determined in different breast cancer cell lines by
Western blotting. The results showed that the expression
level of JARID2 was higher in highly invasive cell lines
(MDA-MB-231, Hs 578T, MDA-MB-468) than in low inva-
sive breast cancer cell lines (MCF-7, T-47D, BT-474) (Sup-
plementary Figure S1B).MCF-7, T-47D,MDA-MB-231, and
Hs 578T cells were used to generate JARID2 overexpression
or knockdown cells (Supplementary Figure S1C-D). Fur-
thermore, JARID2 overexpression promoted breast cancer
cell proliferation, whereas knockdown of JARID2 signif-
icantly inhibited cell proliferation (Figure 1D). Thus, to
investigate the role of JARID2 in breast cancer, JARID2
was overexpressed in luminal typeMCF-7 and T-47D cells,
and deleted in triple-negative breast cancer (TNBC) MDA-
MB-231 and Hs 578T cells. Meanwhile, in order to imitate
the physiological environment of breast cancer tissues,
we also used human patient-derived primary breast can-
cer cells. We transfected the primary breast cancer cells
with esiRNA targeting JARID2. Using a growth curve
experiment, we determined whether JARID2 knockdown
inhibited the tumorigenesis of breast cancer cells. The
results showed that the knockdown of JARID2 in primary
breast cancer cells inhibited cell proliferation (Figure 1E).
Next, an EdU experiment was used to confirm the growth-
promoting effect of JARID2. Compared to control cells, the
results showed a much higher proportion of EdU-labeled
cells in JARID2-overexpressing MCF-7 and T-47D cells
and a lower proportion of EdU-labeled cells in JARID2-
knockdownMDA-MB-231 andHs 578T cells (Figure 1F-G).
A colony formation assay was performed to confirm the
above results (Figure 1H-I). Moreover, results from the
transwell experiments implied that JARID2 overexpres-

sion markedly enhanced the invasion of MCF-7 and T-47D
cells, while JARID2 knockdown in MDA-MB-231 and Hs
578T cells weakened this phenomenon (Figure 1J-K). Con-
sistent with the above results, knockdown of JARID2
expression significantly decreased the proliferation and
invasion in HER2-positive BT-474 cells (Supplementary
Figure S2A-C), whereas overexpression of JARID2 under
the same genetic background enhanced the proliferation
and invasion ability in BT-474 and Hs 578T cells (Sup-
plementary Figure S2D-F). Also, JARID2 overexpression
decreased the cell number of the G1 phase and increased
the cell numbers of the S and G2/M phases in BT-474 and
Hs 578T cells, while knockdown of JARID2 exhibited the
opposite effect (Supplementary Figure S2G-H). In short,
JARID2 was upregulated in breast cancer and enhanced
the proliferation and invasion of breast cancer cells.

3.2 JARID2 promoted the stemness of
breast cancer cells

To further investigate the function of JARID2 in breast
cancer development, increased mRNA and protein levels
of “stemness” marker genes (OCT4, KLF4, SOX2, c-Myc,
and NANOG) were detected in MCF-7 and T-47D breast
cells overexpressing JARID2, whereas JARID2 knockdown
in MDA-MB-231 and Hs 578T cells reduced these levels
(Figure 2A-B).Moreover, second-generation sphere forma-
tion assays showed that overexpression of JARID2 led to
increased sphere-forming efficiency and sphere diameter
compared with control cells, while JARID2 knockdown
had opposite consequences (Figure 2C-F). Similarly, the
results of the first-generation sphere formation assays
showed that the number and size of spheres increased
in MCF-7 and T-47D cells overexpressing JARID2, while
decreased in MDA-MB-231 and Hs 578T cells with JARID2

F IGURE 1 JARID2 was upregulated in breast tumor and fostered breast tumor carcinogenesis. (A) In normal breast tissue and breast
tumor tissues, the immunohistochemical staining of JARID2 was analyzed from the perspective of histological grades (I, II, and III). One-way
ANOVA was used to analyze the difference between positive stained nuclei in the samples. (B) The public datasets on JARID2 expression
(TCGA, GSE42568, GSE32641, and GSE62931) were analyzed using two-tailed unpaired t-test. (C) The relationship between JARID2
expression and survival time in breast tumor was analyzed using the Kaplan-Meier survival method with TCGA or GSE42568 datasets. (D) To
perform growth curve analysis, MCF-7, T-47D, MDA-MB-231, and Hs 578T cells were infected with lentivirus containing overexpressed (vector
and FLAG-JARID2) or knocked down (shSCR and shJARID2) JARID2. (E) Human patient-derived primary breast cancer cells were
transfected with esiRNAs targeting NC or JARID2 to perform growth curve analysis. The expression of JARID2 was detected by Western
blotting. β-actin was used as an internal reference protein. (F-G) EdU was incubated with treated MCF-7, T-47D, MDA-MB-231, and Hs 578T
cells for 2 h. EdU was detected using a fluorescence microscope. (H-I) Before crystal violet staining, treated MCF-7, T-47D, MDA-MB-231, and
Hs 578T cells were cultured in the medium for a week. Representative pictures were displayed and analyzed. (J-K) We used the corresponding
lentivirus to transfect MCF-7, T-47D, MDA-MB-231, and Hs 578T cells and performed transwell invasion assays. Invading cells were stained
with crystal violet and counted by ImageJ. (B, D-J) Error bars indicate means ± SD. The data was analyzed by two-tailed unpaired t-test, *P <
0.05, **P < 0.01, ***P < 0.001.
Abbreviations: IHC, immunohistochemistry; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; HR, hazard ratio; OS,
overall survival; shSCR, scramble; oe, overexpression; esiRNA, endoribonuclease-prepared siRNA; NC, negative control; EdU,
5-ethynyl-2-deoxyuridine; DAPI, 4,6-diamidino-2-phenylindole.
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F IGURE 2 JARID2 promoted the maintenance of breast cancer stemness in vivo and in vitro. (A-B) The expression of stem cell markers
was detected using Western blotting and RT-qPCR in breast cancer cells infected with lentivirus containing overexpressed JARID2 (vector,
and FLAG-JARID2) or knocked down JARID2 (shSCR, and shJARID2). ACTB was used as an internal reference gene for assessing mRNA
level; β-actin was used as an internal reference protein for Western blotting. (C-F) The second-generation sphere formation assay was
performed in MDA-MB-231, Hs 578T, MCF-7, and T-47D cells. The number and diameter of spheres were quantified. (G-H) For xenograft
tumors assay, MDA-MB-231 cells infected with shSCR or shJARID2#2 lentivirus were injected at various cell numbers to NOD/SCID mice (n
= 6). The tumorigenicity was evaluated by measuring the tumor growth. In the specified time period, the tumor growth curve was determined
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knockdown (Supplementary Figure S3). These results
indicated that JARID2was associatedwith stemnessmain-
tenance in breast cancer cells.
To further estimate the role of JARID2 in the fre-

quency of breast cancer stem cells (CSCs) in vivo, we
constructed a xenograft mouse model in NOD/SCIDmice.
The frequency of CSCs was significantly lower in the
JARID2-knockdown group than in the control group (Sup-
plementary Table S6). Furthermore, in the shSCR group,
mice developed tumors with as few as 100 cells, while
in the shJARID2#2 group, mice presented no tumors
(Figure 2G), indicating that the probability of tumor forma-
tion was appreciably lower after JARID2 knockdown than
in its presence. The tumor growth rate was significantly
inhibited in the shJARID2#2 group (Figure 2H). These
results suggested that JARID2 significantly promoted the
stemness of breast cancer cells.

3.3 JARID2 regulated the expression of
target genes related with tumor
suppression, glycolysis, and lipid
metabolism

To determine how JARID2 regulates the development of
breast cancer, RNA-seq experiments were conducted in
MDA-MB-231 cells infected with scramble or JARID2-
knockdown lentivirus. Compared with the control group,
we identified 2,204 upregulated and 2,689 downregulated
genes in JARID2 knockdown cells (Figure 3A, left). The
KEGG analysis revealed that downregulated genes were
enriched in pathways regulating cell adhesion, glycoly-
sis/gluconeogenesis, fatty acidmetabolism, hypoxia,MYC,
and epithelial-mesenchymal transition (EMT), whereas
upregulated genes were enriched in pathways associated
with oxidative phosphorylation, G2-M checkpoint, and
DNA damage repair (Figure 3A, right). Loss of function
of TSGs can induce carcinogenesis [29, 30]. Analyzing the
role of JARID2 on the occurrence and development of
breast cancer cells, we discovered that the knockdown of
JARID2 could upregulate the expression of many TSGs,
such as INPP4B, BRCA2, and RB1 (Supplementary Figure
S4). These results were then confirmed by RT-qPCR in
MDA-MB-231 and Hs 578T cells (Figure 3B).
Next, we discovered that the glycolysis/gluconeogenesis

and oxidative phosphorylation pathways were enriched
using GSEA (Figure 3C). Tumor cells exert the Warburg

effect, which is associated with impairment of mitochon-
drial oxidative phosphorylation, abnormal expression of
glucose metabolic enzymes, oncogene activation, TSG
inactivation, and changes in the tumor microenvironment
[31]. Consistent with this, several glycolysis-related genes
such as hexokinase 2 (HK2), phosphoglycerate kinase
1 (PGK1), and lactate dehydrogenase A (LDHA), were
downregulated in the JARID2-depleted cells (Figure 3D).
RT-qPCR analysis confirmed the downregulation of 10
glycolysis-related genes in MDA-MB-231 and Hs 578T cells
with JARID2 depletion (Figure 3E). Furthermore, a reduc-
tion in the expression levels of PGK1 and LDHA was
observed in cells transfected with shJARID2#2, as con-
firmed by Western blotting (Figure 3F). In breast cancer
cells, glycolysis was measured in MDA-MB-231 and Hs
578T cells using the Seahorse XFe24 Extracellular Flux
Analyzer. Our results showed that deletion of JARID2
significantly decreased glycolysis levels (Figure 3G). The
efficiency of esiRNA targeting JARID2 was verified in
MDA-MB-231 and Hs 578T cells (Supplementary Figure
S5). RNA-seq indicated that the expression of many lipid
metabolism-related genes, including fatty acid desaturase
2 (FADS2), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and sterol regulatory element binding transcrip-
tion factor 1 (SREBF1), was decreased in JARID2-deficient
cells (Figure 3H). The expression of 10 lipid metabolism-
related genes was down-regulated in JARID2-deficient
MDA-MB-231 and Hs 578T cells (Figure 3I). Simultane-
ously, we found that the levels of FFA and TG were
decreased after JARID2 knockdown in MDA-MB-231 and
Hs 578T cells (Figure 3J-K). In brief, these results suggested
that JARID2 could restrain the expression of TSGs, such as
BRCA2,RB1, and INPP4B, and upregulate the expression of
glycolysis- and lipidmetabolism-related genes, influencing
glycolysis and lipid metabolism.

3.4 JARID2 was physically linked to the
NuRD complex

To better understand the mechanism underlying the effect
of JARID2, proteins interacting with it were identified by
affinity purification and mass spectrometry in HEK293T
cells. As reported by many groups[12, 32], components of
the PRC2 complex, polycomb repressive complex 2 subunit
(SUZ12), EED, EZH2, and RbAp46/48, were co-purified
with JARID2 (Figure 4A-B). Besides the previously

and tumor volume data were detected at the end point. The data was processed with mean ± SEM and analyzed by two-tailed unpaired t-test,
*P < 0.05, **P < 0.01, ***P < 0.001. (A-F) The data was analyzed by two-tailed unpaired t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviations: CSC, cancer stem cell; shSCR, scramble; oe, overexpression; NOD/SCID, Non-obese diabetic/severe combined immune
deficiency; ELDA, Extreme Limiting Dilution Analysis.



LIU et al. 1129



1130 LIU et al.

reported PRC2 complex, the components of the NuRD
complex [chromodomain helicase DNA-binding protein
4 (CHD4), HDAC2, MTA1, MTA2, and MBD3] were newly
identified and co-purified as being associated with the
JARID2 protein. All of these associated proteins were also
verified via Western blotting (Figure 4A-B). Detailed mass
spectrometry data are presented in Supplementary Table
S7. To ascertain the intracellular interaction between the
NuRD complex and JARID2, co-IP experiment was con-
ducted in MDA-MB-231, Hs 578T, and HEK293T cells, and
the experiments demonstrated that JARID2was physically
associated with the NuRD complex (Figure 4C and Sup-
plementary Figure S6). Meanwhile, co-IP of JARID2 with
MTA1 was performed in both breast cancer tissues and
adjacent normal tissues. The results showed that the inter-
action between JARID2 and MTA1 was stronger in breast
cancer tissues than in adjacent normal tissues (Figure 4D).
In summary, our results supported the hypothesis
that JARID2 and the NuRD complex functionally
cooperated.
As shown in Figure 4E, GST pull-down assays demon-

strated that JARID2 directly interacted with MTA1/2
and HDAC1/2. To investigate the detailed mechanism of
the interaction between JARID2 and the NuRD com-
plex, JARID2 was truncated and fused with a GST tag
(Figure 4F). We found that the L1 domain (1-232 amino
acids) of JARID2 mediated the interaction with MTA1/2,
and the JmjC domain of JARID2 mediated that with
HDAC1/2 (Figure 4G-H). Moreover, the Swi3-Ada2-N-
CoR-TFIIIB (SANT) domain of MTA1/2 directly interacted
with JARID2, and the N-terminal domain of HDAC1/2 was
responsible for this interaction (Figure 4I-J). The GST pull-
down experiments further demonstrated that JARID2 and
the NuRD complex were physically interrelated. We know

that JARID2 is a cofactor of PRC2, and the association
between PRC2 and NuRD had been reported and validated
[14, 19]. Herein, we also demonstrated that JARID2 inter-
acted with the NuRD complex. Therefore, we intended to
explore whether JARID2 was involved in the interaction
between PRC2 and the NuRD complex. In the quantitative
co-IP experiment, the deletion of JARID2 in MDA-MB-
231 and Hs 578T cells disrupted the interaction between
the core subunit MTA1 of the NuRD complex and the key
component EZH2 of the PRC2 complex (Figure 4K). These
results also provided some support for the hypothesis that
JARID2 acts as a physical connection between the NuRD
and PRC2 complexes. In summary, we provided themolec-
ular details involved in the formation of the JARID2/NuRD
complex (Figure 4L).

3.5 JARID2 andMTA1 collectively
promoted breast cancer cell proliferation,
invasion, and stemness

Next, we studied the function of the JARID2/NuRD com-
plex in breast cancer cell proliferation, invasion, and
stemness.Overexpression of JARID2 orMTA1 significantly
enhanced the proliferation of MCF-7 and T-47D cells,
whereas knockdown of JARID2 or MTA1 in MDA-MB-231
and Hs 578T cells resulted in the opposite effect. More-
over, the cell number was much higher when JARID2
and MTA1 were both overexpressed in MCF-7 and T-47D
cells compared to when only one of them was overex-
pressed. In MDA-MB-231 and Hs 578T cells, combined
knockdown of JARID2 and MTA1 had a greater inhibitory
effect on cell proliferation than the knockdown of JARID2
orMTA1 individually (Figure 5A). Colony formation assays

F IGURE 3 JARID2 regulated the expression of TSGs, glycolysis-related genes, and lipid metabolism related genes. (A) Heatmap of
expression of differential genes in MDA-MB-231 cells infected with knockdown lentivirus (shSCR, shJARID2#2) is shown. The KEGG
pathway of differentially expressed genes is shown on the right. (B) RT-qPCR assays of selected TSGs were conducted in MDA-MB-231 and Hs
578T cells infected with knockdown lentivirus (shSCR, shJARID2#2) for selected TSGs. ATCB was used as an internal reference gene. (C)
Glycolysis signal pathway (up) and oxidative phosphorylation signal pathway (down) were analyzed by GSEA. (D) Heatmap of
glycolysis-related genes selected following RNA-seq. (E) RT-qPCR assays were conducted in MDA-MB-231 and Hs 578T cells infected with
knockdown lentivirus (shSCR, shJARID2#2) to evaluate the level of expression of selected glycolysis-related genes. ATCB was used as an
internal reference gene. (F) Western blotting assays were conducted in MDA-MB-231 and Hs 578T cells infected with knockdown lentivirus
(shSCR, shJARID2#2) to detect several glycolysis-related genes. β-actin was used as an internal reference protein. (G) The extracellular
acidification rate (ECAR) was measured in breast cancer cells transfected with the indicated JARID2 esiRNA. (H) Heatmap of some lipid
metabolism-related genes selected in RNA-seq. (I) RT-qPCR assays were conducted in MDA-MB-231 and Hs 578T cells infected with
knockdown lentivirus (shSCR, shJARID2#2) to evaluate the expression of selected lipid metabolism-related genes. ATCB was used as an
internal reference gene. (J) Relative level of serum-free fatty acid (FFA) was detected in MDA-MB-231 and Hs 578T cells infected with
knockdown lentivirus (shSCR, shJARID2#2). (K) Relative level of serum-triglyceride (TG) was detected in MDA-MB-231 and Hs 578T cells
infected with knockdown lentivirus (shSCR, shJARID2#2). (B, E, G, I-K) Error bars indicate means ± SD. The data was analyzed by two-tailed
unpaired t-test, *P < 0.05, **P < 0.01.
Abbreviations: shSCR, scramble; TSGs, tumor suppressor genes; oe, overexpression; NC, negative control; esiRNA,
endoribonuclease-prepared siRNA; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene set enrichment analysis; ECAR,
extracellular acidification rate; FFA, free fatty acid; TG, triglyceride.
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F IGURE 4 Physical association between JARID2 and the NuRD complex. (A-B) HEK293T cells transfected with control vector or
FLAG-JARID2 were lysed, anti-FLAG affinity column was used for immunopurification, and FLAG peptide was used for elution. We used
mass spectrometry to analyze protein bands that were acquired by dealing with eluent with Nu-PAGE and silver staining. Some binding
proteins were verified in HEK293T cells. (C) The lysates of MDA-MB-231 or Hs 578T cells were mixed with anti-JARID2 antibody or antibody
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were carried out, and the results showed that the indi-
vidual JARID2 or MTA1 overexpression was related to an
increase in the number of colonies in MCF-7 and T-47D
cells, while the overexpression of both JARID2 and MTA1
led to an even higher increase (Figure 5B). Consistently,
in MDA-MB-231 and Hs 578T cells, knockdown of JARID2
and MTA1 separately was related to a significant reduc-
tion in colony number, and their simultaneous knock-
down was related to an even more significant decrease
(Figure 5C).
Moreover, we performed transwell invasion assays in

MDA-MB-231, Hs 578T, MCF-7, and T-47D breast can-
cer cells. JARID2 or MTA1 overexpression in MCF-7 and
T-47D cells resulted in a conspicuous increase in cell inva-
sion, whereas their knockdown in MDA-MB-231 and Hs
578T cells resulted in a decrease in cell invasion poten-
tial. Co-overexpression of JARID2 and MTA1 in MCF-7
and T-47D cells induced a stronger invasive capability. The
simultaneous knockdown of JARID2 and MTA1 in MDA-
MB-231 and Hs 578T cells led to a significantly lower cell
invasion ability compared to the knockdown of only one
of them (Figure 5D-E). In addition, JARID2 restored the
proliferation and invasion abilities of JARID2-knockdown
MDA-MB-231 and Hs 578T cells (Figure 5C and 5E).
Furthermore, we investigated the role of the

JARID2/MTA1 complex on the stemness of breast
cancer cells using Western blotting (Figure 5F). JARID2
and MTA1 were overexpressed and further knocked
down in MDA-MB-231 and T-47D cells, respectively.
The Western blotting results showed that the expres-
sion of stemness genes was increased when JARID2 or
MTA1 was individually overexpressed. In addition, the
knockdown of MTA1 in cells stably expressing JARID2
or the knockdown of JARID2 in cells stably expressing
MTA1 led to at least a partial decrease in the expres-
sion of stemness genes. These results indicated that
JARID2 and theMTA1 (NuRD) complex were functionally
interdependent and affected the expression of stemness
genes.

3.6 Genome-wide identification of
JARID2/NuRD complex transcription
targets

To analyze genome-wide JARID2/NuRD complex tran-
scriptional targets, ChIP-seq was conducted using the
JARID2 antibody and the published dataset (GSE128231).
We found that the enrichment ratio of JARID2 and
MTA1 in the promoter region was similar (Supplementary
Figure S7A). Meanwhile, we found 10,856 JARID2-specific
binding peaks and 10,915 MTA1-specific binding peaks
(Supplementary Figure S7B). Next, we found 1,194 JARID2
DNA promoter sequences and 1,090 MTA1 DNA promoter
sequences. We overlapped DNA promoter sequences from
JARID2 andMTA1 to seek co-targets of the JARID2/NuRD
complex. KEGG analysis indicated that these enriched
overlapping genes were involved in numerous cellular
signaling pathways associated with tumor initiation and
progression, including nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB), mammalian target
of rapamycin complex 1 (mTORC1), hypoxia, G2-M check-
point, fatty acid metabolism, and EMT (Supplementary
Figure S7C). Furthermore, qChIP analysis elucidated that
JARID2 and MTA1 were enriched in the promoters of
selected TSGs, such as BRCA2, RB1, and INPP4B (Sup-
plementary Figure S7D). To determine whether PRC2
was also involved in the regulation of these genes, we
detected the enrichment of EZH2 on the promoters of
these genes. The experiment showed that EZH2 was sig-
nificantly enriched in these target genes (Supplementary
Figure S7D). qChIP experiments indicated that the recruit-
ment of JARID2, MTA1, and EZH2 to target promoters
was reduced in JARID2- and MTA1-knockdown MDA-
MB-231 cells (Figure 6A). Therefore, JARID2, NuRD, and
PRC2 act as transcriptional repression complexes, mutu-
ally advancing the recruitment and stabilization of target
gene promoters, thereby restraining gene expression.
The breast cancer susceptibility gene, BRCA2/BRCA1,

is relevant for DNA damage repair and is frequently

against the NuRD complex component to perform co-IP with the NuRD complex component or JARID2, respectively. IgG was used as
negative control. (D) The lysates of breast cancer tissues or adjacent normal tissues were mixed with anti-JARID2 antibody or antibody
against MTA1 to perform co-IP with MTA1 or JARID2, respectively. IgG was used as negative control. (E) We used the combination of GST
fusion proteins expressed by bacteria and proteins transcribed/translated in vitro for GST pull-down analysis. (F-H) Segmented GST
pull-down analysis was performed using the GST-fused JARID2 L1 domain (L1), L2 domain (L2), JmjN domain (JmjN), ARID domain
(ARID), JmjC domain (JmjC) or Zinc Finger domain (ZF), as well as MTA1, MTA2, HDAC1, or HDAC2 transcribed/translated in vitro. (I-J)
Segmented GST pull-down analysis was performed using the GST-fused MTA1/2 ELM domain (ELM), SANT domain (SANT), C-ter domain
(C-ter), and JARID2 transcribed/translated in vitro; GST-fused HDAC1/2 N domain (N), M domain (M), C domain (C) and JARID2
transcribed/translated in vitro. (K) We used extracts originated from the same amount of MDA-MB-231 or Hs 578T cells infected with
knockdown lentivirus (shSCR, shJARID2#2) to perform co-IP assays with MTA1 antibody, and IB with EZH2. (L) The schematic diagram of
the molecular interaction among JARID2, NuRD, and PRC2.
Abbreviations: oe, overexpression; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; NuRD, nucleosome remodeling
and deacetylase; co-IP, co-immunoprecipitation; PRC2, polycomb repressive complex 2.
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F IGURE 5 JARID2 and MTA1 promoted breast cancer cell proliferation, invasion, and stemness. (A) MCF-7 and T-47D cells were
infected with lentivirus containing overexpressed JARID2 or MTA1 (vector, FLAG-JARID2, FLAG-MTA1, and FLAG-JARID2 together with
FLAG-MTA1) to perform growth curve analysis. MDA-MB-231 and Hs 578T cells were infected with lentivirus containing knocked down
JARID2 or MTA1 (shSCR, shJARID2#2, shMTA1, shJARID2#2 together with shMTA1, and shJARID2#2 with FLAG-JARID2) to perform
growth curve analysis. (B-C) Before crystal violet staining, MCF-7, T-47D, MDA-MB-231, and Hs 578T cells treated with the corresponding
lentivirus were cultured in the medium for a week. Representative pictures were displayed and analyzed. (D-E) The corresponding
lentiviruses were used to transfect MCF-7, T-47D, MDA-MB-231, and Hs 578T cells, and transwell invasion assays were performed. The
invading cells were stained with crystal violet and counted by ImageJ. (F) JARID2 or MTA1 was silenced in MDA-MB-231 or T-47D cells stably
transfected with vector, MTA1, or JARID2, and the expression of stem cell markers was assessed by Western blotting. β-actin served as a
loading control for Western blotting. (A–E) Error bars indicate means ± SD. The data was analyzed by one-way ANOVA, *P < 0.05, **P < 0.01.
Abbreviations: oe, overexpression; shSCR, scramble; esiRNA, endoribonuclease-prepared siRNA.
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F IGURE 6 Genome-wide identification analyses of transcription targets of the JARID2/NuRD complex in MDA-MB-231 cells. (A) We
used antibodies against JARID2, MTA1, or EZH2 in MDA-MB-231 cells infected with knockdown lentivirus (shSCR, shJARID2#2, shMTA1) to
perform qChIP analysis for promoters of selected target genes. ATCB was used as an internal reference gene. (B) The expression of BRCA2,
RB1, and INPP4B was detected in MDA-MB-231 cells infected with knockdown lentiviruses (shSCR, shJARID2#2, shMTA1) by RT-qPCR and
Western blotting. ATCB was used as an internal reference gene of mRNA level; β-actin was used as an internal reference protein for Western
blotting. (C) In MDA-MB-231 cells, ChIP/Re-ChIP assays were conducted with the indicated antibodies. J2, JARID2; M1, MTA1; H1, HDAC1;
E2, EZH2. (D) The recruitment on BRCA2, RB1, and INPP4B promoters for the indicated proteins was evaluated in MDA-MB-231 cells infected
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mutated in breast cancer [33, 34]. RB1 is a well-known
transcription inhibitor closely related to the cell cycle
[35]. In triple-negative breast cancer, INPP4B has a con-
spicuous tumor-suppressive effect [36]. Therefore, tran-
scriptional regulation of BRCA2, RB1, and INPP4B by
the JARID2/NuRD complex was investigated. JARID2
or MTA1 knockdown increased the mRNA and protein
expression of BRCA2, RB1, and INPP4B in MDA-MB-231
and Hs 578T cells (Figure 6B and Supplementary Figure
S7E). JARID2 acts as a bridge between theNuRDandPRC2
complex. Furthermore, we found that the PRC2 core sub-
unit EZH2 regulated downstream target genes, along with
the JARID2/NuRD complex (Figure 6C and Supplemen-
tary Figure S7F). Moreover, qChIP analyses indicated that
JARID2 orMTA1 knockdown led to a remarkable decrease
in the recruitment of JARID2, MTA1, HDAC1, and EZH2
to BRCA2, RB1, and INPP4B promoters. Notably, JARID2
orMTA1 knockdown resulted in decreased H3K27me3 lev-
els and increased H3K27ac levels at the BRCA2, RB1, and
INPP4B promoters (Figure 6D), which indirectly indicated
that the binding between the JARID2/NuRD complex and
BRCA2, RB1, and INPP4B promoters was dependent on
PRC2, accompanied by demethylation and deacetylation
of histones. Meanwhile, a JARID2-high breast cancer tis-
sue and a JARID2-low breast cancer tissue were selected
and confirmed byWestern blotting (Supplementary Figure
S7G). ChIP-qPCR experiments demonstrated that the
H3K27me3 enrichments at RB1, BRCA2, and INPP4B pro-
moters were higher in the JARID2-high breast cancer
tissue compared to the JARID2-low breast cancer tis-
sue; the opposite phenomenon was observed for H3K27ac
(Supplementary Figure S7H-I).
In conclusion, these experiments further confirmed

that the JARID2/NuRD/PRC2 complex was functionally
linked to the synergistic transcriptional repression of a
series of target genes, like BRCA2, RB1, and INPP4B. Fur-
thermore, JARID2 or MTA1 knockdown in MDA-MB-231
and Hs 578T cells reduced the cell invasion potential,
partially reversed by co-knockdown of BRCA2, RB1, or
INPP4B using esi- or siRNAs (Figure 6E-F and Supple-
mentary Figure S8). These results supported that the
JARID2/MTA1 complex promoted the invasive potential of
breast cancer cells, partially by repressingBRCA2,RB1, and
INPP4B.

3.7 JARID2 expression was upregulated
in breast cancer cells by adipocyte-derived
leptin through the JAK2/STAT3 pathway

Recently, metabolic reprogramming has been defined as
one of the top ten hallmarks of cancer [37]. Furthermore,
obesity is a risk factor for postmenopausal breast cancer
[24]. Herein, we demonstrated that JARID2 was involved
in changes in several metabolic pathways (Figure 3A).
Therefore, we investigated whether the abundant number
of adipocytes in the tumor microenvironment influences
the expression of JARID2 in breast cancer cells. First,
we established a coculture system of breast cancer cells
and adipocytes (Figure 7A). Then, Oil Red O staining
and detection of the expression of peroxisome proliferator-
activated receptor γ (PPARγ) were performed to confirm
the differentiation of preadipocytes intomature adipocytes
(Supplementary Figure S9A). The results showed that the
invasion capability of MDA-MB-231 and Hs 578T cells
was enhanced when cocultured with adipocytes compared
with that of tumor cells alone (Figure 7B). Interestingly,
the expression of JARID2 was upregulated when breast
cancer cells were cocultured with adipocytes (Figure 7C).
However, the enhanced invasion ability of MDA-MB-231
and Hs 578T cells stimulated by adipocytes was abol-
ished when JARID2 was knocked down (Figure 7D). We
performed the same experiments in MCF-7 and T-47D
cells and obtained similar results (Supplementary Figure
S9B-D). In addition, we detected the changes in the level
of expression of some cytokines secreted by adipocytes
after coculturing MDA-MB-231 cells with adipocytes. The
results showed that the transcription level of leptinwas the
most significantly altered cytokine in adipocytes (Supple-
mentary Figure S9E). Furthermore, we found that siRNA-
targeting LEPR blocked the upregulation of the expression
of JARID2 induced by the coculture of breast cancer cells
with adipocytes (Supplementary Figure S9F-G), further
supporting the role of leptin in regulating the expression of
JARID2. Therefore, our subsequent experiments focused
on the effects of leptin on breast cancer cells. Adipocyte-
derived leptin promotes a range of phenotypic features of
breast cancer cells, such as their proliferation and inva-
sion [38]. In this study, we treated MDA-MB-231 cells with
leptin at different concentrations and different time inter-

with knockdown lentiviruses (shSCR, shJARID2#2, shMTA1) by qChIP analysis. Purified rabbit IgG was used as an internal reference control.
(E-F) The corresponding lentiviruses or those combined with esiBRCA2, esiRB1, or siINPP4B, were used to transfect MDA-MB-231 and Hs
578T cells and to perform transwell invasion assays. The invading cells were stained with crystal violet and counted using ImageJ. (A–B, D)
Error bars indicate means ± SD. The data was analyzed by two-tailed unpaired t-test and one-way ANOVA (E–F), *P < 0.05, **P < 0.01.
Abbreviations: ChIP, Chromatin immunoprecipitation; qChIP, quantitative ChIP; shSCR, scramble; esiRNA, endoribonuclease-prepared
siRNA; BRCA2, BRCA2 DNA repair associated; RB1, RB transcriptional corepressor 1; INPP4B, inositol polyphosphate-4-phosphatase type II
B.
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F IGURE 7 JARID2 expression was upregulated by adipocyte-derived leptin through the JAK2/STAT3 pathway in breast cancer cells. (A)
Schematic diagram of the breast cancer cells (bottom layer) and adipocytes (upper layer) coculture system. Cells were then cocultured for
three days. (B) MDA-MB-231 or Hs 578T cells were cocultured with or without adipocytes for three days. Then, cancer cells were harvested to
perform invasion assays. (C) The JARID2 expression was detected by RT-qPCR and Western blotting in MDA-MB-231 or Hs 578T cells
cocultured with or without adipocytes. (D) MDA-MB-231 and Hs 578T cells with JARID2 knockdown or not, were cocultured with or without
adipocytes. The cancer cells were harvested to conduct invasion assays. (E-F) The mRNA and protein levels of JARID2 were detected by
RT-qPCR andWestern blotting in MDA-MB-231, Hs 578T, MCF-7, and T-47D cells that were treated with leptin. (G) MDA-MB-231 and Hs 578T
cells were transfected with the indicated siRNAs and then treated with leptin. The cells were used to conduct transwell assays. (H)
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vals to identify appropriate treatment concentration and
duration of exposure. We found that leptin led to elevated
JARID2 expression at 150 ng/mL and after 24 h of exposure
(Supplementary Figure S9H). Similarly, JARID2 expres-
sion was increased under stimulation with exogenous
leptin in normal breast epithelial cells and various breast
cancer cell lines (Figure 7E-F).Moreover, exogenous leptin
remarkably promoted invasion ability ofMDA-MB-231 and
Hs 578T cells, whereas JARID2 knockdown abrogated this
effect (Figure 7G). Furthermore, INPP4B and RB1 protein
levels were inhibited by leptin treatment, while JARID2
knockdown restored their expression (Figure 7H). Consid-
ering these results, we concluded that leptin derived from
adipocytes induced the upregulation of JARID2 expression
and promoted the invasion of breast cancer cells.
Leptin binds to LEPR on cell surface and subsequently

regulates various signaling cascades, including PI3K/AKT,
JAK2/STAT3, and MAPK/ERK. In cancer, all of these
pathways are often dysregulated [39]. Using Western
blotting, we examined whether FLLL32 (a JAK2/STAT3
inhibitor), LY294002 (a PI3K/AKT inhibitor), or PD98059
(a MAPK/ERK inhibitor) influence the elevated JARID2
expression in leptin-treated breast cancer cells. The results
indicated that FLLL32 blocked the leptin-induced upregu-
lation of JARID2 expression (Figure 7I and Supplementary
Figure S9I), implying that the JAK2/STAT3 signaling path-
way was involved in regulating leptin-mediated JARID2
expression. The analysis of ENCODE Transcription Factor
Target, hTFtarget, CHEA Transcription Factor Target, and
JASPAR Predicted Transcription databases also showed
that JARID2 was the target gene of STAT3 (Supplemen-
tary Figure S9J). Motif analysis also yielded a similar
result (Supplementary Figure S9K). The pGL3 vector con-
taining the JARID2 promoter and the substrate were
co-transfected into HEK293T cells to further explore this
interaction. Luciferase reporter gene experiments revealed
that FLLL32 inhibited the activation of JARID2 promoter,
whereas the other two inhibitors (PD98509 and LY294002)

had little effect (Figure 7J). Furthermore, qChIP exper-
iments showed that p-STAT3 could directly bind to the
promoter and regulate the activation of JARID2 expres-
sion, while the antibodies interfering with the other two
pathways had little effect (Figure 7K). Meanwhile, we
designed experiments to verify whether the inhibition
of the JAK2/STAT3 pathway affected the interaction of
JARID2 with the NuRD complex. The results of quantita-
tive co-IP experiments showed that the inhibition of the
JAK2/STAT3 pathway by FLLL32 determined the disrup-
tion of the interaction between JARID2 and the NuRD
complex (Supplementary Figure S9L). Considering these
results, we performed ChIP-qPCR experiments to exam-
ine the enrichment of H3K27me3 and H3K27ac at RB1,
BRCA2, and INPP4B promoters in MDA-MB-231 cells
treated with DMSO or FLLL32. The results indicated that
FLLL32 reduced the H3K27me3 enrichment and increased
the H3K27ac enrichment at RB1, BRCA2, and INPP4B
promoters compared to DMSO (Supplementary Figure
S9M). Based on these results, we concluded that adipocyte-
derived leptin increased the expression of JARID2 through
the JAK2/STAT3 pathway, thereby influencing the invasive
ability of breast cancer cells (Figure 7L).

3.8 JARID2 expression was upregulated
in a variety of cancers

Finally, to understand the connection between JARID2
and the clinicopathological data, we analyzed the
expression of JARID2 and the clinical outcome of the
corresponding patients with breast cancer. Published
clinical datasets (GSE9195 and GSE58812) were analyzed
using Kaplan-Meier curves, and the results indicated
that the expression of JARID2 and MTA1 were relevant
to OS, RFS, MFS, and DMFS in patients with breast
cancer (Figure 8A). To ascertain the function of JARID2
in other types of tumors, a range of tumor samples from

MDA-MB-231 and Hs 578T cells were transfected with indicated siRNAs and further treated with leptin. The levels of JARID2, RB1, and
INPP4B were detected by Western blotting. β-actin served as a loading control. (I) Serum-starved MDA-MB-231, Hs 578T, MCF-7, or T-47D
cells were pre-treated with DMSO, PD980590 (ERK inhibitor, 10 μmol/L), LY294002 (PI3K inhibitor, 20 μmol/L), or FLLL32 (JAK inhibitor, 50
μmol/L) for 1 h and further treated with leptin (150 ng/mL) for 48 h. JARID2 expression was detected by Western blotting. (J) HEK293T cells
were transfected with indicated plasmid and further treated with leptin, FLLL32, or Colivelin (STAT3 activator) for 24 h. The luciferase levels
were measured. (K) The ChIP experiment was conducted using IgG, pSTAT3(Y705), pMAPK, and pAKT1(S473) antibodies in MDA-MB-231
cells. The STAT3 binding region of JARID2 promoter was detected by qChIP. The results were normalized to input DNA. (L) Schematic
representation of the molecular interaction between leptin/JARID2/NuRD and PRC2 complexes. Adipocyte-derived leptin activates JARID2
expression via JAK2/STAT3 signaling pathway. JARID2 combines with NuRD and PRC2 complexes to promote the proliferation, invasion,
stemness, glycolysis, and fatty acid metabolism in breast cancer. (B-D, E-G, J, K) Error bars indicate means ± SD. The data were analyzed by
one-way ANOVA (D, G, J) or two-tailed unpaired t-test (B-C, E-F, K), *P < 0.05, **P < 0.01.
Abbreviations: shSCR, scramble; esiRNA, endoribonuclease-prepared siRNA; TSS, transcription start site; RT-qPCR, real-time quantitative
PCR; qChIP, quantitative ChIP; NuRD, nucleosome remodeling and deacetylase; PRC2, polycomb repressive complex 2; JAK2/STAT3, Janus
kinase/signal transducer and activator of transcription 3.
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F IGURE 8 JARID2 expression was upregulated in a variety of cancers. (A) The relationship between JARID2,MTA1 expression and
survival time was analyzed by Kaplan-Meier survival analysis using GSE9195 or GSE58812 datasets. (B-C) In normal tissue and the
corresponding tumor tissue of the bladder, colon, liver, kidney, lung, and esophagus, the immunohistochemical staining of JARID2
expression was analyzed using IHC staining. (D) JARID2 expression in the datasets available from TCGA. (E) The published clinical datasets
(GSE104549, GSE17025, and GSE51062) were analyzed to understand the relationship between the expression ofMTA1, RB1, BRCA2, and
JARID2. (C-E) Error bars indicate means ± SD. The data was analyzed by two-tailed unpaired t-test, *P < 0.05, **P < 0.01.
Abbreviations: HR, hazard ratio; IHC, immunohistochemical; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; COAD,
Colon adenocarcinoma; BLCA, Bladder urothelial carcinoma; KIRC, Kidney renal clear cell carcinoma; LUSC, Lung squamous cell
carcinoma; LIHC, Liver hepatocellular carcinoma; ESCA, Esophageal carcinoma; DMFS, distant metastasis-free survival; RFS, relapse-free
survival; OS, overall survival; MFS, metastasis-free survival.
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patients were collected. Significantly upregulated expres-
sion of JARID2 was observed by IHC staining in several
tumors including bladder, colon, liver, kidney, lung, and
esophageal cancers (Figure 8B-C). In addition, analysis of
the TCGA database demonstrated that the expression of
JARID2was higher inmultiple types of cancer tissues than
in adjacent normal tissues (Figure 8D). Analysis of several
published clinical datasets (GSE104549, GSE17025, and
GSE51062) revealed that MTA1 expression was positively
correlated with JARID2 expression, while BRCA2 and RB1
expressions were negatively correlated with the JARID2
expression (Figure 8E). In conclusion, our results showed
that JARID2 was upregulated in various cancers. Thus, it
can be a potential cancer biomarker and therapeutic target.

4 DISCUSSION

Our results showed that the expression of JARID2 was
upregulated in breast cancer cells by adipocyte-secreted
leptin via the JAK2/STAT3 pathway. JARID2, physically
associated with the NuRD complex, silenced several TSGs,
such as BRCA2, RB1, and INPP4B, at transcriptional
level and enhanced stemness, glycolysis, lipidmetabolism,
proliferation, and invasiveness of breast cancer cells. Fur-
thermore, the expression of JARID2 was conspicuously
upregulated in various types of human cancers and was
associated with poor prognosis of breast cancer, implying
that JARID2 can be regarded as a potential therapeutic
target for the treatment of cancer.
JARID2 is an important oncoprotein and is associ-

ated with cancer metastasis [40]. It enhances bladder
cancer progression by regulating phosphatase and tensin
homolog deleted on chromosome 10/protein kinase B
(PTEN/AKT) signaling [41]. Similarly, JARID2 and the
PRC2 complexes also regulate the skeletalmuscle cell cycle
[42]. In the present study, analysis of the TCGA database
confirmed that upregulation of JARID2 expression was
detected in several malignancies, including breast cancer.
The increased expression of JARID2was found inmultiple
GEO databases. We also found that the joint high expres-
sion of JARID2 and MTA1 was associated with a decrease
in OS, RFS,MFS, andDMFS of patients with breast cancer.
JARID2 knockdownwas accompanied by the upregulation
of some TSGs. These results demonstrated that JARID2 is
a potential cancer biomarker.
The NuRD complex-induced deacetylation and PRC2-

mediated methylation were indirectly relevant and inhib-
ited gene expression [15]. Using mass spectrometry anal-
ysis, we confirmed that JARID2 recruited the NuRD
complex to form a transcriptional inhibitory unit. The
complex inhibited the expression of various TSGs, includ-
ing BRCA2, RB1, and INPP4B. Furthermore, JARID2,

which interacted with the NuRD complex, promoted the
proliferation and invasiveness of breast cancer cells. Inter-
estingly, in the absence of JARID2, the crosstalk between
the NuRD (MTA1) and PRC2 (EZH2) complexes was
remarkably weakened, leading to the attenuation of the
transcriptional inhibitory activity of downstream target
genes.
CSCs have been identified as a class of cancer cells

capable of initiating tumors, maintaining tumors, and
regenerating and have emerged as a pathogenic factor in
cancer [43]. Accumulating evidence suggests that in many
types of cancer, CSCs could drive tumorigenesis, tumor
invasion, and metastasis as well as enhanced resistance to
radiotherapy and chemotherapy [44, 45]. In the present
study, we found that JARID2 was positively related to
stemness maintenance of breast cancer cells, indicating
that JARID2 is a regulator of CSCs contributing to ther-
apy resistance. NOD/SCID mouse xenograft experiments
also revealed that JARID2 knockdown remarkably inhib-
ited tumor growth, tumor-initiating capability, and CSC
frequency, further supporting its function as a regulator of
breast CSCs. In addition, a previous study indicated that
JARID2was essential for differentiation [9], thus providing
an alternative perspective for JARID2’s role in breast can-
cer. Similarly, JARID2 promoted stemness and cisplatin
resistance through upregulation of the NOTCH1 pathway
in non-small cell lung cancer [46].
Our experimental results also revealed that JARID2

knockdown reduced the glycolytic capacity and influenced
the survival and invasion of breast cancer cells. The results
also showed that the knockdown of JARID2 disrupted
lipid metabolism in tumor cells. Tumor cells utilize gly-
colysis and lipid metabolism to provide energy for their
survival, development, proliferation, and invasion. The
level of lipid metabolism varies according to the devel-
opment of different tumors, and its abnormal variation
has a guiding significance for disease determination and
prognosis [47]. Our experimental results demonstrated
that overexpression of JARID2 in breast cancer resulted
in increased tumor proliferation and invasion potential,
which might be caused by the promotion of glycolysis and
lipid metabolism.
According to previous studies, leptin secreted by

adipocytes could promote the proliferation and invasive-
ness of cancer cells [48, 49]. In the present study, we
demonstrated that leptin secreted by adipocytes directly
regulated JARID2 expression through the JAK2/STAT3
pathway, influencing the growth and invasion of breast
cancer cells. Furthermore, one study revealed that the
leptin-LEPR-JAK-STAT3-FAO axis was vital for the self-
renewal of breast CSCs [50], which is partly supported
by our findings. Furthermore, the increase in fatty acids
observed in obesity was related to the inhibition of
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glycolysis in CD8+ T cells, limiting the antitumor function
of CD8+ T cells via the leptin/PD-1-STAT3-FAO path-
way [51]. Considering the herein described influence of
adipocytes on breast cancer, we also consider increasing
physical exercise to prevent obesity and using diet pills
together with anti-cancer drugs, as future tools for fighting
cancer.
In the present study, we demonstrated that adipocytes

promoted the invasion of breast cancer cells by upreg-
ulating the expression of JARID2 in breast cancer cells.
However, we have not done corresponding research on
the interaction between breast cancer and other types of
cells such as immune cells in the tumor microenviron-
ment. We found no drugs targeting JARID2 to improve
our research. Our research results were partly based on
the fact that breast cancer has a relatively high fat con-
tent. We have not studied whether leptin plays a similar
role in cancer with low fat content, such as lung cancer.
In the present study, we proved that leptin could regulate
the expression of JARID2 in breast cancer cells, thus affect-
ing their phenotypes. However, the specific regulatory
effect of other adipokines on breast cancer requires further
analysis.

5 CONCLUSIONS

In conclusion, we found that JARID2 expression is directly
regulated by adipocyte-derived leptin. Mechanistically,
JARID2 physically interacts with the NuRD complex and
regulates the expression of glycolysis-related genes, lipid
metabolism-related genes, and TSGs, thus contributing
to cancer cell proliferation and invasion and enhancing
glycolysis and lipid metabolism. Additionally, JARID2 is
highly expressed in multiple types of cancer and is asso-
ciated with poor breast cancer prognosis and with the
enhancement of breast cancer cell stemness, suggesting
that it is a potential therapeutic target against breast
cancer.
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